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Preface 

Thirty years have elapsed since the first description by S. A. BERSON and 
R. S. Y ALOW of the basic principles of radioimmunoassay (RIA). During this 
period of time, RIA methodology has been instrumental to the growth of many 
areas of biomedical research, including endocrinology, oncology, hematology, 
and pharmacology. It has done so by providing a relatively simple universal tool 
allowing, for the first time, the detection of endogenous mediators that are present 
in body fluids at concentrations as low as 10- 12_10- 10 M. The fundamental 
nature of this discovery and the wide-ranging fall-out of basic and clinical 
knowledge derived from its application have been acknowledged by the many 
honors tributed to its pioneers, including the Nobel Prize awarded to Dr. Y ALOW 

10 years ago. 
Although several excellent books have been published during the past decades 

covering various aspects of RIA methodology, we felt the need, as 
pharmacologists, for a comprehensive discussion of the methodological and 
conceptual issues related to the main classes of mediators of drug action and to 
drugs themselves. Thus, we gladly accepted the challenge provided by the 
invitation to edit a volume of the Handbook of Experimental Pharmacology on 
Radioimmunoassay in Basic and Clinical Pharmacology. We tried to balance the 
emphasis placed on more general aspects of the RIA methodology and that on 
specific mediators. A potentially endless list of substances of pharmacological 
interest was necessarily limited by considerations of space and general interest, 
although we did make some last-minute adjustments in order to include very 
recent and exciting developments. 

A number of introductory chapters provide the reader unfamiliar with RIA 
with all the basic information concerning the production and characterization of 
antibodies, labeling techniques, statistical aspects, and validation criteria. 
Moreover, each of these chapters provides the experienced reader with further 
insight into problems related to the development and validation of RIA for newly 
discovered mediator(s). In the following chapters, the emphasis is placed on the 
technical details relevant to each class of compounds and on specific aspects of 
their application to basic and/or clinical pharmacological studies. New develop
ments in this area such as monoclonal antibodies and nonradioactive labeling 
techniques are also given adequate coverage. 

We hope this book will represent a valuable working instrument in the hands 
of those investigators interested in measuring changes in the synthesis and 
metabolism of a variety of endogenous mediators, as well as in the kinetics of 



x Preface 

drugs, as related to experimental or clinical models of disease and to pharma
cological intervention. 

We are indebted to Mrs. P. TIERNEY, Mrs. A. ZAMPINI, and Ms. K. BUSCHEY 
for invaluable help in the handling and editing of the manuscripts, to Mrs. 
D. M. WALKER for providing all the necessary support and advice from the 
publisher, and to all the authors for generously sharing with us the effort and time 
that this project required. 

Rome 
Bochum 

C. PATRONO 
B.A. PESKAR 
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CHAPTER 1 

Radioimmunoassay: Historical Aspects 
and General Considerations 
R.S.YALOw 

A. Historical Aspects 

Radioimmunoassay (RIA) could be considered a serendipitous discovery in that 
it arose as fallout from investigations into what would appear to be an unrelated 
study. To test the hypothesis (MIRSKY 1952) that maturity-onset diabetes might 
be a consequence of abnormally rapid degradation of insulin by an enzyme, in
sulinase, which was shown to be widely distributed in the body, we administered 
radioiodine-labeled insulin as a tracer to study the distribution and turnover of 
insulin in diabetic and nondiabetic subjects (BERSON et al. 1956). We observed 
that the labeled insulin disappeared more slowly from the plasma of subjects with 
a history of insulin treatment than from the plasma of diabetic or nondiabetic 
subjects who had never received animal insulin. We soon demonstrated that the 
slower rate of removal was a consequence of the binding of insulin to an acquired 
antibody. Almost immediately we appreciated that the methodology used to 
study the kinetics of reaction of insulin with insulin-binding antibody and to de
termine the binding capacity of that antibody could be applied reciprocally to de
termine the concentration of insulin in body fluids. Although we first used the 
word immunoassay to describe the general methodology in 1957 (BERSON and 
Y ALOW 1957), it was not until several years later that our assay had sufficient sen
sitivity to measure the concentrations of insulin in the circulation of humans 
(YALOw and BERSON 1959). 

During the first decade after its discovery RIA was used primarily to measure 
the concentration of peptide hormones. Since these substances are present in 
plasma in the unstimulated state at concentrations as low as 10 - 12 - 10 - 10M, 
the sensitivity and specificity of RIA were required to study the dynamic interac
tions between the peptide hormones and the substrates which they regulate and 
by which they are in turn regulated. By the 1970s RIA methodology had spread 
from endocrinology, its first home, into many other areas of medicine, including 
pharmacology and toxicology (OLIVER et al. 1968; MAHON et al. 1973), infectious 
diseases (WALSH et al. 1970), oncology (THOMSON et al. 1969), and hematology 
(NOSSEL et al. 1974). 

B. Principle, Practices, and Pitfalls 

RIA is simple in principle, but there has been an increasing appreciation that 
there are many problems and pitfalls that one must guard against in applying the 
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Fig. 1. Competing reactions that form the basis of radioimmunoassay (RIA) 

methodology to the hundreds of substances now measured by RIA (Y ALOW 

1973). 

I. Principle 

Measurements by RIA are made by comparing the inhibition of binding of radio
labeled antigen to specific antibody by unknown samples with the inhibition by 
known standard solutions of unlabeled antigen (Fig. 1). RIA differs from tradi
tional bioassay in that it is an immunochemical method in which the measurement 
depends only on the interaction of chemical reagents in accordance with the law 
of mass action. There is no requirement for the labeled and unlabeled antigen to 
be identical chemically or biologically. Furthermore, immunochemical activity 
mayor may not be identical with, or even reflect, biologic activity. A necessary, 
but not sufficient condition for the validation of an RIA procedure is that the ap
parent concentration of the unknown be independent of the dilution at which it 
is assayed. Under some circumstances, however, assays may be clinically useful 
even if they cannot be validated because of immunochemical differences between 
standards and unknowns. 

II. Practices 

The essential requirements for RIA include suitable reactants, labeled antigen 
and specific antibody, and some technique for separating the antibody-bound 
from free labeled antigen since under the usual conditions of assay the antigen
antibody complexes do not spontaneously precipitate. 

1. Labeled Antigen 

It is obvious that it is inadvisable to employ in the assay an amount of labeled 
antigen whose immunochemical concentration is large compared with the con
centration of unlabeled antigen in the unknown. Thus, the use of a tracer of 
10 x 10- 12 M to measure a hormone concentration of 10- 12 M means that a ran-
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dom 5% error in the tracer would produce an error of 50% in the concentration 
of the unknown. In particular, measurement of peptide hormones requires high 
specific activity tracers and for this purpose 1251 has become the radioisotope of 
choice. Its longer half-life (t 1/2 = 60 days) than that of 131 I (t 1/2 = 8 days) permits 
the preparation of labeled antigens with useful shelf lives of up to several 
months. 

For nonpeptidal hormones and drugs that are generally present in much 
higher concentrations than the peptide hormones, 3H-Iabeled tracers may be em
ployed. However 3H-Iabeled tracers do have the limitation that liquid scintilla
tion counters are required for their detection, resulting in the cost of acquiring 
and disposing of the organic solvent containing the scintillator. For these reasons, 
even when there is no requirement for high specific activity, the method of choice 
is usually to couple the substance to a moiety containing a residue that can be io
dinated even if the substance itself does not contain a tyrosyl or histidyl residue. 

2. Specific Antibody 

Most peptide hormones are satisfactorily immunogenic in a variety of experimen
tal animals when the peptide is administered as an emulsion in Freund's adjuvant. 
We have generally used commercial or low purity preparations to take advantage 
of their possible slight denaturation which might render them more "foreign," 
thereby enhancing their antigenicity. Small peptides or nonpeptidal substances, 
which are not of themselves antigenic, may be rendered so by covalently linking 
them to a higher molecular weight carrier substance such as a protein, polypep
tide, or polysaccharide. 

Since the presence of other immunologic reactions does not interfere with the 
reaction between labeled antigen and its specific antibody, immunization with 
several unrelated antigens can be performed simultaneously. The antibody con
centration and the sensitivity and specificity of antibodies directed toward the 
various antigens appear to be unrelated. Immunization with several antigens has 
the advantage of reducing the number of animals to be immunized and bled by 
a factor equal to the number of antigens used simultaneously. 

Monoclonal antibodies have now come into use in RIA procedures. The de
velopment of such antibodies provides a virtually unlimited amount of homoge
neous antibodies directed against a specific antigenic site. However, the energy 
of interaction of these antibodies with antigen usually reflects the mean energy 
of the heterogeneous antibodies produced in the immunized animal. In RIA em
ploying a heterogeneous antiserum it is traditional to dilute the antiserum suffi
ciently so that only the small fraction of the total antibodies with the highest en
ergy of interaction binds the antigen. Thus, heterogeneous antibodies are more 
likely to provide highly sensitive assays than are those employing monoclonal an
tibodies. However, the latter are more likely to be highly specific than heteroge
neous antibodies. Thus, the choice of the source of the antibodies may depend on 
whether sensitivity or specificity is the limiting factor. For research laboratories 
requiring only limited amounts of antisera, the simplicity of antibody production 
in animals compared with the increased effort required for production of mono
clonal antibodies must be considered. 
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3. Separation Methods 

Since RIA is used for measurements of hundreds of substances, often with very 
different chemical properties, it is not surprising that there are a very large 
number of separation techniques that have proven to be quite useful. For the 
most part these techniques are some variation of two basic methods: precipitation 
of antigen-antibody complexes; adsorption of either free antigen or antibody to 
solid-phase material. Techniques for precipitation of the complexes include use 
of a second antibody or an organic solvent such as polyethylene glycol. Materials 
used to absorb free antigen include cellulose, charcoal, silicates, or ion exchange 
resins. Antibody has been absorbed to plastic tubes or complexed to dextran or 
glass. 

III. Pitfalls 

Unlike many analytical chemistry techniques RIA is not a procedure for the di
rect determination of a substance. Therefore, when using RIA one must be ever 
alert to distinguish fact from artifact and to appreciate that not every reduction 
in the binding oflabeled antigen to antibody is due to the presence of the specific 
substance of interest. Some of the problems relate to nonspecific interference in 
the immune reaction; others relate to the heterogeneity of the molecular forms of 
the antigen or the presence of related antigens. 

1. Nonspecific Interference in the Immune Reaction 

The chemicJ1 reaction of antigen with antibody can be inhibited by a variety of 
factors and there may be substances in plasma which alter or destroy the reac
tants. Antigen-antibody reactions are generally pH dependent and dissociate at 
extremes of acidity or alkalinity. Most are pH independent in the range 6.5-8.5. 
However, it has been demonstrated that in some assay systems, usually those with 
very basic antigens, the binding of antigen to antibody is maximal at pH 5 and 
the immune reaction is markedly inhibited at an alkaline pH (KAJUBI et al. 1981). 
To maximize the sensitivity of the assay, the pH range should be chosen to opti
mize the binding of antigen to antibody and both standard and unknown incuba
tion mixtures should be within that range. 

Formation of antigen-antibody complexes can also be affected by the pres
ence of a variety of substances, including proteins, salts used for buffering, anti
coagulants such as heparin, bacteriostatic agents such as thimerosal, and enzyme 
inhibitors such as aprotinin (Y ALOW 1973). Not every substance interferes in all 
immune reactions to the same extent. Thus, the possible effect of each substance 
must be tested or, alternatively, it must be assured that the milieu of the unknown 
sample is identical with that of the known standards. 

2. Presence of Heterogeneous Molecular Forms 

The assay of peptide hormones, whether by RIA or bioassay, has been compli
cated by the demonstration that many, ifnot most, of these substances are found 
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in more than one form in plasma and tissue extracts. Since the different molecular 
forms may differ in biologic activity as well as in secretion and degradation rates, 
measurement of immunologic activity per se may not suffice to characterize the 
unknown peptide. Complications can also be introduced by the presence of im
munologically related peptides with different biologic activities. For example, 
gastrin, cholecystokinin, and cerulein share the same carboxy terminal pentapep
tide and may react identically or completely differently, depending on whether the 
specific antiserum is directed toward the amino or carboxy terminal portion of 
the different molecules. 

The problem of several related forms of the same antigen is relevant to the ap
plication of RIA in pharmacology as well as in endocrinology. Structurally re
lated compounds or metabolites of the drug to be assayed may be immunoreac
tive with some antisera, but not with others and mayor may not constitute a 
problem, depending on the purpose of the assay. For instance, if the clinical prob
lem relates to the efficacy or toxicity of a particular drug, then the question as to 
whether or not the assay measures only the biologically active form is relevant. 
If the question relates simply to whether or not a drug has been taken surrepti
tiously, then the reactivity of metabolites or the variation in immunoreactivity 
with the exact form of the drug may be irrelevant. 

C. Conclusions 
RIA has proven to be a powerful tool in many diverse areas of biomedical inves
tigation and clinical medicine. It is probably no exaggeration now to state that 
if there is a need to measure an organic substance of biologic interest and there 
is no other easy method to do so, some perspicacious investigator will develop the 
needed immunoassay. 
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CHAPTER 2 

Basic Principles 
of Antigen-Antibody Interaction 
F.CELADA 

A. Introduction to the Immune System 
The immune system may be viewed as the locus of a multitude of molecular in
teractions involving a limited number of genetically determined structures. Most 
of these structures act as membrane receptors (i.e., communication organs of 
cells) or as secreted factors. These are called antibodies (Ab), T cell receptors, or 
class I and II molecules coded for in the major histocompatibility complex 
(MHC). 

They often bind to each other and/or to a large, virtually infinite, number of 
molecules "external" to the system, the antigens (Ag). All immune interactions 
are reversible, based on "weak" forces, and governed by the law of mass action. 
This confers a decisive role on the specificity, a property by which a given struc
ture binds to one antigen with 103-105 times higher affinity than to any other 
molecule of similar size or composition. I shall list here seven types of "immune 
interactions" occurring at various levels of the response. They are all essential to 
the functioning of the machinery and it may be informative to compare them, al
though in many cases our knowledge is incomplete. 

1. Free antibody-antigen (to be described later; Fig. 1 a). 
2. Ig membrane receptor on B lymphocyte-antigen (Fig. 1 b). The actual 

binding interaction is identical to 1. If the antigen bears many determinants and 
thus engages many receptors, modifications of the geography of the membrane 
occur (capping). In all cases receptor-Ag complexes are internalized with sub
sequent "digestion" of antigen (processing) and reexpression oflimited fragments 
of the antigen on the B cell surface; at this stage the processed antigen is (with 
high probability) bound to class II MHC proteins (Fig. 1 c). 

3. Class II MHC protein-processed antigen. The existence of this interaction 
is based on strong, but indirect evidence. "Processing" of the antigen can be sub
stituted by proteolysis (Fig. 1 d). 

4. Triangular binding: T helper cell receptor-processed antigen--class II syn
geneic MHC molecule. This is the only way a T -B interaction occurs between cells 
from the same individual. The result is: (a) triggering of the T helper (Th) cell [in
creased production of interleukin-2 (IL-2), increased production of IL-2 mem
brane receptors, binding ofIL-2 to IL-2 receptors, proliferation of the Th cell into 
a blast clone]; and (b) triggering of the B cell (by IL-2 and/or B cell growth fac
tors) and consequent maturation, clonal proliferation, and Ab secretion 
(Fig. 1 e). 
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Fig. 1. a An antibody meets an antigen and binds an epitope. The variable parts of the heavy 
and light chain are indicated by broken lines. b A receptor on a B-Iymphocyte binds an 
antigen and the complex is interiorized in a cytoplasm vesicle. c The antigen, separated 
from the Ig receptor, is digested and fragments are reexposed on the outside in close con
nection with a class II MHC molecule. d A T cell, by means of its receptor, makes contact 
with the complex syngeneic class II molecule + antigen fragment on the surface of a B cell 
(or other antigen-presenting cell). 

5. Bilateral Th cell receptor-class II allogeneic MHC molecule. The triggering 
of the Th cell is identical to that in 4 (Fig. 1 g). 

6. Triangular binding T cytolytic (Tc) cell receptor-foreign antigen (e.g. , viral 
capsid)-class I syngeneic MHC molecule. The result in this example is killing of 
the viral antigen-bearing syngeneic cell (Fig. 1 f). 

7. Bilateral binding Tc cell receptor-class I allogeneic MHC molecule. The re
sult is the killing of transplanted cells. 

The functioning of the immune system as it has evolved in the higher animals 
is based on the existence of at least three families of lymphocytes, endowed with 
clonotypic receptors (i.e., different on cells of a given population, but identical in 
the progeny of a single member of that population). The three families are T 
helper, T effector or cytolytic, and B. Less well defined is a fourth family, the T 



Basic Principles of Antigen-Antibody Interaction 9 

~ 

···· :~f~~· 

e 

9 

Te SYN 

Fig. I. e Following the contact in d, the T cell 
is activated. It exposes IL-2 receptors on the 
surface and secretes IL-2 (part of which is 
captured by its own receptors). fAT cytolytic 
cell makes contact with a complex class I 
MHC molecule + nominal antigen on the 
surface of a syngeneic cell (e.g. a cell infected 
by a virus). As a consequence, the target cell is 
killed. gAT cytolytic cell makes contact with 
a foreign cell, displacing a class I MHC 
molecule on the surface. The target cell is 
killed 

suppressor cell. Each of these cell types has: (a) a large library of donotypic spec
ificities - in the case of B-Iymphocytes this is larger than 108 , allowing the recog
nition of any possible external or internal structure - in the case of T -lymphocytes 
the size of the library is not yet known; and (b) the property - through appropriate 
binding of their surface receptors - to become stimulated, i.e., enter a state of in
tense nucleic acid and protein synthesis, preceding both proliferation and synthe
sis of more copies of their clonotypic molecules (for membrane display or for se
cretion) or of a series of hormone-like factors, as in the case of the T helper 
cells. 

Hosting cells in fast proliferation is a potential danger for complex organisms; 
thus, rituals have evolved which may limit stimulation or block the succession of 
proliferation and differentiation of the triggered cells. One of these rituals is a sort 
of double-double-check, which can be sketched as follows. Cell 1 is triggered if: 
(a) its clonotypic receptor is bound and, (b) at a very short distance cell 2 also 
happens to be triggered. Cell 2 in turn will be triggered in a restricted fashion if 
its clonotypic receptor is bound. This only occurs in the presence of both the ap
propriate Ag and a syngeneic isotypic molecule coded by the MHC. This ritual 
imposes stringent requirements on the immunogen and limits the probability of 
accidental stimulation. Also, when successful triggering, following appropriate 
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stimulation, yields a "useful" immune response, safeguards have evolved - inter
preted today as means of avoiding uncontrolled proliferation (too much of a good 
thing is harmful). These safeguards are: (a) the still incompletely known sup
pressor cell actions; and (b) the well-studied Band/or T anti-idiotype responses. 
These are plausibly performed by the same T and B cell families that cope with 
the external antigens and are a by-product of the phenomenon of clonal expan
sion, e.g., a single B cell, bearing as a clonotypic antigen a certain amino acid com
bination on the variable parts of its immunoglobulin (Ig) receptor, has virtually 
no probability of meeting lymphocytes of the same organism "specific" for that 
determinant (called antibody idiotype). If, however, a clone is formed following 
a specific stimulation of that B cell, the idiotype in question may be represented 
on 106-108 cells and thus the probability of being recognized by the immune sys
tem will be 106-108 times higher. The effect of an anti-idiotype response will be 
a block in the growth of the clone, either by competition with antigen binding or 
by cytotoxicity by T effector cells. 

In a provisional summary, the immune system can be regarded as representing 
2%-5% of the weight of an organism, evolutionarily endowed with the capacity 
of reacting to any changes - endogenous or exogenous - in the molecular land
scape. This is achieved by a highly specific recognition capacity, a highly selective 
capacity (Ag 1 vs Agz or vs Agn; hetero- vs auto antigen) obtained through the 
mandatory use of cell cooperation and the combined reading of several filter re
pertoires, and a number of severe regulatory mechanisms. The result is high sen
sitivity to environmental changes with particular provisions to cope with repeated 
or cyclical events. This is favored by the phenomenon of maturation which per
mits, through repeated selection, the "best possible" response to be mounted. 

If the evolutionary goal of the immune system is to maintain the primitive 
status quo, then this goal is never achieved, since at the end of the succession of 
anti-antigen and anti-idiotype responses, the equilibrium reached is at a new level 
of information (memory) and prepared to cope differently with the next environ
mental change. 

This introduction has hopefully conveyed the impression that all parts, and 
all interactions, of the immune system are necessary and important. It is only be
cause, partly for historical reasons, incomparably more is known about the Ag
Ab reaction that this chapter will deal solely with the principles of this particular 
encounter. 

B. Antigens 

Antigens are defined by their property of being bound by antibodies through their 
antigen-binding fragments (Fab), irrespective of their capacity to induce a re
sponse when introduced in an organism. 

I. Chemical Nature 

Natural antigens are soluble or cell-bound molecules of protein, glycoprotein, li
poprotein, or polysaccharide nature (LANDSTEINER 1936; SELA 1969; KABAT 
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1968). Macromolecular antigens (> 2000 dalton) are as a rule also immunogens; 
that is, they are capable of stimulating the production of the corresponding an
tibodies when introduced into an immunocompetent organism. 

II. Antigenic Determinants (Epitopes) 

The binding by the specific antibody takes place between a well-defined portion 
of the antibody, the domain resulting from the co-folding of the variable parts 
of the light and the heavy chain (VL and VH) and a portion of the antigen, called 
antigenic determinant. The antibody-binding site is also called the paratope, 
while epitope is a synonym of antigenic determinant (JERNE 1960). 

III. Haptens and Carriers 

Small molecules ( '" 500 dalton) can be artificially linked in a covalent fashion to 
protein carriers and function as epitopes. They are called haptens, are antigenic, 
nonimmunogenic; their experimental use has led to a better understanding of im
mune interactions (see Sect. D.IV) and the processes involved in the initiation of 
a response. 

It has been shown that a B cell, in order to be triggered by a hapten, has to 
cooperate with a T cell recognizing a determinant of the carrier molecule 
(MITCHISON 1971 a, b). The carrier-hapten model, although useful, remains an ar
tifact; in natural antigens it seems probable that cooperating T and B cells see geo
graphically distinct epitopes, not necessarily of different nature.Natural soluble 
macromolecular antigens bear many antigenic determinants. As a rule, the deter
minants of the same protein antigen are different from each other, except when 
the protein is a polymer of identical protomers. Polysaccharide and sometimes 
glycoprotein antigens have repetitive determinants. When whole cells are consid
ered as antigens, epitopes are also repetitive, but their density on the membrane 
is variable. 

IV. Size of Determinants 

The size of epitopes is determined by the dimensions that can be accommodated 
within the VH-VL domain. It corresponds to 3-6 saccharide residues in the case 
of polysaccharides (KABAT 1966) and 3--4 amino acids in the case of protein 
antigen (SCHECHTER et al. 1970). Haptens may be smaller or larger than this. In 
the first case, the antibody will also bind to a part of the carrier; in the second 
case, each antibody may recognize only a part of the hapten. 

V. Sequential and Conformational Epitopes 

The clusters of atoms that constitute an epitope may be amino acids ordered in 
sequence on the polypeptide chain, or happen to be near each other in the three
dimensional arrangements of the molecule although belonging to distant seg
ments of the polypeptide chain - or even to different chains, in the case of poly
meric antigens. The latter type of determinants, called conformation-dependent 
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or conformational, are related to the general shape of the antigen molecule and 
are affected (and often destroyed) by mild treatments that cause conformational 
changes (SELA et al. 1967). Such events do not in the least disturb sequential de
terminants. In protein macromolecules there is a prevalence of conformational 
determinants, many of which are also dominant as immunogens. The existence 
of conformation-dependent recognition allows high selectivity, which has an evo
lutionary advantage. 

c. Antibodies 
Antibodies, or immunoglobulins, are specialized complex proteins synthesized by 
B-Iymphocytes and by their final maturation product, plasma cells. The basic 
structure of any antibody is a heterodimer H - L, made up of a heavy H and a 
light L chain, 50-60 and 20 Kilodalton, respectively. The two chains are synthe
sized by the same cell, but are coded by genes on different chromosomes. An or
ganism produces immunoglobulins which are heterogeneous in heavy chain class 
or isotype (/1, 6, Y with subclasses I-: and 0:) and in light chain type (K or A). Each 
of the five heavy chains can combine with either a K or a A type L chain to form 
the basic heterodimer (NATVIG and KUNKEL 1973). Both Hand L polypeptide 
chains have a distinctive portion at the amino terminus, where the sequence of 
the first 110 amino acids varies drastically among antibodies of the same individ
ual, but produced by different cells. On the other hand, the remaining 100 amino 
acids of the L chain and the remaining 330 amino acids of the H chain are remark
ably similar among all antibodies of the same isotype in the species. The variable 
parts of the heavy and of the light chain (VH and VL) intermingle to form the 
first domain of the heterodimers. A cleft in this domain constitutes the paratope 
(see Sect. C.I). Each competent B cell, once a laborious gene rearrangement is 
achieved for both Hand L chains, sets up to produce a single model of H-L. H 
and L assemble in the cytoplasm and the resulting heterodimers are mounted on 
the cell surface, the carboxy terminus of H actually reaching inside, a hydropho
bic near-terminal section being rooted in the membrane, with the amino terminal 
section of H and the entire L outside. They are the immunoglobulin receptors, 
and from this moment the B cell is specific for whatever epitope the receptors can 
bind. As a rule, the first heterodimer to be synthesized by any B cell is /1K or /1,1. 
Only a handful out of millions of B cells will ever meet an antigen that can be rec
ognized by their receptors. The binding event, together with T -B cooperation, 
will represent a positive selection in the Darwinian sense. The selected cell will 
eventually proliferate to become a clone. With cell stimulation and clonal selec
tion rounds, in connection with successive sensitizing events, the B cell will 
undergo a series of changes in the genes concerned with Hand L that will mark 
the clone's life history: 

1. A substitution through rearrangements and RNA splicing of the hydro
phobic (membrane anchoring) carboxy terminus with a hydrophilic peptide (se
cretory switch) (ROGERS et al. 1980), allowing the Ig to be secreted as free anti
body; the quaternary conformation varies depending on the isotype, but in all 
cases it is a double heterodimer or a multiple thereof (5 x 2HL plus one joining 
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peptide J in the case ofIgM and 2 x 2HL plus a "secretory fragment," added when 
passing through a mucosal epithelium, in the case of IgA). In all cases, the two 
HL units of the double heterodimer are identical. This symmetry allows Ab poly
valency and prevents one antibody molecule binding to two different epitopes. 

2. The entire J1 constant gene is deleted by rearrangement and substituted 
with the constant gene coding for one of the other isotypes. Thus, during the sec
ondary response, the secreted antibodies will have the same variable, but different 
constant parts as compared with those secreted by the same clone during the pri
mary response (isotypic switch) (DAVIS et al. 1980). 

3. During stage 2, or during the rapid proliferation following antigen chal
lenge, a number of point mutations may affect the VH and VL genes. Therefore, 
antibodies produced during the secondary response may be different in fine spec
ificity from those produced by the cells from the same clone during the primary 
response, and subclones may be generated (GERHART et al. 1981). This allows for 
a second round of selection by antigen for the most effective (i.e., affine) subclone, 
and explains the higher affinity and specificity reached after repeated antigenic 
stimulations. 

I. The Ab Combining Site (Paratope) 

The para tope is a three-dimensional space within the VH-VL domain of the anti
body heterodimer (GIVOL 1973; POLlAK 1975). 

1. VH and VL Structures 

The VH and VL fragments have marked similarities in size and structure. They 
both contain 110-115 amino acids, and they both have cysteine residues in posi
tions 40 and 80 which allows an intrachain S-S bond. By comparing V regions 
from different antibodies, it has been possible to identify within the primary struc
ture of both VH and VL segments of low variability and high variability (hyper
variable regions). The segments oflow variability flank the two cysteines that are 
always present. There are three hypervariable regions in both VH and VL (Wu 
and KABAT 1970). It has been demonstrated by affinity labeling experiments that 
it is amino acids within the hypervariable regions which have the closest contact 
with the antigen epitope during the binding (referred to as CDR, contact deter
mining residues) (Wu and KABAT 1970). 

2. Genetic Control of V Regions 

Hypervariable regions I and II of heavy and light chains are encoded in the VH 
and VK or V segments, respectively. Region IlIon both Hand L is encoded in 
the J segment; variability to III is increased significantly by recombinational in
accuracy at the V-D, D-J, and J-C junctions in Hand V-J and J-C junctions 
in L. 
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3. Para tope Diversity 

The theoretical diversity of antibody paratopes (and thus the number of specific
ities attainable by the immune system) is extremely large (> 109). It results from 
the factorial multiplication of many variables: the number of V gene segments 
present in the germ line; the number of D segments; the number of JH segments, 
the number of VL and JL segments in the germ line; the probability of recombi
nation inaccuracy; the frequency of somatic point mutation - especially impor
tant at the secondary response; the assortment of heavy and light chains (e.g., 
combination of 103 Hand 103 L yields 106 VH (LEDER 1982). Not all theoretical 
specificities are actually realized. Nevertheless, since cross-reactivity must be 
taken into account (the property of a given paratope to be able to bind with 
graded affinity to two or more nonidentical epitopes), the theoretical expectation 
agrees with the observed efficiency of the immune system. 

