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Abstract: Receptor  assays occupy a particular position in the methods used in bioanalysis, as they do not exploit the 
physico-chemical properties of the analyte. These assays make use of the property of the analyte to bind to the specific 
binding site (receptor) and to competitively replace a labelled ligand from the same binding site. The amount of labelled 
ligand replaced is a measure of the amount as well as the affinity of the analyte. Thus, receptor assays offer additional 
information about the biological (pharmacological) activity of the analyte by distinguishing the compounds on the basis of 
their specific binding rather than specific molecular structure (chromatographic and non-chromatographic methods). This 
paper,  starting with the general principles of receptor-l igand interaction, focuses on the application of ligand-binding 
techniques to the quantitative analysis. The factors which influence the sensitivity and the specificity of quantitative 
receptor assays, as well as the main directions in the improvement of the receptor preparation by using the solubilized and 
purified receptor are discussed. In order to enhance the use of these assays in routine practice, the development of solid- 
phase receptor assays is considered. 
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Introduction 

The major aims of biopharmaceutic analysis is 
to detect (qualitative analysis) and/or to 
measure (quantitative analysis) a particular 
(usually organic) analyte, in order to answer 
the questions of pharmaceutical, pharmaco- 
logical or toxicological relevance. These 
analytes can be subdivided into parent com- 
pounds and metabolites. For chiral analytes 
one may wish to distinguish between the 
individual enantiomers or other stereoisomers. 

It is often important to measure one or more 
compounds selectively with adequate sensi- 
tivity in the presence of a structurally related 
compound (e.g. the parent drug in the 
presence of its metabolite). When the analyst 
wants to meet this demand, the following 
situations will govern the choice of an appro- 
priate analytical method: 

(A) The properties of the analyte are so 
unique that it can be measured directly in a 
sample. 

(B) The properties of the analyte are similar 
to those of structurally related or other inter- 

fering compounds present in the sample, which 
necessitates the use of a separation procedure 
(sample pretreatment-extraction, chromato- 
graphic separation step). 

(C) The properties of the analyte do not 
allow adequate detection which implies that 
another compound should be measured, the 
concentration of which forms a reflection of 
the concentration of the analyte (e.g. chemical 
derivatization of the analyte makes it com- 
patible to quantitation by a method under A 
or B). 

Thus, the choice of the method selected is 
governed either by the intrinsic physico- 
chemical and pharmacological properties of 
the analyte or its amenability to chemical 
derivatization and by the purpose for which the 
analysis has to be performed. The method of 
choice then determines the degree of sample 
preparation and clean-up. 

Generally, the methods used in bioanalysis 
can be subdivided as follows: 

(1) Non-separation (direct) methods: spec- 
trophotometry; luminescence spectrophoto- 
metry; and differential pulse polarography. 
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(2) Separation methods: thin layer chro- 
matography (TLC); high-performance liquid 
chromatography (HPLC); gas chromatography 
(GLC); and electrophoresis. 

(3) Ligand binding assays: immunoassays 
(IA); receptor assays (RA); and protein bind- 
ing assays (PBA). 

The non-separation direct methods and the 
separation methods are applicable to all situ- 
ations under A, B and C. The ligand binding 
assays have a particular position in that they do 
not exploit the physico-chemical properties of 
the analyte and that they are exclusively 
categorized under (C) since the measurements 
are indirect. These assays are based on the 
phenomenon that an analyte (ligand) may bind 
to a binding site present on an immunoglobulin 
molecule (IA), on a receptor protein imbedded 
in a cell membrane (RA) or on a plasma 
protein (PBA). In doing so, the analyte com- 
petitively replaces a labelled ligand from the 
binding site and the amount of labelled ligand 
replaced is a measure of the amount of analyte 
that was present. 

This paper will focus on ligand binding 
assays, especially on receptor assays, the 
methodological aspects of which are being 
reviewed. 

Ligand Binding Assays 

These assays exploit the property of a ligand 
to bind to the specific binding site on an 
immunoglobulin molecule ( immunoas says -  
IA), on a receptor protein (receptor assays - -  
RA) or on plasma protein (protein binding 
assays - -  PBA). 

Imrnunoassays 
Immunoassays are based on the ability of a 

given analyte (drug, hormone, etc.) to inhibit 
the reaction between the antibodies raised 
against the analyte (or structurally related 
substance) and labelled ligand or its derivative. 
The labelled ligand should closely resemble the 
analyte structurally and should participate in 
the immunochemical reaction with the anti- 
body (Ab) as if it were the analyte. 

In qualitative analysis, immunoassays are 
excellent screening methods (where there is a 
high number of samples, less emphasis on 
specificity and more emphasis on simplicity 
and sensitivity). In quantitative analysis 
immunoassays are especially useful in monitor- 
ing drugs in pediatric therapy where small 

volumes of sample with an analyte are suf- 
ficient. Sample pretreatment is usually not 
necessary. 

Sensitivity is a chief advantage of immuno- 
assays. Generally, analyte concentrations in 
the picogram to low nanogram range can be 
determined. However, specificity is not as 
good as for chromatographic methods (HPLC, 
GLC, TLC). There are two reasons for the 
lower specificity: (1) cross-reactivity and (2) 
heterogeneity of antibodies. 

The binding between antigen and antibody is 
realized by particular sites on the surface of 
their molecules. A particular functional group 
on an antigen molecule, called the antigen 
determinant, is reorganized by a specific bind- 
ing site on the antibody molecule (immuno- 
globulin). There may be various determinant 
sites on an antigenic substance towards which 
antibodies are formed. If one or more deter- 
minant groups are inaccessible during the 
raising of the antibodies, a low analytic 
specificity of antibodies may result since the 
homologous and heteroiogous compounds of 
similar basic structures may cross-react in 
relatively low concentrations on a more or less 
equal basis. 

The immune response (the raising of anti- 
bodies) is evoked solely by the antigen, endo- 
genous compounds of high molecular weight of 
another animal species (e.g. protein, lipo- 
protein, glycoprotein, nucleoprotein, etc.). A 
compound of low molecular weight cannot 
cause the synthesis of antibodies. In order to 
raise antibodies, such a small compound, the 
hapten, must be conjugated with a suitable 
carrier (of high molecular weight), e.g. serum 
albumin. Antibodies which recognize the 
hapten are prepared by inoculation of an 
animal with this synthesized antigen. This 
procedure must be repeated several times. 
Antiserum obtained from an animal after first 
inoculation may be different from that 
obtained after second inoculation. Thus, anti- 
bodies vary in their ability to differentiate 
between analyte, cross-reacting compounds, 
and/or metabolites. 

In summary, the development of IA requires 
the chemical synthesis of analyte-protein con- 
jugate, inoculation of a suitable animal species 
(e.g. rabbit) over a period of at least 4-6 weeks 
to produce the antiserum, chemical synthesis 
of labelled ligand, the testing of the entire 
system for specificity, sensitivity and cross- 
reactivity due to metabolites or other drugs. 
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Receptor assays 
The general principles first developed for 

immunoassays have been exploited for 
receptor assays. The receptor assays are based 
on the ability of an analyte (drug, hormone, 
neurotransmitter, etc.) to compete with a 
labelled ligand for a specific receptor binding 
site. Thus, analyte (L), that exerts its phar- 
macological action through interaction with a 
given receptor (e.g. beta-adrenergic drug with 
beta-adrenergic receptor, anticholinergic drug 
with muscarinic receptor) can be analysed 
qualitatively as well as quantitatively when an 
aliquot of the sample is added to a solution that 
contains a fixed amount of receptor (R) and a 
fixed amount of labelled ligand (L*). This will 
result in the following equilibrium: 

R + L + L * ~ R L *  + RL. (1) 

The unknown quantity of analyte can be 
calculated by determining the percentage 
inhibition of labelled ligand binding and com- 
paring this to the inhibition produced by 
known quantities of analyte in calibration 
samples. In contrast to immunoassays, in 
which the specificity is determined by sites on 
the analyte molecule that are recognized by 
antibodies prepared from immunized animals, 
specificity in receptor assays is determined by 
binding to the biological receptor that mediates 
the action of the analyte. Receptors are protein 
(glycoprotein) macromolecules which naturally 
occur on cell membranes of different tissues 
and organs. Hormones, drugs and neurotrans- 
mitters bind to the receptors in order to evoke 
a corresponding response. Thus, RRA utilizes 
the first step (binding) in a biological cascade 
of physiological reaction (Fig. 1). This binding 
is reversible, specific, saturable and of high 
affinity. Such tight binding is necessary 
because the ligand levels in the living organism 
are low. 

Unlike immunoassays (antibodies against 
the analyte have to be generated before the 
assay by immunization of animal), the receptor 
material for receptor assays can be easily 
prepared from certain animal organ or tissue. 
In principle, homogenized suspensions of 
freshly isolated tissue may be used, but in 
practice crude membrane fractions or more 
purified receptor preparations are preferred, 
because of their enhanced specificity. From the 
chosen tissue, the receptor preparation used in 
an assay is prepared by homogenization and 

RA 

intracel lular space 

ext race l lu lar  space 
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Figure 1 
Schematic representation of the cascade of physiological 
events in a cell that take place when a bioactive compound 
binds to the binding site of a receptor. Receptor assays 
utilize only the first step of this cascade-binding. The 
binding site of receptor is also the place of cooperativity 
and regulation. L = bioactive compound (ligand); B = 
binding component  (receptor); C = coupling component  

(e.g. G-protein); E = effector (e.g. adenylate cyclase, 
activation of which leads to the production of cAMP, a 
second messenger). 

centrifugation. The particular conditions 
depend on the nature of the tissue and on the 
localization of the receptors in the target cells. 

From the above principles it follows that the 
sensitivity of receptor assays may be very high 
(picograms to nanograms of analyte can be 
measured) if the analyte has a high affinity to 
the receptor. On the other hand, an analyte 
with a lower affinity is usually not excluded 
from being measured by RRA since it requires 
higher doses to be pharmacologically active, 
which in turn, will result in higher concen- 
trations in the respective body fluid. A key 
element in the receptor assay is specificity. 
Receptors are defined on the basis of binding 
specificity for a particular class of compounds 
(analyte). Thus, by the receptor assay only the 
active forms of ligand, including its metabolites 
can be specifically and rapidly detected. This 
means that the specificity of receptor assays is 
different from that of immunoassays. While in 
immunoassays, analyte related compounds can 
cross-react whether they are biologically 
(pharmacologically) active or not, in receptor 
assays the cross-reactivity is caused only by 
pharmacologically active compounds present 
in the sample. Also receptor assays cannot 
distinguish between parent drug and its active 
metabolite if they both bind to the same 
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binding site, although their physico-chemical 
properties are different. 

On the other hand, the specificity of the two 
assays (IA and RA) can be enhanced, if they 
are used in combination with a chromato- 
graphic method such as HPLC which by 
recognizing physico-chemical differences, may 
be able to distinguish between parent com- 
pound(s) and metabolite(s). 

The above mentioned properties of receptor 
assays make them preferable over immuno- 
assays and physico-chemical methods in the 
following situations. RA provides indices of 
biological activity which is particularly mean- 
ingful when racemic drugs are to be deter- 
mined. In general the pharmacological effects 
of enantiomers are different, not only in 
potency (receptor affinity) but sometimes the 
individual enantiomers interact with different 
types of receptors, mediating different effects. 
Also RA can distinguish enantiomers (receptor 
sites usually bind only one of a pair of 
enantiomers) or in distinguishing pharmaco- 
logically active parent drugs and metabolites 
from inactive metabolites. The results of 
receptor assays (depending on the class of 
drug) can better reflect the overall effect of a 
drug - -  e.g. for beta-blockers, a good corre- 
lation between plasma levels measured by 
receptor assay and effect was found [1]. 

Secondly, RA is useful in measuring active 
substances for which antibodies are not readily 
available (e.g. dexamethasone and prednisone 
receptor assay [2]). 

Thirdly, receptor assays provide major in- 
sights into the pathogenesis of endocrine dis- 
orders that involve auto-antibodies to hormone 
receptors [3]. 

The areas of application of receptor assays. 
With the appearance of a large number of 
labelled ligands for different types of receptor, 
RAs have first been applied on qualitative 
analysis - -  in basic studies on receptors, 
endogenous ligands for the receptors and 
discovery and identification of biologically 
active chemical entities (pharmacological 
screening). 

Later on, receptor-ligand interaction has 
been found to be a versatile tool for the 
measurement of the concentrations of hor- 
mones and neurotransmitters. The first 
example of quantitative receptor assay was 
described by Lefkowitz et al. [4] who measured 
ACTH by competition with 125I-ACTH for 

specific sites in homogenates of adrenal 
cortical tissue. There followed other similar 
assays for hormones and neurotransmitters [5, 
6], neuroleptics [7], beta-adrenergic antagon- 
ists [8], tricyclic anti-depressants [9], brady- 
kinin [10], dihydropyridines [11], endogenous 
neuroactive compounds [12, 13], opiates [14], 
etc. In addition to this, quantitative receptor 
assays have been applied to the determination 
of receptor- and depolarization-stimulated 
production of second messengers in the tissues 
[15, 16], receptor auto-antibodies [3] and 
receptors during purification procedures. 

Though the principle of receptor-ligand 
interaction which is valid for qualitative assays 
can be applied for quantitative analysis, the use 
of RA for quantitative assays which combine 
high sensitivity with high reproducibility re- 
quires a different approach. 

In this paper we will discuss the basic factors 
which are to be considered in quantitative RA 
and the methodological aspects of assays with 
special interest in new directions in the 
improvement of the receptor material and the 
performance of assays. 

Receptor-ligand binding theory. The inter- 
action of a ligand and a labelled ligand with 
one class of receptor sites is expressed by the 
following equations: 

L* + R ~--q,* Bs* (2) 

L* + R ~¢ B~ (3) 

where Kd* and Kd are the dissociation con- 
stants of equations (2) and (3), respectively. 

The concentration of bound labelled ligand 
[B*] in the presence of unlabelled ligand can be 
expressed: 

[B*] = [B~*] + [B.*]  = 

[R]o [L*] 
+ K.* [L*], (4) 

Kd* (1 + [Ll/Kd) + [L*] 

where L = free unlabelled ligand, L* = free 
labelled ligand, B* = bound labelled ligand, 
Bs* = specifically bound labelled ligand, 
B.* = nonspecifically bound labelled ligand, 
R = receptor, K.* = constant characterizing 
nonspecific binding of labelled ligand and 
[R]o = total receptor concentration. 

If unlabelled ligand is introduced into the 
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'assay, it will compete for the binding site, 
displacing the labelled ligand. At equilibrium, 
the remaining fractions of bound and free 
labelled ligand are a function of the amount 
and affinity of unlabelled ligand present. It 
should be mentioned that - -  at least up until 
now - -  radioactivity is almost exclusively used 
as the label. 

The standard curve. The amount of receptor- 
bound labelled ligand is related to its free 
concentration in the incubation medium. The 
free concentration of labelled ligand increases 
when unlabelled ligand (analyte) is added, 
because receptor-bound labelled ligand is re- 
leased. On the other hand, unlabelled ligand 
itself is bound to the receptor,  which results in 
a decrease in the free concentration. 

Depending on the method of separation 
used, the inhibition of receptor-bound labelled 
ligand by an increasing concentration of free 
unlabelled ligand can be measured as a de- 
crease in the amount  of receptor-bound 
labelled ligand (B*) or an increase in the 
concentration of free labelled ligand (F*). This 
is shown in Fig. 2. 

Most of the time we are interested in the 
amount  of labelled ligand bound to the 
receptor,  which is inversely related to the 
amount  of unlabelled ligand present. In this 
case the competition isotherms with unlabelled 
ligand (see Fig. 2(a)) are used as calibration 
curves and equation (4) can be simplified to 

[B*]o 
[B*] = (1 + [L]/ICso) + Kn*, (5) 

where [B*]o is the amount of bound labelled 
ligand in the absence of unlabelled ligand and 
ICs0 is the concentration of the analyte which 
causes the decrease in the amount of bound 
labelled ligand by 50%. Unknown concen- 
trations of the analyte can be read or computed 
from such calibration curves. 

The separation of bound and free labelled 
ligand. In receptor assays, labelled and un- 
labelled ligand (analyte) are incubated with a 
receptor preparation to achieve equilibrium. 
The incubation time depends on the associ- 
ation and dissociation rates of both ligands. 
The technique to be used for the separation of 
the bound and free fractions is mainly depen- 
dent on the dissociation rate of the labelled 
ligand. Accordingly the separation can be 
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Figure 2 
Experimental inhibition curves for oxyphenonium ob- 
tained when bound labelled ligand was measured (fil- 
tration method) (a) and when free labelled ligand was 
measured (centrifugation method (b) (from [17]). F* and 
B* indicate the concentration of free and bound labelled 
ligand, respectively; D indicates the concentration of 
added drug [in tool 1-1]. 

carried out under equilibrium or non-equilib- 
rium conditions. The separation method and 
the additional conditions ( temperature) have 
to be chosen to prevent significant losses of 
bound labelled ligand. 

The separation methods can be subdivided 
according to the receptor material used, into 
those for membrane-bound and for solubilized 
receptor.  The criteria for solubilized receptor 
preparation are (1) disappearance of lamellar 
structure observed by electron microscopy, (2) 
the passing through filters with particle reten- 
tion higher than 0.22 p.m and (3) no sedimen- 
tation when centrifuged at 100,000g for 60 min. 

Separation methods for membrane bound 
receptor can be based on centrifugation or on 
filtration through glass fibre filters. Separation 
methods for solubilized receptor can be based 
on dialysis, gel-filtration (Sephadex G-50), 
precipitation of receptor- l igand complex 
followed by centrifugation or filtration (PEG 
6000-8000, ammonium sulphate), adsorption 
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of free ligand followed by centrifugation 
(activated charcoal), adsorption of the 
receptor-ligand complex (ion-exchange filter- 
D E A E  81, PEI-treated glass fibre filters). 

In case of centrifugation or filtration, free 
and bound fractions can be measured sep- 
arately. In centrifugation the ligand-receptor 
complex is pelleted and separated from the 
free ligand. Aliquots of supernatant are 
pipetted into the counting vials and are 
measured after the addition of scintillation 
cocktail. Alternatively, the pellet can be 
measured as well. 

In filtration, various types of glass microfibre 
filters are commonly used with thicknesses 
varying from 0.26 to 0.68 mm, which retain 
particles with sizes larger than 0.7-2.7 p~m. 

Filtration, gel filtration or ligand adsorption 
assays are performed under non-equilibrium 
conditions. During the assay the concentration 
of free ligand in the vicinity of the receptor 
binding site is being reduced which initiates 
ligand dissociation. Thus, these methods may 
be unfavourable for the measurement of a 
rapidly dissociating labelled ligand. 

Centrifugation and filtration techniques 
were compared with the quantitative receptor 
assay of anticholinergics by Ensing et al. [17]. 
In centrifugation assays the pipetting of the 
supernatant may have considerable impact on 
the precision (the error in free labelled ligand 
increases with increasing percentages of in- 
hibition). The precision of the centrifugation 
method was better than for the filtration 
technique for low concentrations of analyte. 
Equilibrium dialysis and gel filtration are not 
practical for multiple assays since both 
methods are rather time consuming. However, 
a comparison of dialysis (performed at equi- 
librium conditions) with filtration or centri- 
fugation (non-equilibrium conditions) can be 
advisable when suspicion arises about in- 
adequate separation of bound and free labelled 
ligand with the latter methods. 

The major drawback of precipitation 
methods is the high nonspecific binding (during 
precipitation, the free labelled ligand can 
become attached to the receptor-ligand com- 
plex). Incubation with the precipitation agent 
prior to filtration or centrifugation can lead to 
disturbances of the equilibrium between bound 
and free fractions. 

When adsorption of free labelled ligand is 
applied as the separation method, an equal 
volume of a charcoal/BSA solution is added, 

and after the centrifugation (microcentrifuge, 
13,000g) the supernatant with bound labelled 
ligand is pipetted into scintillation vials. The 
possible drawback of this procedure lies in the 
pipetting error. 

Analytical characteristics o f  receptor assays. 
Sensitivity. Since receptor assays employ the 
specific binding site of a ligand for its de- 
tection, the sensitivity is related to the ratio of 
concentration/Kd of a ligand being assayed. In 
other words, low concentrations of a ligand 
with a low Ko-value (high affinity) can be 
measured and vice versa. 