4. Idiotypes 

The VH-VL combination that constitutes a para tope is a structure unique to one 
(or perhaps a few) clones in the whole organism. Parts of this clonotypic feature 
may be recognized as new (thus, foreign) by the rest of the immune system. These 
particular epitopes are called idiotypes, and the collection of idiotypes found on 
a single immunoglobulin molecule are its idiotype. Idiotypes are extremely inter
esting: they have served to map variable region genes and to characterize different 
cellular receptors. They are the focus of Jerne's network theory, proposing that 
the system employs idiotypes as targets for recognition by anti-idiotypic regula
tory cells and molecules (JERNE 1974). 

D. The Immune Interaction 

Epitope and para tope interact through a noncovalent bond. The resulting link is 
determined by a number of attractions between the two entities (intrinsic). The 
binding of the antibody molecule to a macromolecular antigen is determined by 
the number of immune interactions that may be realized between the two. Since 
Ab is always polyvalent, the possibility of multiple binding depends on the 
antigen bearing more identical epitopes. This (see Sect. A, interaction type 2) 
often happens with polysaccharides and is less common with proteins, where it 
is limited to the cases of multi me ric macromolecules, exhibiting the same epitope 
on each protomer. Double binding in the case oflgG, IgA, and IgE, and up to 
quintuple binding in the case ofIgM (a maximum of five of the possible ten bonds 
have been verified) increase the strength of the link exponentially, with important 
functional consequences. 

I. The Forces Involved 

The immune interaction, like any noncovalent protein bond, consists of mUltiple 
finite attractions which take place between atomic clusters of the para tope and 
the epitope. These forces are classified as: 
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1. Coulombic: electrostatic attraction between positive and negative charges 
2. van der Waals: attractions between electron clouds 
3. Hydrogen bonds: attraction of the same hydrogen atom by two different 

atoms 
4. Hydrophobic forces: "cooperation" of hydrophobic groups (e.g., CH2) in ex

cluding water molecules; this is possibly the single most significant force in im
mune interactions 

A common feature of these attractions is that they vary as inverse powers of 
distance. This means that their effects virtually disappear with minimal incre
ments of distance between the atomic clusters involved. 

II. Paratope-Epitope Fit 

The consequences of the facts listed in Sect. D.I are the following. Strong intrinsic 
attractions are only possible if many weak attractions coincide in the binding (of 
course, the cooperative gain is exponential). For this to come about a topologi
cally close fit between the Ab combining site and the epitope is required. The 
closer the fit (usually shown as a key-lock relation) the higher is the probability 
of many weak bonds occurring. The resulting attraction is called intrinsic affinity. 
Figure 2 shows the complementary shapes of para tope and epitope as revealed by 
high resolution X-ray diffraction analysis. 

Fig.2. Complementary shapes of paratope and epitope by X-ray diffraction analysis and 
computerized representation of water-accessible surfaces 
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III. Specificity 

A given combining site can accommodate with different precision epitopes of 
similar structure. This discriminating capacity is called the specificity of the anti
body. Although based on affinity, it is not related to the absolute affinity of the 
Ab. Thus, specificity is a relative concept, not measurable in quantitative terms. 
As a rule, the antigen against which the antibody has been raised will be bound 
with the highest affinity. An exception to this rule is the rare occurrence of het
eroclytic antibodies which are able to bind with highest affinity epitopes different 
from the one against which they were raised. The same concepts of cross-reactiv
ity and of specificity apply when a given epitope is confronted with several, similar 
antibody-combining sites. 

IV. Affinity 

As the fully reversible Ab-Ag interaction reaches an equilibrium, the amount of 
bound Ag depends on the affinity of the bond and is determined by the molar con
centrations offree antigen and antibody, following the law of mass action 

Ab+Ag AbAg 
k2 

hence 

[AbAg] 
[Ab] [Ag] =K 

where K = ~1 , represents the binding constant. 
2 

There is no substantial difference in terms offorces involved, range, specificity 
between the binding of Ag and Ab, and that of enzyme and substrate. Thus, the 
same basic methods, already developed in enzymology, can be applied to measure 
affinity constants. In the case of Ab-Ag interaction (where no product will be 
formed) the binding constant K is defined as the molar concentration of free epi
tope necessary to reach, at equilibrium, 50% saturation of the antibody-combin
ing sites. 

1. Measurement of Ab-Hapten Affinity 

The actual measurement of affinity (WEIR 1976) takes advantage of the small size 
of the hapten (H). Ab is separated from H by a dialysis membrane which allows 
free circulation of H, but not of Ab. To attain high sensitivity, His radiolabeled. 
The same concentration of antibodies is confronted with increasing concentra
tions of H in a series of parallel experiments. At equilibrium, on one side of the 
membrane H will be found in two forms, AbH and free H, while on the other side 
only free H, at the same concentration, remains. For each experiment, bound H 
is calculated simply by subtracting free H from total H, while free H will be the 
sum of free H on both sides of the membrane. Once free and bound H have been 
obtained from each experiment, there are two ways of plotting the data. 
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Fig. 3. a Saturation of a fixed 
amount of antibody by 
increasing concentrations of 
hapten. b Lineweaver-Burk 
transformation of same curve 

On the abscissa l/[H]; on the ordinate l/[AbH], both [H] is and [AbH] plotted be
ing expressed in moles. By extrapolating to l/[H]~O, the intersection with the or
dinate indicates Bmax (maximum H bound by Ab). The value of l/[H] that corre
sponds to 2 Bmax is l/Km' (where Km is the Michaelis constant), and corresponds 
to the reciprocal of [H] at which the antibody is half-saturated (Fig. 3). 

b) The Scatchard Plot 

For this plot also, the molarity of the antibody is required in addition to free and 
bound hapten: this means that a purified Ab preparation must be used. In this 
plot, y=R/[H] and x=R; where R=[AbH]/[AbJ. The resulting slope is -K, the 
y intercept is nK and the x intercept is n, where n is the number of H molecules 
bound per Ab molecule, i.e., the antibody valency. The affinity constant K is 
readily calculated by determining the slope (Fig. 4). 

2. Heterogeneity 

An unexpected by-product of measuring antibody affinity is the demonstration 
of the heterogeneity of combining sites among antibodies produced by an organ
ism against a homogeneous hapten or determinant. This results in a curvature in 
the Lineweaver-Burk double-reciprocal plot of the Ab-hapten saturation curves, 
which can only be explained by the presence in the serum of combining sites, en
dowed with different affinity toward the same hapten. 
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Fig. 4. Scatchard plot of two 
polyclonal antibodies 

In the past, efforts have been applied to quantify the extent of heterogeneity, 
e.g., according to SIPS (1949) the values on the abscissa are raised to a power be
tween 1 and 0.1 until the curvature of the graph disappears. The corresponding 
power is called the heterogeneity index and taken as an indication of the number 
of different antibodies present in the Ag-purified antiserum and of the spread of 
their affinity (WEIR 1976). The affinity constant calculated by this procedure has 
been considered an "average" affinity. All these conclusions are only tentative 
since there are too many unknowns (number of clonal antibodies, distribution of 
affinities, relative amount of antibody with a given affinity) to reach any mean
ingful conclusion. 

3. Monoclonal Antibodies 

There is no heterogeneity of affinity in a monoclonal antibody and no bending 
of the double-reciprocal functions (VELICK et al. 1960), as in the determination 
of affinity of enzymes. 

4. Alternative Ways to Measure Affinity 

Physical separation of bound and free Ag is not necessary if a functional way 
exists to discriminate between the two forms. Two examples among many are: (a) 
the method of fluorescence quenching; and (b) Ab-dependent enzyme activa
tion. 

a) Fluorescence Quenching 

Immunoglobulin has a measurable natural fluorescence, which is lost when it 
binds the hapten dinitrophenol (DNP), which absorbs the emitted wavelength. 
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From the decrease in fluorescence it is thus possible to quantitate bound DNP 
(VELICK et al. 1960). 

b) Enzyme Activation 

Antibodies may influence the conformation of antigens (see Sect. F). In the not
able case of f3-galactosidase, the binding of a single Ab para tope activates a mol
ecule of defective enzyme. Thus, it has been possible to quantitate the bound Ag 
by determining enzyme activity, and for the first time to measure intrinsic affinity 
of Ab to the natural epitope of a macromolecular antigen (CELADA et al. 1973). 

E. Effects of Ab-Ag Interaction 
At variance with enzyme~substrate binding, the immune interaction is not di
rectly linked with a catalytic step. Instead, it causes the formation of a rather 
stable Ag~Ab complex and prepares the disposal of the antigen through a series 
of antigen-nonspecific mechanisms. Examples are given for the situation of mem
brane-bound antibody and free Ab. 

I. Free Ag Binds Ig Receptor 

In the case of antigen being bound by a receptor on the B-lymphocyte, the com
plex is interiorized (with a rearrangement of the membrane architecture that be
comes macroscopic when the bindings are multiple: the capping phenomenon) 
and the antigen is degraded by proteolytic enzymes in the lysosomes. This process 
is actually the basis for the reexpression on the membrane of fragments of the 
antigen, in close connection with class II molecules, coded by the major histocom
patibility complex, where they may be recognized by a specific T cell, thus initi
ating the T ~B cooperation. 

II. Free Ag Binds Free Ab 

In the case of free Ab binding free Ag, complexes of varying size may be formed, 
depending on the valency of Ab and the number of epitopes available on Ag. If 
the encounter takes place in body fluids ~ as in most natural situations ~ the pre
cipitation does not occur, even in the so-called equivalence zone of the Ag/Ab ra
tio. This is because the complement is present in large excess (except in extreme 
pathologic cases) and it contains factors, within the alternative pathway chain, 
that inhibit physical precipitation by binding to the crystallizable fragment (Fc) 
moieties and interdigitating between them, with the result of preventing large ag
gregates. 

The principal action of the immune complex is to signal its existence to phago
cytic and scavenger cells. This is done by binding (at the antibody hinge region) 
Clq molecules and thus triggering the complement cascade. The immediate and 
medium-term effects are the initiation of the phenomenon of inflammation 
(through the liberation ofC3a and C5a), the attraction by opsonization of ph ago
cytic cells, and the display on the complex of C3b, which favors the binding by 
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any cell, e.g., granulocytes and monocytes, that bear C3 receptors. The next step 
is phagocytosis or pinocytosis, with consequent digestion and disposal of the 
complex. 

III. Free Ab Binds Cell-Associated Ag 

A third possibility is the binding of free Ab to cell-bound Ag. This will happen 
in responses to bacteria, protozoa, tumors, viruses, and self antigens. With the ex
ception of certain antiviral antibodies that may neutralize the virus by simply 
binding to or near sites critical for phenomena such as penetration into the target 
cells, all other cases require signalling to, and further action taken by, macro
phages or more specialized cells. The activation of complement (as in Sect. E.I1), 
ending with perforation of the target membrane, will cause direct killing of bac
teria and of a certain fraction of tumor cells; killed cells will be disposed of by 
phagocytes opsonized by complement products. Most nuclear cells (e.g., tumor 
cells, or transplanted cells) are not killed by Ab + complement (C'). Instead, 
killer lymphocytes (belonging to the family of LG L, large granular lymphocytes) 
will be attracted and will make a lethal contact with the target through their Fc 
receptors, which have affinity toward the carboxy terminal domain of bound anti
body. 

F. Immune Interaction as a Signal: 
Role of Conformational Changes 

I. Antibody 

From the examples discussed in Sect. E, it appears that central questions in mo
lecular immunology such as how the binding of antigen to membrane antibody 
induces the immune response; how the phagocyte knows which molecule should 
be disposed of; and how a nonspecific killer cell can zero in on the appropriate 
target, would eventually produce the same answer, if we were able to decode the 
language of the antibody molecule and to understand the transmission of a mes
sage from the Fab end, where antigen binds, to the Fc end of Ab, where the in
formation is read. 

In order to explore this question at the molecular level, three models have been 
devised for the generation of the immunologic signal between the Fab and Fc re
gions of antibodies: (a) the allosteric model; (b) the distortive model; and (c) the 
associative model. For IgG, using complement activation as a measure of immune 
response, most of the evidence indicates that association is a necessary step for 
signal generation (METZGER 1978). What is not clear, however, is whether associ
ation ofIgG is a sufficient step for complement activation or whether a conforma
tional change in IgG structure induced by antigen must also accompany the as
sociation. For IgM, on the other hand, a conformational change appears to be 
essential for complement activation, since a single molecule of IgM acquires the 
ability to bind and activate Cl when it becomes attached to a cell surface through 
two or more combining sites. IgM is already a pentameric molecule, and this 



Basic Principles of Antigen-Antibody Interaction 21 

"built-in" association also appears to be a necessary feature for efficient comple
ment activation. Therefore, signal generation in IgM has been described as a mix
ture of models, associative, but also requiring a conformational change. There is 
direct evidence that at least small conformational changes occur when hapten is 
bound to antibody; however, these changes in structure may be restricted to the 
readjustment of the variable domain to a better binding conformation, and their 
biologic significance is not clear (CELADA et al. 1983). 

II. Antigen 

Since the two patners of a protein-protein interaction are subject to the same 
forces and thermodynamic conditions, the hypothesis that conformational tran
sitions are part of the "antibody language" has been considerably strengthened 
by finding that, in a number of cases, antigen is changed in conformation after 
Ab binding (CELADA and STROM 1972). When two or more different kinetically 
accessible conformations are compatible with the primary structure of a protein, 
they can be envisaged to be in dynamic equilibrium, no matter how much this 
equilibrium is displaced in favor of one of them. The transition from one to an
other conformation may be marked by the disappearance, the new appearance, 
and/or the modification of conformational antigenic determinants. In each of 
these cases, the presence of specific antibody is expected not to be neutral, but 
rather to influence the conformation by increasing the stability of one form or in
ducing/selecting the change to the other form. 

Therefore, the requirement for an antibody-induced "change in conforma
tion" is for the antibody molecule to have a higher binding affinity directed 
against the less frequently presented form. To this type of antibody-mediated ef
fect belong the classical examples by CRUMPTON (1966) where interaction with 
anti-apomyoglobin causes metmyoglobin to dissociate and release the heme, and 
by SELA et al. (1967) where antibodies directed toward synthetic amino acid se
quences in a helical conformation cause amorphous fragments to assume a helical 
shape. 

Possibly the most dramatic examples in terms of functional effects are those 
involving antibodies elicited against a structurally "normal" species, which are 
then confronted with genetically defective molecules. Here, the outcome may be 
the "cure" of the genetic damage at the product level, and this may be perceived 
as the new appearance of phenomena such as enzyme activity, as in the well-stud
ied case of Escherichia coli fj-galactosidase (ROTMAN and CELADA 1968). 
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CHAPTER 3 

Production of Antisera 
by Conventional Techniques 
G. CrABATTONI 

A. Introduction 

An immunogen may be considered as any chemical structure capable of inducing 
a specific immune response after injection. Immunogens are not characterized by 
a specific chemical sequence, but are molecules which share the common property 
of evoking the synthesis of specific antibodies and reacting with them. To possess 
immunogenic properties, a molecule has to satisfy the following requirements: (a) 
to be a heterogeneous substance for the animal species in which it is injected; (b) 
to undergo slow metabolic clearance or excretion after injection; (c) to be of ad
equate size and complexity to be recognized by the immunologic system; and (d) 
to present active surface groups. Although isoantibodies or autoantibodies may 
be produced in several animal species, including humans, heterogeneity repre
sents an essential feature for the immunogenic activity of a substance. Generally, 
the more different the species, the greater will be the specific immune response. 
To be immunogenic a heterogeneous substance has to diffuse slowly from the 
point of injection, and should not be excreted or metabolized quickly. Slow excre
tion as well as low metabolic clearance does not mean low solubility. To be im
munogenic and to stimulate immunoglobulin production by B-Iymphocytes, an 
antigenic structure has to be solubilized by macrophages. 

Size represents an essential feature in determining the immunogenicity of a 
molecule. However, size itself is not enough to make a substance immunogenic. 
Synthetic polymers, such as nylon or polystyrene, are unable to induce antibody 
production. Probably this is due to the lack of molecular complexity of these com
pounds. Despite their high molecular weight, synthetic polymers are built up of 
very simple units, i.e., one or two very simple repeated monomers. Polymers of 
amino acids, which have a more complex chemical structure, have been shown 
to induce antibody production (SELA 1969, 1971). Natural antigens, on the other 
hand, are usually very complex molecules. Even the simplest proteins are made 
up of at least 15 different amino acids, which may be arranged in a number of 
sequences and steric configurations. Generally speaking, the more complex the 
antigen is in terms of size and chemical structure, the more suitable it is in induc
ing a strong immune response, although no general rule exists about the minimal 
size required for immunogenicity, and no close connection has been found be
tween molecular weight and antigenic strength. Very small natural proteins like 
glucagon (molecular weight 2600) are immunogenic. However, the bigger the 
antigen, the higher is the probability of chemical complexity of the molecule and, 
therefore, the presence of antigenic determinants in the molecule, which are re
sponsible for the immunogenic strength. 
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Substances with a low molecular weight are poor immunogens or are com
pletely unable to induce antibody generation. It is necessary to conjugate a small 
antigenic determinant to a big molecule, preferably with high chemical complex
ity, to evoke an immune response. This type of reaction allows production of a 
very large number of antigens, which are not naturally occurring. A substance of 
low molecular weight coupled to a large molecule represents a hapten. This tech
nique was originally due to LAND STEINER (1945). Conjugating a substance oflow 
molecular weight to a protein carrier and injecting the conjugate into an ex
perimental animal, he observed an increase in the heterogeneous population of 
antibodies. These reacted with both the small coupled molecule and the protein 
carrier. Landsteiner and co-workers conjugated a number of aromatic amines to 
the tyrosine, histidine, and lysine residues of proteins. Immunization led to the 
production of specific antibodies directed against the hapten, the protein, or the 
hapten-carrier junction. 

The carrier provides the antigen with the immunologically necessary size and 
reactive groups on its surface. Although these reactive groups are not required in 
determining specificity toward the hapten, they participate in inducing the im
mune reaction by activating the B-lymphocytes, thereby leading to the generation 
of a heterogeneous population of immunoglobulins. Haptens may thus be consid
ered single antigenic determinants. Natural antigens, like proteins, have a large 
number of different antigenic determinants and could be regarded as molecules 
with a lot of natural haptens. In the years following the Second World War it was 
possible to prepare antigens by attachment to synthetic polypeptides or naturally 
occurring proteins of small haptens such as dinitrophenyl, p-azobenzenarsonate, 
or penicilloyl groups. In the 1960s, antibodies were raised with specificity directed 
toward sugars, nucleosides, peptides, coenzymes, vitamins, and several other 
naturally occurring small molecules. In the following years, it has been possible 
to synthesize immunogens leading to antibodies of nearly any specificity de
sired. 

B. Substances Which Are Able 
to Evoke Immunogenic Responses Per Se 

Proteins or large peptides, such as most of the peptide hormones, are satisfacto
rily immunogenic in a variety of experimental animals and can be directly injected 
as an emulsion in Freund's adjuvant. The immune response of the host will lead 
to the production of antisera, composed of a mixture of site-directed antibodies, 
each of which is directed against a different antigenic site in the peptide structure. 
Since the binding site of an immunoglobulin can accommodate only a few amino 
acids, no single antibody molecule can make close contact with the entire surface 
of a peptide larger than this. As a consequence, antisera produced in this way spe
cifically recognize only small portions of the larger peptide as major antigenic de
terminants, the other areas being unable (or less able) to elicit antibody forma
tion. Intermediate-sized pep tides (10-30 amino acids) may contain only one or 
two highly antigenic regions, and partial sequences containing this region may in
teract fully with antisera raised against the whole molecule. Generally, molecules 
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Table 1. Immunogens and haptens 

Immunogenic substances 
(conjugation to carriers 
not necessary) 

Insulin 
Proinsulin 
FSH-LH 
hCG 
Human chorionic somato-

mammotropin (hCS) 
Prolactin 
hGH 
Parathyroid hormone (PTH) 
TSH 
Calcitonin 
Placental lactogen (PL) 
Erythropoietin 
Human pancreatic poly

peptide (HPP) 
Bovine pancreatic poly-

peptide (BPP) 
Nerve growth factor (NGF) 
Relaxin 
Myelin basic protein 
Carcinoembryonic antigen 

(CEA) 
a-Fetoprotein (aFP) 
Trypsin, chymotrypsin 
Pancreatic amylase and lipase 
Glial fibrillary acidic protein 

(GFA) 
Microtubule-associated 

proteins (MAPs) 
Neurofilament proteins 
Australia antigen (Au) 
Rheumatoid factor 

Poor immunogenic substances 
(conjugation to carriers 
improves immunogenicity) 

Atrial pep tides 
Glucagon 
Insulin C peptide 
Gastric inhibitory 

polypeptide (GIP) 
Vasoactive intestinal 

polypeptide (VIP) 
Cholecystokinin 
Pancreozymin 
Gastrin, pentagastrin 
Motilin 
Neurotensin and related 

substances 
Secretin 
Oxytocin 
Vasopressin 
Somatostatin 
Urogastrone 
GnRH 
TRH 
ACTH 
Calmodulin 
S 100 protein 

Haptens 
(conjugation to carriers 
necessary to produce 
antisera) 

Eicosanoids 
Steroids 
Bile acids 
Serotonin 
T3 and T4 
a-, P-MSH 
cAMP and cGMP 
Bradykinin 

25 

Bombesin and bombesin-
like pep tides 

Melatonin 
Angiotensin II 
Substance P and related 

neuropeptides 
Enkephalins 
Atropine 
Folic acid 
25-Hydroxyand 1,25-

dyhydroxy Vitamin D3 
Drugs 

of this size are not very immunogenic and production of antibodies may be dif
ficult, unless administered in a bound form, i.e., covalently attached or tightly 
linked with a carrier substance. Table 1 lists some substances which have been 
found to be immunogenic per se, substances which are poor immunogens by 
themselves, and substances acting as haptens. 

Compounds of the first series are usually capable of raising antisera when in
jected emulsified in complete or incomplete Freund's adjuvant (see Sect. E.II). 
Chemical attachment to a larger carrier or polymerization are not required to im
prove immunogenicity. Pituitary gonadotropins (FSH and LH), thyrotropin 
(TSH), parathyroid hormone (PTH), growth hormone (GH), prolactin, ACTH, 
placental lactogen (PL), human chorionic gonadotropin (hCG), calcitonin, and 
many other substances of high molecular weight and high molecular complexity 
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are good antigens, capable of eliciting soluble antibody production in several ani
mal species, including nonhuman primates. 

In the early days of radioimmunoassay (RIA), Berson and Yalow observed 
that, for immunization with most peptide hormones, it is possible to use relatively 
impure antigens (for review see BERSON and Y ALOW 1973). Commercial or low 
purity hormonal preparations may present slight denaturations which render the 
hormones more heterogeneous for the animal species which receives them and, 
thereby, enhance their antigenicity. For example, the same authors reported that 
immunization of guinea pigs with crude bovine parathyroid hormone (about 5% 
purity), or with two preparations of semipurified porcine gastrin, gastrin A (0.5% 
gastrin) and stage II gastrin (10% gastrin), resulted in the production of antisera 
suitable for measurement of human parathyroid hormone (molecular weight 
about 9000) or human gastrin (molecular weight about 2600), respectively (BER
SON et al. 1963; Y ALOW and BERSON 1970 a). Sera containing anti-gastrin anti
bodies with high avidity were noted in approximately 40% of the treated ani
mals. 

Antisera strongly binding human insulin were reported for the first time by 
BERSON and Y ALOW (1959 a). This observation led in the following year to the im
munoassay of endogenous plasma insulin in humans (Y ALOW and BERSON 1960). 
Since then, a number of investigators have successfully raised anti-insulin sera 
specific for the human hormone as well as for other animal species. Crystalline, 
lente, NPH, protamine, or regular pork insulin available for therapeutic pur
poses, and other preparations have been successfully used. However, the same 
authors (YALOw and BERSON 1971 a) observed that crude preparations are not 
necessarily poor immunogens and on occasion may be superior to the purified 
antigen. Subsequently, studies performed by SCHLICHTKRULL et al. (1972) and 
ROOT et al. (1972) have shown that impurities of high molecular weight, which 
cocrystallize with insulin, may be largely responsible for antibody stimulation in 
rabbits as well as in diabetic patients, while highly purified insulin preparations 
are less immunogenic. This suggests that the inherent immunogenicity of this pep
tide may be increased if adsorbed on larger molecules, likely acting as a stimulant 
of the immune apparatus. 

Immunogenicity of relatively small molecules may be enhanced by physical 
adsorption on carbon or latex micro particles or polyvinylpyrrolidone, or by con
jugation to a larger carrier protein. Immunogenicity of human gastrin appears to 
be increased by conjugation to bovine serum albumin (BSA), as judged by the 
percentage of treated animals yielding high affinity antibodies suitable for RIA 
(REHFELD et al. 1972). Similarly, the immunogenicity and the resultant antibody
binding capacity and affinity for glucagon are increased by chemical binding or 
physical adsorption on larger molecules. In 1965 ASSAN et al. first demonstrated 
that the adsorption of glucagon to polyvinylpyrrolidone prior to emulsification 
with adjuvant greatly increases antibody production in rabbits. In 1970 GREY et 
al. reported the production of high affinity antibodies by coupling glucagon to 
hemocyanin and CUATRECASAS and ILLIANO (1971) obtained high affinity antisera 
using a glucagon-poly (L-Iysine) conjugate. HEDING (1972) obtained good anti
sera production by coupling glucagon to glucagon, thus increasing the molecular 
weight and offering a repeated antigenic sequence to the B-Iymphocytes of immu-
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nized animals. Nevertheless, YALOW and BERSON (1970b) have obtained anti
bodies to unconjugated commercial glucagon in Freund's adjuvant, which were 
at least as satisfactory as those obtained with crystalline glucagon conjugated to 
BSA or adsorbed to a silicate in suspension. Elsewhere, these authors described 
an antiserum useful at a dilution of 1 : 106 from a guinea pig immunized with com
mercial glucagon (BERSON and Y ALOW 1973). 

A similar case exists for arginine vasopressin (A VP). Like oxytocin, this hor
mone is considered not to be sufficiently immunogenic per se and conjugation 
with a larger carrier protein is thought to be necessary to evoke antibody produc
tion. In 1966 ROTH et al. obtained antibodies to unconjugated AVP in rabbits, 
even thought this substance circulates in that species. A possible explanation has 
been suggested by R. S. Yalow. The protein impurities of the crude extracts which 
were used in early RIAs could also serve as the larger protein carrier to which the 
small peptide can be coupled (STRAUS and YALOW 1977). Moreover, some 
denaturated hormone present in the standard injected into animals may improve 
immunogenicity by increasing heterogeneity to the immunized animal species. 

Adrenocorticotropin (ACTH) is a peptide hormone of 39 amino acid residues. 
A 24 amino acid peptide (sequence 1-24) retains the activity of the parent hor
mone and the eicosapeptide (sequence 1-20) is also fully active. The 1-39 se
quence is sufficiently immunogenic by itself to stimulate antibody production. In 
1968 BERSON and YALOW reported production of ACTH antibodies by subcuta
neous injection into guinea pigs with porcine ACTH emulsified in complete 
Freund's adjuvant. ACTH antibodies were detectable in almost all guinea-pigs 
after two or three injections. Other authors followed the same procedure and suc
ceeded in producing anti-ACTH antibodies suitable for RIA of plasma ACTH 
(DEMURA et al. 1966; LANDON and GREENWOOD 1968; MATSUKURA et al. 1971). 
However, 1-24 ACTH or other smaller fragments derived from the parent hor
mone may be coupled to albumin, thyroglobulin, or other protein carriers and the 
conjugate successfully used for immunization (ORTH 1979). The amino acid se
quence of ACTH contains several antigenic determinants; thus, a heterogeneous 
population of antibodies directed toward single portions of the 1-24 sequence or 
other fragments of the molecule may be raised. By using single fragments of 
ACTH molecule for immunization, it is theoretically possible to induce antibody 
formation with specificity directed against a preselected sequence of the peptide 
chain. 

Despite chemical structures similar to that of ACTH, (X- and [3-endorphin 
(amino acid sequences with opioid activity derived from [3-LPH) are generally 
considered weak immunogenic substances and conjugation with protein carriers 
is required to obtain good antisera production. Antibodies specific for (X- and [3-
endorphins have been described by several authors (GUILLEMIN et al. 1977; WEBER 
et al. 1982). 

Calmodulin is a single polypeptide consisting of 148 amino acids, with a mo
lecular weight of 16 700. Although satisfactory immunogenicity could be expected 
on the basis of the relatively long amino acid sequence (compared with other 
polypeptide hormones successfully employed for antisera production), only 
monospecific antibodies suitable for immunofluorescence have been produced by 
immunizing animals with purified preparations emulsified in Freund's adjuvant 
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(ANDERSEN et al. 1978; DEDMAN et al. 1978), while repeated efforts failed to obtain 
antisera with titers high enough to enable development of RIA, even when calmo
dulin was injected in a coupled form or polymerized. It should be noted that cal
modulin has been detected in most eukaryotic cells examined and the amino acid 
sequence is highly conserved throughout vertebrate and invertebrate species. In 
other words, it lacks tissue and species specificity, an attribute which is required 
by a strong immunogen. By contrast, good results have been obtained with dini
trophenylated (WALLACE and CHEUNG 1979) or performic acid oxidized calmodu
lin (VAN ELDIK and WATTERSON 1981) as antigen. The incorporation of several 
dinitrophenyl groups or performic acid oxidation renders calmodulin highly im
munogenic in experimental animals by slightly modifying its chemical structure. 
For this polypeptide, the major immunoreactive site is contained in a unique re
gion of the molecule. VAN ELDIK and WATTERSON (1981) identified this site within 
an 18-residue region in the COOH terminal domain of calmodulin. It is likely that 
the major antigenic determinants of this region are not substantially modified by 
the complexing procedure. Immunogenic strength might be increased by modifi
cations induced in other areas possibly required to activate B-Iymphocytes. 