Limit of detection (LOD) can be defined as 
the concentration of analyte at which the 
fraction bound label is statistically significantly 
smaller than the fraction bound label in the 
absence of analyte. A statistically significant 
difference means, that if the errors of the 
measurements of [B*]o and [B*]l are normally 
distributed and the standard deviations S~ or 
the mean values [B*]o and [B*]I are the same, 
then these values differ according to the 
criteria of the Student's t-test [18]: 

[B*lo - [ B * I ~  

t = Si X/(1/no + 1/nl) >- t~, (6) 

where no and nl are the numbers of the 
measurements of [B*]o and [B* h,  respectively 
and t~ is the student t statistic with degrees of 
freedom no + n~ - 2 at a significance level ~. 

Hence, the smallest difference between 
[B*]o and [B*]I will be at t = t,. In this case: 

A[B*]o = [B*]o - [B*]~ = t, S~ X/0/no + 1/n,). 
(7) 

Providing that e, the relative error of the 
measurement of [B*], is constant [19] then 
S1 = e[B*]o and 

a[B*]o = t~ ~ x /O/no  + 1/n,) [B*]o = 3',[B*]o 
(8) 

where 3'1 = t~ e X/(1/no + 1/nl). 
Then LOD can be expressed by the follow- 

ing equation: 

LOD = A [B*]o _ 
[d[B,]/d[L]l ° (9) 

3',[B*]o 
[d[B*]/d[L][o ' 
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where Id[B*]/d[L]lo is the absolute value of 
[B*] dependence on [L] at [L] = 0. 

After differentiation of equation (4) accord- 
ing to [L], substitution in equation (9) and 
taking into account that [L] = 0, when deter- 
mined [B*]o and ]d[B*]/d[L]lo, the final form 
of equation for LOD will be: 

LOD = ~, [1 + K.* Kd____* (1 + [L*I ) ]  
[R]o Kd* 

(1 + [L_~**] ) Kd, (10) 
Kd 

where ~/] is the parameter from Student t-test 
and characterizes the error of the deter- 
mination of [B*]o (the concentration of bound 
radioligand in the absence of unlabelled 
ligand). 

The determination of the sensitivity of a 
receptor assay together with other analytical 
characteristics is shown in Fig.3. LOD can be 
determined experimentally by performing the 
replicate measurements of the zero standard 
(amount of bound labelled ligand in absence of 
analyte). The experimental data are then 
treated statistically to obtain the standard 
deviation (SD) of these measurements and to 
determine where - 2  SD intersects on a com- 
posite standard curve. 

From the above equations it can be seen that 
sensitivity is a function of several factors, 
including the affinity of labelled ligand towards 
receptors, the affinity of analyte towards re- 
ceptors, the concentration of labelled ligand, 

CB*) 

C§*) o 
C~*) 1 

2 S  1 

i.i 
° ,  

LOD log L 

Figure 3 
Assessment  of  the limit of  detection (LOD) from the 
s tandard curve in receptor assay. [B*]o is the mean  value of 
the amoun t  of bound labelled ligand in the absence of 
analyte; [B*]~ is the mean  value of the amount  of bound 
labelled ligand in the presence of analyte; [B~*]o is the 
mean  value of the amount  of specifically bound labelled 
ligand in the absence of analyte; lB.*] is the mean value of 
the amoun t  of nonspecifically bound labelled ligand. 

receptor concentration, as well as the specific 
activity of labelled ligand and the assay 
volume. It can be concluded that: 

(1) When labelled ligand has a high specific 
activity, a lower concentration of labelled 
ligand can be used and the sensitivity can be 
increased; 

(2) The higher the error of determination of 
[B*]o the higher LOD; 

(3) LOD is directly proportional to Kd of 
the ligand being measured; 

(4) The lower the nonspecific binding and 
the concentration of labelled ligand (the lower 
value Ko*Kd*/[R]o) the higher the sensitivity; 

(5) LOD depends on the concentration of 
labelled ligand. A decrease in this concen- 
tration is accompanied by a decrease in de- 
tection limit. Therefore a minimum concen- 
tration of labelled ligand should be used. Free 
concentration of labelled ligand around its 
dissociation constant (F* = Kd*) is considered 
to be an acceptable compromise. 

One of the factors which limits sensitivity is 
the precision of the measurements. From Fig. 6 
it can be seen that at the stated acceptable 
precision lower than 15%, the lowest concen- 
tration of analyte (PAF) which could be quan- 
titated was 50 ng tube- 1 and the highest 6000 ng 
tube -l .  The highest and lowest concentrations 
of analyte, which can be measured with stated 
acceptable precision, determine the working 
range in receptor assays. 

The nonspecific binding of (labelled) ligand 
can impair the precision as well as accuracy of 
the assay. The aggregation, sedimentation and 
other factors which influence the uniform 
distribution of receptor material in the assay 
can also affect the precision. 

(A) The improvement of sensitivity: Re- 
ceptor assays can be used only for the deter- 
mination of ligands of which the pharmaco- 
logical effect is mediated by a ligand-receptor 
interaction. Depending on the class of drug, 
the concentrations measured by receptor 
assays reflect the therapeutic effect of a drug. 
This property makes receptor assays useful 
especially in therapeutic drug monitoring. 
Therefore, the assay conditions and the com- 
position of the incubation medium have to be 
comparable with the physiological medium in 
man. Otherwise, no meaningful quantitation of 
the total biological activity can be obtained 
[201. 

On the other hand, the limit of detection in 
receptor assays depends on the affinity of the 
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ligand being measured towards the receptor 
preparation used in the assay. Thus, in order to 
increase the sensitivity, assay conditions at 
which the affinity of ligand is maximum, have 
to be established. 

The approach to meet  these demands 
• depends on the purpose the receptor assay is 
performed for, as well as on the presence or 
absence of active metabolites of the ligand 
being measured. 

When the action of a ligand is mediated by 
only one active species, any adaptation of 
incubation conditions (time, temperature,  pH) 
that improves the assay performance should be 
implemented. In this approach lies the poten- 
tial of receptor  assays to measure very low 
therapeutic plasma levels of pharmacologically 
highly potent  drugs. 

When the actions of a ligand are mediated by 
more than one species, two situations have to 
be distinguished: (1) a change in the incubation 
conditions affects the affinities of all active 
species to the same extent, (2) a change in the 
incubation conditions affects the affinities to a 
different extent. 

In the first case, the relationship between 
concentrations and effect will be unaffected. 
Here ,  again, any adaptation that improves the 
assay sensitivity should be implemented. The 
latter case can lead to wrong information about 
the relative potencies of individual active 
species present in the sample. However,  when 
the differences between the affinities of active 
species are high enough (more than two 
decades),  such an approach can be useful for 
the selective determination of one of the 
species present (with the highest affinity), (see 
paragraph about specificity of receptor assay). 

In receptor assays the labelled ligand, 
analyte and receptor preparation are usually 
incubated under certain conditions (time, pH 
and temperature)  which are chosen to allow 
equilibration between bound and free fractions 
of labelled ligand and analyte. These con- 
ditions have to be optimized in order to 
improve the sensitivity of assay. 

(B) The influence of temperature and pre- 
incubation: The limit of detection in receptor 
assays is dependent  on the affinity (dissociation 
constant) of analyte being assayed. The affinity 
of ligand binding to the receptor depends on 
temperature.  It has been observed that the 
dissociation constant decreases with tempera- 
ture. Some authors, therefore,  suggested that 
pre-incubation of receptors with an analyte to 

be assayed at 0°C before the addition of 
labelled ligand and further incubation at 0°C 
may decrease the detection limit. This 
approach was applied for instance to anti- 
cholinergics [21] and vitamin D [22]. Thus, 
analyte bound to the receptor during pre- 
incubation at 0°C is more difficult to replace by 
the labelled ligand than at 37°C under equi- 
librium conditions. Such non-equilibrium 
conditions may bring a considerable gain in 
sensitivity as can be seen in Fig. 4 for the 
anticholinergic scopolamine. With dexetimide 
as labelled ligand, a gain in sensitivity of factor 
6.7 could be obtained by applying pre- 
incubation at 0°C [21]. This approach can be 
utilized to reduce plasma sample volumes, 
provided that the incubation conditions can be 
controlled satisfactorily in order to obtain 
reproducible results. 

Another  mechanism (during pre- 
incubation), that influences the sensitivity of 
receptor assays, can take place when the whole 
cells are used as the source of receptors. This 
mechanism, called down regulation, results in 
the loss of cell-surface receptors due to in- 
ternalization of the receptors during the pre- 
incubation with analyte and these receptors are 
then no longer available for the competition 
process. For instance, very low concentrations 
of human growth hormone (10 - l°  M) will lead 
to a loss of cell-surface binding of labelled 
h G H  in cultured human lymphocytes [23]. 
Such an approach has also been applied to 
h G H  receptor assays, where IM-9 cultured 
human lymphocytes, used as receptor prep- 
aration, were pre-incubated with the analyte 
(hGH) for a short period, which led to a 
decrease in the number of receptor sites. After 
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Figure 4 
Inhibition of 3H-dexetimide binding by scopolamine under 
equilibrium (x) and non-equilibrium (O) conditions (from 
[21]). B indicates bound labelled ligand, 100% represents 
the total binding in the absence of scopolamine; D is the 
concentration of scopolamine (mol I-~). 
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addition of labelled ligand its bound fraction 
was lower than without pre-incubation; at the 
same concentration of analyte [24]. 

Low-temperature conditions are necessary 
when receptors used in assays undergo degrad- 
ation by proteases. This can be the case when 
solubilized or purified receptors are removed 
from their natural surroundings, resulting in 
lower stability [25]. 

For some receptor assays, factors other than 
affinity of the ligand being assayed affect the 
binding and, consequently, the sensitivity of 
assay. For example, the dissociation rate of 
insulin from its receptor is a function of 
receptor occupancy. This phenomenon is 
referred to as negative cooperativity, which 
means accelerated dissociation of bound ligand 
(labelled ligand) as a result of an increasing 
receptor occupancy by unlabelled ligand 
(analyte). Thus, the drop in the amount of 
bound labelled insulin will be a function not 
only of an increasing amount of unlabelled 
insulin bound to its receptor (competition), but 
also a function of accelerated dissociation [26]. 