C. Special Problems with Small Peptides 
Very small peptide hormones are generally poor immunogens per se. They consist 
of small molecules, often immunologically indistinguishable among different ani
mal species, and when injected undergo a rapid enzymatic destruction both in 
blood and in tissue. Antisera may be easily produced in experimental animals in
jected with a conjugate of the small peptide with larger protein carriers. Successful 
antibody production to bradykinin has been reported only when the nonapeptide 
was injected as a complex with a protein carrier or in the larger kininogen form 
(WEBSTER et al. 1970). Similarly, antisera to angiotensins were produced in rabbits 
by angiotensin conjugated by carbodiimide condensation to albumin (GOOD
FRIEND et al. 1964) or succinylated poly lysine (STASON et al. 1967). RIA measure
ment of bombesin-like peptides was made possible by immunization of animals 
with bombesin B-14 or B-9 polypeptide conjugated to heterologous serum albu
min (WALSH and HOLMQUIST 1976). Good results were obtained by EBEID et al. 
(1976) and FAHRENKRUG et al. (1974) with purified porcine VIP coupled to BSA 
with carbodiimide. On the other hand, antisera to gastric inhibitory polypeptide 
(GIP) have been raised in guinea pigs by multiple injections with both the conju
gated and unconjugated polypeptide (KUIZO et al. 1974). Indeed, immunogenicity 
of heterologous GIP seems to be adequate to evoke antibody generation by it
self. 

In spite of their low molecular weights, vasopressin and oxytocin are antigenic 
in many species (rabbits, guinea pigs, chickens, pigs, and humans). Antibodies 
have been successfully produced by immunization of rabbits with commercial 
vasopressin, or natural or synthetic A VP and lysine vasopressin nonapeptides 
emulsified in Freund's adjuvant (ROTH et al. 1966; Wu and ROCKEY 1969; BEARD
WELL 1971), as well as with unconjugated oxytocin (GILLILAND and PROUT 1965; 
GLICK et al. 1968). However, the percentage of animals producing antisera and 
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the titers of the antisera produced were relatively low. Better results seem to be 
obtained using the natural or synthetic hormones coupled to bovine or human 
serum albumin (BSA or HSA) or equine y-globulin with carbodiimide or glutar
aldehyde as the coupling agents (PERMUTT et al. 1966; MILLER and MOSES 1969; 
Wu and ROCKEY 1969; OYAMA et al. 1971; BEARDWELL 1971), or adsorbed to car
bon microparticles injected directly into lymph nodes (CHARD et al. 1970). 

Recently, RIA systems have been developed for atrial natriuretic factor 
(ANF) and related polypeptides. ANFs are a group of pep tides possessing a po
tent diuretic and natriuretic activity and producing vasorelaxation. A major 
bioactive 28 amino acid sequence has been identified in r:t. human and rat atrial 
natriuretic polypeptide (r:t.hANP and arANP). A 25 amino acid sequence (rat 
ANF-IV) has been coupled to thyroglobulin by TANAKA et al. (1984) and used 
as antigen to raise antibody with specificity directed toward rat ANF. A smaller 
common COOH terminal fragment of ahANP and arANP, i.e., aANP(17_28)' has 
been conjugated to bovine thyroglobulin by NAKAO et al. (1984) to produce an 
antiserum which recognizes ahANP and arANP equally. Finally, a synthetic 26 
amino acid fragment of ANF has been employed by GUTKOWSKA et al. (1984) to 
develop a direct RIA of ANF. In any case, because r:t.ANP or ANF and related 
peptides are small molecules, it was necessary to conjugate the peptide covalently 
to a larger protein for immunization. The same procedure had been followed a 
few years before for production of antibodies directed toward enkephalins. As 
these compounds are opiate-like pentapeptides, they should be considered true 
haptens rather than low immunogenic substances and, therefore, injected in a 
coupled form. 

In summary, small peptides with 9-20 amino acid residues in the chain may 
be immunogenic per se in heterologous and, to a lesser extent, in homologous spe
cies. Their ability to elicit specific antibody formation is increased by coupling to 
a larger carrier protein. As the specificity of antibodies directed against them is 
limited to a small amino acid sequence, fragments, rather than the whole hor
mone, may be successfully employed to increase the specificity of immune re
sponse in experimental animals. Single fragments containing less than ten amino 
acids in sequence may be coupled by the reactions described in the following sec
tion. 

D. Haptens Covalently Coupled to Protein Carriers 

I. Preparation of Derivatives Containing Reactive Groups 

When preparing a hapten-protein conjugate for immunization, it is necessary to 
select the site of coupling: a reactive group (i.e., carboxyl, amino, or other acti
vated group) is required in this position to form a strong covalent linkage with 
carrier proteins. Peptide bonds are among the most stable chemical bonds, and 
various approaches have been reported to form this type of attachment between 
substances of low molecular weight and proteins or polypeptides. 

Substances which offer a suitable coupling site, represented by a carboxyl or 
an amino group, may be directly coupled to protein carriers by forming peptide 
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bonds between these reactive groups and amino or carboxyl groups of protein 
molecules. Prostaglandins and thromboxane fulfill this requirement. They are 
fatty acids containing a carboxyl group in a not particularly interesting part of 
the molecule. This group can be easily coupled to a side amino group on the pro
tein molecule, leaving other regions of the carboxyl side chain exposed. Keto and 
hydroxyl groups are present in the ring and in the C-15 position (also C-6 for 6-
keto compounds): these parts of the molecule are more important for recognition 
by the antibodies, whereas the structures close to and at the coupling site are of 
minor importance. Therefore, when coupled to protein carriers, prostaglandins 
are attached at the COOH terminus and the ring structure is exposed on the sur
face of the hapten. This is a very favorable condition: ring structures have been 
proved to be strong antigenic determinants and the coupling site should be as far 
as possible from these structures. 

Hydroxyl and keto groups of small molecules can be used as anchoring points 
to prepare derivatives containing reactive groups. Steroid derivatives provided 
with free carboxyl groups suitable for conjugation with the amino groups of pro
teins have been prepared since 1957 (ERLANGER et al. 1957). Table 2 reports some 
steroid derivatives employed to form peptide bonds with several protein carriers. 

Table 2. Some steroid derivatives suitable for coupling to protein carriers 

Antigen types 

Cortisone 21-hemisuccinate 

11-Desoxycorticosterone 
21-Hemisuccinate 

3-( O-Carboxymethyl)oxime 
Cortisone 21-hemisuccinate 

Cortisol 
21-Hemisuccinate 
3-( O-Carboxymethyl)oxime 

3-( O-Carboxymethyl)oxime 21-acetate 
61X/6fJ-Hemisuccinoxy 

Aldosterone 
18,21-Dihemisuccinate 
3-( O-Carboxymethyl)oxime 

3-( O-Carboxymethyl)oxime 
18,21-diacetate 

3-( O-Carboxymethyl)oxime y-Iactone 
Pregnenolone 20-( O-carboxymethyl)oxime 

Reference 

ERLANGER et al. (1957) 
LIEBERMAN et al. (1959) 
BEISER et al. (1959) 
SRIVASTAVA et al. (1973) 
ABRAHAM (1974a) 

LIEBERMAN et al. (1959) 
ERLANGER et al. (1959) 
BEISER et al. (1959) 
ABRAHAM (1974a) 
ARNOLD and JAMES (1971) 
UNDERWOOD and WILLIAMS 
(1972) 

RUDER et al. (1972) 
DASH et al. (1975) 
FAHMY et al. (1975) 
COOK et al. (1973) 
NISHINA et al. (1974) 

HANING et al. (1972) 
MAYES et al. (1970) 
ITO et al. (1972) 
VETTER et al. (1974) 
BAYARD et al. (1970) 
MIGEON et al. (1972) 
FARMER et al. (1972) 
ERLANGER et al. (1959) 

Protein 
carrier' 

BSA 
BSA 
BSA 

HSA 

BSA 
BSA 
BSA 
HSA 
BSA 
BSA 

BSA 
BSA 
BSA 

BSA 

BSA 
BSA 
BSA 
RSA-BGG 
RSA 
BSA 
BSA 
BSA 
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Table 2 (Coninued) 

Antigen types 

Progesterone 
20-( O-Carboxymethyl)oxime 
3-( O-Carboxymethyl)oxime 

111X-Hydroxyhemisuccinate 

6-( Carboxymethylene )thioether 
171X-Hydroxyprogesterone 

3-( O-Carboxymethyl)oxime 

201X-H ydroxyprogesterone 
3-( O-Carboxymethyl)oxime 

17,21-Dihydroxyprogesterone 
21-Hemisuccinate 

Dehydroepiandrosterone 
17 -( O-Carboxymethyl)oxime 

17 fJ-Glucuronide 
3fJ-Succinate 

Testosterone 
17-Chlorocarbonate 
17 -Hemisuccinate 

3-( O-Carboxymethyl)oxime 

71X-Carboxymethylthioether 
71X-Carboxyethylthioether 
17 fJ-Glucuronide 

Estrone 
3-Hemisuccinate 
3-( O-Carboxymethyl)ether 

Estradiol 
17 fJ-Hemisuccinate 

3-Succinate 
6-( O-Carboxymethyl)oxime 

3-( O-Carboxymethyl)ether 
17 fJ-Glucuronide 

Estriol 
3-Succinate 
3-( O-Carboxymethyl)ether 
3-( O-Carboxymethyl)oxime 

Reference Protein 
carrier" 

ERLANGER et al. (1959) BSA 
FURUYAMA and NUGENT BSA 
(1971) 
ANDERSON et al. (1964) BSA 
LINDNER et al. (1972) BSA 
ABRAHAM et al. (1975) HSA 
LINDNER et al. (1972) BSA 

YOUSSEFNEJADIAN et al. (1972) BSA 
ABRAHAM et al. (1975) HSA 

ABRAHAM et al. (1975) HSA 

ABRAHAM et al. (1971) HSA 

NIESCHLAG et al. (1972) BSA 
SEKIHARA et al. (1972) BSA 
KELLIE et al. (1972) BSA 
ABRAHAM et al. (1974a) HSA 

LIEBERMAN et al. (1959) BSA 
BEISER et al. (1959) BSA 
ABRAHAM et al. (1974) HSA 
ERLANGER et al. (1957) BSA 
LIEBERMAN et al. (1959) BSA 
BEISER et al. (1959) BSA 
FURUYAMA et al. (1970) BSA 
CHEN et al. (1971) BSA 
ABRAHAM (1974a) HSA 
WEINSTEIN et al. (1972) BSA 
WEINSTEIN et al. (1972) BSA 
KELLIE et al. (1972) BSA 

ABRAHAM (1974a) BSA 
RAo and MOORE (1977) BSA 

FERIN et al. (1968) BSA 
ABRAHAM (1974a) BSA 
ABRAHAM (1974a) BSA 
DEAN et al. (1971) BSA 
LINDNER et al. (1972) BSA 
JURJENS et al. (1975) BSA 
RAO and MOORE (1977) BSA 
KELLIE et al. (1972) BSA 

ABRAHAM (1974a) HSA 
RAO and MOORE (1977) BSA 
LINDNER et al. (1972) BSA 
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" BSA, bovine serum albumin; HSA, human serum albumin; RSA, rabbit serum albumin; 
BGG, bovine gamma-globulin. 
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The chemical reaction required to obtain the steroid derivative depends upon 
whether hydroxyl or keto groups of the steroid are used as anchoring points. Se
lective esterification of a hydroxyl group with succinic anhydride is among the 
most commonly used methods. The degree of reactivity of hydroxyl groups de
pends on the nature of the alcohol involved, being maximal for phenolic hydroxyl 
and progressively decreasing for primary, secondary, and tertiary alcohols. If the 
steroid hormone contains only one hydroxyl group, succination may be achieved 
by incubating the steroid with succinic anhydride in pyridine. However, tertiary 
alcohols are not esterified under these conditions: an acid-catalyzed reaction us
ingp-toluenesulfonic acid instead of pyridine is required (ABRAHAM and GROVER 
1971). (O-Carboxymethyl)oxime derivatives may be prepared with steroids pos
sessing keto groups. The reaction of a keto group with (O-carboxymethyl)hydro
xylamine yields the corresponding oxime. This reaction is usually base catalyzed 
and was reported for preparation of steroid conjugates with BSA by ERLANGER 
et al. (1957). These authors described testosterone-3-(O-carboxymethyl)oxime 
preparation by carrying out the reaction in ethanol under alkaline conditions. In 
the following years, other investigators prepared the same derivatives of a large 
number of steroids (Table 2). This chemical reaction may be carried out by reflux
ing the steroid with O-(carboxymethyl)hydroxylamine in pyridine or alkaline 
ethanol. Alkaline conditions are required to activate the amino group of ami
noxyacetic acid. Finally, a third procedure has been used, i.e., the conversion of 
a hydroxyl group to a chlorocarbonate by reacting the steroid with phosgene. All 
these procedures have been described in detail by several authors (for review see 
ABRAHAM and GROVER 1971). Generally, these reactions require chemical exper
tise. Presently, oxime as well as hemisuccinate derivatives suitable for conjugation 
are commercially available from several chemical companies for nearly all the ste
roids. 

Since then, antisera against 25-hydroxy- and 1,25-dihydroxycholecalciferol 
have been raised by immunizing animals with a conjugate ofBSA and the 3-hemi
succinate derivatives of the parent compounds (BOUILLON et al. 1980, 1984; GRAY 
et al. 1981). 25-Hydroxyvitamin-D3-3-hemisuccinate was prepared by 14 days in
cubation with succinic anhydride in pyridine (BOUILLON et al. 1984); 1-ct,25-dihy
droxyvitamin-D 3-3-hemisuccinate was prepared from 1-ct,25-dihydroxy-7-dehy
drocholesterol, by incubating the latter compound with 2,2,2-trichloroethylsucci
nyl chloride in pyridine and subsequent passage through the 3-2',2',2'-trichlo
roethylsuccinate derivatives of 1-ct,25-dihydroxyprecholecalciferol and 1-ct,25-di
hydroxycholecalciferol (BOUILLON et al. 1980). In any case, the anchoring point 
of the vitamin D3 molecule was represented by the 3 position. 

A similar approach was followed for cyclic nucleotides. In order to increase 
the possibility of obtaining specific antibody production, neither the purine rings 
nor the diester 3' ,5' -bonds of cAMP or cG MP should be altered when conjugating 
with protein carriers. Consequently, the cyclic nucleotides have been succinylated 
at the 2'-O-position to yield 2'-O-succinyl cAMP (F ALBRIARD et al. 1967) and 2'
O-succinyl cGMP (STEINER et al. 1972), respectively, and the free carboxyl groups 
of these derivatives have been conjugated to protein. Presently, the method for 
preparing 2'-O-succinyl nucleotides consists in reacting cAMP or cG MP with suc
cinic anhydride in aqueous solution in the presence of triethylamine. Details of 
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the reaction have been described by CAILLA et al. (1973, 1976) and HARPER and 
BROOKER (1975). 

Raising antibodies suitable for RIA measurement of pharmacologic levels of 
different drugs in human sera has been achieved on several occasions by introduc
ing reactive groups into the molecule. Synthesis of 3-0-succinyldigitoxigenin was 
described by Y AMAOA (1960) and used to develop a specific RIA of digitoxin by 
OLIVER et al. (1968). The method employs reaction with succinic anhydride in 
pyridine and allows the coupling of digitalis to a protein carrier for immunization. 
In the following years, very sensitive RIAs have been developed for a number of 
drugs. Antisera directed against the major classes of pharmacologic substances 
have been obtained by immunizing experimental animals with drugs or drug de
rivatives coupled to protein carriers (for review see BUTLER 1977). Drugs which 
possess reactive groups can be covalently linked to proteins by the usual methods 
(see Sect. D.II). Alternatively, acidic or amino derivatives can be employed. For 
example, antisera which react with methadone and with urine from users of this 
drug have been prepared by immunizing animals with protein conjugates of 4-di
methylamino-2,2-diphenylvaleric acid (chemically very similar to methadone, but 
containing a carboxyl group; Lru and AOLER 1973), or 0- and L-methadolhemi
succinate (BARTOS et al. 1978). To yield the hemisuccinate derivative of metha
done, reaction with succinic anhydride was carried out in dioxane (BARTOS et al. 
1977). A similar approach led to RIA measurement of different groups of ana
bolies, i.e., nortestosterone and related steroids. The 17-carboxymethyloximes 
and 3-hemisuccinates of nortestosterone (HAMPL et al. 1979) as well as 19-noran
drosterone and 19-noretiocholanolone (HAMPL et al. 1982) have been employed 
for conjugation with protein carriers. 

RAHMANI et al. (1982) reported antisera produced against 5'-noranhydrovin
blastine (a hemisynthetic derivative of vinblastine) by converting the parent com
pound into the monohydrazide derivative and, subsequently, into a reactive acid 
azide, which, in turn, was used for preparation of immunogen by reaction with 
BSA and glycyltyrosine. 

Similar approaches have been that tempted for many other compounds. Pro
duction of antibodies directed against atropine was made possible by introducing 
a carboxyl group into the atropine (o,L-hyoscyamine) or L-hyoscyamine molecule 
and conjugating this product to BSA or HSA (WURZBURGER et al. 1977; VIR
TANEN et al. 1980). Introduction of a free carboxyl group in this case was achieved 
by coupling these substances to diazotized p-aminobenzoic acid. 

Oligopeptides having neither a tyrosine, nor histidine, nor free primary amine 
may present some difficulties to raise antisera. First, these substances are often 
difficult to conjugate by themselves; moreover, coupling through the COOH or 
NH2 terminus directly to proteins generally results in attaching the peptide close 
to the carrier molecule so that little of the molecule remains exposed for immu
nologic recognition. In many instances, small oligopeptides possess only a single 
amino acid residue which can be easily employed for conjugation to a larger car
rier. But even in this case, it may not be convenient to use this residue for conju
gation ifits location within the peptide chain may lead to an excessively tightened 
molecular configuration of the immunogen. The attachment of a prosthetic group 
to peptides is a technique which has been widely used to circumvent these diffi-
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culties. Activated aromatic amino acids, such as tyrosine or histidine, or short 
chain fatty acids which bear an activated phenyl group, such as p-hydroxyphenyl
acetic acid and p-hydroxyphenylpropionic acid, may be coupled to the NH2 ter
minal amine of oligopeptides, thus introducing an activated arylamine, which, in 
turn, can easily be coupled to a protein carrier (YOUNGBLOOD and KIZER 1983). 
This procedure has been used for producing antisera directed against neuropep
tides, such as the tripeptide prolylleucylglycinamide (MIF-I), which is difficult to 
couple through its NH2 terminus because of the relative lack of reactivity of the 
secondary amine of proline (MANBERG et al. 1982). A similar approach to prepare 
NH2 terminus extended peptides is represented by coupling a carboxybenzyloxy 
N-blocked w-amino fatty acid to the C-blocked peptide, remove the N-blocking 
group by hydrogenation, and couple the amino fatty acid NH2 terminus to a 
larger protein. For protein amides there is no need to block the COOH terminus 
before coupling. Both N-carbobenzyloxy-w-amino-n-caproic and N-carboben
zyloxy-a-aminobutyric acids have been successfully used (YOUNGBLOOD and 
KIZER 1983). The result is represented by a more immunogenic conjugate, with 
the oligopeptide not closely bound to the protein carrier, but separated by a 
bridge of variable length. 

II. Covalent Coupling to Protein Carriers 

Several coupling methods are suitable for forming peptide bonds between carbo
xyl groups of haptens and amino groups of protein carriers, and vice versa. 

1. Carbodiimide Method 

In 1964 GOODFRIEND et al. first reported the use of water-soluble carbodiimides 
in immunology. These highly reactive compounds can couple substances contain
ing several functional groups, including carboxylic acids, amines, alcohols, and 
thiols, with the formation of amides, esters, and so forth. Haptens containing a 
reactive carboxyl group can form peptide bonds with the NH2 terminus or the 
side amino groups of protein carriers; but also the COOH terminus or the side 
carboxyl groups of proteins can react with amino groups of the hapten, if it pos
sesses any. Bovine serum albumin, for instance, has 59 lysine residues, which pro
vide sites sufficient in number to produce conjugates with carboxylic haptens, 
with highly specific antigenic properties. In any case, the presence of at least one 
reactive carboxyl or amino group in the hapten is required. Figure 1 illustrates 
such a procedure. The method is generally simple and rapid and can be performed 
at room temperature. As regards the choice of carbodiimide, many different com
pounds have been successfully employed by several investigators, and a very large 
number of recipes has been described which give excellent coupling reactions. Dif
ferences between recipes concern buffers, incubation volume, solution, purifica
tion of reactive compounds, stirring of solutions, nature and dimension of tube 
or vial for reaction, and so on. Moreover, differences among the various coupling 
procedures may be due to instability of the hapten, or to its peculiar characteris
tics (solubility, salt generation, denaturation, etc.), or to possible formation of 
other coupled products, either owing to low standard purity or chemical conver-
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sion of hapten. Presently, it is impossible to include in one recipe all the detailed 
techniques that have been published. Investigators should check the nature of car
bodiimide and incubation conditions against previously reported successful pro
cedures. However, a general procedure may be summarized as follows. The total 
amount of protein carrier (such as bovine, human, or rat serum albumin, or other 
heterologous proteins) should be solubilized in water. Hapten, if soluble in water, 
may be dissolved in the same vial containing the protein solution. Otherwise, a 
separate solution in an appropriate solvent may be prepared. Relative amounts 
of protein and hapten depend on the desired molar ratio in the conjugate (see 
Sect. E.IV) and on the final yield of the coupling reaction. 

Thus, if we consider a final conjugation of 10% added hapten, and if we wish 
a 10: 1 molar ratio in the conjugate (hapten: protein), then a 100: 1 initial molar 
ratio should be realized in the reacting mixture. Usually, a protein solution is first 
prepared. The vial or tube for chemical reaction should be carefully cleaned to 
avoid extraneous material which could interfere with the carbodiimide reaction. 
Polypropylene tubes are suitable for conjugation. pH adjustment is generally as
sumed to be important; a weak acid pH (5.0-5.5) should be obtained if the hapten 
is represented by an organic acid, while neutral pH (6.8-7.0) has usually been 
specified for peptide substances. With constant stirring, carbodiimide is added to 
the solution. Its amount is generally in molar excess. The reaction mixture, if com
pounds are completely dissolved, remains clear throughout the conjugation pro
cedure. However, formation of visible precipitates or colloidal suspensions may 
occur. This may be caused by changes in the solubility of protein when substitu
ents are added, or may be due to macro aggregate generation. Continuous stirring 
helps to prevent the latter event. However, these phenomena do not always follow 
the formation of conjugates. Reaction should be permitted to proceed at room 
temperature until a satisfactory yield is obtained. A longer time might cause 
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chemical changes of the hapten molecule, or damage the protein. Usually, 24 h 
incubation is required with low carbodiimide concentrations and chemically 
stable haptens containing a single carboxyl group. Shorter incubations are 
usually employed for peptide hormones or substances which offer more than one 
possible reactive group. Removal of excess coupling reagent and estimation of 
yield are accomplished by gel filtration on Sephadex G-50 fine resin or by dialysis 
against water for 24 h. The contents of the dialysis bag or the column eluates are 
employed for later injection into animals (OLIVER et al. 1968; LEVINE and VAN 
VUNAKIS 1970; JAFFE et al. 1971; LEVINE and GUTIERREZ-CERNOSEK 1972). Es
timation of yield may be performed by adding a known amount of radioactively 
labeled hapten to the reaction mixture, and counting a small fraction of the puri
fied conjugate. This also helps to identify the presence of conjugate in column elu
ates. Otherwise, estimation of yield is based on the assumption that the content 
of a particular amino acid residue in the protein will increase in proportion to the 
amount of peptide hormone coupled (ORTH et al. 1979), or the hapten: carrier 
molar ratio may be calculated by UV analysis (see Sect. E.IV). 

2. Mixed Anhydride Method 

Since the original report of ERLANGER et al. (1957) this represents the most com
monly used method of conjugating steroid derivatives to proteins. The oxime or 
hemisuccinate of the steroid is reacted in dioxane and tri-n-butylamine-contain
ing medium with isobutylchlorocarbonate (also termed isobutylchloroformate) 
to form the mixed anhydride of the steroid; the mixed anhydride will then react 
with free side amino groups present on the protein molecule (LIEBERMAN et al. 
1959). Figure 2 illustrates this chemical reaction. The same method has been suc
cessfully employed for several other products containing single carboxyl groups, 
including prostanoids, drugs, vitamin D, and other substances (OLIVER et al. 
1968; JAFFE et al. 1971; KIRTON et al. 1972; BOUILLON et al. 1980, 1984). 

Prostaglandins are 20-carbon, unsaturated fatty acids derived from arachi
donic acid. Coupling with heterologous proteins may be achieved by dissolving 
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them in dioxane containing tri-n-butylamine and reacting with isobutylchlorocar
bonate for 20 min at 4°C; thereafter the mixture is added to water-dioxane so
lution containing the carrier protein. The mixture is stirred for 4 h at 4°C, then 
dialyzed against water or PBS. A similar procedure has been reported for conju
gating leukotriene B4 (SALMON et al. 1982) and (glycine)monomethylester of N
trifluoroacetylleukotriene D4 (LEVINE et al. 1981) to BSA. Note in the latter ex
ample the conversion of the dimethylester of N-trifluoroacetylleukotriene D 4 in 
the corresponding C-1 monoacid (eicosanoid carboxyl-free) to mask the glycine 
carboxyl group (remaining as methylester); this procedure is required to select the 
carboxyl group reacting with protein (LEVINE et al. 1981). The use of the eicosa
noid carboxyl group for coupling to protein carrier permits the exposure of most 
of the carbon chain of the molecule and, particularly, of the sulfidopeptide group 
(glutathione for leukotriene C4). 

A molar excess of hapten to protein of 40--80 to 1 is generally employed in this 
coupling reaction to obtain a satisfactory level of incorporation in the conjugate. 
The molar ratio after coupling is in the range 7: 1-10: 1 hapten to protein; the fi
nal yield should be evaluated by adding a known amount oflabeled hapten to the 
reaction mixture and calculating the bound radioactivity, or through analysis of 
the coupled product by UV absorbance after correction of protein absorbance at 
280 nm (if BSA is employed). 

3. Glutaraldehyde Method 

This consists of an intermolecular cross-link, represented by five carbon atoms 
in a chain between two nitrogen atoms (RICHARDS and KNOWLES 1968). The cou
pling procedure may be realized by adding a glutaraldehyde solution dropwise to 
a medium containing hapten and protein in solution. Reaction with ct,w-dialde
hydes, especially glutaraldehyde, has been widely employed for the intermolecu
lar cross-linking of crystalline enzymes or to prepare protein polymers. A prereq
uisite for this particular conjugation procedure is the presence of a reactive amino 
group in the hapten molecule: it is required to allow formation of a bridge be
tween its nitrogen atom and the one present in a homologous side amino group 
on the protein molecule. This reaction has been successfully employed to conju
gate peptide hormones (REICHLIN et al. 1968) as well as substances containing a 
single reactive amino group, i.e., sulfidopeptide leukotrienes (AEHRINGHAUS et al. 
1982). The coupling procedure in the latter example involves a reaction on the free 
amino group of the glutamyl residue of leukotriene C4, thus leaving the most im
portant parts of the hapten molecule (including the eicosanoid carboxyl group) 
unchanged. 

Possible polymerization of the protein carrier in this coupling procedure 
should be considered. Reaction of antisera produced in this way with BSA 
polymers has been described (REICHLIN et al. 1968). 

4. Schotten-Baumann Method 

This has been commonly employed to conjugate a steroid to a protein when the 
chlorocarbonate derivative has been formed (LIEBERMANN et al. 1959). The Schot-
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ten-Baumann reaction yields amides when amines or amino acids are treated with 
an acid chloride. Alkaline conditions (pH 9.5) are required to permit the chloro
carbonate derivative to react with a side amino group of the protein: the product 
is a carbamate, in which the steroid is joined to the protein via an amide bond. 
However, this coupling procedure has not been extensively employed, because of 
its limited application to a few compounds (see ERLANGER et al. 1957 for further
details). 