(C) The influence of pH: Ligand binding 
can be pH-dependent. For example, the bind- 
ing of insulin to membrane receptors is highly 
pH-dependent with maximum binding between 
pH 7.8 and 8.0 [2]. The affinity of dexetimide 
(anticholinergic agent) is optimal and constant 
around the physiological pH, but the affinity of 
another anticholinergic, pirenzepine, increases 
with decreasing pH values, as can be seen in 
Fig. 5 [27]. It has to be noted, however, that 
the optimal pH for the analyte may not 
necessarily coincide with the optimum value 
for the labelled ligand. A good set of examples 
are dexetimide and pirenzepine when they are 
used as labelled ligand and analyte in the same 
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Figure 5 
Equilibrium association constants K,~ = 1/Ko as a function 
of pH for 3H-pirenzepine (x) and 3H-dexetimide (O) (from 
[27]). 
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Precision profile of the radioreceptor assay of platelet 
activating factor (PAF).  The working range of the assay, 
giving a precision error  ~< 15%, was 50-6000 pg tube -1 
(from [55]). 

assay. In this situation a good compromise 
would be pH 6.6 as indicated by Fig. 5. 

Other factors that may affect the sensitivity 
of the assay are ionic strength, the presence of 
enzymes which degrade receptor or ligand, the 
presence of certain ions which influence the 
ligand-receptor binding. For instance sodium 
can selectively increase the sulpiride (dop- 
aminergic agent) affinity in displacing 3H- 
spiperone binding in striatum and anterior 
pituitary membranes [25]. 

Accuracy and precision. Dependent on the 
application of receptor assay, accuracy and 
precision should be within preset values. 
Accuracy problems due to cross-reacting 
metabolites or endogenous substances should 
be eliminated by adequate sample pretreat- 
ment procedures. However, accuracy and pre- 
cision of the receptor assay itself is strongly 
dependent on the choice of receptor material 
and labelled ligand. The combination deter- 
mines the extent of specific and non-specific 
binding. While for the assay only specific 
binding is required, non-specific binding will 
cause variations in the free and specifically 
bound fractions of both the labelled and 
unlabelled ligand. Due to the fact that deter- 
mination of the non-specific binding can be 
affected by the separation method, e.g. 
adsorption to filters or removal of non-specific 
binding by the washing procedures, correction 
for non-specific binding is never perfect. While 
curve-fitting procedures are often based on a 
mathematical description of the receptor bind- 
ing process, accuracy problems can also occur. 

The nonspecific binding results from the 
combination - -  the tendency of labelled ligand 
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(as well as analyte) to bind nonspecifically (e.g. 
hydrophilic versus lipophilic labelled ligand) 
and the character of receptor preparation (cell 
culture, crude membrane homogenate, purified 
receptor, etc.). The nonspecific binding is due 
to the attachment of the labelled ligand to 
membrane components which are not receptors 
and/or the adsorption of ligands to the filters, 
tubes, etc. 

In case that nonspecific binding is caused by 
labelled ligand binding to membrane proteins, 
this can be reduced by using enriched receptor 
preparations (the sensitivity is dependent on 
the concentration of receptors in assay - -  JR]o, 
as follows from equation (4)). In case that the 
major part of nonspecific binding is due to 
labelled ligand binding to filters, tubes, etc. 
(opioid peptides), it is important to coat these 
materials with polyamines (polyethyleneimine, 
polybrene, protamine), serum albumin, etc. 
[28]. The advantage of coating filters with 
polyamines lies in preventing the binding of 
positively charged ligands by blocking the 
centres of nonspecific binding. For instance, 
nonspecific binding of beta-endorphins can be 
prevented by treating filters with bovine serum 
albumin or myelin protein. Coating with poly- 
lysine, bacitracin or silicone reduces the opioid 
peptides, substance P or calcitonin binding to 
the assay tubes. The appropriate choice of 
material of assay tubes is also important, for 
instance the lowest binding of 3H-dexetimide 
was observed for polypropylene tubes when 
compared to the glass and polystyrene tubes 
[20]. On the other hand, the centrifugation 
method should be considered if filter-binding 
remains important after coating. 

Spec i f i c i t y .  Receptor assays discriminate 
between pharmacologically active compounds 
(bound with high specificity and affinity to the 
receptor material used in assay) and inactive 
compounds. Receptor assays do not discrimin- 
ate between compounds of the same phar- 
macological class. 

Since a single receptor may bind more than 
one ligand and the same ligand may bind to 
more than one receptor, the specificity of a 
receptor assay is determined by the receptor 
preparation, the labelled ligand used in assay 
and the binding properties of ligand being 
assayed. 

The following situations and their combin- 
ation will modulate the specificity of receptor 
assay: (1) the receptor preparation used con- 

tains a single or a heterogenous population of 
binding sites; (2) the labelled ligand used binds 
to a single or a heterogenous population of 
binding sites; and (3) the analyte under assay 
binds to a single or a heterogenous population 
of binding sites. 

The use of a selective receptor preparation 
(with a single population of binding sites) 
excludes the necessity to use a selective 
labelled ligand. On the other hand, provided 
that the labelled ligand as well as the analyte 
bind with a high affinity to a single (and the 
same) population of binding sites, a receptor 
preparation containing a heterogenous popu- 
lation of binding sites is appropriate to warrant 
the specificity of receptor assay. If the labelled 
ligand and the ligand being assayed tend to 
bind to more than one class of receptors, the 
heterogeneity of the receptor preparation used 
may result in depletion of both ligands by 
irrelevant binding sites. This subsequently 
results in the decrease of free ligand concen- 
tration and the affinity of ligand (analyte) will 
be wrongly determined from the competition 
curve. For instance, 3H-spiperone labels Dz- 
receptors but also serotonergic receptors in 
forebrain regions [29]. Thus, it would be 
inappropriate to use whole brain as a source of 
receptors to assay drugs known to interact with 
dopaminergic receptors. Preferably corpus 
striatum should be used in which the dop- 
aminergic receptors prevail. The better the 
choice of receptor source, or, alternatively the 
purification of the receptor preparation the 
more specific the assay will be. Another 
possibility to obtain a receptor assay specific 
for dopaminergic agents is using a D2-selective 
labelled ligand (3H-sulpiride), which specifi- 
cally labels D2-receptor sites, as compared to 
3H-spiperone which labels D2 as well as sero- 
tonergic receptors, or 3H-domperidone which 
labels D2- and alphal-receptors [25]. 

When the same receptor interacts with more 
than one class of ligand, the situation is more 
complex. For example, prolactin receptor of 
rat liver binds human prolactin and human 
growth hormone with equal affinity. On the 
other hand, cultured human lymphocytes con- 
tain growth hormone receptor which does not 
react with prolactin or with nonhuman growth 
hormone. Thus, the latter receptor source 
provides a more specific assay for human 
growth hormone [2]. 

In some cases the receptor containing tissue 
contains endogenous compounds which can 
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bind to this particular receptor. For instance, 
the rat liver contains receptors for insulin, 
insulin-like growth factor (IGF-II) and multi- 
plication stimulating activity (MSA). When 
IGF receptor assay was developed using liver 
membrane preparations, the removal of in- 
sulin, pro-insulin and other interfering factors 
prior to assay was necessary [2]. There are 
some special situations in which the specificity 
of different receptor sources may vary, 
depending on the conditions of isolation of the 
membranes and the physical conditions of the 
incubation. The TSH receptor offers a good 
example of such a situation. TSH binding sites 
are present in thyroid, testes, fat cells, plasma 
membranes, and lymphocytes. The specificity 
for these receptor preparations should be 
relatively similar. However, under conditions 
of low temperature, pH and ionic strength, 
there is predominance of the sites with low 
affinity and specificity but high capacity. At 
physiological temperature and pH, and at salt 
concentration of 50 mM NaC1 or higher, there 
is a predominance of sites with high affinity, 
high specificity and low capacity. Pretreatment 
of thyroid membrane with higher salt concen- 
tration and performing the TSH receptor assay 
at physiologic salt concentrations gave a 
specific assay without cross-reactivity of 
normal immunoglobulin, thyroglobulin, 
cholera toxin or gangliosides which normally 
cross-react with the assay [30]. 

In summary, the specificity in receptor 
assays may be improved by (1) exploring the 
different receptor sources and possibly finding 
a tissue with a single population of binding 
sites, (2) using labelled ligand which binds to 
the single population of binding sites, or (3) 
establishing appropriate incubation conditions 
for a receptor that enhance its specificity. 

Stereoselectivity. A stereoselectivity assay is 
generally based on the difference in interaction 
between the chiral part of the analyte mol- 
ecules and the chiral part of the interacting 
agent. For RA the interacting agent is a 
receptor molecule, with a binding site in a 
chiral environment. Stereoselectivity in 
receptor binding will only be observed where 
the chiral parts of the analyte molecule are 
involved in the interaction with the receptor 
binding site. For instance, the binding of 
catecholamines to the specific alpha- or beta- 
adrenergic receptors is stereoselective in con- 

trast to polypeptide hormones which do not 
bind in a stereospecific fashion. 

In the former case the receptor assay rather 
selectively measures the enantiomer with the 
higher affinity. When the differences between 
affinities of individual enantiomers are high 
enough, eudismic ratio >100, the concen- 
tration of the eutomer, the enantiomer with 
the highest affinity, can be read from a 
standard curve prepared with its racemate. For 
instance, a good agreement has been obtained 
between the determination of the (-)-enantio-  
mer of propranoiol by stereospecific HPLC 
and the receptor assay using a standard curve 
prepared with racemic propranolol [1]. Though 
in cases the concentration of the distomer is 
high relative to the eutomer, the contribution 
of the distomer is no longer negligible and the 
read-out should be expressed as eutomer 
equivalents instead of a true concentration of 
the eutomer. 

Methodology of receptor assays. 
The receptor preparation. The receptor 
material for receptor assays can usually be 
obtained conveniently from animal tissues and 
organs. The choice of appropriate tissue or 
organ is governed by the ligand being assayed 
(its pharmacological properties), by availabil- 
ity of tissue and by the concentration of 
receptors of interest in this tissue. In most 
receptor assays the tissue used as the source of 
receptors represents the pharmacological 
target tissue for the ligand being measured. 
The membranes of cells of such a tissue usually 
also contain other receptors as well as non- 
receptor proteins (from the point of view of 
receptor assays causing the irrelevant non- 
specific binding). The concentration of 
receptor binding sites among all these proteins 
is in the range of fmol-pmol/mg-1 of proteins 
and this fact prompts a careful choice of the 
receptor source. From the feasible tissues the 
one with the highest receptor concentration 
has to be selected. 

The most common way of preparing mem- 
brane homogenates for the receptor assays 
includes the homogenization of tissue or organ 
from killed or anaesthetized animals in 0.32 M 
sucrose. In some cases, e.g. for tissues contain- 
ing fibrous components (blood vessels), fil- 
tration of this homogenate may be necessary. 
From the first homogenate the individual 
subcellular fractions, such as the crude nuclear 
pellet, crude mitochondrial pellet or synapto- 
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somal fraction, microsomal and ribosomal frac- 
tions can be prepared step by step by differen- 
tial centrifugation. The choice of the appro- 
priate fraction depends on the content of a 
certain receptor. For instance, the crude 
nuclear pellet from rat brain homogenate was 
used as the source of beta-adrenergic re- 
ceptors, while the crude mitochondrial pellet 
from the same homogenate was suitable for the 
receptor assay of ligand acting via alpha- 
adrenergic receptors [31]. 

In addition to the target tissues, nontarget 
tissues may possess specific binding sites for 
ligands and can be used in receptor assays, e.g. 
cultured human lymphocytes possess specific 
binding sites for insulin, human growth 
hormone and calcitonin. This receptor material 
is convenient as it does not require enzymatic 
treatment to isolate the cells, which is 
necessary in other receptor assays using whole 
cells from target tissue (liver or fat cells as the 
source of insulin receptors, adrenal cells for 
ACTH, etc.) [2]. Usually, receptor prep- 
arations in RA contain heterogenous popu- 
lations of binding sites. In order to ensure the 
specificity of an assay with respect to one 
pharmacological class of binding sites, the 
approach previously described can be con- 
sidered. In addition to this, the use of purified 
receptor preparations will be discussed later. 

In only a few cases can a receptor prep- 
aration with a single class of receptors be 
obtained. In this regard, the availability of 
recombinant receptor may be an important 
step forward. For instance, receptor material 
for a hGH receptor assay was prepared by the 
expression of cloned cDNA for the binding 
domain of the receptor in E. coli, which 
resulted in the secretion of this specific binding 
protein in the culture medium. The binding 
properties of this protein were the same as for 
the full-length receptor and enabled a sensitive 
and specific receptor assay of hGH in the 
presence of plasma [24]. Another example can 
be the receptor assay for thyrotropin receptor 
autoantibodies, using the recombinant 
receptor protein [32]. High levels of the human 
TSH receptor were expressed by a transfected 
Chinese hamster ovary cell line. The advantage 
of using such a receptor preparation is that the 
cell line which produces the receptor protein 
can be adapted to growth in suspension cul- 
tures, which permits the large scale pro- 
duction. However, the application of recom- 
binant receptors in quantitative receptor assays 

is not yet common practice, despite the fact 
that such an assay is much easier to standardize 
than the assay which uses the whole cells or 
crude membrane homogenate, because of the 
elimination of batch-to-batch variations of 
receptor material. 

The choice of  labelled ligand. In this paper, 
labelled ligand refers to a radiolabelled ligand. 
However, it should be mentioned that the 
introduction of fluorescence-labelled ligands 
represents a new direction in the development 
of receptor assays, which eliminates problems 
associated with the handling of radioactive 
material. 

There are some general criteria for the 
labelled ligand used in a binding assay which 
are independent of the nature of labelling. The 
most important of them are the following: 

(1) The labelled ligand should bind to the 
same receptor as the unlabelled ligand, with 
high affinity. 

(2) The nonspecific binding of the labelled 
ligand (to the non-receptor binding sites and 
utensils) should be minimal. 

(3) The labelled ligand should be chemically 
stable and resistant to enzymatic degradation. 
This criterion is met by most labelled ligands, 
with the exception of labelled peptides used in 
neuropeptides receptor assays [33]. 

(4) The labelled ligand should preferably be 
the eutomer, the pharmacologically most 
potent enantiomer. 

When the labelled ligand is a radioligand, 
additional criteria have to be fulfilled: 

(5) The ligand must be of high specific 
activity. This demand is governed by the fact 
that the density of binding sites in tissue is very 
low. From this point of view, 125I-labelled 
ligands with specific activities up to 2000 Ci 
mmol-1 are more suitable than tritium labelled 
ligands. On the other hand, the half-life of 3H 
is much longer than for 1251, which may make 
the use of tritium-labelled compounds 
preferable. 

(6) The radiochemical purity of the labelled 
ligand has to be ensured. Labelled impurities 
can cause artifacts (curvilinear Scatchard plot, 
Hill coefficient smaller than unity, poor 
specific to nonspecific binding ratio). Thin 
layer chromatography or HPLC are the 
methods of choice for the checking of the 
radiochemical and chemical purity of labelled 
ligands [34]. 

The criteria for the binding characteristics of 
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labelled ligands, such as the affinity towards 
the receptor and selectivity to a certain class of 
binding sites, were discussed in the paragraphs 
about the specificity and accuracy of receptor 
assay. However, some additional notes have to 
be made about the selectivity of labelled 
ligand. 

(A) Subtype-selectivity of labelled ligand: 
The discovery of differences in affinity of some 
agents in the interaction with the same class of 
receptor in different tissues led to the sub- 
division of receptors. Problems can arise when 
using the subtype-nonselective labelled ligand 
for the determination of a subtype-selective 
ligand. For instance, muscarinic antagonists 
exert binding selectivities towards muscarinic 
receptors in different tissues, according to 
which the subdivision of this receptor into M 1- 
M 3 was introduced. When a nuvenzepine (MI- 
selective) receptor assay was performed by 
competition with non-selective 3H-N-methyl- 
scopolamine, the slope of competition curve 
was less steep than when the M]-selective 
labelled ligand 3H-pirenzepine was used [35]. 
In the latter case, the assay provided maximum 
specificity and sensitivity, together with higher 
accuracy. The specificity of assay was achieved 
by selective labelling of the M~ muscarinic 
receptor whereas the receptor material used 
contained a heterogenous receptor population 
(rat cerebral cortex). 

(B) Selectivity of labelled ligand based on 
its physico-chemical properties: In addition to 
the subtype selectivity, several reports have 
appeared about the binding heterogeneity of 
ligands based on their different physico- 
chemical properties. For instance, subtype- 
nonselective muscarinic antagonists like N- 
methylatropine and N-methylscopolamine 
(quaternary compounds) in competition exper- 
iments with their tertiary analogues (atropine, 
scopolamine) are able to distinguish two bind- 
ing sites in rat brain, and in some other tissues, 
whereas the tertiary analogues recognize only 
one site. One of the possible explanations may 
be the existence of a portion of the muscarinic 
receptors located in a hydrophobic membrane 
environment and thus less accessible for the 
charged quaternary ligands [36]. As a result, 
the competition curve of labelled tertiary and 
unlabelled quaternary ligand will be shallow or 
even biphasic, which has a detrimental effect 
on the sensitivity of the receptor assay (Fig. 7). 

Also the lipophilic or hydrophilic properties 
of the labelled ligand can cause heterogeneity 
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Figure 7 
Inhibition of 3H-dexetimide binding to bovine brain 
membranes (total brain minus cerebellum) by scopolamine 
( I )  and N-methyl-scopolamine ([]). Solid lines are 
computer-fitted curves according to a one-site (scopol- 
amine) or a two-site (N-methylscopolamine) binding 
model. Typical experiment performed in duplicate (from 
[361). 

of binding, which is of a different character 
than the heterogeneity based on subtype selec- 
tivity. The lipophilic nature of a labelled ligand 
can be responsible for its binding to non- 
defined binding sites which can be displace- 
able, but which do not exert specificity and 
stereoselectivity. Examples are 3H-dihydro- 
alprenolol and 3H-CGP 12177. Both ligands 
are nonselective beta-adrenergic antagonists 
with approximately the same affinity towards 
the beta-adrenergic receptors. The iipophilic 
nature of 3H-DHA is responsible for its bind- 
ing to additional non-beta-adrenergic high 
affinity binding sites on several types of tissue 
[37]. 3H-CGP 12177 has hydrophilic properties 
and labels only cell surface beta-adrenergic 
receptors [38]. 

Characterization of  receptor-ligand system. 
When the choice of the receptor preparation 
and labelled ligand has been made, this 
receptor-ligand system has to be characterized 
by binding studies. It is necessary to demon- 
strate that the bound labelled ligand is attached 
to the pharmacological receptor if in vitro 
receptor assay results are meant as an esti- 
mation of the pharmacological potency of 
analyte. In practice, this means that: 

(a) The saturability of the labelled ligand 
binding to the receptor preparation has to be 
confirmed. 

(b) The labelled ligand binding should be 
reversible. The bound labelled ligand should 
dissociate from the receptor preparation after 
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either dilution or addition of ligand in excess. 
The second approach is used to determine the 
nonspecific binding (to the non-receptor pro- 
teins). The bound fraction of labelled ligand 
which is left after the addition of the excess 
represents the nonspecific binding. 

(c) The specificity of binding (desired 
receptor class is labelled) has to be assessed 
with ligands from different receptor classes in 
the displacement of labelled ligand from the 
receptor preparation. 

(d) The distribution of in vitro ligand bind- 
ing in various tissues should parallel the known 
distribution of receptors derived from in vivo 
studies with intact cells. 

The labelled ligand binding to the receptor 
preparation should show saturation since this is 
inherent to specific binding. The nonspecific 
binding is a linear function of the free concen- 
tration of labelled ligand. The specific binding 
is measured indirectly; it is calculated as the 
difference between the total binding and the 
nonspecific binding. In parallel assays, labelled 
ligand is incubated without (total binding) and 
with (nonspecific binding) an excess of un- 
labelled ligand (Fig. 8(a)). 

From the saturation curve of specific bind- 
ing, which represents the dependence of the 
bound amount of labelled ligand on its free 
concentration at a fixed receptor protein con- 
centration, the number of binding sites (Bma×) 
and the affinity of labelled ligand (Kd*) to- 

wards the receptor preparation can be deter- 
mined. Usually, the analysis of a labelled 
ligand binding proceeds with the construction 
of a Scatchard plot, i.e. the plot of the ratio of 
Bound over Free ligand versus Bound ligand 
concentration (B/F vs B), (Fig. 8(b)). From 
this plot by fitting a straight line to the data, 
the affinity of labelled ligand can be deter- 
mined. The intercept with the Bound axis 
estimates the number of binding sites and the 
slope is equal to --1/Kd*. A general strategy 
and a versatile computer program for analysis 
of data from ligand-binding experiments has 
been developed by Munson and Rodbard [39]. 

Another way to evaluate the dependence of 
the Bound radioligand on its free concen- 
tration is the graphical presentation of B versus 
log F as proposed by Bjerrum [40]. 