5. Period ate Oxidation Method 

This is based on a technique originally described by ERLANGER and BEISER (1964) 
for conjugation of ribonucleosides and ribonucleotides to the e-amino groups of 
lysine in a protein carrier. In this reaction, the ribonucleoside or ribonucleotide 
is first oxidized with sodium period ate at room temperature. In this way the ribose 
ring is opened, thus leaving two groups which can react with amino groups sup
plied by the lysine residues. After destruction of the excess periodate by the ad
dition of ethylene glycol, the reaction product is coupled to protein at alkaline 
pH. Subsequent reduction with NaBH4 stabilizes the linkage between the 
haptenic group and protein. This reaction is not restricted to ribonucleosides or 
ribonucleotides, but is applicable to the synthesis of protein conjugates of any 
glycoside possessing neighboring hydroxyl groups. This method has been also 
employed to conjugate digoxin to BSA (BUTLER and CHEN 1967; SMITH et al. 
1970). In a first stage, digoxin, which consists of a steroidal aglycone linked to 
three digitoxose residues, is oxidized by sodium periodate. The digitoxose ring is 
opened and in a second stage reacted with NH2 supplied by lysine and NH2 ter
minal residues of the protein. Reaction details are described by BUTLER and CHEN 
(1967). 

6. Diisocyanate Method 

This method was originally described by SCHICK and SINGER (1961) to form cova
lent linkages between two protein molecules. SPRAGG et al. (1966) reported the 
synthesis of bradykinin coupled to POlY(L-lysine) or rabbit serum albumin via 
NH2 terminal arginine. The reaction employs a bifunctional reagent of low mo
lecular weight, i.e., toluene-2,4-diisocyanate, the functional groups of which react 
at alkaline pH primarily with amino groups to give stable covalent linkages. The 
coupling reaction is carried out in two stages: hapten is first reacted with toluene-
2,4-diisocyanate at 0 °C under continuous stirring for 45 min. During this step, 
a stable ureido linkage is formed between the NH2 terminal group of the hapten 
and the isocyanate group in position 4 (SPRAGG et al. 1966). Thereafter, the excess 
unreacted diisocyanate is removed; this is followed by the addition of protein car
rier to the diisocyanate-treated hapten to yield a second stable ureido linkage be
tween an amino group of the protein and the isocyanate group in position 2. The 
final coupled product is represented by a double ureido linkage of hapten and 
protein, the toluene ring acting as a spacer. For details of the chemical reaction 
and procedure see SCHICK and SINGER (1961) and SPRAGG et al. (1966). 
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7. N,N'-Carbonyldiimidazole Method 

In this procedure N,N' -carbonyldiimidazole is employed as the coupling reagent. 
The final product is represented by a peptide bond between the carboxyl group 
present in the hapten molecule and a side amino group of the protein. The car
boxyl group of eicosanoids represents a suitable reactive site for this conjugation 
procedure. For this purpose, the compound to be coupled should be dissolved in 
dry dimethylformamide and N,N' -carbonyldiimidazole added to the mixture. 
Stirring under nitrogen is continued for 20 min and the resulting solution is then 
added to an aqueous solution of protein. The reaction is carried out at room tem
perature for 5 h and the coupled product separated by extensive dialysis, first 
against a water: dimethylformamide mixture (3: 2), then against running water 
(AxEN 1974). The intermediate step is represented by a reactive imidazolide deriv
ative. The reaction of this compound with amines is sufficiently fast to allow cou
pling to protein with water as cosolvent. 

8. Conjugation with Diazonium Compounds 

Diazonium functional groups react readily with the phenolic (tyrosyl), hystidyl, 
amino, and carboxyl groups of proteins. A variety of reactions employing the bi
functional bis-diazotized benzidine (BD B) or bis-diazotized 3,3' -dianisidine 
(BDD) have been reported for the preparation of various protein-erythrocyte 
conjugates (LIKHITE and SEHON 1967). BDB is formed by reaction of an aromatic 
amine with nitrous acid to give a diazonium salt. This can react in alkaline solu
tion with the appropriate group in the protein molecule (i.e., (X- or e-amino 
groups, imidazole, phenol, or carboxyl groups), thus allowing the formation of 
a benzidene bridge interposed between two proteins. This method has been used 
for coupling small peptides, such as thyrotropin-releasing hormone (TRH) to 
BSA (BASSIRI and UTIGER 1971), gonadotropin-releasing hormone (GnRH), to 
keyhole limpet hemocyanin (KLH) (JENNES and STUMPF 1983; NETT et al. (1973), 
and luteotropin-releasing hormone (LRH), and TRH to thyroglobulin (BRYCE 
1974). 

9. Conjugations with Other Coupling Agents 

1,5-Difluoro-2,4-dinitrobenzene (DFDNB) reacts quite specifically with amino 
groups, allowing replacement of the two fluorine atoms (positions 1 and 5 of the 
benzene ring) with two amino groups. The most likely candidates for the amino 
acid side chain of the protein which can react with DFDNB are the e-amino group 
of lysine, the terminal amino group, the phenolic hydroxyl group of tyrosine, the 
sulfhydryl group of cysteine and, possibly, the imidazole group ofhystidine (RIVA 
et al. 1977). On the other hand, hap tens which possess a side amino group can 
react with DFDNB to form an intermediate monoamino substitute, which, in 
turn, may react with a side amino group of the protein, the second fluorine atom 
of DFDNB being replaced at a slower rate. Moreover, the characteristic UV ab
sorption of the reagent and its mono- and diamino-substituted derivatives allows 
one to follow the course of the coupling procedure and to quantitate the final ad
ducts by UV spectroscopy (YOUNG et al. 1982). The final result of this technique 



40 G. CrABA TTONI 

is represented by hapten-protein conjugate with a spacer group (dinitrobenzene) 
interposed (see YOUNG et al. 1982 for details of this chemical procedure). 

Enzyme-coupled immunoassay of insulin using N-Maleimidobenzoyl-N-hy
droxysuccinimide ester as coupling reagent has been reported (KITAGAWA and AI
KAWA 1976). This reagent reacts through acylation of amino groups by the active 
ester and formation of thioether bonds by addition of a thiol group to the double 
bond of the maleimide moiety. It results in a sufficiently stable complex with pro
tein. 

6-N-Maleimidohexanoic acid chloride, prepared from 6-aminohexanoic acid, 
has been employed for conjugating leukotriene C4 to protein through the free rJ.

amino group of the glut amyl residue (YOUNG et al. 1982). Also, leukotriene B4 
converted into the hydrazide has been successfully coupled to KLH by this 
method (HAYES et al. 1983). 6-N-Maleimidohexanoic acid chloride reacts with the 
amino group of the hapten to form an amide, which, in turn, may be coupled with 
a thiolated protein. The final product is represented by a hapten-protein complex 
with a molar ratio of 7-10: 1. Hapten molecules are bound to the thiol groups of 
the protein, 6-N-Maleimidohexanoic acid acting as a spacer between the amino 
and thiol groups (YOUNG et al. 1982). The thiolated protein may be prepared by 
reaction with S-acetylmercaptosuccinic anhydride (KLOTZ and HEINEY 1962). 

Finally, conjugation of an oxy group present in the hapten with side amino 
groups of the protein may be realized by reaction with p-nitrophenylchlorofor
mate. This chemical reaction has been described for the conjugation of leuko
triene B4 to BSA via the 12-oxy group of the lipid (LEWIS et al. 1982). The result
ing immunogen was a urethane derivative in which linkage had been established 
between a side amino group of BSA and the 12-oxy group of leukotriene B4 
through a carboxyl group, as represented by the formula: leukotriene B4-0-CO
NH-albumin (LEWIS et al. 1982). For this purpose, the eicosanoid carboxyl and 
the 5-oxy groups were protected by conversion of leukotriene B4 to the 5-ben
zoate ofleukotriene B4 methylester. This compound was reacted with p-nitrophe
nylchloroformate to form the 12-p-nitrophenoxycarbonyl derivative, which was 
subsequently bound to the lysine amino group of the protein. The methylester and 
benzoate groups were selectively saponified after conjugation. A molar ratio of 
approximately 11 : 1 (hapten: protein) was reported as the final yield of conjugate. 

E. Immune Response to Hapten-Protein Conjugates 

I. Effect of Method and Duration of Immunization 

Rabbits and guinea pigs are the most frequently used animals for the immuniza
tion process, although sheep and goats have been successfully used, especially for 
producing large amounts of antisera. Relatively exotic species have occasionally 
been used to raise antisera, for example, leghorn chickens (YOUNG et al. 1969). 
Neither cows nor horses are mentioned in the literature for RIA purposes. 
Among rabbits, New Zealand white rabbits seem to produce the highest antibody 
amounts. In the early work of Yalow and Berson, rabbit antisera generally 
reacted much less energetically with peptide hormones than did guinea pig anti
sera and were therefore less satisfactory for use in RIA of plasma hormones 
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(Y ALOW and BERSON 1964, 1970 b; BERSON and Y ALOW 1967). For this reason, 
guinea pigs were extensively employed in the early days of RIA. Moreover, the 
total amount of immunogen required to immunize a single animal is lower for the 
guinea pig, thus allowing a larger number of animals to be immunized with a 
given amount of immunogen. In this way, the probability of obtaining a satisfac
tory immune response by at least one animal is increased. However, the use of 
guinea pigs for RIA purposes suffers from some limitations. First of all, bleeding 
of the guinea pig is performed by cardiac puncture; if this procedure is not per
formed with great experience and ability, animals may die while the titer of an
tisera is still increasing. Moreover, the small size of guinea pigs requires subcuta
neous injection of antigen-adjuvant mixture in the thigh. This offers the advan
tage of ileallymphnodes being involved in immune response, but precludes in
tradermal injection of very small doses at a large number of different sites, a tech
nique which appears to be very effective when the amount of immunogen is very 
limited and, in any case, helps to stimulate the immune apparatus maximally 
(VAITUKAITIS et al. 1971). In addition, the amount of serum which may be ob
tained by a single bleeding is not very high compared with rabbits and sheep, and, 
finally, guinea pigs frequently suffer from enteric diseases or lung parenchymal 
infections, which in a short time can kill several animals in neighboring cages. 

Guinea pigs are immunized at intervals of 2-4 weeks, to a total of 3-6 doses 
(YALOw and BERSON 1964). About 10-15 days after the second, third, and sub
sequent immunizations, approximately 10 ml whole blood is taken by cardiac 
puncture into a plastic syringe while the animal is under light ether or chloroform 
anesthesia. Heparin or sodium EDT A may be used to prevent blood clotting. The 
plasma is separated by centrifugation and stored frozen. Rabbits are immunized 
from 3 to 16 months, sheep up to 30 months. Booster injections are repeated every 
2-4 weeks and bleedings may be performed 15 days after the third and subsequent 
immunization. Sheep and goats are very easy to bleed by puncturing the jugular 
vein and collecting blood through the Vacutainer system. In rabbits, 10-30 ml 
blood can easily be collected from the central artery of the ear. For this purpose 
vasodilation is obtained by rubbing the ear with cotton soaked in xylol. After a 
few minutes, arteries are easily visible and can be cannulated. Extensive washing 
after bleeding prevents damage of the ear. Animals producing satisfactory anti
sera may subsequently be given booster immunizations every few months and 
bled 10-15 days afterward. Some characteristics of the antiserum can improve by 
the prolongation of the immunization, such as titer or specificity, but within 
limits. After some months of immunization, a stabilization of titer may be ob
served, while specificity of antibodies may decrease with prolonged immuniza
tion. In this case, the optimal blood taking period is generally 10-20 days after 
the last booster injection. An example of immunization is shown in Fig. 3. Two 
New Zealand rabbits received three injections of thromboxane B2-HSA conju
gate emulsified in complete Freund's adjuvant at 3-week intervals. About 10 Ilg 
coupled throboxane B2 was given to each animal by multiple intradermal injec
tions into the back. The first immunization was performed when animals were 
still very young (about 2 months); 15 days after the third injection animals were 
bled twice and reimmunized with about one-quarter of the previous dose of im
munogen. A third bleeding was performed at the same time as the booster injec-
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Fig. 3. Antibody response in two rabbits immunized with a thromboxane B2-human serum 
albumin conjugate 

tion. A sensible rise of titer was observed in both animals. After extensive bleeding 
(about 30-40 ml on two different occasions), animals were again immunized with 
a low dose of immunogen. No change of titer was observed in animal 2, while in 
animal 1 the titer significantly decreased. 

What may happen after multiple injections of the same immunogen into an 
experimental animal and how may titer and specificity be influenced by the 
method and duration of immunization? In the induction of antibodies against 
hapten-carrier molecules, cooperation between Band T cells is required. After 
the first injection of a hapten-carrier conjugate, specific precursor lymphocytes, 
B cells as well as T cells, are activated. After the second injection of immunogen, 
antibody production by B cells requires the presence of carrier-specific activated 
T helper cells. These activated T helper lymphocytes are necessary in order to help 
B cells in the formation of an antibody, which is specific for the hapten-carrier 
complex. A secondary hapten response is absent if the second injection of antigen 
is performed with the hapten coupled to another carrier. For this reason, prefer
ably only one coupling reaction should be performed (according to the chemical 
stability of the immunogen) with enough antigen to immunize the desired number 
of animals repeatedly. In this way, the structure of the hapten-carrier conjugate 
remains absolutely identical throughout the immunization. As for the type of 
antibody produced, the first injection of an antigen into an experimental animal 
leads to a stimulation of IgM -producing cells. Then, a large number of IgG-pro
ducing cells rise and a switch to IgG production may be observed. This step is not 
necessarily followed by an increase in the specificity of the antibodies, but only 
represents a shift of this specificity to a different immunoglobulin class (NOSSAL 

1975). When hapten-carrier conjugates are used as antigens, specific T helper 
cells are required to switch antibody production from IgM to IgG. 



Production of Antisera by Conventional Techniques 43 

At the start of the immune response, a wide variety of antibodies are present. 
However, during the course of immunization, the antibody production turns to 
those immunoglobulins with higher affinity. This is due to a selective proliferation 
of B-Iymphocytes with a high affinity for the antigen when antigen concentration 
decreases. Memory cells are responsible for a quicker response of the IgG type 
after the second and following injections of antigen. 

During immunization with hapten--carrier conjugates, the titer of antisera 
usually increases and reaches a plateau after a variable period ranging from 3-4 
months to 6-8 months of immunization. A concomitant increase in affinity gen
erally accompanies the titer increase, but affinity often does not reach a plateau 
an may still be rising after a longer period of immunization. As for the specificity, 
in most cases there is an increase during the first few months of immunization, 
followed by decreased specificity afterwards (see Sect. E.IV). 

II. Role of Adjuvants in Antibody Production 

A wide variety of organic as well as inorganic compounds are capable of po
tentiating immune responses by acting as adjuvants. These can be: (a) water and 
oil emulsions; (b) endotoxins; (c) lymphokines and monokines; (d) pharmaco
logic substances and hormones; and (e) synthetic polynucleotides (WEBB and 
WINKELSTEIN 1984). The most commonly used substance is represented by 
Freund's adjuvant, which consists of heat-killed cultures of Mycobacterium tuber
culosis, dried and suspended in mineral oil and lanolin (Freund's complete ad
juvant). Also, an incomplete form exists, which differs from the former in being 
free of bacteria. However, this Freund's incomplete adjuvant is a poor substitute 
for the complete form. When injected into experimental animals, antigens are 
usually emulsified with complete Freund's adjuvant. Its potentiating capacity ap
pears to be due, at least in part, to a delayed antigen absorption, which, in turn, 
provides a prolonged antigenic stimulus of the immune system. However, this is 
not the only mode of action, since deprivation of bacterial components strongly 
reduces immunopotentiation of Freund's adjuvant. It is likely that some compo
nents of the bacterium itself may be potent adjuvants per se. For practical use, 
the emulsion with Freund's adjuvant should be the water in oil type, the water 
phase preferably one-third to one-fifth of the emulsion (v/v). The emulsion is pre
pared by repeated aspiration of the mixture into a syringe or by joining one 
syringe containing the aqueous phase to another syringe containing the adjuvant 
by means of a double-hub connector and then rapidly passing the contents to and 
from many times. Equipment specially designed for the preparation of emulsions 
also exists. 

A variety of inorganic compounds, such as aluminum salts and calcium phos
phate, have also been used as adjuvants. Presumably, their potentiating capacity 
is related to a slower release of antigen at the site of injection and to an inflam
matory effect which intensifies the host reaction to antigen (WEBB and WINKEL
STEIN 1984). 

Finally, cellular as well as humoral responses to a wide variety of antigens may 
be enhanced by simultaneous injection of bacterial endotoxins. Bordetella pertus
sis vaccine injected in multiple intradermal sites in a different lymphatic drainage 
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area from the primary immunization is among the most commonly used sub
stances. Also, dried Mycobacterium butyricum may be employed to enrich 
Freund's adjuvant at a concentration of 5-10 mg/ml. Bacterial endotoxins 
strongly affect B cells and macrophages, but may also activate some T cells. A 
significant augmentation of antibody production to hapten-carrier conjugates 
with adjuvants has been clearly demonstrated (HAMAOKA and KATZ 1973). 

III. Effect of Carrier Protein on Characteristics of Antisera 

The assertion that the larger and more immunogenic the carrier substance, the 
higher is the success rate and the antibody titer is widely accepted, but requires 
some critical consideration. Hapten-carrier conjugates stimulate antibody pro
duction against the hapten, the carrier, and the site of junction. When conjugates 
are prepared with synthetic polymers, such as polyglutamic acid or polylysine, the 
lack of molecular complexity requires a further coupling, for example, to KLH 
or thyroglobulin prior to injection into animals. This technique has been success
fully used to produce antisera against prostaglandin-polylysine conjugates 
(LEVINE et al. 1971; ATTALLAH and LEE 1973). In some cases, to improve immu
nogenicity the primary conjugate was absorbed on a second carrier, such as pneu
mococcus strain cells (STYLOS and RIVETZ 1972; RAZ and STYLOS 1973). 
Moreover, when comparing the ability of various immunogens to elicit formation 
of antibodies toward intermediate-sized peptides, such as neurotensin, it clearly 
appears that hemocyanin and thyroglobulin complexes give a higher success rate 
than the neurotensin-polyglutamic acid or neurotensin-polyglutamic acid-lysine 
complexes (CARRAWAY and LEEMAN 1976). The higher molecular weight ofhemo
cyanin (about 2 x 106) and its higher complexity compared with synthetic 
polymers can easily explain the stronger immunogenicity of its conjugates. The 
problem, however, appears to be more complex if we consider that: (a) proteins 
oflower molecular weight and perhaps oflower complexity than hemocyanin and 
thyroglobulin have been successfully used as carriers; and (b) homologous instead 
of heterologous proteins may be used for conjugation. As for point (a), bovine 
serum albumin and human serum albumin are among the most commonly used 
carriers for small molecules and excellent antisera have been obtained from con
jugates with these proteins by a number of investigators in all the fields explored 
by RIA. As for point (b), a hapten-carrier conjugate with a homologous carrier 
is capable of inducing antibodies to the hapten or to new antigenic determinants 
unmasked by the coupling reaction, but not against the carrier, because it is not 
immunogenic in the same species. However, in the homologous system, the tem
poral course of the antibody production is delayed compared with a heterologous 
carrier, and antibody titer reaches a plateau in a short time (RUBIN 1972; RUBIN 
et al. 1973). In any case, antibodies with a specificity to hapten will be raised. It 
is well documented that prior immunity against the carrier enhances the anti
hapten response to a subsequent challenge with the hapten-protein complex. This 
may be explained by activation of T helper cells, which co-operate in raising spe
cific antibodies to the hapten. A reduced or very limited number of T helper cells 
are activated in the case of a homologous carrier, and this may explain the delayed 
temporal course and the weaker antibody production against a homologous 
hapten-carrier molecule. 
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Thus, the main role of the carrier molecule appears to consist in graduating 
the intensity of immune response, rather than the antibody specificity. Although 
different results have been reported by several authors with a wide number of car
rier molecules, no convincing evidence has been so far provided to demonstrate 
a selective effect of different carrier proteins on anti-haptenic antibody specificity. 
The frequently reported differences in the titer, affinity, and specificity of antisera 
produced for RIA purposes may be explained on the basis of the different site of 
hapten attachment to the carrier, the hapten: carrier molar ratio, the portion of 
hapten molecule which is presented to recognition cells, and the mode of its pre
sentation, rather than the nature of carrier protein employed. As a general rule, 
we may summarize the following points: (a) a heterologous carrier is generally 
preferable to a homologous one, because of the enhanced antibody production 
to hapten; (b) a carrier with satisfactory chemical complexity should be preferred, 
however, it is not necessary to employ highly sophisticated molecules of high mo
lecular weight; (c) conjugates with more than one carrier should be used ifno ex
perience has yet been obtained with a particular substance; and (d) in the author's 
experience, serum albumin of heterologous species represents a suitable carrier, 
inexpensive and easily coupled, for many substances of molecular weight below 
1000. 

IV. Effect of Hapten: Protein Molar Ratio 
on Characteristics of Antisera 

Estimation of the hapten: carrier molar ratio may be calculated by including a 
small, known amount of the labeled antigen when preparing the conjugate, or by 
UV analysis of the conjugate product. In the latter procedure, direct UV analysis 
of the purified immunogen reveals an absorption spectrum with one or more 
peaks characteristic for each substance. The light absorption of a hapten is gen
erally little modified by attachment to a protein carrier. Assuming a given molar 
extinction coefficient s corresponding to the bound hapten and subtracting the 
protein absorption, it is possible to calculate the number of moles of hapten per 
mole of protein carrier from the formula A = sC, where A = absorbance, and C = 
concentration. 

The molar ratio of a carboxylic hapten to a protein such as BSA has a theo
retical maximum of 59, there being 59 free amino groups in the BSA molecule. 
This ratio, however, is never reached. Molar ratios generally ranging from 1 to 
25 have been reported by a number of investigators using different coupling pro
cedures, although higher molar ratios have occasionally been described. 

The molar ratio, or the degree of substitution on the protein carrier appears 
to be important for the production of antisera directed against some substances, 
such as steroids. An important effect of hapten density on carrier proteins has 
been described for the production of antisera specific to aldosterone (VETTER et 
al. 1974) or some other steroids (NrswENDER and MIDGLEY 1970). With steroid
protein conjugates, a molar ratio of 18 was recommended (MIDGLEY et al. 1971). 
High titer antisera were obtained with albumin conjugates carrying more than 20 
steroid molecules (Kuss et al. 1973). When the steroid: protein molar ratio was 
less than 10, the antibody titer was low (ABRAHAM 1974 b). Also, synthetic anti-



46 G. CrABA TTONI 

genic determinants, such as dinitrophenyl groups, show an optimal immunoge
nicity at a given degree of substitution on the carrier molecule (QUIJADA et al. 
1974). 

On the other hand, the molar ratio in the conjugate does not seem to be as 
important for the production of prostaglandin antisera as for steroids (GRANSTOM 

and KINDAHL 1978). All conjugates which have been reported with various de
grees of substitution in the conjugate have given rise to good antisera. In this field, 
a hapten: protein molar ratio of approximately 10: 1 is considered satisfactory by 
most investigators. Occasionally, very high degrees of substitution have been re
ported (DRAY et al. 1972). 

I t is not a general rule that the larger the degree of incorporation of the hapten 
into the carrier, the more pronounced is the antibody response. A maximal incor
poration may be disadvantageous when conjugating small peptides or complex 
molecules with an appropriate number of reactive groups. Overcrowding the sur
face of the carrier may result in the formation of antigenic determinants made 
from parts of several hapten molecules. Moreover, antigenic groups may be steri
cally masked or hindered. The possibility of raising antisera with low specificity 
should be considered. In such a case, inserting a suitable spacer between hapten 
and carrier and allowing a high, but less than maximal degree of substitution to 
occur may help in increasing specificity of antisera. 

Finally, it should be considered that highly substituted conjugates which pos
sess a high number of antigenic determinants may stimulate B-lymphocytes with 
low affinity receptors and raise low affinity antibodies. Therefore, it seems rea
sonable to consider the size of the hapten and the surface area available on the 
carrier protein and not exceed a substitution of 20% of carrier weight (CAR

RAW AY 1979). On some occasions, this means a low hapten: protein molar ratio, 
depending on the size of the protein carrier. 

V. Effect of Site of Hapten Linkage to Protein 
on Characteristics of Antisera 

There is general agreement among investigators that antibodies directed against 
haptens are more specific for the position of the molecule protruding out of the 
carrier protein and less specific for the position of the hapten used for linkage to 
protein. In general, the more distant a certain structure is from the coupling site, 
the better it will be recognized by the antibodies. The hydroxyl and keto groups 
of biologically active compounds, such as steroids, eicosanoids, drugs, cyclic nu
cleotides, vitamins, and pep tides confer biologic specificity to these molecules, but 
are also easily recognized by the antibodies. A few examples will explain this con
cept. 

With regard to steroids, attachment to the protein through ring A, B, C, or 
D seems to confer a different specificity to the antibodies elicited, with substantial 
differences from steroid to steroid. Antibodies elicited by immunizing with a ste
roid hormone attached to a protein through one of its preexisting functional 
groups usually lack specificity toward the group used for the coupling reaction 
and the region of the hapten in its immediate vicinity. For example, if carbon C-3 
of ring A of a ,14-3-keto C19 steroid is used as a site of attachment to the carrier 



Production of Antisera by Conventional Techniques 47 

protein, antibodies elicited against this conjugate will be most specific for ring D 
and least specific for ring A (ABRAHAM 1974 b). When 17-fJ-estradiol, estriol, and 
progesterone molecules are attached to the carrier protein at carbon C-6 of ring 
Band C-ll of ring C, the specificity of antibodies produced against the 11-con
jugate is greater for some portions of the molecule, such as ring A and the C-17 
side chain (LINDNER et al. 1972). A comparison between different conjugates of 
L1 4-3-oxosteroids bound to protein through several positions of the steroid mol
ecule reveals a greater specificity of antibodies directed against C-7 conjugates 
(WEINSTEIN et al. 1972). Therefore, the specificity of antibodies appears to be 
markedly influenced by the position of the steroid molecule used for coupling to 
the peptide carrier, with a particular "proximity effect." This means that anti
bodies fail in discriminating between molecules differing but slightly in the vicin
ity of the point of attachment of the steroid to the carrier protein. 

Similar problems arise when working with prostaglandins, thromboxanes, 
leukotrienes, and polyunsaturated hydroxy acids. The carboxyl group of these 
compounds is generally employed for conjugation to proteins, thus leaving the 
whole carbon chain protruding out of the carrier. Side hydroxyl and keto groups 
in the cyclopentane ring are the groups best detected by the antibodies. Prosta
glandins of the a series are usually well distinguished from the homologous com
pounds of the fJ series, although the difference is represented by the steric config
uration of the hydroxyl group in position 9. More problems are generated by 
dioic acids, which are urinary metabolites of prostaglandins in humans and in sev
eral animal species, and by leukotrienes. The former compounds possess two car
boxyl groups. If the coupling procedure is performed in the usual way, the con
jugation will occur randomly at either carboxyl group and the resulting antisera 
will presumably contain several clones of antibodies directed toward different 
portions of the molecule. Therefore, the specificity may be expected to be very 
low. A selective coupling of BSA to the w-carboxyl group of 5a,7a,-dihydroxy-
11-ketotetranorprosta-l ,16-dioic acid (a urinary metabolite of prostaglandin F 2a 

in humans) has been described (GRANSTROM and KINDAHL 1976). The a-carboxyl 
group was protected by b-Iactone formation with the 5a-hydroxyl group. The re
sulting antiserum did not recognize the wend of the molecule at all, but was spe
cific for the tetranor side chain. 

In the last few years, sulfidopeptide leukotrienes and leukotriene B4 have rep
resented a serious problem for raising antisera suitable for RIA. Immunization 
with a conjugate of leukotriene D4 and BSA via the eicosanoid carboxyl group 
produced antibodies with comparable affinities for leukotrienes C4, D4, and E4 
and their 11-trans stereoisomers (LEVINE et al. 1981). The use of the carboxyl 
group as an anchoring point, thus leaving the sulfidopeptide subunit exposed for 
recognition by the immune apparatus, does not seem to be very effective in im
proving antibody specificity, although leukotrienes C4, D4, and E4 differ in sub
unit composition. Better results have been reported by using coupling procedures 
which involve reactions on the free amino group of the glutamyl residue of leu
kotriene C4 (AEHRINGHAUS et al. 1982; HAYES et al. 1983). These antibodies rec
ognized both the glutathione and the fatty acid moiety as immunodominant parts 
of the leukotriene C4 molecule. Thus, coupling the hapten via the single free 
amino group may be adavantageous, leaving the most characteristic parts of the 
hapten unchanged. 
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Two different ways have been followed to raise antibodies to leukotriene B4 
- coupling leukotriene B4 to BSA via the 12-oxy group of the lipid (LEWIS et al. 
1982), or conjugating it by the mixed anhydride method through the COOH ter
minus (SALMON et al. 1982). A satisfactory specificity was obtained in both cases. 
Studies of cross-reactivity with other prostanoids indicate that the C-5 and C-12 
hydroxyl groups, with their relative positions determined by the 6-cis-8, 10-trans
triene structure, are important immunodeterminants (LEWIS et al. 1982; SALMON 
et al. 1982). 

F. Characterization of Antisera 

I. Titer 

Antisera are first screened for titer. The optimum dilution of antiserum for immu
noassay has been defined by YALOW and BERSON (1964) as the dilution at which 
'" 50% of tracer is bound, i.e., "trace bound/free (B/F) ratio" '" 1. According to 
most authors, the titer is the dilution of the antiserum at which 50% of the 
radioactivity present in the RIA system is bound. When characterizing a new anti
serum, a preliminary testing is performed at low dilutions (below 1 : 1000) and 
with incubation periods ranging from a few hours up to 5-7 days (BERSON and 
YALOW 1968). Under some circumstances, equilibrium is not complete (i.e., maxi
mum E/F ratio is not achieved in tubes containing only the labeled tracer with 
antibody) before 4-5 days (BERSON and YALOW 1968). If a negligible amount of 
labeled antigen is bound at 1 : 100-1 : 150 dilution, the antiserum will not be very 
useful. A further increase of titer is required before it could be employed for RIA 
purposes. If more than 50% of the radioactivity is bound, further dilutions must 
be tested. On the basis of these tentative results, antisera are examined over a nar
rower range of dilutions to find the final dilution in the assay yielding a trace B/ F 
ratio of about 1. 