Another approach, that has not been widely 
used until now, but one which is rather useful 
when dealing with heterogenous binding sites 
is the evaluation of binding data by affinity 
spectra [41]. An affinity spectrum is defined as 
a plot of the number of binding sites against 
corresponding dissociation constants. The 
advantage of this method in comparison to 
nonlinear regression analysis is the fact that no 
starting values and mathematical models have 
to be supplied and that the statistical assess- 
ment of the results is straightforward from a 
detailed graphical display of a likelihood 
function. The parameters to be estimated, i.e. 
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Figure 8 
(a) Labelled ligand saturation curve showing total, nonspecific and specific binding. (b) Scatchard plot of specific binding, 
showing calculation of initial estimates of Ka and B .... (from [74]). 
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the number of binding sites (Bmax) and the 
dissociation constant (Ko) are obtained visually 
from the plots, or as the results of calculations 
that are based on the principle of least-square 
errors. Such an approach has been applied to 
the studies on drug interaction with plasma 
proteins (the evaluation of racemic propran- 
olol binding to human alphal-acid glyco- 
protein, [42]) and recently also to the evalu- 
ation of the binding of labelled ligands to the 
receptor (3H-DHA and 3H-CGP 12177 binding 
to beta2-adrenoceptors of rat reticulocytes, 
I38]). 

Estimation of nonspecific binding: Some 
additional remarks have to be made about the 
properties of the ligand used for the deter- 
mination of the nonspecific binding. It is 
important to choose a suitable unlabelled 
ligand and an appropriate concentration. In 
order to determine the concentration of un- 
labelled ligand, competition experiments with 
labelled and unlabelled ligands are performed 
separately from the receptor assay. The lowest 
concentration of unlabelled ligand which com- 
pletely inhibits the labelled ligand occupancy 
of receptors is considered appropriate for the 
determination of nonspecific binding. In prac- 
tice, a concentration of 1000 x K d of un- 
labelled ligand is sufficient. The use of a 
structurally different compound than the 
labelled ligand for this purpose is emphasized. 
This requirement is supported by the obser- 
vation that some labelled ligands (lipophilic 
compounds) bind to the 'acceptor sites' present 
in the receptor preparation. These sites can be 
of lower affinity than the 'true receptors' (thus, 
they will be included in the value of nonspecific 
binding) and the binding of labelled ligand to 
them can be also saturable [29]. When the 
same compound as the labelled ligand (but 
unlabelled) is used to define the nonspecific 
binding, this could inhibit the labelled ligand 
binding also from these non-receptor sites and 
the nonspecific binding will be underestimated 
(and hence, the specific binding, as the differ- 
ence between the total and nonspecific bind- 
ing, will be overestimated). For instance, when 
a lipophilic labelled ligand is used in a receptor 
assay, the use of an excess of a hydrophilic 
unlabelled ligand is suggested or vice versa. 
Thus, the combination of 3H-DHA and pro- 
pranolol, as unlabelled ligand, seems to be 
unsuitable for a receptor assay of beta- 
blockers, because the similarity in binding 
properties of these ligands (both are lipophilic) 

can lead to a wrong estimation of specific 
binding. This was confirmed by the use of 
affinity spectra. When the 'specific' binding of 
3H-DHA was determined by the addition of an 
excess of propranolol and evaluated by affinity 
spectra, 43.6% of this binding could not be 
considered as the 'true' receptor binding (the 
specific binding was overestimated) [38]. When 
hydrophilic 3H-CGP 12177 and propranolol 
were used the specific binding was estimated 
correctly. 

Sample preparation. RA is usually applied to 
body fluids such as plasma, serum, urine, saliva 
or cerebrospinal fluid. In some cases the 
measurements have to be carried out in tissue 
extracts (brain, liver, etc.). 

Adequate sample preparation may be 
necessary with the following aims: 

(1) Elimination of endogenous compounds 
which affect binding of labelled ligand in a 
nonspecific manner, e.g. depletion of labelled 
ligand by proteins present in biological sample 
(plasma proteins) or modulation of receptor 
binding properties by certain anions or cations 
(e.g. urine). 

(2) To isolate a particular analyte (parent 
drug or a particular active metabolite) from the 
biological matrix in order to obtain adequate 
specificity and sensitivity. 

(A) Elimination of matrix interference: 
Unextracted samples can be assayed directly if 
the biological matrix does not effect the assay 
and the given selectivity and sensitivity are in 
line with the aim of the analysis. In case that 
the concentration of analyte is high enough a 
small volume of biological fluid which does not 
interfere with the assay or a diluted sample 
may be assayed directly. 

The problem of interference concerns both 
the labelled ligand binding as well as the 
binding of ligand being assayed. As we have 
seen above, the physico-chemical properties of 
the ligand (lipophilic versus hydrophilic) play 
an important role. 

The impact of the interference on the analyt- 
ical characteristics of a receptor assay is shown 
in Fig. 9: (A) A high protein binding of the 
analyte reduces its free concentration in bio- 
logical fluid. This is responsible for the appar- 
ent loss of potency of the analyte. (B) Labelled 
ligand binding to plasma proteins will result in 
the change of the amount of labelled ligand 
bound to the receptor and the sensitivity of 
assay will be lower. (C) When both labelled 
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Figure 9 
The  influence of plasma on labelled and unlabelled ligand 
binding to the receptor in R R A.  (A) Impact of protein 
binding of the analyte on the displacement curve in RA: 
I = without proteins; 2 = with proteins. (B) Impact of 
protein binding of the labelled ligand on the displacement 
curve in RA:  1 = control experiment  without plasma; 2 = 
2-10  ILl of  plasma; 3 = 20 p.l of plasma; 4 = 50 ILl of 
plasma. (C) Impact on the displacement curve if both the 
analyte and the labelled ligand bind to proteins in RA: 1 = 
without proteins; 2 = with proteins• 

ligand and analyte bind to plasma proteins, it 
has impact on the affinity of analyte as well as 
on the sensitivity. 

To avoid the binding of a labelled ligand to 
plasma proteins, a more hydrophilic ligand 
may be used. Receptor  binding of a lipophilic 
labelled ligand was found to decline with 
increasing plasma volumes in the assay, leading 
to a rightward shift of the apparent Kd*-value. 
Yet, receptor binding of a hydrophilic ligand 
(3H-CGP 12177) was not affected by the 
presence of plasma and therefore was more 
appropriate for the receptor assay of beta- 
blockers in plasma [1]. These phenomena are 
shown in Fig. 10. 
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Figure 10 
The influence of plasma on the receptor-binding of a 
lipophilic (3H-DHA) and a hydrophilic labelled ligand 
(-~H-CGP 12177) (from [1]). 

In the case when an analyte does not bind to 
matrix constituents, the measured concen- 
tration corresponds to its total concentration in 
a biological sample. When binding of analyte 
to matrix constituents is high, its free concen- 
tration will be measured. In order to separate 
this free fraction from the matrix, the bio- 
logical sample can be subjected to dialysis or 
ultrafiltration. Another  possibility is to extract 
the analyte from the biological sample by 
liquid-liquid extraction or solid-phase 
extraction. In the latter two cases the measured 
concentration will correspond to the total 
concentration of analyte. However,  its free 
fraction determines its effect in vivo. 
Extraction of an analyte with a high protein 
binding in plasma may lead to erroneous 
interpretations with respect to the anticipated 
effect if this protein binding is not taken into 
account. Furthermore,  plasma protein binding 
of parent drugs, active metabolites or enantio- 
mers may be different [43]. Extraction of a 
plasma sample containing the parent drug and 
metabolites may disturb a concentration ratio 
between these compounds and may make a 
deduction of the effect in man from a RA 
result complicated, if not impossible. There- 
fore, the use of unextracted sample may be 
advantageous in certain situations. An 
example can be the measurement of native 
plasma samples of beta-blockers which gave a 
good agreement between the RRA results and 
the effects observed in man [1]. 

The development of a quantitative radio- 
receptor assay for beta-blockers in plasma 
samples illustrated that the character (solubil- 
ized versus particulate receptor) and source of 
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receptor preparation (different animal tissues) 
influenced the inhibition effect of plasma on 
ligand binding. The rationales of these effects, 
however, still remain to be explained. In RRA 
of propranolol, the addition of the same 
plasma volumes to lung membranes produced 
a lower inhibition than with cerebral cortical 
membranes [44]. In addition to this, both intra- 
and inter-assay variations were also lower in 
the former case. Thus, using lungs as the 
source of receptors was preferable. Plasma 
interference with the assay performed with 
cerebral cortical membranes was the reason for 
the separation of propranolol from plasma 
proteins by dialysis [8]. The use of solubilized 
receptor may in some cases be preferable, 
since the interference of plasma with the assay 
with solubilized receptor was lower than in the 
case of crude membrane homogenate [45]. 
When the sensitivity of an assay is high, 
dilution of the sample can avoid plasma inter- 
ference, so that the relative impact of the 
interference becomes negligible [46, 47]. 

Liquid-liquid extraction (LLE) represents a 
classical sample preparation method. In recent 
years sample preparation by solid-phase 
extraction (SPE) has gained widespread 
acceptance as a viable alternative [48]. Solid- 
phase extraction is based on the principles of 
liquid chromatography [49]. However, the 
aims of SPE are to isolate and concentrate the 
relevant compound from a sample and at the 
same time removing unwanted, interfering 
substances, whereas the aim of liquid chro- 
matography is to separate compounds from 
each other. SPE involves a solid phase (the 
sorbent which is usually silica or bonded silica) 
and a liquid phase (eluent). Advantages of 
SPE over LLE are the high selectivity, clean 
extracts, no emulsions, more reproducible 
results, reduced solvent usage and higher 
throughput through automation. 

A solid-phase extraction procedure followed 
by a quantitative receptor assay provides an 
efficient procedure for therapeutic drug 
monitoring and pharmacokinetic studies of 
a.o. anticholinergics [50],  the immuno- 
suppressant agent FK-506 [51], digoxin [52] 
and opioid peptides [53]. The analyte, eluted 
from the column by an organic solvent is 
determined by the receptor assay. The extrac- 
tion solvent should be without influence on the 
receptor binding of analyte. If this is not the 
case, the organic solvent may be evaporated 
and the dry residue redissolved in an appro- 

priate aqueous buffer. However, complete 
redissolution of the analyte may not always be 
easy, and  furthermore, care should be taken 
that the analyte is not being co-evaporated or 
sublimated. 