It must be emphasized that the titer of antiserum or concentration of antibody 
cannot be used to define the quality of an antiserum. Except when a choice is to 
be made among different antisera exhibiting identical characteristics in terms of 
sensitivity and specificity, the titer is not made the basis for selection. The only 
requirement of antisera in terms of titer is that it should be great enough to allow 
a large enough number of assays to be performed over a reasonable period of time 
with a small volume. Except for this reason, a very high titer is not required. The 
measure of usefulness of an antiserum for assay oflow concentrations of a given 
substance is determined by the slope of its standard curve. This slope is related 
to the equilibrium constant K, not to the titer of antiserum. Paradoxically, a com
parison of various antisera for sensitivity for measurement of gastrin (BERSON and 
Y ALOW 1972), revealed that the antiserum with the lowest titer (1 : 2500) showed 
maximal initial slope of the standard curve. It should also be considered that titer 
is dependent on antibody-independent technical factors, i.e., specific activity of 
labeled tracer, radioactive tracer concentration in the assay system, or conditions 
of incubation (time, temperature, buffer, plasma, or albumin added to the mix
ture, etc.). Therefore, it is reasonable to expect differences in titers of the same 
antiserum from laboratory to laboratory. 
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Fig. 4. Binding of the labeled tracer by an anti-6-keto-prostaglandin F I" serum at different 
dilutions in the RIA system 

Figure 4 depicts the percentage binding of labeled tracer by an anti-6-keto
prostaglandin F I,. serum at different final dilutions in the assay. The concentra
tion of the labeled tracer CH-labeled 6-keto-prostaglandin F I,.) was maintained 
constant all through the dilutions and was the lowest detectable by the counting 
equipment. Specific activity of the tracer was 160 Ci/mmol. At dilutions lower 
than 1 : 50000 there is only a minimal increase of the binding. This means that the 
RIA system has excess antibody. In a range or'dilutions from 1: 100000 to 
1: 750000, the binding is nearly a linear function of the reciprocal of the final di
lution of antibody in the assay. At dilutions exceeding 1: 1 000000, a residual 
minimal binding is still present, but this is not useful for RIA purposes. 

Immunization of animals is generally monitored by titer. When it increases, 
booster injections are suspended and bleedings at regular intervals are made. 
However, although titer may continue to increase significantly during the course 
of immunization, the equilibrium constant K usually reaches a plateau and does 
not seem to increase significantly on continued immunization. A single bleeding 
when affinity has reached a plateau may produce enough antiserum to serve for 
millions of assays, or even more. In these cases, it is convenient to bleed animals 
frequently and to stock as much antiserum as possible for later use. Undiluted 
rabbit or guinea pig antisera may be stored in the frozen state for a decade or 
longer without evident loss of potency (BERSON and YALOW 1973). Lyophilized 
aliquots may be stored indefinitely. Dilutions of 1: 100-1: 1000 in normal saline, 
containing 1 % human or animal plasma and merthiolate (1 : 5000), are stable in 
a refrigerator ( + 4 0c) for more than 1 year. The working titer of a given anti
serum sometimes seems to change. Generally, this is only an apparent change; the 
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reason is almost always found in one of the other reagents. If the maximum bind
ing with a relative excess of antiserum decreases, degradation of the labeled ligand 
is the most likely explanation. If the standard curve shifts to the right, this is 
usually a consequence of degradation of standard. If the curve shifts to the left, 
the error may reside in the standard dilutions. When the maximum binding and 
the initial slope of the standard curve decrease, contamination of the RIA system 
with specific or nonspecific interfering factors may be the reason. In this case, one 
should check separately all the reagents of the RIA system. However, sometimes 
no obvious explanation can be found for a change in the working titer. If a loss 
of binding capacity can be ascertained, the working dilution must simply be ad
justed to give the normal binding. No change in affinity constant nor in specificity 
follows the titer decrease in such cases. Sometimes an apparent rise in titer may 
be observed. If it appears to be real, two explanations may be possible. One is pro
gressive deterioration of the endogenous antigen (hormones or other endogenous 
substances) which is present in the antiserum or antiplasma, thus yielding 
gradually more binding sites available for exogenous tracer. In this way, the final 
dilution of antibody required in the RIA system to bind the same amount of 
tracer increases. A second possibility is represented by a higher specific activity 
of the labeled tracer. When a new labeled tracer preparation is to be used, its real 
specific activity should be properly considered and its immunoreactivity should 
be checked at different dilutions of antiserum. 

II. Affinity 

Sensitivity of RIA is influenced by several factors, but first it depends on the af
finity constant of the antibody. The terms "avidity" and "affinity" are generally 
used to describe the energy of binding of a given antigen-antibody reaction. Avid
ity refers to the properties of the antibody and affinity to the ability of antigen 
to be bound at the specific aqtibody site. However, in both cases avidity and af
finity may be expressed in terms of the association or equilibrium constant of the 
antigen-antibody reaction. To consider the theoretical basis of the immuno
chemical reaction we will refer to the model system developed by Solomon A. Ber
son and Rosalyn S. Yalow (BERSON and Y ALOW 1964, 1973). The simplified 
model originally proposed by these two authors consists of a univalent hormonal 
antigen Ag reacting reversibly with a single order of antibody-combining sites Ab 
to form an antigen-antibody complex 

Ag + Ab ¢ Ag Ab , (1 ) 

kl [Ag Ab] 
K= k2 = [Ag] [Ab] 

(2) 

were K is the equilibrium constant and kl and k2 are the forward and reverse 
rate constants, respectively. The square brackets indicate molar concentrations. 
Ifwe assume F (free) = [Ag] and B (bound) = [Ag Ab], then F and B will represent 
the concentrations of free antigen and antibody-bound antigen, respectively. If 
[AbO] is the total antibody concentration and [Ab] is the concentration of antibody 
still available at equilibrium, then [AbO] = [Ab]+ [Ag Ab] = [Ab] + B. Thus Eq. 2 
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may be written 

B 
K = =--:-::-::,-------,-

F([Ab]-B) 

or 

B 0 - =K[Ab ]-B F . (3) 

The association constant of a given antiserum can be calculated by the Scatchard 
plot or the Michaelis-Menten hyperbola. The equation 

y=mx+b 

expressing a linear relationship between an independent and a dependent variable 
(Scatchard plot) may be applied to Eq. 3, B being the independent and BIF the 
dependent variable. RODBARD et al. (1971) have developed a mathematical theory 
of RIA, showing the applicability of the Scatchard plot to calculation of the as
sociation constant of antisera. In Chap. 8, Rodbard et al. discuss these mathe
matical aspects in detail. 

From a practical point of view, this type of plot allows a graphical determi
nation of the affinity constant. The Scatchard plot may be constructed for labeled 
antigen alone or for labeled antigen in the presence of various amounts of unla
beled antigen. The latter method is widely employed. Molar antigen concentra
tions bound to antiserum at equilibrium are plotted against BI F (Fig. 5). In the 
present example, a standard curve of prostaglandin Ez, covering the whole work-
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ing range of the assay, was employed. Anti-prostaglandin E2 serum was produced 
by immunizing a guinea pig with a prostaglandin E2-HSA conjugate. The molar 
amounts of antigen bound to antibody were calculated on the basis of the added 
concentrations of standard, assuming identical immunologic behavior of labeled 
and unlabeled prostaglandin E2. Complete equilibrium was reached after 24 h in
cubation at + 4°C. The slope of this line is equal to - K (in the example of Fig. 5 
it is approximately 1.64 x 1011 Lj M). The x intercept is equal to the total number 
of binding sites, and corresponds to [AbO] in Eq. 3. The y intercept is equal to K 
[AbO]. If linearity is satisfactory in this type of graphical representation, only a 
single order of binding sites may be supposed in a given antiserum. This also 
means that satisfactory linearity is present throughout the working range of the 
assay. In practice, however, we generally do not deal with a single homogeneous 
order of antibody-combining sites, since conventionally produced antisera are 
usually quite heterogeneous in respect to affinities of the various classes of anti
bodies which they contain. 

Figure 5 is an example of this heterogeneity: the relative positions of the single 
points on the left and right sides of the curve suggest at least two main compo
nents of the graphically determined line. The second component (not represented 
in Fig. 5) shows a significantly lower slope, and, therefore, a lower affinity con
stant K. More than one population of immunoglobulins may be supposed to be 
present in antisera or antiplasma obtained from animals injected with a given im
munogen. This leads to a nonlinear relationship between Bj F and the molar con
centration of bound antigen, since the assay system is represented by a mixture 
of antibodies with different affinity constants. Equation 3 refers to a simplified 
model system. Actually, it may be considered satisfactory only for monoclonal 
antibodies. Nevertheless, the theoretical considerations developed by Berson and 
Yalow are applicable to more complicated real systems as well. Indeed, when an
tisera show a high affinity constant and are diluted extensively, it is frequently the 
case that the reaction involves only (or principally) a single class of antibody
combining sites remaining at significant concentration. This is why in Fig. 5 at op
timal dilution of antiserum binding, about 35%-40% of labeled antigen, a single 
clone of immunoglobulins emerges and the affinity constant of antiserum is de
termined by these high affinity antibodies. A clearer example is given in Fig. 6, 
which represents a standard curve for thromboxane B2 obtained with an anti
serum containing at least two different orders of antibody-binding sites. The 
shape of the standard curve when represented in the conventional way (Fig. 6 b) 
is asymptotic, with a steepest segment in the low dose range, where the slope 
reaches a maximum value. The same curve is represented in a logit-Iog trans
formation in Fig. 6 a. It is evident that it consists of at least two different segments 
of different slope, the left one being the steeper. In the low concentration range, 
the linearity of the standard dose-response curve is mainly due to the activity of 
immunoglobulins with high affinity for the substrate. However, the amount of 
antigen they can bind is limited, or, in other words, they have a high affinity for 
the antigen, but a low or limited binding capacity. The other orders of antibody
binding sites which are present in the antiserum of Fig. 6 can account for the bind
ing of higher amounts of antigen, but with a lower affinity. Thus, on increasing 
antigen concentration, the high affinity binding sites will be saturated and in-
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Fig. 6 a, b. Standard curve of an anti-thromboxane B2 serum represented on an arithmetic 
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initial bound labeled thromboxane B2; abscissa is standard thromboxane B2 concentra
tion 

creasing amounts of antigen will occupy sites with low affinity, but high binding 
capacity. It is obvious that to gain the maximum specificity of this RIA system 
the dilution of the samples must be adjusted to fall within the linear dose range. 

III. Sensitivity 

Sensitivity has been defined by different investigators either as the minimal de
tectable concentration in the RIA system or the slope of the standard dose-re
sponse curve. However, the former definition should be properly referred to as 
the detection limit of the assay, i.e., the smallest amount of unlabeled antigen 
(hormone or any other substance) that can be significantly distinguished from the 
complete absence of the measured compound. The detection limit of an assay cor
responds to the lowest point of the standard curve which differs by two standard 
deviations from zero, or which causes at least 10% displacement of the maximum 
binding in the absence of unlabeled antigen. It is obvious that the lowest detect
able concentration of a given substance depends on the limit of the standard curve 
plus the final dilution of the measured sample in the assay. If a given biologic 
sample can be measured at 1 : 1 dilution in the RIA system, the assay limit will 
be represented by a concentration which is double that at the lowest point of the 
standard curve. This, however, is not the sensitivity with respect to antiserum. 
BERSON and Y ALOW (1973) originally defined sensitivity in terms of the slope of 
the dose-response curve. In Eq.3, BIF is a linear function of B. Although such 
a simple linear relationship cannot be theoretically derived for heterogeneous sys
tems containing more than one clone of antibodies, experimental data generally 
closely approximate this simplified model. It is quite apparent that for a given 
value of BIF, the slope of the dose-response curve decreases with increasing K 
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[AbO] or, conversely, the slope increases for decreasing values of K [AbO], with a 
limiting tendency of K [AbO] toward zero. This means that the sensitivity of the 
assay under certain conditions, i.e., incubation volume, time, temperature, la
beled antigen-specific activity, and counting equipment sensitivity, is essentially 
regulated by the dilution of antisera and the slope - K of the dose-response stan
dard curve of the Scatchard plot. Conditions which increase the sensitivity are dis
cussed in Chap. 7. If an adequate dilution of antiserum is realized in the RIA sys
tem, the sensitivity is closely dependent on the affinity constant of antibody K. 
For example, at BjF= 1, K [AbO] = 1. Under these conditions, the lowest detect
able concentration of unlabeled antigen is a function of the molar antibody con
centration, which, in turn, is the reciprocal of the association constant K. Thus, 
we can assume that the first condition regulating the sensitivity of an RIA is the 
association constant of antisera. All other conditions can be modified to improve 
sensitivity, but the theoretical limit of sensitivity achievable with an antiserum is 
set by its affinity constant. 

IV. Specificity 

Although employing radioactivity and requiring expensive counting equipment 
or sophisticated automated data handling systems, RIA relies on a biologic reac
tion, i.e., an antigen-antibody reaction and, for this reason, can be regarded as 
a sophisticated form of bioassay, substituting the classical smooth muscle strip 
with a soluble antibody as reactant. Like all immunologic reactions, RIA offers 
the potential advantage of great specificity. This specificity depends upon the in
herent ability of the immunoglobulins present in the antiserum to recognize a 
given molecular structure. However, cross-reactions with compounds closely re
lated to the antigen structure are always observed. Moreover, like all chemical 
reactions, an antigen-antibody reaction may be influenced by a series of nonspe
cific factors which induce a nonimmunologic inhibition of Ag-Ab binding. 

Specificity of RIA has been defined by MIDGLEY et al. (1969) as the extent of 
freedom from interference by substances other than the one intended to be mea
sured. This interference may be due to an immunologic cross-reactivity or to the 
nature of the medium where the Ag-Ab reaction takes place. It should be remem
bered that all an RIA does is to measure the degree of inhibition of the maximum 
binding of labeled antigen to antiserum. When working with a given antiserum, 
it is assumed that the displacement of labeled tracer is caused by the presence of 
endogenous concentrations of the substance against which the antibody is di
rected. Therefore, it is evident that everything causing a displacement of antibody 
binding with labeled antigen may be seen as endogenous reacting antigen. If the 
system is not examined critically, this inhibition will be interpreted as being 
caused by true concentrations of the measured compound. 

Given a particular antiserum, the specificity of the reaction will depend on a 
constant, i.e., the affinity and conformation of the binding sites available on the 
antibody, and a variable, the composition of the biologic fluid to be examined and 
its degree of purification. The criteria for validating RIA measurements are dis
cussed in detail in Chap. 9. Here, we will summarize the basic considerations re
lated to the specificity of antisera produced by conventional techniques. 
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1. Immunologic Cross-Reactivity 

Nonspecificity of the antibody may be due to cross-reaction by substances related 
to antigen, i.e., substances with a chemical structure similar to antigen, antigen 
fragments and derivatives, and products of antigen metabolism. An antibody
binding site can combine with different antigens with different values of K. As a 
binding site can accommodate only a few amino acids, or molecules with low mo
lecular weight, or single regions oflarger chemical structure, it is obvious that im
munologic cross-reactivity will be the rule, rather than the exception, if antibody 
reacts with compounds showing a similar chemical structure, or steric arrange
ment, or common amino acid sequences. Moreover, considering the heteroge
neity of antibody-binding sites present in the "classical" polyclonal antisera, at 
least some of these binding sites in anyone antiserum are likely to have at least 
a weak association constant for immunoreactive sites in some other molecule. 

The spectrum of possible interfering substances is obviously related to the 
type of antigen against which the antibody was produced. However, the ability 
of antigen-related compounds to react with a given antibody cannot, in general, 
be predicted and is usually different from antiserum to antiserum. In the case of 
antigens which possess several antigenic determinants, such as polypeptide hor
mones, antisera specificity may vary greatly, depending on the particular frag
ment which is best recognized by antibodies. Since the pioneering studies per
formed by Berson and Yalow, it appears that big molecules, such as insulin 
chains, may react with antisera in different ways: some antisera to insulin do not 
react with the separated A and B chains (BERSON and Y ALOW 1959 b), or specifi
cally recognize some portions of the molecule, such as the B chain lacking the 
COOH terminal 8 amino acid fragment (BERSON and Y ALOW 1963). The possibil
ity that hormonal fragments, or polypeptides with similar amino acid sequences, 
are present in the biologic samples to be measured and contribute to the immu
nologic reaction cannot be excluded. 

The problem is even more complex for neuropeptides, such as those from the 
tachykinin family (neurokinin A and B, substance P, eledoisin, kassinin, physa
laemin, uperolein, phyllomedusin). The common amino acid sequence of a rele
vant portion of the molecule may represent a serious limit to antibody specificity 
and, therefore, to the precision of the assay. An important example is represented 
by the ACTH molecule. Cross-reactivity of anti-ACTH sera with rJ.- and f3-MSH 
and with y- and f3-LPH is usually present, because of the common peptide se
quence of these hormones with ACTH. Characterization of an anti-ACTH serum 
should include definition of the portion of the ACTH molecule to which antibody 
is directed as well as cross-reactivity with different hormone fragments and syn
thetic analogs (ORTH 1979). The problem also exists for small molecules, which 
only occupy a single antibody-binding site. The exchange of a single atom of hy
drogen and iodine in the structure of triiodothyroxine and thyroxine, the presence 
or absence of a single atom of hydrogen in cortisone and cortisol, and the steric 
configuration of the eicosanoid structure in sulfidopeptide leukotrienes and their 
ll-trans stereoisomers are examples of immunologic distinctions possible be
tween structurally similar compounds. The cross-reactivity of an antiserum to 
structural analogs of the primary compound against which antibody specificity 
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Fig.7. Family of standard dose-response curves of an anti-thromboxane B2 serum ob
tained with the primary antigen and with a series of cross-reacting substances. TXB2 

thromboxane B2 ; PG prostaglandin; DH dihydro; DK diketo; L T leukotriene; AA arachi
donic acid 

is directed is generally illustrated by a set of standard curves. The curves are cal
culated by incubating the antibody with a constant amount of labeled tracer and 
at a constant final dilution, yielding the optimal maximum binding, in the pres
ence of the unlabeled, related compounds at increasing concentrations. Figure 7 
shows an example of this way of calculating the cross-reactivities of an anti
thromboxane B2 serum. The standard curve with the highest slope should ideally 
be referred to the compound which has been used to elicit antibody production_ 
Sometimes it may be that the specificity of an antiserum is primarily directed to
ward some related compound. This usually happens when the antigen undergoes 
enzymatic or nonenzymatic degradation after injection into an experimental ani
mal. In the example of Fig. 7, the curve on the far left was obtained with standard 
thromboxane B2 . The other compounds tested are metabolites of thromboxane 
B2 , prostaglandins, and lipoxygenase products (i.e., leukotrienes and RETE). It 
is noteworthy that the highest cross-reactivity is shown with 2,3-dinorthrom
boxane B2 . The difference between this metabolite and thromboxane B2 is repre
sented by the loss of a C2 fragment resulting from a single fJ-oxidation step, the 
remaining portion of the molecule being identical. For this reason, antibodies 
produced against thromboxane B2 or 6-ketoprostaglandin F la coupled to pro
teins via the COOR terminus generally show a high degree of cross-reactivity with 
the related 2,3-dinor derivatives. Compounds with lower affinity to the antibody 
are required in larger amounts to displace the labeled tracer. These standard 
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curves are to the right in the diagram. Figure 7 shows that the more structurally 
related a substance is to the antigen against which antibody specificity is directed, 
the higher is its cross-reaction with antiserum. If we calculate the concentration 
of each compound required to displace 50% of initially bound 3H labeled throm
boxane Bz (ICso), we will obtain a table of increasing concentrations correspond
ing to decreasing degrees of cross-reactivity (Table 3). If we assume the lowest 
ICso (represented by the standard thromboxane concentration required to dis
place 50% oflabeld Ag-Ab binding) as corresponding to 100% cross-reactivity, 
we can express the cross-reaction of all other tested compounds as a percentage 
of that shared by the primary antigen (Table 3). The higher ICso the related tested 
compounds show with antibody, the higher is the specificity of antiserum. 

This is the most commonly used way, but the percentage cross-reaction so de
fined represents only the cross-reaction at 50% displacement of antibody binding 
with radioactive tracer. A complete picture of the events over the total range of 
displacement of binding is not given by a simplified representation such as the one 
shown in Table 3. The percentage values which are generally reported by the vast 
majority of authors to define the specificity of antisera cannot be used for an ac
curate calculation of the amounts of cross-reacting substance, unless the displace
ment curves of the cross-reacting substance and of the primary compound are ab
solutely parallel. But even in this case, the percentage cross-reactivity of a given 
compound varies if its standard curves are determined in the presence of variable 
amounts of the primary antigen against which antibody has been elicited. The pic
ture appears even more complex if a mixture of possibly cross-reacting substances 
is incubated with the antibody in the absence or in the presence of variable 
amounts of the primary compound. Moreover, the complex composition of bio
logic fluids and the impossibility of testing all the possible cross-reacting com-

Table 3. Immunologic specificity of an anti-thromboxane B2 serum 

Substance measured a 

TXB2 
2,3-Dinor-TBX2 
11-Dehydro-TBX2 
PGF2• 
PGD2 
PGE2 
2,3-Dinor-6-keto-PGF 1. 

6-Keto-PGF 1. 

13,14-Dihydro-6, 15-diketo-PG Fl. 
13,14-Dihydro-15-keto-PGE2 
11,15-Bis-dehydro-TXB2 
LTB4 
LTC4 
LTD4 
Arachidonic acid 

IC50 b 

(ng/ml) 

0.006 
0.057 
0.741 

026.0 
30.0 
85.7 

>100.0 
> 100.0 
> 150.0 
> 150.0 
> 150.0 
> 150.0 
> 150.0 
> 150.0 
> 150.0 

a TX, thromboxane; PG, prostaglandin; LT, leukotriene. 

Relative cross-reaction 
(%) 

100.0 
10.5 
0.81 
0.023 
0.02 
0.007 

< 0.006 
< 0.006 
< 0.004 
< 0.004 
< 0.004 
< 0.004 
< 0.004 
< 0.004 
< 0.004 

b Concentration required to displace 50% of bound 3H-labeled thromboxane B2. 
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pounds, does not enable us to develop a mathematical model (although this is the
oretically possible) by which we can subtract all the cross-reactivities from the 
measured immunoreactivity. Therefore, the validity of this approach is limited to 
giving us a relatively simplified picture of the ability of a given antiserum to dis
criminate among structural analogs of the compound which is to be measured. 
A more extensive discussion of criteria which must be satisfied to validate an RIA 
measurement, other than assessment of cross-reactivity with a limited number of 
compounds, can be found in Chap. 9. 

2. Nonspecific Interfering Factors 

a) Influence of pH and Ionic Environment 

Although the antigen~antibody reaction is dependent on the pH of the buffer so
lution, it is evident that immune complexes are dissociated only by extremes of 
pH, while in the neutral and mild alkaline range the reaction is almost completely 
stable. On several occasions, Berson and Yalow reported that there is little evi
dence that peptide hormone systems exhibit a significant pH dependency in the 
range 7.0~8.5. The same authors have established that the buffer systems em
ployed for RIA are of considerable importance, since high concentrations of salts 
as well as some buffers may inhibit the hormone~antibody reaction (BERSON and 
Y ALOW 1968). Thus, it is advisable to maintain a constant pH for both standards 
and unknowns and to use only well-known buffer solutions with moderate ionic 
strength. However, under some conditions both the pH and ionic environment 
of the RIA mixture may represent a serious problem. As for the influence of pH, 
it should be remembered that some nonpeptide substances may modify their 
chemical structure or steric configuration at different pH values. 

The salt content of biologic samples like plasma, urine, gastric juice, synovial 
fluid, tears, and so on, may represent an important source of artifactual concen
trations of the hormone or the substance which is intended to be measured. No 
general rule may be proposed in these situations. If the sensitivity of the assay al
lows a high dilution of the sample into the incubation mixture, the problem may 
be easily solved. If the content of the measured substance in the biologic fluid is 
too low to allow a convenient dilution rate, extraction and chromatographic sep
arations are usually required. Sometimes, it is difficult to choose between the ex
traction and purification of the sample and the direct RIA measurement of the 
unextracted material. This problem usually exists for plasma and serum. Gener
ally speaking, direct RIA of un extracted plasma represents the advantage of being 
free from interference introduced by solvent extraction and purification pro
cedures, provided that antisera with high affinity constants are employed and that 
plasma is adequately diluted in the assay mixture. A dilution at least 1 : 10~1: 15 
of plasma samples is generally considered to be satisfactory to eliminate the non
specific salt inhibition of the antigen~antibody reaction and the competitive bind
ing represented by plasma proteins, in particular, serum albumin. Nevertheless, 
optimal conditions for specificity should be checked in any particular RIA system 
with any kind of biologic sample. The same biologic fluid, deprived of the sub
stance which is to be measured, is usually employed to build up the dose~response 
curve with the standard substance. In any case, a comparison with an indepen-
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dent assay method should be considered to validate the results obtained with the 
RIA techniques. 

b) Temperature Effects 

The antigen-antibody reaction is temperature dependent. Even K, the equilib
rium constant of the reaction (see Chap. 24) is influenced by temperature. The 
pioneering studies performed by Berson and Yalow more than 25 years ago show 
that higher B/Fratios are generally observed when the RIA system is equilibrated 
at 4°C than at room temperature (18°-22°C). Temperature may influence the 
rate of the antigen-antibody reaction, the ratio of products (i.e., antigen-anti
body complexes) at equivalence, the adsorption of free antigen to the adsorbing 
agents, and the stability of the labeled and unlabeled antigens. Although the time 
required to attain equilibrium is sensibly longer, the highest specificity is generally 
obtained by incubating the mixtures at 4°C. To shorten the incubation time, thus 
reducing the overall time required for an RIA to be performed, incubation is often 
carried out at room temperature within a few hours. However, this procedure 
should not be recommended either for research purposes or for clinical evalua
tion. The slight advantage of saving time is counterbalanced by lowering the sen
sitivity, precision, and accuracy of the assay. Moreover, incubating the RIA sys
tem for a short time at room temperature may result in disequilibrium or nonequi
librium at the time of separation of antibody-bound from free antigen, also reduc
ing sensitivity and specificity. Finally, this procedure requires a higher concentra
tion of antibody-binding sites in the assay mixture (i.e., a lower antiserum dilu
tion) to yield an acceptable B/ F ratio. Thus, binding sites oflow affinity and high 
capacity may be involved in the immunochemical reaction. 

c) Anticoagulants 

It is well known that certain anticoagulants may interfere with the antigen-anti
body reaction as well as the separation of antibody-bound and free antigen. HEN
DERSON (1970) first reported such interference from heparin, which was confirmed 
by the classical studies ofYALOw and BERSON (1971 b). These authors explained 
the effect of heparin as being due to its polyanionic structure which exerts a salt 
effect, inhibiting the antigen-antibody reaction. From this point of view, very 
high concentrations of anticoagulants like sodium EDT A, citrate, citrate dex
trose, and citrate phosphate dextrose, could also be expected to exert the same 
action on the immunologic reaction. 

d) Labeled Tracer Damage 

This problem mainly involves peptide hormones, since they are subject to proteo
lytic damage by enzymes in biologic fluids. But other nonpeptide substances may 
also undergo enzymatic as well as nonenzymatic degradation during incubation 
and/or separation of antibody-bound and free antigen. The incubation damage 
of labeled antigen may result both in a reduced binding to antibody and in errors 
in Bj F determination, because the damaged tracer is improperly measured within 
the bound or the free fraction, depending on the separation method employed. 
Moreover, the extent of labeled tracer damage may vary greatly in the samples 
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to be measured, as compared with the standard. This results in an apparent non
specificity of the assay, since the concentrations of the measured substance in the 
unknowns will show a nonlinearity with standard upon serial dilution. 

In other circumstances, the use of labeled tracers with low radiochemical pu
rity (i.e., compounds which have undergone significant decomposition) leads to 
an apparently low binding with antiserum. If the purity is not checked, a large 
excess of antibody-binding sites (i.e., a low antiserum dilution) will be employed 
to increase the fraction of antibody-bound labeled tracer. The result will be an 
RIA system working within an apparently normal or low binding of labeled 
antigen, but, as matter of fact, working with a large excess of antiserum. This de
creases the sensitivity of the assay (see Chap. 7), but also allows antibody-binding 
sites with low affinity constants to participate significantly in the immunochemi
cal reaction, with a consequent loss of specificity. Therefore, to gain the maxi
mum specificity of any RIA system with a given antiserum, the radiochemical pu
rity of the labeled tracer should be checked. A simple way to assess the immu
noreactivity of the tracer is to test it with an excess of antiserum. Nearly complete 
binding should be found under these conditions. 

e) Influence of Extraction and Purification Procedures 

Like all chemical reactions, the antigen-antibody reaction is influenced by the 
presence of residues or impurities of organic solvents, acids, salts, gases, and 
buffers employed for extraction and purification of samples. These methodolog
ical problems arise when the substance which is intended to be measured cannot 
be directly assayed in the sample, but must be extracted and subjected to chroma
tographic separation to yield a purified solution free from other substances that 
may react with antigen or antibody. When an RIA measurement includes some 
processing of the sample, a "blank" procedure should be inserted. This is the re
sult obtained in the assay from a water or buffer sample, or better still a sample 
free from the endogenous substance subjected to exactly the same treatment as 
the biologic samples. The reason for such a procedure is that even the most rig
orously performed extractions and purifications are likely to introduce some in
terfering material. The omission of this information makes it difficult to evaluate 
the measured concentrations of a given substance in the unknowns. If a signifi
cant blank value is measured by the RIA system, this inevitably implies a nonspe
cific effect, either on the binding of antigen to antibody or on the separation of 
antibody-bound and free antigen. 