(B) Isolation of some particular analytes: 
Besides the above mentioned extraction pro- 
cedures, some special approaches to the 
sample preparation can be mentioned. Pre- 
treatment with antibodies adsorbed onto a 
solid support, was used in the receptor assay of 
human interleukin (IL-1) [54]. IL-1 is com- 
posed of two polypeptides (isoforms) termed 
IL-1 alpha and IL-1 beta. These two proteins 
have similar molecular masses, however, the 
IL-receptor shows distinctly different binding 
properties for them: the binding of IL-1 beta is 
of higher affinity (LOD = 1 × 10 -11 M). In 
order to selectively quantitate IL-1 alpha with 
a lower affinity (LOD = 3.7 × 10 -9 M) in the 
presence of LI-1 beta, plasma samples were 
pretreated with an anti-human IL-1 beta anti- 
body adsorbed onto Pansorbin. This pretreat- 
ment selectively removed IL-1 beta isoform 
without any cross-reactivity with IL-1 alpha. 
On the other hand, the low sensitivity of the 
receptor assay for IL-1 alpha enabled an 
almost selective assay for IL-1 beta without 
pretreatment. In this way, the ratio of the two 
IL-1 isoforms in the sample could be 
determined. 

In the case of RRA for the platelet activating 
factor (PAF), a lipid fraction containing the 
compound of interest was first extracted from 
saliva with methanol-chloroform-water, 
acetylated and purified by HPLC and deter- 
mined in the HPLC eluate [55]. 

The RRA of 1,25-dihydroxyvitamin D re- 
quired the elimination of lipid interference 
with the assay. For this purpose a HPLC 
purification step prior to the assay was intro- 
duced [56]. 

Main directions in the improvement of 
receptor assays. The development of a receptor 
assay includes the following steps: (1) choice of 
a receptor preparation; (2) choice of a labelled 
ligand; (3) choice of an unlabelled ligand for 
the determination of nonspecific binding; (4) 
characterization of the receptor-ligand system, 
evaluation of binding data and optimization of 
assay conditions; (5) sample preparation; (6) 
incubation of labelled ligand and analyte with 
the receptor preparation at optimum con- 
ditions; (7) separation of the bound and free 
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fractions; (8) measurement of the bound or 
free fractions; (9) evaluation of the results. 

Considering this scheme and keeping in 
mind the demands for the specificity, sensi- 
tivity and accuracy, two main areas for 
improvements may be defined: 

(1) Improvement of the receptor prep- 
aration by enrichment of specific receptor sites 
(higher ratio specific/nonspecific binding) or 
the improvement of stability and homogeneity 
of the receptor preparation. 

(2) Improvements in the analytical pro- 
cedure of the RA, by addressing factors such as 
(i) automation/standardization of the pipet- 
ting; (ii) use of multi-well plates or other 
incubation devices which are amenable to 
automation of the whole assay; (iii) use of 
receptor material immobilized on solid 
matrices (multi-well plates, tubes, beads, etc.); 
(iv) innovation of counting technology of 
radiolabelled support samples in the micro- 
plate format, solid or liquid scintillation count- 
ing of samples; (v) introduction of non-isotopic 
receptor assays, etc. 

The improvement o f  receptor preparation. The 
importance of a high ratio specific/nonspecific 
binding has already been outlined. From this 
point of view, the character of the receptor 
preparation is important. 

Another important point is the use of crude 
membrane homogenate introducing batch-to- 
batch variations. Furthermore, aggregation 
and sedimentation of such receptor prep- 
arations can cause a non-uniform distribution 
of receptors in the assay vials which may result 
in poor precision. These factors may represent 
serious limits for the application of a receptor 
assay. 

A good example of the importance of the 
choice of the appropriate receptor source is the 
digoxin receptor assay developed by Bed- 
narczyk et al. [57], in which the different 
sources of digoxin receptor - -  porcine heart, 
dog kidney and human heart tissue were 
compared. The highest concentration of 
receptor binding sites per mg of tissue was 
found in the crude membrane homogenate 
from human heart. The use of this receptor 
preparation resulted in an improvement of 
precision and sensitivity as well as specificity 
(the interference by endogenous steroids was 
lower than with other tissues). 

Fractionation of the crude membrane homo- 
genate may increase the number of specific 

binding sites per mg of protein (a higher 
specific/nonspecific ratio). 

The purification procedure involves the 
solubilization of the crude membrane homo- 
genate by a detergent and the purification of 
the solubilizate by HPLC or by affinity 
chromatography. 

(A) Solubilized receptor: Receptors are 
transmembrane glycoproteins embedded in the 
lipid bilayer of cell membrane. The first step in 
the purification of the individual proteins is the 
dispersion of the bilayer and the separation of 
the obtained components so that they can be 
fractionated. For this purpose an appropriate 
detergent is to be used. Detergents are ampho- 
philic molecules, for example, phospholipids. 
They possess a hydrophilic head and hydro- 
phobic tail. Due to these properties they will 
compete with the endogenous phospholipids 
and cholesterol molecules in the binding to 
integral membrane proteins. Detergents 
present in concentrations above their critical 
micelle concentration form micelles in the 
aqueous phase. With increasing detergent con- 
centrations penetration into the membrane 
takes place so that mixed protein-detergent- 
phospholipid micelles are formed. In the whole 
process the detergent-to-phospholipid ratio is 
important. A crucial point is the choice of an 
appropriate detergent which is able to solubil- 
ize the receptor while retaining their biological 
activity. There are many detergents available, 
which can be subdivided into ionic (sodium 
deoxycholate, phosphatidylcholine, cetyltri- 
methylammonium bromide), nonionic (digi- 
tonin, TRITON series, Lubrol) or zwitterionic 
substances (CHAPS) can be chosen. The 
strategy for solubilization and purification of 
different receptor types is determined by the 
structure of the receptor rather than by the 
ligand specificity. Thus, a classification of 
receptors according to some common struc- 
tural features can be useful. To this end, 
receptors may be classified into three groups 
[58]: 

(1) Receptors with a single transmembrane 
segment (epidermal growth factor receptor 
(EGFR), platelet-derived growth factor 
receptor (PDGFR), insulin-like growth factor- 
2 receptor (IGF2R), atrial natriuretic peptide 
receptor (ANPR), low-density lipoprotein 
receptor (LDLR), insulin receptor (IR), inter- 
leukin-2 receptor (IL2R), nerve growth factor 
receptor (NGFR)). 

(2) Oligomeric receptors incorporating both 
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ligand-binding sites and an ion channel (nico- 
tinic acetylcholine receptor (nAChR), 
"y-aminobutyric acid receptor (GABAR),  gly- 
cine receptor (GIyR)). 

(3) Receptors which exert their effects by 
coupling to GTP-binding proteins (G-proteins) 
(muscarinic acetylcholine receptor (mAChR), 
13-adrenergic receptor (13AR), e~-adrenergic 
receptor (eLAR), substance K receptor (SKR), 
5-hydroxytryptamine receptor (5HTR), angio- 
tensin 2 receptor (A2R)). 

Receptors belonging to the first group are 
best solubilized with non-ionic detergents such 
as the TRITON series. Detergent binds prefer- 
ably to the hydrophobic transmembrane part, 
while the ligand binding domain situated extra- 
cellularly is preserved from possible harmful 
effects of detergent. Thus, this group of re- 
ceptors is relatively easily accessible to solubil- 
ization. The second group of receptors can be 
solubilized in the active form with sodium 
cholate or deoxycholate, in some cases by 
TRITON X-100 (nAChR). However, addition 
of exogenous phospholipids is necessary to 
preserve receptor binding properties. 

For the third group of receptors common 
detergents such as TRITON X-100 and sodium 
cholate cannot be used since the ligand binding 
activity is completely lost. The reason is prob- 
ably that the extracellular domains are smaller 
than those of the previous groups and that the 
transmembrane segments also participate in 
the ligand binding process. The trans- 
membrane segment is the place of action for 
the detergent, thus the ligand binding activity 
is not recovered after solubilization. The most 
reliable detergent for this group is digitonin, 
sometimes supplemented with sodium cholate 
due to its mild solubilization properties. 

On the basis of the above mentioned classifi- 
cation of receptors and their accessibility in the 
solubilization, it has to be assessed if the 
solubilization results in a stable and active 
receptor preparation in a quantity which is 
sufficient for a substantial number of receptor 
assays. 

In some cases solubilization without further 
purification may result in a more homogeneous 
preparation which provides substantially better 
accuracy and precision. 

Solubilized receptor may also give a substan- 
tial improvement by reduction of plasma inter- 
ferences. Protein binding of labelled and un- 
labelled ligand is reduced by detergent. 
Furthermore, the variations in plasma inter- 

ference with ligand binding, observed when 
crude homogenate was used and caused by 
batch-to-batch variations in such a receptor 
material, can be overcome by using the more 
homogeneous soluble preparation [59-62]. 
However, in other cases, the affinity of solubil- 
ized receptor was reduced in comparison with 
receptors imbedded in the cell membrane so 
that intact cells were preferable over the 
solubilized receptor [63]. 

(B) Purified receptor: The solubilized 
receptor can be processed further through 
purification by HPLC or affinity chromatog- 
raphy. The use of purified receptors may 
provide a further improvement in the receptor 
assay. For instance, the use of the receptor for 
atrial natriuretic peptide (ANP), purified by 
affinity chromatography, markedly improved 
the sensitivity and reproducibility of the assay. 
Moreover, the standard purified material was 
stable even after storage and repeated thaw 
and freeze cycles [64]. However, receptors 
occur in living species in extremely low concen- 
trations. The source material for the purifi- 
cation contains microgram or nanogram 
amounts of active proteins and hence the yield 
of receptors is often very low. The purification 
step usually results in very low quantities of 
receptors which only allow further analysis of 
the receptor protein (partial sequence analysis, 
etc.) but these quantities are insufficient for 
routine assays. 

Thus, when trying to obtain solubilized and 
highly purified receptors, the following criteria 
should be kept in mind: 

(1) The simplicity of the purification step - -  
the purification step should be as simple as 
possible, rapid and relatively inexpensive. 

(2) The yield of purified receptor should be 
high enough to warrant quantitative receptor 
assays and the purified receptor should main- 
tain its original binding properties. 

(3) Possible detrimental effects of deter- 
gents and chemicals used should be determined 
and reduced to an acceptable level. 