During the early days of RIA, peptide hormones were measured by direct RIA 
in plasma or serum. But, as soon as the clinical investigation was extended to 
more complex biologic fluids and nonpeptide substances were measured, or inter
ference with plasma components were reported, most scientists extracted their 
samples and purified them extensively. Later, the problem arose as to whether a 
complex purification procedure is really necessary. This problem was particularly 
discussed for nonpeptide substances, like steroids, prostanoids, and other deriv
atives of fatty acid metabolism, which are present in biologic fluids at low concen
tration in a mixture with other metabolites and related compounds, and, on the 
other hand, are theoretically easily extractable by organic solvent systems. Al
though a general rule cannot be established, a purification procedure is generally 
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required when the concentration of the substance is below the limit of detection 
of the assay, or the biologic samples contain undesirable factors that interfere 
with the assay, or the antiserum is not very specific and cross-reacts with other 
substances that occur in the sample and are chemically related to the measured 
compound. The degree of purification of the sample, i.e., the extraction and chro
matographic steps which may be necessary, is strictly dependent on a series of 
variables, which are related to the composition of the biologic fluid, the chemical 
characteristics of the measured substance, the specificity of the antiserum em
ployed, and the presence of cross-reacting compounds. The drawbacks of extract
ing and purifying the samples before the assay are substantially related to the in
troduction of nonspecific interfering factors by the procedure, the possibility of 
a reliable estimation of recovery for each sample, the prolongation of the time re
quired to perform the assay, and a series of practical problems depending on the 
particular method employed. Thus, one may ask: when is it necessary to extract 
samples? An affirmative answer is obvious when measuring complex biologic 
fluids, like urine, gastric juice, or whole tissues that contain a very low concentra
tion of the measured compound and too many interfering factors to be eliminated 
by sample dilution in the assay. However, in some cases, such as plasma, serum, 
or synovial fluid, extraction may introduce more problems than it solves. In most 
cases, albumin or protein binding of hormones or endogenous substances in 
blood appears to be the major problem. Nevertheless, this binding is generally 
weak and reversible, and in competition with a high specific antibody the affinity 
constant of albumin is two or three orders of magnitude lower. This means that 
endogenous protein interference in most cases will disappear upon dilution of the 
sample in the assay. In any case, the opportunity of measuring extracted or un
extracted samples should be evaluated for any RIA system and the results vali
dated according to the criteria discussed in Chap. 9. 
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CHAPTER 4 

Production of Monoclonal Antibodies 
for Radioimmunoassays 
K. BRUNE and M. REINKE 

A. Introduction 

I. Rationale for the Production of Monoclonal Antihodies 

Specific antibodies (Abs) have proven most useful and versatile tools for the iden
tification, quantification, and localization of minute amounts of small and large 
molecules in biologic materials, e.g., body fluids, specific cells, and other body 
components. So far the most widely used technique for the production of specific 
Abs consists in immunization of animals like rabbits, goats, or horses, monitoring 
of Ab formation in the serum, and selection of animals which produce serum con
taining Abs sufficiently specific for the use envisaged. Although this approach has 
yielded many valuable results, it has some deficiencies. 

1. Disadvantages of Polyclonal Antisera 

1. The serum produced by the sensitized animal contains the product of hundreds 
or even thousands of different Ab-secreting cell clones. These clones comprise a 
dynamic population in which the relative contribution of each cell clone to the 
antiserum is changing with time, implying a varying concentration of different Ab 
groups of different sensitivity and different Ab classes. 

2. Within a vertebrate organism, an injected antigen is often metabolized rap
idly, leading to metabolites which are immunogenic themselves. It has proven al
most impossible to develop specific Abs against certain antigens because they are 
metabolized very quickly or these antigens are less immunogenic than their me
tabolites (cf. Chap. 18). Hence, all attempts to produce sufficiently specific anti
sera have been frustrated. 

3. Certain types of experiment require very large quantities of Abs of rela
tively high specificity, but at the same time relatively low affinity toward the 
antigen in question (e.g., affinity chromatography). In animals, the production of 
such large quantities of high specificity, but only moderate affinity Abs has 
proven almost impossible. 

4. Even the best Ab-producing animal will lose its Ab production with time 
and eventually die. Consequently, the production of a high quality antiserum is 
limited, and further supply will vanish after some time. 
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2. Advantages of Monoclonal Antibodies 

These and many other problems have limited the use of conventionally generated 
antisera in biomedical research. Most of them, however, may be solved by the de
velopment of monoclonal Abs (mAbs) as first described by KOHLER and MILSTEIN 
(1975). Using this technique, it is possible to select cell clones which produce Abs 
of desired specificity and affinity. They may be stored or expanded to produce al
most unlimited quantities of Abs for unlimited periods of time. In the beginning, 
only mouse myeloma cell lines were available. Fusion of these cells with mouse 
lymphocytes was the standard technique. The mouse, however, is a relatively 
poor antigenic responder, producing mostly Abs of lower affinity than rabbits 
and goats (MORGAN 1984). Consequently, thousands of mouse/mouse hybri
doma 1 clones have to be screened to select one producing sufficiently specific and 
sensitive Ab (for assay purposes). The development of stable rabbit hybridomas 
has so far not been achieved (GODING 1980). More successful was the develop
ment of rat/mouse hybridomas. Rats provide larger spleens with more lympho
cytes for fusion and may lead to larger numbers of Ab-producing clones (GODING 
1980; HAMMERLING et al. 1981). Rat/rat hybridomas have also been produced. 
These hybridomas show a high Ab secretion rate which is lost only exceptionally 
(CLARK et al. 1983). Lately, attempts to produce human/mouse and also human/ 
human hybridomas have ben successful (LANE and F AveI 1983; OLSSON et al. 
1983). Stable clones producing satisfactory Abs will be of obvious importance in 
medicine. 

II. Applications of Monoclonal Antibodies 

The new options deriving from the possibility of producing mAbs are a rapidly 
expanding area. They range from serologic diagnostic procedures, monitoring of 
structural features of macromolecules, localization of specific cells (tumor cells) 
or molecules (cell marker, hormones, drugs in tissues, etc.) to highly sensitive 
purification techniques. mAbs will soon be applied in tumor and antimicrobial 
therapy (GODING 1980; OBRIST 1983). These areas are still developing and are 
only mentioned as examples. In pharmacology, the possibility seems to be par
ticularly attractive: to produce Abs against drugs, mediators, and hormones with
out any cross-reaction with their metabolites or structurally related compounds; 
or to produce Abs specific toward metabolites, but lacking cross-reactivity with 
their parent compounds. Specific mAbs appear to be particularly suited for this 
purpose. 

III. Problems 

Although the advantages of the hybridoma technique of producing mAbs are evi
dent, many technical difficulties remain to be overcome. They concern all levels 
of the multistep technique, i.e., immunization and cell fusion as well as testing, 
selecting, and cloning of the hybridomas. In addition, care has to be taken in char
acterizing and purifying the resulting Abs. Altogether, it comprises a demanding 
and difficult technique. 

1 Monoclonal antibodies producing hybrid cells. 
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When spleen cells are fused with myeloma cells, the incidence of the formation 
of a heterokaryon 2 is 1 %. The chance that such a heterokaryon develops into a 
stable synkaryon 3 is 1 in 1000. The chance that such a hybridoma produces an 
Ab of the desired quality is less than 1 in 1000. These probability data suggest that 
approximately 10- 8 spleen cells have to be fused in order to yield one satisfactory 
stable, and suitable Ab-producing clone (HAMMERLING et al. 1981). This rough es
timate implies that many immunizations and fusions will end unsuccessfully. In 
addition, it means that large numbers of cell clones have to be assayed for Ab pro
duction and for the quality of the Abs produced. It should be added that unex
pected events such as infections, technical problems, etc., may ruin an otherwise 
promising experiment. Moreover, about 50% of the hybridomas lose their ability 
to produce Abs or the clones themselves are lost by overgrowth of nonproducing 
but faster reproducing cells which may develop owing to chromosomal losses 
within 3-8 weeks after fusion. In order to avoid overgrowth by non secreting cells, 
frequent cloning of "good" hybridomas is necessary to maintain high quality 
clones, thus adding to the work involved (GODING 1980; OLSSON et al. 1983). 

B. Techniques 

I. Materials 

1. Cells 

Three different cell types are necessary for the production of hybridomas. 

a) Myeloma Cells 

It was the major contribution of KOHLER and MILSTEIN (1975, 1976) to develop 
myeloma cell variants which could be fused with immune lymphocytes, bringing 
about the expression of immunoglobulins (Igs) of the immunoblast, even if they 
were not secreting Igs themselves. This success was based on experience with mye
loma lines resistant to 8-azaguanine or 5-bromo-2'-deoxyuridine and lacking the 
enzymes hypoxanthineguanosinephosphoribosyl transferase or thymidine kinase 
(COTTON and MILSTEIN 1973; KOHLER and MILSTEIN 1975). These cell lines do not 
grow in aminopterin-containing media, even if these media contain hypoxanthine 
and thymidine, because they cannot utilize the "rescue pathways" for DNA syn
thesis employing thymidine kinase and hypoxanthineguanosinephosphoribosyl 
transferase as "normal" cell types can (LITTLEFIELD 1964). These myeloma cell 
lines, therefore, will die in media containing hypoxanthine, aminopterin, and thy
midine (HAT) in addition to the normal tissue culture medium constituents such 
as Dulbecco's modified Eagle's medium complemented with L-glutamine, sodium 
pyruvate, 2-mercaptoethanol, and fetal calf serum. Immunoblasts, lymphocytes, 
and most other spleen cells, on the other hand, do not proliferate under normal 
tissue culture conditions. Therefore, hybridomas resulting from the fusion of cells 
of the defective myeloma cell lines and normal spleen cells (carrying the enzymes 
for HA T resistance) will proliferate in HAT medium although both parent cell 

2 System of genetically different nuclei within one cell. 
3 Zygote nucleus generated by fusion of the heterokaryon nuclei. 
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Table 1. Cell lines used for hybridization 

Cell line Derivation Drug Ig chains References 
resistance 

H L 

Mouse 
X63-Ag8 (P3) MOPC-21 8-Ag YI K KOHLER and MILSTEIN 

(1975) 
X63-Ag8.653 P3 8-Ag KEARNEY et al. (1979) 
SP2jO-Ag14 (SP2) P3 x BALBjc 8-Ag SHULMAN et al. (1978) 
NSIj1-Ag4-1 P3 8-Ag K KOHLER and MILSTEIN 

(1976) 
FO SP2 x SP2 8-Ag FAZEKAS DE ST. GROTH 

and SCHEIDEGGER (1980) 

Rat 
210. RCY3. Ag1 Lou rat 8-Ag K COTTON and MILSTEIN 

(1973) 

Human 
U-266 ARI U-266 8-Ag 8 Ie CROCE et al. (1980) 
GM 15006TG-AL2 GM 1500 8-Ag Y2 K OLSSON and KAPLAN 

(1980) 

lines will not. Hence, selection of clones resulting from successful cell fusions be
tween myeloma cells and lymphocytes is easy. Table 1 gives information about 
some HAT-sensitive cell lines used so far successfully in hybridoma research. 

b) B-Lymphocytes 

For production of hybridomas, ideally B-Iymphocytes are used because they are 
genetically programmed for the production of specific Abs to a certain antigen. 
These B cells should be in a state of proper activation and differentiation to ensure 
the production of hybrids, secreting high titers of a specific Ab. In mouse hybri
doma production, B cells are recovered as spleen or lymphoid cells from ad
equately immunized female BALB/c mice used at the age of 4-8 weeks. This is 
because all myeloma cell lines used are ofBALB/c origin, and sometimes it is nec
essary to implant the hybridomas into the peritoneal cavity of preferably female 
BALB/c mice (see Sect. B.IIA.a). Experiments with rat/mouse hybridomas re
ported so far have employed lymphocytes from, for example, Sprague-Dawley 
rats (TANAKA et al. 1985). Attempts to produce human hybridomas have some
times made use of spleen cells from human spleen, but in most cases peripheral 
blood lymphocytes, separated from whole blood, were used. The use of lympho
cytes from tonsils, lymph fluid, and bone marrow has, however, also been re
ported (for review see LANE and F AveI 1983). 

c) Feeder Cells 

As stated before, hybridoma cells are at risk after fusion because they may lack 
growth-enhancing factors in their environment or they may succumb to minor 
microbial contaminations. For these reasons, many researchers employ feeder 
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layers of cells which do not proliferate themselves, i.e., compete with the hybrido
mas for space, nutrients, etc., but secrete trophic factors and, in addition, may 
provide some antimicrobial defense. For mouse and rat hybridomas, macro
phages have frequently been employed (HENGARTNER et al. 1978; FAZEKAS DE ST. 
GROTH and SCHEIDEGGER 1980). They appear to support cell proliferation by the 
production of monokines (READING 1982) if seeded in adequate density. 
Moreover, they clear cellular debris present in cell cultures after fusion owing to 
decaying myeloma cells in HAT medium and convey antimicrobial activity. Hu
man/human hybridomas have been grown on monocyte or thymocyte layers. 
Mouse macrophages appear to be unsuitable for this purpose, they appear to pha
gocytose human hybridomas (OLSSON et al. 1983). The drawback of employing 
macrophages as feeder layers results from the possibility that these cells, being 
isolated from animal or human donors, may be contaminated with microorgan
isms, increasing the risk of microbial infection of the cultures and hybridoma loss. 
This risk may be overcome by adding endothelial cell growth supplement (ECGS) 
or human endothelial cell-conditioned supernatants (HECS) to the selection me
dium. Such supplemented medium has been successfully applied by ASTALDI et 
al. (1981,1982) and PINTUS et al. (1983). 

II. Methods 

1. Immunization 

a) In Vivo 

Immunization as a prerequisite for the production of immunoblasts for hybri
doma research follows the same principles as for the production of polyclonal 
Abs (for details see also Chap. 3 and 6). A few aspects ought to be remembered, 
particularly when it comes to immunization against small, soluble antigens as is 
usual in pharmacologic research. They are less immunogenic compared with, say 
all surface antigens (ROITT 1977). First, to enhance the rudimentary antigenicity 
of small, chemically well-defined molecules (haptens) it is necessary to bind these 
haptens covalently to larger protein molecules. It appears that the hapten-specific 
antigenicity is increased if carrier molecules alien to the animal species to be im
munized are chosen. Most successful reports are based on the use of hap tens con
jugated to bovine serum albumin, keyhole limpet hemocyanin, or similar pro
teins. It appears that the antigenicity of the hapten is enhanced when larger 
numbers of hapten molecules are bound to the same carrier protein (ROITT 
1977). 

Second, the antigenicity may be enhanced further if metabolism of the antigen 
is difficult, so that it takes place slowly and preferentially in macrophages (RoITT 
1977). Antigen incorporated in the oil droplets of Freund's adjuvant (FA) shows 
retarded metabolism and guarantees a reservoir of ;mtigen. Adsorption to inor
ganic aluminum compounds shows a similar effect (ROITT 1977; COOPER 1981). 
In addition, complete FA contains heat-killed mycobacteria (Mycobacterium 
tuberculosis) which are assumed to initiate nonspecific stimulation of the reticu
loendothelial system, thus enhancing the antigenicity of the antigen (COOPER 
1981). Another factor apparently of proven value is the selection ofthe site ofim-
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Table2. Immunization protocol. (Modified from KOHLER and MILSTEIN 1976) 

Time 

Zero time, 1st injection 

3-21 days later, 2nd injection 

Every 3-21 days, booster 
injections 

3-1 days before fusion, 
last injection 

Dose of antigen Technical details 
(Ag) per mouse 

5-100 !lg; 0.5 ml Ag solution + complete FA (1 + 1), 
s.c. and/or i.p. 

5-20!lg; 0.5ml Ag solution + incomplete FA 
(1 + 1), s.c. and/or i.p. 

5-20 !lg; 0.5 ml Ag solution in PBS, i.p. 

50-100 !lg; 0.5 ml Ag solution in PBS, i.v. 

Ag antigen; FA Freund's adjuvant; PBS phosphate-buffered saline 

munization. In principle, administration at multiple subcutaneous sites guaran
tees a long-lasting reservoir while intramuscular injection guarantees rapid access 
to the lymphoid system (COOPER 1981). Intravenous application causes rapid dis
tribution into blood-perfused elements of the lymphatic system, particularly the 
spleen. Consequently, immunization schedules such as those shown in Table 2 are 
recommended. Nevertheless, many alternative schedules have been proposed, de
pending on the personal experience and preference of the author (cf. GODING 
1980; STAHLI et a1. 1980; CIANFRIGLIA et a1. 1983; MORGAN 1984). 

Third, it appears necessary to choose the right hapten dose for immunization. 
This decision is sometimes dictated by the small amounts of hapten available. If 
this is not the limiting factor, care should be taken to avoid both overdosage and 
underdosage. In both cases, immunization may fail owing to low or high dose tol
erance (COOPER 1981). High doses may also induce the growth oflymphocytes ex
pressing low affinity toward the antigen. They may lead to clones producing low 
affinity Abs. Finally, high doses injected for prolonged periods of time may ac
tivate additional lymphocyte clones reactive toward major metabolites or struc
turally related compounds which again will bring about the development of un
wanted clones (COOPER 1981). Despite these principles, one may conclude that 
personal experience is most widely used as a guideline for selecting the right dos
age of the immunogen. 

b) In Vitro 

Within the last few years, immunization in vitro has been tried successfully 
(HENGARTNER et a1. 1978; ASTALDI et a1. 1982; READING 1982; OLSSON et a1. 1983). 
The advantage of this method consists in the very small amounts of antigen re
quired (LUBEN et a1. 1982). In addition, the time of exposure to the immunogen 
can be kept short, and, for the production of human hybridomas in vitro, immu
nization is frequently the only acceptable method of immunization since in vivo 
immunization is precluded for ethical reasons. The principles of in vitro immuni
zation are as follows. 

Isolated blood lymphocytes are exposed for 5-7 days to the antigen under cul
ture conditions (for details see READING 1982). In order to increase the number 
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Table 3. Growth-stimulating substances for lymphocyte culture 

Name Abbreviation References 

B cell mitogens 
Reformalinized Staphylococcus ST A 

aureus, Cowan I strain 
Lipopolysaccharide from LPS 

Escherichia coli 

T cell mitogens 
Phytohemagglutinin 

Pokeweed mitogen 

PHA 

PWM 

Lectin from Canavalia ensiformis Con A 
Staphylococcal protein A SpA 

DOSCH et al. (1980), SCHUURMAN et al. 
(1980), HEITZMANN and COHN (1983) 

KEARNEY and LAWTON (1975a), 
KEARNEY and LAWTON (1975b), 
PASLAY and ROOZEN (1981), 
READING (1982) 

KEARNEY and LAWTON (1975b), 
DOSCH et al. (1980) 

DOSCH et al. (1980), ASTALDI et al. 
(1982), READING (1982), OLSOON 
et al. (1983) 

DOSCH et al. (1980), READING (1982) 
DOSCH et al. (1980) 

oflymphoblasts, enhancing factors (Table 3) are added together with the antigen. 
Some authors also report the cocultivation of lymphocytes with human endothe
lial cells (ASTALDI et al. 1982) or the addition of thymocyte culture-conditioned 
medium (LUBEN et al. 1982; READING 1982) to improve lymphoblast proliferation. 
Lack of fetal calf serum in the culture media precludes the possible problem of 
competition with antigenic binding sites by serum components. This method al
lows for response to less immunogenic antigens which would be impossible in the 
presence of fetal calf serum (V AN NESS et al. 1984). Such media may require sup
plementation with Si02 , 2-mercaptoethanol, and glutathione (BURGER 1982). 

c) Secondary Immunization Procedures 

In vivo and in vitro immunization may be combined to yield enhanced success 
rates. In other words, immunization is started in vivo as described, then lymphoid 
cells are transferred into in vitro cultures together with growth-enhancing factors 
or mitogens and small amounts of antigen (Fox et al. 1981; BUTLER et al. 1983). 
Alternatively, spleen cells from preimmunized animals may be inoculated into 
lethally irradiated syngeneic recipients. The transplanted lymphoid cells will pro
liferate actively, particularly cell clones, which find antigenic stimulation in the 
new environment. This is the case if one injects the antigen in question into the 
recipients. Approximately 4 days after adoptive cell transfer, the spleens of the 
recipients are removed and the cells fused as usual (Fox et al. 1981; BORN and 
KONIG 1982). 

2. Fusion 

As soon as the serum of immunized animals shows a sufficiently high titer of spe
cific binding of the immunogen, or after 5-7 days of lymphocyte culture with 
antigen and other factors (cf. Sect. B.I1.1. b), fusion is attempted. In principle, the 
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technique is still the same as originally described by KOHLER and MILSTEIN (1975, 
1976) (for fusion protocols see GODING 1980; PEARSON et al. 1980; HAMMER LING 
et al. 1981; L0VBORG 1982; READING 1982; MORGAN 1984). Many modifications 
have, however, been introduced in order to increase the success rate. From our 
present knowledge, the following guidelines may be followed for optimal suc
cess. 

a) Cells 

For fusion, the myelomas should be in the logarithmic growth phase. They have 
to be separated from serum components which might interfere with the fusion 
(MORGAN 1984). The ratio of myeloma cells to lymphocytes should be around 1 : 2 
according to BUTLER et al. (1983). 

b) Fusion Medium 

Since PONTECORVO (1976) and GALFRE et al. (1977) described the use of polyeth
ylene glycol (PEG), all researchers initiate cell-cell fusion by this method. For
merly, Sendai virus was used (KOHLER and MILSTEIN 1976). This agent works as 
well as PEG, but it is less easy to handle. The PEG used may be of different mo
lecular weight. At present, most investigators use PEG of molecular weight 500-
4000 or 6000 (DAVIDSON and GERALD 1976; GODING 1980). There is no evidence 
that either is better than the other. More important appears to be the purity of 
the PEG and its concentration during fusion. If the concentration is kept below 
30%, the fusion frequency is low. If concentrations above 50% are reached, tox
icity predominates. Consequently, most researchers use concentrations between 
45% and 50% (DAVIDSON and GERALD 1976; GODING 1980; L0VBORG 1982). The 
fusion rate may also be influenced by the pH of the PEG solution. An optimum 
appears to be around pH 8 (SHARON et al. 1980). It should also be kept in mind 
that heat sterilization and storage in the light reduce effectiveness and stability of 
PEG (KADISH and WENC 1983). 

c) Fusion Process 

Cells should be incubated with the PEG solution at 21°C (FAZEKAS DE ST. GROTH 
and SCHEIDEGGER 1980; KLEBE and MANCUSO 1981) for approximately 1 min 
(DAVIDSON and GERALD 1976). The addition of 5% dimethylsulfoxide to the PEG 
solution is believed to increase the fusion rate (L0VBORG 1982). Immediately after 
fusion, the PEG solution has to be diluted stepwise within 5-10 min (GODING 
1980; MORGAN 1984). DAVIDSON and GERALD (1976), however, claim better suc
cess with rapid, one-step dilution. Apparently, it is more important to keep the 
cells for about 15 min in calcium-free medium which appears to increase the 
number of hybridomas formed (SCHNEIDERMAN et al. 1979). After cell fusion, 
transfer in either normal tissue culture medium or HAT medium is recommended, 
supplemented with HECS or ECGS, if feeder cells are not present (see Sect. 
B.1.1.c). 
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3. Selection of Hybridomas 

a) Selection of Proliferating Clones 

Immediately after fusion, cells may be transferred into HAT-containing medium 
(cf. Sect. B.L1.a) as recommended by FAZEKAS DE ST. GROTH and SCHEIDEGGER 
(1980) and MORGAN (1984). Other authors suggest transfer into HAT medium 1-
2 days after fusion according to KOHLER and MILSTEIN (1976). It appears to be 
a matter of taste whether to use simple HAT medium or insulin-containing HAT 
medium, which has been found advantageous by BARTAL et al. (1984). Since only 
hybridomas formed between lymphocytes and myeloma cells can survive and ac
tively proliferate in HAT medium, rapid cell decay occurs and the first supply of 
fresh medium is necessary only 1 week after fusion. In most cases, so-called demi
feeding is practiced, i.e., half of the medium is carefully replaced by fresh medium 
in order to avoid removal of trophic factors. The cultures should, however, be 
monitored for color changes indicative of too low pH so that fresh medium can 
be supplied earlier, if necessary. After about 14 days in HAT medium, the cells 
are transferred for about 1 week in hypoxanthine-thymidine (HT) medium before 
culture in normal tissue culture medium has begun. During the whole period, all 
cultures have to be checked for microbial contamination. It appears advisable to 
start cloning early after transfer into normal tissue culture medium in order to 
avoid overgrowth of Ab-producing cells by nonproducers. As soon as culture 
supernatants show antigen-specific binding, a few cells should be cloned in soft 
agar medium according to the techniques described by SANDERS and BURFORD 
(1964), PLUZNIK and SACHS (1965), GODING (1980), and PEARSON et al. (1980), or 
by limiting dilution as described by HAMMERLING et al. (1981) and MORGAN 
(1984). Both techniques imply the use of feeder layers or growth factors as de
scribed in Sect. B.I.1.c. 

b) Selection of Antibody-Producing Hybridomas 

The following aspects should be borne in mind. On the one hand, it is necessary 
to screen all hybridomas for Ab-producing clones. This can be achieved by vir
tually every assay capable of measuring nanogram quantities of antibodies, e.g., 
plaque-forming cell assay, indirect hemagglutination, immunoprecipitation, 
radioimmunoassay (RIA), indirect immunofluorescence, and enzyme-linked im
munosorbent assay (ELISA) (for references see LANE and FAUCI 1983). Most 
widely used are the standard RIA and ELISA. Application of some of these test 
systems also allows for the determination of the specificity and cross-reactivity of 
the Abs produced. In addition, a definition of the immunoglobulin classes and 
subclasses is possible using the same methods. Normally, the Abs produced are 
IgGs, only in about 5%-7% of the clones does IgM predominate (CIANFRIGLIA 
et al. 1983). The subclasses are detected by standard methods such as immunodif
fusion (Ouchterlony analysis) (for details see HAMMERLING et al. 1981), RIA (e.g., 
STORCH and LOHMANN-MATTHES 1984), and ELISA (for details see HAMMERLING 
et al. 1981; READING 1982). 
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4. Production of Monoclonal Antibodies 

Two different methods are in principle applicable. 

a) In Vivo 
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This technique is frequently applied in order to produce relatively large quantities 
of highly concentrated Abs. Mouse hybridomas derived from immunized BALB/ 
c mice by fusion with BALB/c-derived myeloma cells are normally antigenically 
compatible with BALB/c mice. They can thus be transferred into the peritoneal 
cavity of female BALB/c mice in order to initiate production of an ascites fluid. 
In practice, the following procedure is widely used. 

The animals are pretreated with about 0.5 ml pristane (2,6,10,14-tetramethyl
pentadecane) 3-30 days before injection of hybridomas. For best results (Hoo
GENRAAD et al. 1983),2 x 106-2 X 107 hybridoma cells should be injected into the 
peritoneal cavity approximately 10 days after pristane injection. Tumor growth, 
leading to ascites production in the peritoneal cavity, should be visible about 2--4 
weeks after cell injection. Mice may produce up to 10 ml fluid containing up to 
25 mg Abs per milliliter. This concentration is about 100 fold higher than can be 
achieved in vitro. The method suffers from the fact that ascites fluid does not al
ways develop. Then, irradiation of acceptor mice with 3--4 Gy (GODING 1980; 
HAMMERLING et al. 1981) or inoculation of hybridomas into immunodeficient 
athymic nude mice or athymic nude rats, respectively (HAMMERLING et al. 1981) 
may solve the problem. If rat/mouse hybridomas are used, Ab production in as
cites fluid is only achieved in nude mice primed with pristane or irradiated, pris
tane-pretreated nude rats, since suppressor T cells have to be eliminated in the 
rats' spleen (NOEMAN et al. 1982). In order to achieve maximum yields, it is nec
essary to reconstitute the ascites fluid with saline after tapering and to harvest 
fresh ascites again after approximately 2 weeks. Obviously, ascites fluid contains 
all types of mouse or rat proteins in addition to Ab; the yield is variable, and ani
mals are subjected to serious disease which is not always acceptable for ethical 
reasons. 

b) In Vitro 

In principle, mAbs may be produced in vitro under tissue culture conditions. On 
the other hand, hybridomas are grown under normal conditions, i.e., tissue cul
ture medium, as described before, is used which of course contains all serum pro
teins, including Abs. If the Abs are to be used in a conventional RIA, dye-free 
culture medium should be used, otherwise, color quenching may be unavoidable. 
If pure Abs are to be produced, separation of the desired Ab from others and dif
ferent serum components is necessary. To overcome these difficulties, a synthetic 
medium may be used which does not contain Abs. All known serum-free media 
are based on the investigations of IscoVE and MELCHERS (1978). Most of these 
synthetic media contain a combination of normal serum components, especially 
albumin, transferrin, and some selenium, all dissolved in Dulbecco's modified 
Eagle's medium enriched with amino acids and vitamins (ISCOVE and MELCHERS 
1978; BOTTENSTEIN and SATO 1979; MURAKAMI et al. 1982; KAWAMOTO et al. 1983; 
YSSEL et al. 1984). Published results (CHANG et al. 1980; McHUGH et al. 1983) in
dicate that hybridomas grow in such media and produce similar amounts of Ab 
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as in media containing serum. Growth, however, appears to be retarded and the 
cells appear particularly sensitive to "stressful" culture conditions, e.g., to very 
low and very high cell density in the culture (McHUGH et al. 1983). Nevertheless, 
this technology opens a new field of Ab production by overcoming many difficul
ties of the separation procedures necessary to obtain highly purified antibodies 
for specific investigational purposes. This technique is rapidly expanding. It is ap
plied in stationary cultures as well as in suspension cultures, especially in the pro
duction ofmAbs in large quantity (e.g., FAZEKAS DE ST. GROTH 1983; MARCIPAR 
et al. 1983). Both technologies, production of mAbs in vivo and in vitro, are now 
frequently applied. 