(C) Recombinant receptor: Rapid advances 
have been recently made in our understanding 
of the structure and function of receptors. This 
progress allows the preparation and isolation 
of cDNA clones, which can produce soluble 
proteins with binding properties of the intact 
receptor molecule after expression in cultured 
ceils. Therefore, recombinant receptors are 
interesting and offer a novel perspective in 
obtaining standardized receptor material. It 
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can be produced in a sufficient quantity with 
uniform binding properties. For instance, 
cDNA encoding for the extracellular domain 
of the interleukin receptor (ILR) possessing 
ligand binding properties was used to produce 
the soluble murine IL-1 receptor by expression 
in HeLa cells. This receptor fragment (ex- 
pressed in recombinant form) is secreted into 
the medium as a soluble protein which retains 
the IL-1 binding properties of the intact 
receptor. Such a receptor material was coupled 
to the IL-1RM5 antibody coated plates (anal- 
ogy with ELISA) and used for the measure- 
ment of IL-1 activity (solid-phase RA) [61]. 

The use of recombinant receptors in re- 
ceptor assays has been discussed earlier. 

(D) Improvement of the stability of re- 
ceptor preparation: Adequate stability of a 
receptor preparation is a prerequisite for its 
use in a receptor assay. This stability has to be 
ensured after storage of receptor material for 
longer periods of time. 

In most cases, crude membrane homogen- 
ates used as receptor sources can be stored 
frozen (at -20°C or -80°C) without changes in 
the binding properties. However, multiple 
thaw and freeze cycles can lead to losses in 
binding sites and in homogeneity of the prep- 
aration. From this point of view, lyophilization 
of crude membrane homogenates is advisable 
resulting in material which may bring an 
improvement in the sensitivity and precision of 
the method as has been reported by several 
authors for anticholinergics and benzodiaze- 
pines [65-68]. 

Generally, with the introduction of purifi- 
cation steps, the stability of receptor material 
will decrease. This is connected with the loss of 
the natural surroundings of the receptor and 
the increased accessibility for proteases. Thus, 
purification and preferably also binding studies 
have to be performed at low temperatures in 
the presence of protease inhibitors. On the 
other hand, the stability of a purified receptor 
preparation may be improved by immobiliz- 
ation on solid matrices. 

The improvement of the performance of re- 
ceptor assay. In this paragraph the improve- 
ment of performance of receptor assays 
achieved by the use of receptors immobilized 
on solid matrices will be discussed. 

Generally, receptor assays can be performed 
with: 

(1) Membrane-bound receptor material 

distributed freely in the assay vial, e.g. crude 
membrane homogenate. 

(2) Soluble receptor material distributed 
freely in the assay vial, e.g. solubilized 
receptor, purified receptor or recombinant 
receptor. 

(3) Receptor immobilized on solid matrices, 
such as nitrocellulose membranes, tubes, 
microtitre plates, beads, etc. (solid-phase RA). 

(A) Solid-phase receptor assay: Solid-phase 
receptor assays have been developed in anal- 
ogy with solid-phase immunoassays. The abil- 
ity of proteins to adsorb on plastic surfaces and 
membranes like nitrocellulose is employed. 
Plastic tubes or microtitre plates have been 
used as reaction vials and this permits rapid 
separation of the bound and free labelled 
ligand simply by washing the tube, plates, etc. 
Subsequently, numerous modifications of this 
basic principle, involving different plastic- 
ware, membranes and beads have emerged, 
together with covalent binding of the protein to 
the solid phase. This approach can overcome 
limitations of solid-phase assays caused by the 
small surface area to which proteins can be 
adsorbed. 

The use of immobilized receptor was 
prompted by demands for sensitive and rapid 
methods to study receptors during their solu- 
bilization and purification. Since the stability 
of receptor in the process of solubilization and 
purification decreases, the idea of using nitro- 
cellulose (NC) as a transfer medium for pro- 
teins appeared. Immobilized receptor can then 
be used for studying ligand and antibody 
binding. When antibody binding to the solubil- 
ized receptor is studied, it can be difficult to 
separate free labelled antibody from the anti- 
body-receptor complex. The free antibody is 
also precipitated by polyethylene glycol, which 
is commonly used as a precipitation method. 
By using immobilized solubilized receptor, the 
antibody-receptor complex is retained and 
measured for bound labelled antibody while 
the free fraction is removed in the washing 
procedure [69]. 

The advantages of solid-phase RA over 
conventional solution-phase RA can be 
defined as follows: 

(1) Solid-phase RA is a fast method for the 
simultaneous testing of large numbers of (bio- 
logical) samples. 

(2) The characterization and the binding 
properties of the solubilized receptors can be 
more easily studied by immobilizing the 
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extracted receptor proteins on solid phase and 
then probing them with labelled ligands or 
antibodies. 

(3) Biological fluids, such as plasma, urine, 
etc., do not interfere with the binding charac- 
teristics of the immobilized receptor (un- 
extracted plasma samples can be used). 

(4) The solid phase with adsorbed protein 
can be used in some cases without significant 
loss of sensitivity and specificity for at least 1 
month at room temperature or 0°C. 

(5) The solid-phase receptor assay is simple 
and reproducible. 

Yet, the application of this approach to 
quantitative receptor assays requires some 
additional comments. 

Solid-phase supports can be divided into low 
capacity (polystyrene, polyvinylchloride, 
Nylon, glass, etc.) and high capacity (agarose, 
Sephadex, cellulose, nitrocellulose, etc.) 
supports. The low capacity supports are usually 
in the form of a continuous surface (walls of 
tubes and plates), while the high capacity 
supports are used as particles. The former, 
especially microtiter plates, offer the advan- 
tage of automation, which is an important 
advantage for quantitative assays in routine 
practice. For instance, the quantitative re- 
ceptor assay of endothelin was performed on 
crude membrane homogenate immobilized on 
a 96-well microtitre plate. The assay was 
performed in 100 Ixl volumes with only 10- 
20 txg of membrane proteins. Endothelin con- 
centrations as low as 10 -l° M could be reliably 
determined directly in serum samples and the 
96-well assay format allowed the rapid quanti- 

tation of a large number of samples [70]. 
However, the amount of proteins which can be 
immobilized is very low, which can be the 
reason for lower sensitivity for some assays. In 
the case of endothelin, this problem about the 
low capacity of solid support could be over- 
come by using a labelled ligand with high 
specific activity (125I-endothelin) which 
enabled the use of such a small amount of 
unpurified receptor. 

Another possibility is to use more purified 
receptor preparations enriched in specific bind- 
ing sites. For instance, the immobilization of 
solubilized prolactin receptor on NC- 
membranes was sufficient for screening pur- 
poses [69]. Yet, a more purified receptor 
material (by affinity chromatography) together 
with a labelled ligand with a high specific 
activity (125I-oPRL) was necessary in the quan- 
titative solid-phase receptor assay of prolactin 
[71]. Because of the limited amount of protein 
that could be incorporated in the NC- 
membrane, the ConA-purified receptor was 
immobilized in order to obtain sufficient radio- 
activity for counting. Thus, the improvement 
of the performance of receptor assay goes hand 
in hand with the improvement of receptor 
preparation. 

Some applications of solid-phase receptor 
assay are shown in Table 1. 

Conclusions 

Quantitative receptor assays can be seen as a 
modern application of the classical receptor 
assays used to establish the pharmacological 

Table 1 
Applications of solid-phase receptor assays 

Receptor material Methodology of the assay Reference 

Crude membrane homogenate of 
hGHR 

Solubilized mAChR 

Intact cells IL-I alpha R 

Solubilized IL-I alpha R type II 

Solubilized prolactin R 

Prolactin R purified by affinity 
chromatography 

Crude membrane homogenate 
endothelin R 

Immobilized on 96-well microtitre plates, performed in the same [72] 
plate 

Performed on 96-well microtitre plates, precipitation method, cell [73] 
harvester and filtration device used 

Immobilized on antibody coated 96-well microtitre plates, vacuum [61] 
filtration manifold used 

Immobilized on NC-membrane filters, performed in microtitre [54] 
plates, multichannel pipetting system 

Immobilized on NC-membrane filters, performed on filtration [69] 
device 

Immobilized on NC-membrane filters, performed in tubes [71] 

[701 Immobilized and performed in 96-well microtitre plates 
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p r o p e r t i e s  of  subs tances  such as h o r m o n e s ,  
n e u r o t r a n s m i t t e r s  and  drugs,  Thus ,  the  po ten -  
t ial  of  these  assays goes  hand  in h a n d  with the  
p rog re s s  in bas ic  k n o w l e d g e  on the r e c e p t o r  
i tself  and  the iden t i f i ca t ion  of  b io logica l ly  
act ive chemica l  en t i t ies  (pha rmaco log ica l  
sc reen ing) .  O n  the o t h e r  hand ,  quan t i t a t ive  
r e c e p t o r  assays requ i re  thei r  own m e t h o d o l -  
ogy,  which m a y  differ  subs tan t ia l ly  f rom that  
used  in p h a r m a c o l o g i c a l  s tudies .  R e c e p t o r  
assays (up unti l  now,  known  a lmos t  exclus ively  
in the  form of  r a d i o r e c e p t o r  assays)  possess  the  
a d v a n t a g e  ove r  chemica l  de t ec t ion  in that  they  
m e a s u r e  the  to ta l  b io logica l  act ivi ty  of  a 
s amp le  and tha t  t hey  are  s imple ,  specific and  
sensi t ive .  D e p e n d i n g  on the class of  com-  
p o u n d s  u n d e r  assay,  a mean ingfu l  co r re la t ion  
can be  de r i ved  b e t w e e n  p l a sma  concen t r a t ions  
and  the t h e r a p e u t i c  effect  el ici ted.  

T h e  var ious  l imi ta t ions  of  R R A ,  which 
fo l low f rom the  b io logica l  ma te r i a l  involved  in 
assay ,  can be o v e r c o m e  by using m o r e  stan- 
d a r d i z e d  r e c e p t o r  p r e p a r a t i o n s  ( so l id -phase  
R R A  with i m m o b i l i z e d  r ecep to r )  and  by 
a u t o m a t i o n  o f  the  whole  p rocedu re .  

F u t u r e  advances  m a y  be  d e p e n d e n t  on the 
i n t r oduc t i on  of  f luorescence-  and  enzyme-  
l abe l l ed  l igand  ins tead  of  r ad ioac t ive - l abe l l ed  
l igand,  in o r d e r  to o v e r c o m e  the p r o b l e m s  
c o n n e c t e d  with  the  handl ing  of  rad ioac t ive  
m a t e r i a l  and  to fu r the r  improve  the  sensi t ivi ty  
of  r e c e p t o r  assays.  
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