In addition, biochemical purification methods are used to eliminate unwanted 
serum proteins from ascites or tissue culture supernatants. These methods are 
necessary even if serum-free media are used since cells produce not only anti
bodies, but also a large variety of metabolic products which have to be eliminated. 
The details of the purification procedure depend on the species and subclass of 
Ab. The most commonly used methods are affinity chromatography and ion ex
change chromatography on DEAE columns (for references see GODING 1978, 
1980; BRUCK et al. 1982; MORGAN 1984; STANKER et al. 1985). 

c. Results and Outlook 
Despite the obvious advantages of mAbs for pharmacologic purposes, this tech
nique has not been widely applied so far. A list of mAbs developed against phar
macologically important molecules such as drugs, drug metabolites, mediators, 
and peptide or proteohormones is given in Table 4. Most investigations have con
centrated on developing mAbs against large molecules, e.g., proteohormones, re
ceptors, growth factors. Small molecules such as drugs, steroid hormones, or so-

Table 4. Substances of pharmacologic interest a against which monoclonal antibodies 
have been described 

Substance 

1. Drugs 

Alprenolol 
Benzodiazepines 
Cyclosporin 
Digoxin 

Digitoxin 
Digitalin 
Gentamicin 
7 -Hydroxychlorpromazine 
Methotrexate 
Morphine 
Nortriptyline 

References 

CHAMAT et al. (1984), SAWUTZ et al. (1985) 
DE BLAS et al. (1985) 
QUESNIAUX et al. (1985) 
MARGOLIES et al. (1981), HUNTER et al. (1982), 

ZALCHllERG et al. (1983), PINCUS et al. (1984), 
BUCHMAN et al. (1985) 

COLIGNON et al. (1984) 
EDELMAN et al. (1984) 
PLACE et al. (1984) 
YEUNG et al. (1985) 
KATO et al. (1984) 
GLASEL et al. (1983) 
MARULLO et al. (1985) 

a Enzymes, receptor proteins, etc., are not included. 
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Table 4 (Continued) 

Substance 

2. Steroid hormones and thyroxine 
Dehydroepiandrosterone 
Deoxycorticosterone 
11-Hydroxyprogesterone 
Estradiol 
Progesterone 
Testosterone 

Thyroxine 

3. Peptide Hormones 
Angiotensin II 
Endorphin 
Enkephalins 

Glucagon 
Insulin 

Somatomedin C 
Vasoactive intestinal polypeptide 
Vasopressin 

4. Proteohormones 
Adrenocorticotropin 
Chorionic gonadotropin 

Growth hormone 

Luteinizing hormone 

Thyrotropin 

Prolactin 

5. Mediators, messengers, transmitters 
Cyclic adenosine monophosphate 
Eicosanoid 

Prostaglandins 

Leukotrienes 
Serotonin 

K. BRUNE and M. REINKE 

References 

F ANTI and WANG (1984), KNYBA et al. (1985) 
AL-DuJAILI et al. (1984) 
BROCHU et al. (1984) 
FANTI and WANG (1984) 
FANTI and WANG (1984) 
KOHEN et al. (1982), FANTI and WANG (1983), 

WHITE et al. (1985) 
MOROZ et al. (1983), WILKE et al. (1985) 

NUSSBERGER et al. (1984) 
HERZ et al. (1982) 
JONES et al. (1983), PONTAROTTI et al. (1983), 

CUELLO et al. (1984), DEGUCHI and YOKOYAMA 
(1985) 

GREGOR and RIECKEN (1985) 
BENDER et al. (1983), MADSEN et al. (1983), 

JORGENSEN et al. (1984), ZIEGLER et al. (1984), 
KUROCHKIN et al. (1985), MARKS et al. (1985), 
STORCH et al. (1985) 

BAXTER et al. (1982) 
GOZES et al. (1983) 
Hou-Yu et al. (1982), ROBERT et al. (1985) 

WHITE et al. (1985) 
FURUHASHI et al. (1983), STUART et al. (1983a), 

BERGER et al. (1984), TEH et al. (1984), 
CARAUX et al. (1985) 

RETEGUI et al. (1982), STUART et al. (1983b), 
JACOBELLO et al. (1984), RETEGUI et al. (1984), 
ASTON and INVANYI (1985) 

SOOS and SIDDLE (1983), KNAPP and STERNBERGER 
(1984), CHOW et al. (1985) 

RIDGWAY et al. (1982), JACOBELLO et al. (1984), 
BOETTGER et al. (1985) 

STUART et al. (1982), ASTON et al. (1984), JACO
BELLO et al. (1984), ASTON and IVANYI (1985), 
COOK et al. (1985), OOSTEROM and LAMBERTS 
(1985) 

O'HARA et al. (1982) 

BRUNE et al. (1985), DAVID et al. (1985), 
TANAKA et al. (1985) 

LEE et al. (1984) 
MILSTEIN et al. (1983), LINDGREN et al. (1984) 
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Table 5. Characteristics of monoclonal antibodies against E- and F-type prostaglandins 

Prostaglandins Cross-reaction (%) 

mAb-PGE1 mAb-PGE1 mAb-6- mAb-PGF1• 

(E1R1) (E1R I ) keto-PGF la 

PGEz 100 100 1.83 1.32 
PGE1 S.S4 (12)' 18.S 1.37 2.42 
PGA1 0.32 (S) NT b NT NT 
PGB1 0.79 NT NT NT 
PGD1 0.12 <1.3 <1 <1 
PGF1• 0.17 21.6 0.67 100 
PGF Ia 0.33 NT 1.83 2.0S 
TXB1 <O.OS <1.3 <1 <1 
TXB1 NT NT <1 <1 
lS-Keto-PGEz 1.32 (2) NT NT NT 
lS-Keto-13,14-dihydro-PGEz 0.97 NT NT NT 
I1-Deoxy-1S-keto-13,14-dihydro- <O.OS NT NT NT 

11,16-cyclo-PGEz 
lS-Keto-13, 14-dih ydro-PG F 2. <O.OS NT NT <1 
lS-Keto-PGF z. <O.OS NT NT <1 
6-Keto-PGF I. 0.07 100 100 NT 
6,lS-Diketo-PGF 1. 0.07 NT <1 NT 
6,lS-Diketo-13,14-dihydro-PGF 1a 0.06 NT <1 NT 
Arachidonic acid <O.OS NT NT NT 

Sensitivity 0.03 (0.01) 0.22 1.1 2.0 
Immunoglobulin subclass IgG I , K-l IgG1 , K-l IgG I , K-l IgG I , K-l 

chains chains chains chains 

a Values in parentheses give characteristics of a specific antiserum against PGE2 (32-7) used 
for comparison. 
b NT not tested. 

called tissue hormones have not been used so frequently as antigens for the devel
opment of mAbs. 

As an example, our results concerning the production of mAbs against pros
taglandins (PGs) are listed in Table 5. The mAbs against PGF 2. and 6-keto
PGF I. showed a high degree of specificity, displaying only about 1 % cross-reac
tivity with the structurally related PGEz, PGE1, and PGF 1a" These mAbs, how
ever, allowed only for the measurement of fairly high concentrations of 6-keto
PGF 1. or PGF 2. (1-2 ng) when used in the conventional solution RIA employed 
by us routinely (BRUNE et al. 1981; cf. Chap. 19). In contrast, our first mAb 
against PGE2 (E2R 1) allowed for the detection of much smaller amounts ofPGE2 

(> 200 pg), but its cross-reaction with 6-keto-PGF I., PGE 1, and PGF 2. was con
siderable. The second mAb against PGE2 (E2 R 2) proved to be very specific, dis
playing some cross-reactivity only with PGE 1 ( '" 5%), and 15-keto-PGE2 (1 %), 
but not with 6-keto-PGF 1. or a great variety of other PGs. It compared very well 
in that respect with a widely used antiserum (Table 5). In addition, this mAb, if 
employed in the conventional fluid phase RIA, allowed for the detection of small 
amounts of PGE2 (30 pg). In further experiments (Fig. 1), it was shown that this 
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Fig. 1 a, b. Binding of 3H PGE2 (full circles); 3H PGA2 (open circles); and 3H PGB2 (full 
triangles) at equal specific activity by dilutions of a specific polyc1onal antiserum (32-7) and 
b mA-PGE2 (E2R2) 

mAb was devoid of the ability to bind 3H PGA2 and 3H PGB2 , which is usually 
displayed by antisera against PGE 2 . As shown in Fig. 1 , even at high concentra
tions, the mAb-PGE 2 does not bind PGA2 or PGB2 , while the antiserum does. 

Our results show that it is possible to raise hybridoma clones which produce 
mAbs against PGs in vitro. Some of these mAbs can be used in conventional 
RIAs, allowing for the direct and sensitive detection of biologically relevant PGs. 
For example, our mAb-PGE2 (E 2R2) is now routinely used in a standard RIA 
assessing PG release from macrophages, yielding almost identical results to a 
well-defined specific antiserum against PGEz (Table 5). The mAb-6-keto-PGF la 

and mAb-PGF Za are not of comparable quality in conventional fluid phase assays 
owing to relatively high detection limits. They have, however, proven useful when 
employed in an immunosorbent assay on plastic surfaces. The mAb concentra
tion in hybridoma supernatants is high enough for the direct use of these super
natants in the assay procedure. For example, the dilutions given in Fig. 1 are di
rect dilutions from pooled hybridoma supernatants harvested after approxi
mately 3 days (cell content at that time", 5 x 106 cells per milliliter). In other 
words, it is not necessary to initiate the production of mAbs in the peritoneal cav
ity of BALBjc mice for sufficient mAb concentrations. Furthermore, the data 
prove that it is possible to circumvent problems inherent in conventionally pro
duced polyclonal antisera. The mAb-PGF Za' mAb-6-keto-PGF la' and mAb
PGEz (EzR 2) exert a high degree of specificity, i.e., these Abs can discriminate 
well between minor structural differences in the side chains of PGs and the ring 
structure. The mAb-PGE2 (E 2R 2), for example, is able to detect minor changes 
in the side chain configuration in PGE l or in 15-keto-PGE2 , albeit with some 
cross-reactivity, but there is no detectable cross-reactivity with PGF 2a' PGA2 , or 
PGB2 which differ in the substituent configuration of the cyclopentane ring. The 
small (5%) cross-reactivity with PGE l is less than with most published anti-PGEz 

b 
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antisera. Furthermore, it is of little relevance under most experimental conditions 
owing to the low production of PGE 1 by most mammalian cells. Moreover, the 
inherent problem ofPGE2 antisera, namely, that they contain Abs against PGA2 

and PGBz, is avoided by selecting a clone which can only produce one species of 
Abs, although one may argue that unlimited quantities are rarely necessary. By 
this procedure, one can obtain Abs which are much more specific than those pro
duced by the elegant method of FITZPATRICK and BUNDY (1978) who employed 
the metabolically stable PGE2 analog, 9-deoxy-9-methylene-PGF 2,,' How these 
mAbs compare with those reported elsewhere in the literature (cf. Table 4) will 
have to be investigated. 

Finally, it should be mentioned that the examples given show that it is possible 
to produce specific Abs of a uniform standard in almost unlimited quantities. The 
advantage of selecting specific clones may be even more pronounced if monospe
cific Abs against macromolecules are to be produced. By feeding hybridomas 
with labeled amino acids, one can produce labeled Abs which should prove par
ticularly valuable in assays based on labeled Abs instead oflabeled antigens. This 
option, together with the relative ease of purifying mAbs from culture super
natants, may even initiate the displacement of conventional RIAs by assays based 
on purified Abs labeled with isotopes, fluorescence markers, or enzymes. 
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CHAPTER 5 

Radioiodination and Other Labeling Techniques 
1. GRASSI, J. MACLOUF, and P. PRADELLES 

A. Labeling for Immunologic Assay: Introduction 

Immunologic assays are based on the use of two reagents: an antibody and a la
beled molecule, whose properties directly limit the quality of the measurement. 
The antibody constitutes the principal element of the assay and defines the spec
ificity of the method through the particular characteristics of its binding to the 
antigen. 

The antibody-antigen interaction is characterized by a high bonding energy, 
which ensures the formation of the antibody-antigen complex, even when the two 
constituents are present at very low concentrations. This strong affinity of the 
antibody for the antigen is exploited in immunologic assays in order to obtain 
high sensitivity. In order to measure the very low concentrations of these com
plexes, it is necessary to introduce into the assay a labeled molecule, which pro
vides a detectable signal at these concentration levels. The labeling can be of the 
antibody or of the antigen, depending on the type of assay used. The properties 
of this labeled molecule (i.e., tracer), greatly influence the characteristics of the 
assay, and in particular its sensitivity. First, we shall briefly define the character
istics that this tracer must possess in order that full advantage may be taken of 
the antibody properties. 

The preparation of a tracer consists in using any physicochemical method to 
couple an antigen, or an antibody, with an atom or molecule capable of emitting 
a measurable signal. Many different probes have been employed to this effect. 
The characteristics and respective merits of each of these signals will be discussed 
later in this chapter. In many cases, the introduction of the tracer moiety leads 
to a chemical modification of the antigen or antibody. Any effects of such modi
fications of the immunologic properties of the molecule should be strictly mini
mized. In particular, any resultant decrease in the affinity of the antibody for the 
antigen will lead to a desensitization of the method. This problem is especially 
acute in the case oflow molecular weight haptens. Here, the structure of the tracer 
must be based on that of the immunogen which served to prepare the antibodies, 
so as to reproduce as closely as possible the structural design implicated in recog
nition by the antibody sites. 

The other essential characteristic of a tracer is its specific activity, that is to 
say, the amplitude of the signal it provides for a given mass oflabeled molecule. 
Indeed, if the strong binding between antibody and antigen is to be exploited 
fully, it is necessary to be able to measure very low concentrations of tracer, and 
this calls for the highest possible specific activity. This specific activity depends, 
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of course, to a large extent on the type of signal used. From this point of view, 
the best results have been obtained with radioactive, enzymatic, fluorescent, or 
luminescent tracers. The specific activity will also depend on the number of signal 
moieties bound per molecule. In fact, this number is often limited to a few units 
as experience has shown that the introduction of a large number of signal moieties 
per molecule is detrimental to the immunoreactivity of the tracer, to its stability, 
and to its binding to elements other than the antibodies (nonspecific binding). All 
these considerations should be borne in mind in order to ensure the quality of the 
assay. The preparation of a good tracer is often, therefore, the result of a compro
mise between different, and sometimes contradictory, requirements: maximal im
munoreactivity, maximal specific activity, maximal stability, and minimal non
specific binding. 

In the pages that follow, we shall first describe radioactive labeling, which 
formed the historical basis of the development of analytic immunology and which 
continues to playa considerable role. We shall then consider the different noniso
topic labeling methods which have been developed over the last 15 years or so. 
The initial value of these methods was their ability to overcome certain practical 
problems associated with the use of radioactive tracers, and some of them have 
since proved to be of greater sensitivity than radioimmunologic methods. 

B. Radioiodination 

I. General Considerations 

Radioimmunologic techniques were initiated by S. A. Berson and R. S. Yalow 
through the use of the radioactive isotope of iodine 131 I in the labeling of insulin, 
which was employed in a study of the metabolism of this hormone in diabetic pa
tients (BERSON et al. 1956). The use by these authors of a radionuclide of high spe
cific radioactivity was invaluable in the demonstration of anti-insulin antibodies. 
Theoretical studies as well as experimental data (EKINS 1978; Y ALOW 1980) have 
shown that in the case of conventional radioimmunologic assays (competition as
say), the range of concentrations of the molecule to be assayed depends closely 
on that of the tracer. Indeed, to a first approximation, it can be considered that 
the lowest measurable concentration of antigen for a given assay will be of the 
same order of magnitude as the concentration of tracer used. Thus, in endocrinol
ogy, for example, it is often necessary to measure hormone concentrations be
tween 10- 10 and 10- 12 M (YALOw and BERSON 1968), and this calls for radioac
tive tracers that are easily measured at such concentrations. In practice, this re
quirement means that the tracer has a specific radioactivity of 20-2000 Ci/mmol, 
a fact which limits the number of usable radioisotopes. 

Many radioisotopes are used in biology (BAILY et al. 1976) and in Table 1 we 
present those most frequently employed in biochemistry, together with their nu
clear characteristics. With the exception of 14C, whose specific radioactivity is too 
low, it appears that each of these radioisotopes is a good candidate for tracer syn
thesis in radioimmunology. However, for various reasons, the choice is almost ex
clusively limited to tritium and iodine (e.g., lack of precursor; labeling technique 
tedious or harmful to the molecule; short half-life of radionuclide; radioactive 
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Table 1. Nuclear characteristics of the principal radioisotopes used in biochemistry 

Radioisotope Half-life Specific activity Type of Energy of 
(Ci/matom)' emission emission (MeV) 

14C 5730 years 0.062 f3 0.156 
3H (tritium) 12.2 years 29 f3 0.018 

35S 87 days 1500 f3 0.167 
32p 14 days 9200 f3 1.710 

1251 60 days 2200 {~ 0.035 
0.027-D.032 

1311 8 days 16000 {~ 0.247-D.806 
0.080-D.723 

• Specific radioactivity reached for 100% isotopic abundance. The SI unit for radioactivity 
is the becquerel (Bq), which is equal to 1 disintegration per second, 1 Ci = 37 x 109 Bq. 

safety measures too costly or handling of radio nuclide illegal in nonspecialist lab
oratories; detection of radioactive emission difficult, polluting, or expensive). 

Before considering iodine labeling itself, it is worth emphasizing the theoret
ical value of tritium. As it is possible to replace one or more hydrogen atoms of 
a molecule by isotopic exchange, a tracer which is structurally identical to the 
antigen or hapten can be synthesized, thereby retaining the full affinity of the anti
body for the molecule. Considerable progress has been made in this field since the 
pioneering studies OfWILZBACH (1957) on tritiation by exchange in the presence 
of tritium gas, and it is now possible to produce tritiated molecules of high specific 
radioactivity ( '" 1 00 Ci/mmol) without modifying the primary structure, in par
ticular, in the areas of medicines (BUTLER 1973), steroids (ABRAHAM 1974), pro
teins (TACK and WILDER 1981), and pep tides (FROMAGEOT et al. 1978). 

Tritiated tracers initially enjoyed considerable success, but over the last 10 
years, an increasingly marked preference has developed for iodinated tracers 
e251). Illustrative of this is the fact that of the 104 radioimmunologic kits pro
duced by manufacturers and indexed in the United States of America in 1983 
(CLINICAL CHEMISTRY 1983), 80 use 1251, 15 use tritium, and 14 involve a choice 
of the two isotopes. The essential reasons for this derive from the fact that: (a) 
the higher specific activity of 1251 provides greater sensitivity; (b) radioactive 1251 
is more easily measured (solid scintillation) than tritium (liquid scintillation); (c) 
it is difficult to produce tritiated tracers of high specific radioactivity (~ 100 Ci/ 
mmol) outside specialist centers of the nuclear industry; and (d) much progress 
has been made in iodine labeling methods, notably in the labeling of pep tides and 
proteins. 

1. Principles 

Two situations may arise in the labeling of a molecule with iodine: 

1. The molecule to be labeled possesses one or more atoms of stable iodine, 1271. 

This is a rather unusual case among molecules of biologic interest and the best
known example is that of the iodothyronines. Labeling is performed either 
through isotopic exchange, or with a noniodinated precursor. 
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2. The molecule possesses no iodine atoms. The introduction of iodine can, 
therefore, either be effected directly (covalent linkage to a carbon atom of the 
molecule), or indirectly, by incorporating into the molecule another molecule 
which has been iodinated previously or which is capable of being iodinated (con
jugation labeling). These labeling methods have been described in detail in several 
reviews (BOLTON 1977; ARGENTINI 1982; DEWANJEE and RAO 1983; REGOECZI 
1984). 

2. Choice of Radioactive Iodine 

Iodine radioisotopes are much used in nuclear medicine. There are approximately 
23 radioisotopes of iodine that can be produced in the nuclear industry (HOR
ROCKS 1981). The more important are listed in Table 2. Among these, only 1311 
and 1251 have been employed for the preparation of tracers in radioimmunology, 
because of their relatively long half-lives. 

a) 1311 

131 I has a half-life of 8.06 days and a complex decay behavior involving the emis
sion of P and y radiations, the most important being P- 0.606 MeV (89%) and 
y 0.364 MeV (80%). Its theoretical specific activity is '" 16000 Ci/matom. It is 
prepared by irradiation of Te metal or Te02. In fact, the commercially available 
preparations of reductant-free 1311 contain 80%-85% 1271, the reason being that 
the tellurium targets contain three stable isotopes, 126Te, 128Te, and 13°Te, which 
produce respectively 1271, 1291, and 131I. The first of these iodine isotopes is 
stable, and the second is weakly radioactive. They interfere by reducing the spe
cific radioactivity of 1311. Na 131 I is available commercially at a specific radioac
tivity of '" 20 Ci per milligram iodine. 

b) 1251 

1251 has a half-life of 60.2 days and a decay pattern as complex as that of 1311 
(Fig. 1). However, unlike 131 I, it can be obtained at isotopic concentrations close 
to 100%. 1251 is produced by irradiation of a target of 124Xe 

1;!Xe(n, y) -+ l;lXe(radioactive) Electron capture ) 1;~1 

Commercially available preparations of Na 1251 have a specific radioactivity 
of '" 17 Ci/mg. 

Nowadays, 1251 is preferred to 1311 in the synthesis of radio ligands for ana
lytic immunology because of its radiochemical purity, its long half-life, the ef
ficiency of detection of its radioactive emission (FREEDLENDER 1968) by scintilla
tion counters (Nal crystal; 80%), the absence of p radiation and consequent limit-

Table 2. Half-lives of the more important radioisotopes of iodine 

Isotope 
Half-life 

1251 
60 days 

131 I 

8.09 days 

1321 
2.3 h 
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125 I E. C. (electron capture) 

" ~:::mi~on 0028 M,V 

} "mi"ion 0.035 M,V 

125 r -----52 e 
stable 

Fig. 1. Decay scheme of 1251 

ing of damage due to radiolysis, and because of the low energy of the')' radiation, 
which allows handling of the isotope with a minimum of precautions. 

3. Purification of Iodinated Compounds 

Whatever the radioiodination technique, the chemical reactions called into play 
lead to the formation of different compounds in the reaction mixture: 
1. Molecules labeled with different proportions of iodine 
2. Labeled molecules that have undergone structural modifications other than 

those due to the incorporation of iodine (polymers, oxidation and reduction 
products); these molecules may have lost their ability to bind to the anti
bodies 

3. Unlabeled molecules that have not reacted with the iodinating agent 
4. Mineral iodine in different chemical forms or reactive iodine not conjugated 

to the molecule 
5. Iodination reagents 
6. Neutralization reagents 

It is therefore necessary to purify the tracer in order to obtain a well-defined 
molecular entity of high specific radioactivity and maximal immunoreactivity. 
The methods employed should give a high yield and good resolution, and should 
be simple to apply. Separation can be effected on the basis of different physico
chemical properties of the labeled molecule: 
1. Molecular weight: molecular sieve chromatography, dialysis 
2. Charge: electrophoresis, ion exchange chromatography 
3. Polarity: chromatography by adsorption on silica or cellulose, thin layer chro

matography, high pressure liquid chromatography 

a) Molecular Sieve Chromatography 

Molecular sieving on a gel (Sephadex, Bio-Rad, Trisacryl) is one of the most com
monly employed methods, particularly in the case of peptides, polypeptides, or 
proteins of molecular weight ~ 1000 (PORATH and FLODIN 1959). This approach 
allows the removal of mineral iodine and molecules of low molecular weight by 
using a gel such as Sephadex G-l0 or G-25 and a small chromatography column 
(Fig. 2). Combined use of a micro column and centrifugation results in a very 
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Fig. 2. Radiochromatography on 
Sephadex G-25 (coarse) of the reaction 
mixture for iodination of collagen. The 
column (30 x 1 cm) (Econo-column; 
Bio-Rad) was equilibrated and eluted 
with a phosphate buffer (0.1 M, 
pH 7.4) containing 0.4 M NaCI and 
0.1 % bovine serum albumin. The 
volume of the fractions collected was 
approximately 1 m!. The collagen was 
labeled by the chloramine-T method. 
The first peak corresponds to the void 
volume of the column and the second 
to mineral iodine. Detection of 
radioactivity in the elute was effected 
with a Geiger-MUller counter 

rapid separation (TUSKYMSKI et al. 1980). Higher resolution gels can separate the 
different labeled molecular species from by-products of the reaction, such as 
polymers in the case of proteins (Fig. 3; AUBERT 1971). Dextran gels (Sephadex) 
are also known as weak cation exchangers (NEDDERMEYER and ROGERS 1968) and 
can form hydrophobic bonds with certain chemical groups (JANSON 1967). These 
special features can be taken advantage of to increase the performance of the fil
tration. Aromatic groups, such as tyrosine moieties of pep tides and proteins, are 
especially implicated in these types of interactions. Hence, iodothyronines can be 
purified in a single step with an elution order inversely related to molecular weight 
(BISMUTH et al. 1971; KJELD et al. 1975), as can the mono- and diiodo compounds 
of pep tides (GANDOLFI et al. 1971). Apart from some special cases, elution sol
vents are commonly of high ionic strength (0.1-1 M NaCl) and contain albumin 
(0.1 %) in order to avoid adsorption phenomena and the retention of the molecule 
on the gel and column walls. 

b) Dialysis 

The use of a dialysis membrane of appropriate porosity allows high molecular 
weight molecules (> 10000) to be separated from small molecules and free iodine. 
However, this method is not very commonly employed because of certain draw
backs, such as the time required (> 2 h), quite frequent and significant adsorption 
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Fig.3. Radiochromatography of the products of iodination of acetylcholinesterase (from 
Electrophorus electricus, EC 3.1.1.7) after elimination of mineral iodine (iodination by the 
chloramine-T method). The column (70 x 1.8 cm) was filled with Bio-Gel A 15 m, 200-
400 mesh (Bio-Rad) and was equilibrated and eluted with a Tris-HCl buffer, pH 7.4, con
taining 1 M NaCl and 1O- z M MgClz. The fractions were 2 ml in volume. The first two 
peaks correspond to different labeled molecular forms of the enzyme (SIKORA vet al. 1984). 
Labeled bovine serum albumin and low molecular weight by-products were eluted last. The 
labeled albumin derives from the fact that, after labeling, the free iodine was eliminated by 
gel filtration with a phosphate buffer containing albumin as eluant (see Fig. 2). It is known 
that this protein binds free iodine noncovalently 

of the product onto the membrane, and the volumes of radioactive effluent in
volved. 

c) Electrophoresis 

Electrophoresis on paper or gel, and more recently isoelectric focusing, which are 
common analytic methods in biochemistry, are only rarely used for quantitative 
purification of iodinated tracers (RAE and SCHIMMER 1974), and tend to be re
served rather for testing tracer purity (AUBERT 1971). 

d) Ion Exchange Chromatography 

The use of pH gradients in anionic, cationic, or mixed resins is a means of sep
arating different iodinated species of peptides and proteins. This is because the 
introduction of one or two iodine atoms into the phenol or imidazole rings of 
tyrosine or histidine residues results in a modification of the pKa of these residues 
(Table 3; SORIMACHI and VI 1975; LING et al. 1976). Elimination of mineral iodine 
is effectively achieved with Dowex X8 resin (Bio-Rad) (GANDOLFI et al. 1971). 
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Table 3. pK. Values for iodinated derivatives of tyrosine and 
histidine 

Compounds 

Tyrosine 
Monoiodotyrosine 
Diiodotyrosine 
Histidine 
Monoiodohistidine 
Diiodohistidine 

pK. References 

10.1 } 8.2 (EDELHOCH 1962) 
6.4 

~.18 } (BRUNINGS 1947) 
2.72 

Fig. 4. Autoradiochromatogram of the 
reaction mixture from iodination of 
thyroliberin (thyrotropin-releasing hormone, 
TRH, PGlu-His-ProNH2) analyzed by thin 
layer chromatography (Merck cellulose 
matrix; solvent butanol/acetic acid/water 
75/10/25). The film used was Kodirex ready 
pack (Kodak). The mono- and diodo
derivatives of the peptide had been previously 
identified by means of iodine monochloride as 
iodinating reagent (PRADELLES 1977). 
Thyroliberin was labeled by the chloramine-T 
method to give maximal specific radioactivity 
(GROUSELLE et al. 1982) 

e) Adsorption Chromatography 

Thin layer adsorption chromatography on cellulose or silica is a preferred tech
nique for the separation of low molecular weight molecules (peptides, steroids, 
drugs) as well as inorganic molecules such as the different forms of iodine (RE
GOESCZI 1984). It lends itself particularly well to the purification of radioactive 
tracers for the following reasons: 

1. It is simple to implement and is well adapted for small quantitites of prod
uct and small sample volumes. 

2. It is possible to separate the different types of molecule (mono- and diiodo 
compounds) as well as the reaction by-products (iodines, conjugation reagents, 
etc.) in a single step. 
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3. The positions of the different radioactive products can be established 
simply by autoradiography (Fig. 4). 

4. The radioactive product can be recovered simply by scraping off the silica 
or cellulose powder at the appropriate spot, and can be rapidly eluted in a mini
mum of solvent. 

High pressure liquid chromatography (HPLC) is a technique whose use is in
creasingly widespread, not only in the testing of tracer purity, but also in quan
titative purification (SEIDAH et al. 1980). 

4. Specific Radioactivity 

Specific radioactivity is defined as the amount of radioactivity per unit mass or 
per molecule, and is generally expressed in ~Ci/~g or Ci/mmol. It is desirable to 
measure this value for each tracer preparation since it can be used to calculate the 
mass of tracer introduced in the assay, and to standardize it (BOLTON 1977). The
oretically, the introduction of an atom of 1251 per molecule from commercial so
lutions ofNa1251 leads to specific radioactivities of the order of 2000 Ci/mmol. 
In practice, this value depends on the possibility of separating labeled and unla
beled molecules (frequently the case for protein hormones). Determination of the 
specific radioactivity will vary in difficulty depending on the type of molecule 
(antigen, hapten) and the methods for purification and identification of the mo
lecular species. 

In the general case of macromolecules, the degree of incorporation (fraction 
of bound iodine versus fraction of free iodine) is measured on a sample aliquot 
by chromatography electrophoresis (CARO et al. 1975) or protein precipitation by 
trichloroacetic acid). In the case of small molecules (haptens), it is generally pos
sible to purify the different molecular species and identify them (PRADELLES et al. 
1978). The most favorable instance in this case is when the molecule possesses a 
tyrosine group. So, far a larger quantity of product, stable iodine, 1271, is incor
porated by the ICI technique for example (MORGAT et al. 1970), and after puri
fication the mono- and diiodo species are identified by spectrophotometric anal
ysis as function of pH (GEMMIL 1955), and the radioactive species are identified 
by simple comparison of the chromatographic profiles with those of nonradioac
tive iodinated species. In this situation, the determination of specific radioactivity 
involves only the measurement of the radioactivity of the identified product. An
other approach for the measurement of tracer mass involves the use of radioim
munoassay calibration curves (WALKER 1977). 

5. Iodination Damage 

Chemical alteration of an antigen after iodination can result in a partial or com
plete loss of immunoreactivity. Such damage can have various causes: reaction 
with iodine, reaction with the iodinating reagents, reaction with impurities pres
ent in the radio nuclide solutions, effects of internal radiation, and the decay catas
trophe. 
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a) Reaction with Iodine 

As will be described later in this account, the major organic groups capable of 
forming stable covalent bonds are the phenol and imidazole groups, which are 
present for example in tyrosine and histidine residues in peptides and proteins. 
Nonetheless, iodine can react with other organic groups and other amino acid res
idues by forming, most commonly, unstable derivatives which result in a chemical 
modification of the molecule (for review see RAMACHANDRAN 1956; KOSHLAND 
et al. 1963; REGOECZI 1984). 

rx) Effect of Iodine on Cysteine (R-SH). Cysteine reacts with 12 through a series 
of complex reaction pathways. One of these pathways leads to the formation of 
disulfide bridges 

R-SH + 12 ~ RSI (sulfenyl iodide) + H+ + 1-

R-SI + R-SH ~ R-S-S-R + HI 

The S-I bond is less stable than the C-I bond (NELANDER 1969). 

f3) Effect of Iodine on Cystine (R-S-S-R). The oxidation of disulfide bridges in 
proteins during iodination is considered as one of the factors involved in the loss 
of immunoreactivity of proteins (HUNG 1973). 

R-S-S-R + 212 + 3HzO ~ 2 R-S03H + 4HI 

y) Effect of Iodine on Methionine (R-S-CH3)' The hydrolysis of an unstable io
dine compound with methionine leads to its oxidation (ROSENBERG and MURRAY 
1979) 

R-S-CH3 + 12 ----> [~ ] 1-
R-S-CH 3 

+ 
iodosulfonium 

1 +HzO 

o 
II 

R-S-CH3 + 2HI 

through an unstable intermediate (iodosulfonium ion). 

(j) Effect of Iodine on Tryptophan. It has been clearly demonstrated (ALEXANDER 
1974) that the effect of iodine is to oxidize the indole heterocycle to oxindole, and 
that peptide bonds may be broken. 

R 

~ ~NAo 
I 
H 

Oxindole 



Radioiodination and Other Labeling Techniques 101 

b) Reaction with Chemical Reagents 

Most iodination methods employ oxidizing and reducing agents (see Sect. B.II), 
the former producing a reactive species through oxidation of iodine, and the latter 
stopping the reaction. The oxidizing agents often act directly on the molecule to 
be iodinated by modifying its immunologic properties. The effect of chloramine-T 
is well known (SHIMA et al. 1975), particularly on the methionine residues of pep
tides and proteins (STAGG et al.; SHECHTER 1975). In certain cases, the sensitivity 
of this residue to these agents calls for an exploration of other labeling methods 
(HEMMINGS and REDSHAW 1975). 

c) Reaction with Impurities Present in Radionuclide Solutions 

I t has been shown that preparations of radioactive N al without carrier and reduc
tant for the labeling can contain different oxidizing molecular species of iodine, 
some of which have not been identified (CVORIC 1969). Iodates, in particular, 
seem to be the cause offailures often encountered with commercial batches ofra
dioactive NaI. Solutions of iodine are kept at high pH and preferably at low tem
perature in order to minimize these undesirable effects. 

d) Effects of Internal Radiation and the Decay Catastrophe 

During labeling and storage, the tagged molecule is subject to radiation emitted 
by the radionuclide. In general, all types of radiation produce ionization and ex
citation of the molecule. 1311 and 1251 emit f3 and y radiations, which result in 
chemical modifications of the tracer through complex mechanisms. In the case of 
tyrosine, for example, the C~I bond can be transformed into a C~OH bond (JIANG 
et al. 1975; BERRIDGE et al. 1979). In addition, the disintegration of 1251 and 1311 
atoms leads to the formation of 125Te and 131 Xe, respectively, whose positive 
charges differ and which can react with the electrons of neighboring molecules 
(CARLSON and WHITE 1963). 

6. Storage of Label 

The structural alterations of a molecule subjected to ionizing radiation are par
ticularly important during storage. Radioimmunologists are very familiar with 
the time-dependent decrease in immunoreactivity. These drawbacks are usually 
mitigated by storing the tracer diluted in the presence of proteins (albumin, for 
example), which act as scavengers of free radicals (very reactive chemical species 
formed by irradiation). Free radicals combine with oxygen dissolved in the sol
vent to form peroxide radicals. Other types of molecule can also act as scavengers 
(e.g., alcohols, thiols) (COHEN 1976). 

Irradiation-induced damage is particularly serious when the tracer is concen
trated and of high specific radioactivity (KJELD et al. 1975). Breaking of the C~I 
bond leads to the formation of 12 in the medium, which is very volatile and is a 
cause of atmospheric contamination (BOGDANOVE and STRASH 1975). In general, 
iodine molecules are also sensitive to light (photolysis), pH, and the presence of 
metal ions (BROWN and REITH 1967). Appropriate storage conditions should be 
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found for tracers, depending on their chemical characteristics (for review see 
BAYLY and EVANS 1968). 

7. Safety 

Most radioiodinations are performed with a solution of radioactive Nal in 
sodium hydroxide, without reducer and with a total activity of 1-5 mCi. Apart 
from the dangers due to ionizing radiation emitted by the source, atmospheric 
pollution is one of the principal causes of contamination of personnel. Formation 
of volatile 12 in the radioactive iodine source during storage, or in the reaction 
mixture after labeling, can result in internal contamination through inhalation. 
Contamination through direct contact may also occur, since iodine diffuses 
through the skin very rapidly and is absorbed by the thyroid gland. The radiotox
icity of iodine is now well established (TAYLOR 1981). The International Com
mission for Radiological Protection (ICRP) and the International Atomic Energy 
Agency (lAEA) publish regular reports describing the evaluation of contamina
tion risks and giving recommendations for radiation protection. By way of illus
tration we cite, briefly, the risks involved in the handling of 1251, as they are eval
uated by the French atomic energy agency (Commissariat a l'Energie Atomique, 
CEN Sac1ay, France). 

Risk of External Irradiation 

- At a distance: irradiation of whole body 
Annual dose-equivalent limit: 50 mSv/year (5 rem/year) 
1 mCi gives approximately: 10 ~Sv/h (1 mrem/h at 30 cm) 

Upon contact with recipient: irradiation of hands 
Annual dose-equivalent limit: 500 mSv/year (50 rem/year) 
1 mCi gives approximately: 15 mSv/h (1.5 rem/h) 

Risk of Internal Contamination Through Inhalation 

- Annual limits on intake for workers (ALI): 2 x 106 Bq (5.4 X 10- 5 Ci) 
- Derived air concentration (DAC): 103 Bq/m3 (2.7 x 10- 8 Ci/m3) 

Conditions of Work are Divided Into Two Classes 

- Working condition A: annual exposure might exceed three-tenths of the dose
equivalent limits 

- Working condition B: annual exposure does not exceed three-tenths of the 
dose-equivalent limits (generally the case for most biologic research laborato
ries) 

In terms of specific equipment we recommend 
1. Handling of iodine, labeling, and purification should be performed under a 

well-ventilated hood [0.5 m/s air flow at the level of the glove holes (diameter 
12 cm)] equipped with an activated charcoal filter in the air extraction system 

2. Use of disposable gloves (surgical latex gloves) 
3. Radioactive waste disposed regularly in sealed plastic bags 
4. Use of a sensitive device for the monitoring of surface contamination 
5. Monitoring of atmospheric contamination 
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II. Chemistry 

1. Iodinating Reagent 

The iodinating reagent is defined as the molecular form of iodine which reacts di
rectly to incorporate iodine into a molecule. In organic synthesis, iodinating re
agents are varied, and certain of them can be used for the labeling of organic mol
ecules (ARGENTINI 1982). In the particular case of the preparation of iodinated 
radio ligands intended for radioimmunology, the need to prepare a product with 
a high specific radioactivity and to effect its synthesis in a nonspecialist laboratory 
limits the number of these reagents. The nuclear industry offers only a restricted 
number of these high specific radioactivity reagents (MANI 1983). The major ones 
are as follows. 

a) 1251CI 

Iodine mono chloride is the most effective iodinating agent. Unfortunately, this 
molecule is not available from the nuclear industry at a sufficiently high specific 
activity (5-50 mCi/mmol) for the preparation of tracers in radioimmunology. 
However, it is possible to obtain this agent at specific radioactivities of at least 
1000 Ci/mmol by isotopic exchange. 

1271CI + Na1251 ~ 1251CI + Na127I. 

b)12512 

Molecular iodine is an iodinating agent in addition reactions at double bonds, 
during the substitution of hydrogen at aromatic groups electrophilic substitution 
at unsaturated carbon atoms: tyrosine and histidine residues of pep tides and pro
teins), and during halogen substitutions through the reaction of radicals. The pro
duction of iodine occurs in situ by oxidation of iodide 

21251- ~ 12 + 2e-

In fact, these oxidation processes constitute the major methods for radioiodina
tion which will be discussed further in this chapter. Iodine is an extremely reactive 
molecular species which generates numerous chemical reactions (HUGUES 1957). 
In dilute solution, these reactions are still poorly understood, and many oxidation 
states are involved (Table 4). 

It is generally admitted that the H 20I+ cation is in fact the principal reactive 
species in electrophilic substitution reactions at unsaturated carbon atoms, which 

Table 4. Oxidation states and chemical species of iodine 

Principal oxidation -1 0 +1 +5 +7 
state 

Predominant Iodide ion Free radical Iodonium Iodate ion periodate ion 
chemical species 1- (atom) I ion 1+ 10;- 104 
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R-o-OH 

R-o-0-
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(tyrosine pKa = 10) 

- R~-' H,a' 

I 

(monoiodotyrosine pKa = 8.2) 

(diiodotyrosine pKa = 6.4) 

H 
R I 

):) 
I 

and 

H 
R I 

t}-I 
(monoiodohistidine pKa = 4.2) 

Fig. 5. Electrophilic substitution in tyrosine and histidine 
residues 

constitute the majority of reaction mechanisms involved in methods for the prep
aration of iodinated radio ligands 

12 + H 20 ~ H 20P + 1-. 

The H20I+ cation dissociates to give hypoiodous acid HOI, which is remarkably 
stable in dilute solution (JIROUSEK 1981) 

H 20I+ ~ HOI + H+. 
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Figure 5 summarizes the electrophilic subsitution reaction mechanisms occurring 
at phenol and imidazole groups (tyrosine and histidine residues of pep tides and 
proteins). The different mono- and dihalogen derivatives are stable and their 
physicochemical properties have been described (EDELHOCH 1962; BRUNINGS 
1947). 

c) Na125I 

This is the simplest iodine compound and the most frequently used. It is involved 
either in isotopic exchange with the stable iodine of iodine monochloride ICl, or 
in the substitution of diazonium salts (Sandmeyer's reaction). It is available in the 
nuclear industry in alkaline solution ( ~ 0.1 M NaOH) without carrier and reduc
tant, and with a specific radioactivity of the order of 17 Ci/mg, an activity per unit 
volume of ~ 100--600 mCi/ml and a radiochemical purity of greater than 99% 
« 1 % 1261). 

2. Methods 

a) Introduction 

There are many methods for the insertion of radioactive iodine into a molecule, 
depending on its type (ARGENTINI 1982). They include nucleophilic substitution 
at aliphatic carbon atoms, electrophilic addition at double bonds, electrophilic 
substitution at aromatic groups, nucleophilic substitution at aromatic groups, use 
of radical reactions, etc. Curiously, nowadays the synthesis of iodinated tracers 
in radio immunology, whatever the nature of the molecule (protein, peptide, ste
roid, lipid, nucleotide, sugar, drug, etc.), is essentially carried out by a single 
method, which can be schematized as follows: 

Precursor: 
Method: 
Mechanism: 

Na1251 
oxidation of 1251 by a mild oxidizing agent 
electrophilic substitution at an aromatic group. 

Various reasons account for this impoverishment of methods. First of all, 
there are historical reasons. The discovery of the radioimmunologic technique 
arose through studies with proteins. Now since this type of molecule is particu
larly fragile, it was necessary to choose a method that was: (a) mild, so as not to 
damage the epitopes; (b) highly efficient, thus giving an appropriate specific 
radioactivity, and (c) easily implemented in the laboratory. 

Thus, the classic studies of Berson and Yalow on insulin were performed fol
lowing the method of PRESSMAN and EISSEN (1950) with mild oxidation of iodine 
by sodium nitrite. The iodine-binding sites on the protein were tyrosine and his
tidine residues. Many methods were subsequently proposed, varying essentially 
in terms of the type of oxidizing agent or iodinating agent used, but a few rare 
exceptions apart, the principle of the insertion of iodine at an aromatic group was 
established. Thus, as we shall see later in detail, labeling techniques can be sum
marized as follows: 

a) First Case. The molecule has an iodine acceptor group such as: a tyrosine or 
histidine residue (pep tides or proteins), a double bond (phospholipids), or an-
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other aromatic group (cytidine in nucleic acids, and all other natural or synthetic 
molecules). In this case, direct labeling is performed as described in the following 
section. 

f3) Second Case. The molecule does not possess an iodine acceptor group. In this 
case two approaches are possible. One consists in introducing into a specific site 
on the molecule an iodine acceptor group (phenol or imidazole ring in most cases) 
(CORRIC and HUNTER 1981), thus reducing the problem to that of the first case. 
The other approach involves the conjugation of the molecule with a small, pre
viously radioiodinated molecule. 

b) Iodine Monochloride Method 

Since its development for the labeling of proteins (McFARLANE 1958), this 
method has been subject to different modifications (HELMKAMP et al. 1960; SA
MOLS and WILLIAMS 1961; McFARLANE 1968). The iodine monochloride is ren
dered radioactive by isotopic exchange with radioactive NaI, a concomitant 
drawback being that the specific radioactivity of the iodine is reduced. However, 
it is possible, through oxidation of radioactive NaI, to retain in the ICI about 70% 
of the initial specific radioactivity of the iodine (HELMKAMP et al. 1967). This tech
nique has the advantage of being quick, and of reducing the oxidation state of 
the iodine and limiting undesirable secondary reactions. In addition, the reagent 
is particularly stable in aqueous medium, thus allowing tight control of the elec
trophilic substitution reaction. Despite recent progress in improving the specific 
radioactivities of molecules labeled by this method (DORAN and SPAR 1980), it is 
a technique little used by radioimmunologists. 

c) Methods Based on the Oxidation of Iodide 

a) Oxidation by Chlorine Compounds. It is well known that chlorine (CI) is more 
electronegative than iodine, and that it can remove two electrons from it, thus 
changing its charge from -1 to + 1 and rendering it reactive in electrophilic sub
stitution reactions. Thus, molecular chlorine (Clz) and sodium hypochlorite 
(NaCIO) have been used as oxidation agents of radioactive NaI in the iodination 
of proteins (BUTT 1972; REDSHAW and LYNCH 1974). 

It was Hunter and Greenwood who first used a chlorine compound (chlor
amine-T) as a mild oxidizing agent of iodine for high specific radioactivity label
ing of proteins (HUNTER and GREENWOOD 1962; GREENwooDet al. 1963). 

o Na 

CH3-o-~ ~-I 
- II \ 

o Cl 

Chloramine-T (molecular weight 227.67) is nowadays the most commonly em
ployed oxidizing agent in iodine labeling. This sulfonamide is considered as a mild 
oxidant, which in neutral aqueous solution releases hypochlorous acid, HOCl, 
which oxidizes iodide to Iz, and to ICI in acid medium. However, the reaction 
mechanisms are still subject to controversy, as witnessed by comparisons of the 
iodine incorporation yields in proteins, depending on whether chloramine-Tor 
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12 is used (JIROUSEK 1981). The protocol of this method will vary depending on 
the type of molecule to be labeled and the level of specific radioactivity desired. 
A general basic outline can be specified: 

1. The molecule to be labeled should be dissolved in a very small volume (5-
100 Ill) of a buffered medium (phosphate buffer 0.5 M, pH 7.4). 

2. The chosen quantity of radioactive Na1 (2-10 Ill, 0.2-1 mCi) is added. 
3. Chloramine-T (freshly dissolved in water or buffer) is added. 
4. The reaction is stopped after 1-2 min by the addition of a reducing agent 

in water or buffer (Na2S20 S ' sodium metabisulfite). 
This method is much used for the labeling of peptides and proteins (McCo

NAHEY and DIXON 1980). 
One of the major drawbacks of this technique is that the molecule to be la

beled is in direct contact with the oxidizing agent, and in the case of proteins in 
particular this leads to secondary reactions (polymerizations, oxidation of methi
onines). These effects can be minimized by using the lowest possible ratio of chlor
amine-T to protein (ARGENTINI 1982). This method is employed for the iodination 
of groups other than phenol and imidazole residues, such as, for example, nucleic 
acids (SHAPOSHNIKOY et al. 1976), alkaloids from rye ergots (COLLIGNON and 
PRADELLES 1984), phospholipids (ANTONOY et al. 1985), and some steroids (JEFF
COATE 1982). 

FRAKER and SPECK (1978) have proposed the use of another chlorine com
pound, 1 ,3,4,6-tetrachloro-3a,6a-diphenylglycoluril (molecular weight 431.91). 

Cl 0 Cl 
\ II / 
N-C-N 

D-%_c_%-o 
/ II \ 

Cl 0 Cl 

This product is available from the Pierce Chemical Company, Rodford, Illinois, 
United States, under the trade name oflodo-gen. It is insoluble in water, but sol
uble in chloroform or dichloromethane. The principle of the method consists in 
coating the walls of the reaction tube with this reagent by evaporating the solvent, 
and then the molecule to be labeled and the radioactive iodine are introduced. Be
cause the reagent is insoluble in aqueous media, its contact with the molecule to 
be labeled is weak, and secondary reactions are therefore minimized. According 
to some authors, higher yields and greater stabilities are obtained in the labeling 
of pep tides and proteins with this method, as compared with the chloramine-T 
technique (SALACINSKI et al. 1981). Another approach involves the covalent im
mobilization of N-chlorobenzylsulfonamide on a polystyrene matrix (MARKWELL 
1982). 

f3) Electrolytic Oxidation. Two decades ago, Rosa introduced the electrolytic 
conversion of iodide to iodine (ROSA et al. 1964). The principle of the method is 
simple and it can be applied to micro-quantities (DONABEDIAN et al. 1972). In an 
electrolysis cell, a platinum cathode is enclosed by a dialysis membrane, and at 
the anode, under the effect of an electric field, the reaction of radioactive sodium 
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iodide produces reactive iodine 

21--2e- ~ 21 ~ 12 

The oxidized iodine formed reacts with the substrate and the solvent. 
The advantage of this technique is the absence of chemical oxidation and re

duction agents. Furthermore, the speed of formation of 12 is controlled by the 
current strength and it is possible to work with dilute solutions of iodide. One 
drawback is that the duration of electrolysis is quite long (30-60 min) and the 
molecule to be labeled is in very dilute solution, conditions which will tend to 
favor protein denaturation. 

'Y) Enzymatic Oxidation. This method grew out of the in vivo synthesis of thyroid 
hormones. The labeling of proteins with radioactive iodine, as originally per
formed, used lactoperoxidase, which catalyzes the incorporation of iodine in the 
presence of hydrogen peroxide (H20 2) and sodium iodide (MARCHALONIS 1969). 
Following this principle, it has proved possible to label peptides and proteins with 
high specific radioactivities (THORELL and JOHANSSON 1971; MIYACHI et al. 1972). 
In general terms, the molecule to be labeled is dissolved in an appropriate buffer 
in the presence of radioactive NaI. The enzyme and hydrogen peroxide are then 
added successively. The reaction is stopped after a few minutes by the addition 
of a reducing agent (mercaptoethanol or cysteine), or simply by dilution with 
buffer. The concentrations of enzyme and hydrogen peroxide in the reaction me
dium determine the labeling yield. The pH of the medium can influence the speed 
of the reaction (REGOECZI 1984). This method also has the advantage that second
ary reactions leading to protein denaturation are minimized. One hypothesis ad
vanced is that the tyrosine side chains involved are those that are exposed at the 
surface of the molecule, and which form the complex with the enzyme (MORISON 
1980). One of the disadvantages of this method is that the enzyme, being a pro
tein, iodinates itself, and if the molecule to be labeled has physicochemical prop
erties close to those of the enzyme (molecular weight, charge, etc.), an impure 
tracer will be contaminated by iodinated enzyme. It is advisable to use either a 
small quantity of enzyme, or enzyme coupled to an insoluble matrix, which can 
thus be readily removed from the reaction mixture (DAVID and REISFELD 1974). 
Imidazole side chains of pep tides and proteins (KROHN and WELCH 1974), as well 
as other organic structures such as lipids and steroids (MERSEL et al. 1976; MAT
KOVICS et al. 1971) can be labeled by this technique. The effectiveness of this 
method is particularly shown for the labeling of the surface proteins (SEFTON et 
al. 1973). Other enzymes have been used in this type of labeling, such as myelo
peroxidase, chloroperoxidase, and the glucose-glucose oxidase system (for review 
see REGOECZI 1984). 

b) Oxidation by Thallium Chloride. COMMERFORD (1971) has the first to label nu
cleic acids radioactively using iodine. The basic principle rests on the fact that 
thallium chloride TlCl3 oxidizes the iodide and allows substitution of the hy
drogen at C-5 of the cytidine by an iodine atom. This technique has also been pro
posed for labeling lipids in organic solvents (ANTONOV 1985). 
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e) Sandmeyer's Reaction. This method is applied to molecules that possess a pri
mary aromatic amino group. In the first step, the amino group is diazotized and 
is then replaced by iodine. 

R-Q-NH2 

NaNOz 
• .. 

Hel 

This technique has been known for many years (BLOCH and RAY 1946) and 
has been used in special cases such as, for example, radioimmunologic assay of 
drugs (CARDOSO and PRADELLES 1982). 

3. Conjugation Labeling 

The direct incorporation of iodine into a molecule for the synthesis of a radioim
munologically active iodinated tracer is doomed to failure if: 

1. The molecule does not possess groups that can be iodinated (or if such 
groups are present they are inaccessible to iodinating agents). 

2. The presence of iodine atoms in the molecule decreases its affinity for the 
antibodies, either because they are incorporated directly at the epitopes, or be
cause they modify the tertiary structure of the molecule. Remember in this regard 
that the steric bulk of an iodine atom is close to that of benzene. 

3. The molecule is sensitive to the reagents employed (oxidant, reductant). 
F or these reasons, the conjugation of the molecule with a group that is suscep

tible to iodination, or with an already iodinated group, presents an alternative to 
direct labeling. 

Two strategies can be adopted, depending on the nature of the problem: either 
the molecule to be labeled X is reacted with an iodinated molecule of high specific 
radioactivity Y, which has been activated and will form a covalent bond with X, 
(conjugation labeling method), or, X is reacted with Y, which is activated, but not 
iodinated, and the product X-Y is then iodinated. We shall not elaborate further 
on this latter approach, which is only original in terms of the pathways of organic 
synthesis called into play according to the type of molecule. It is commonly used 
for the preparation of iodinated haptens in radioimmunology and interested 
readers can refer to reviews describing the different substrates that can be iodi
nated and the organic reactions used (CORRIE and HUNTER 1981; REGOECZI 
1984). 

a) Iodination with the Bolton-Hunter Reagent 

The extensive use of 12SI-3-(4-hydroxphenyl)propionic acid N-hydroxysucci
nimide ester for the labeling of peptides and proteins is due to BOLTON and 
HUNTER (1973). This derivative had originally been proposed by RUDINGER and 
RUEGG (1973). The principle of the method is simple, and three steps are in
volved. 
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rx) First Step. Synthesis of the active ester of N-hydroxysuccinimide (NHS) 

Rl 
Ir-----'A \ 0 

H0-o-CH2CH2g-OH + 

o 

Ho-9 
o 

NHS 

Carbodiimide, .. 
anhydrous solvent 

The esters of NHS are quickly hydrolyzed by amines to give an amide and have 
been commonly employed for peptide synthesis (ANDERSON et al. 1964). 

o 

pH7-9 ... o P II 
RI-C-NH-R2 + HO-Nr-

o 

fJ) Second Step. Labeling with 1251 by the chloramine-T method. The labeled 
product (mono- or diiodo derivative) is rapidly extracted from the aqueous iodi
nation reaction mixture by benzene, and is kept in this solvent. The reagent is 
commercially available in a ready-to-use form of high specific radioactivity 
(2000-4000 Ci/mmol) (Amersham International pIc, New England, Nuclear). 

y) Third Step. A molecule X, which possesses a free amine (e.g., the lysine residue 
of proteins, is placed in the presence of reagent, after removal of solvent, for a 
short period. 

1251 0 

X-NH, , HO-O-CH'-CH,J O-NO 
II o 

The reaction is stopped by the addition of excess lysine. This method has been 
most successful and can be used for the labeling of a great variety of molecules 
(LANGONE 1981). 

b) Iodination with Other Conjugating Reagents 

We shall cite some other compounds used in the labeling of proteins and other 
organic substances, but which, curiously, have not been used for the synthesis of 
tracers in radioimmunology. 
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rx) t-Butyloxycarbonyliodotyrosine N-Hydroxysuccinimide Ester 125 I. 

This reagent, which is similar to the previous one, has the advantage of restoring 
the charge on the amino group of the molecule after having eliminated the t-butyl 
group (ASSOIAN et al. 1980). 

/3) Wood's Reagent 
I~, 1 9- NWCl-

/ 2 

HO fj ~ C 
- \ 

OCH3 
1251 

This imidoester reagent (3,5-diiodo-p-hydroxybenzimidate; WOOD et al. 1975) 
reacts with the a-amino group of the lysine residues of proteins and, like the 
preceding reagent, does not alter the overall charge of the native protein. 

y) Diazotized Iodosulfanilic Acid 
125 1 

Ho,s--d-N~'a-
Diazotized sulfanilic acid has long been used as a specific reagent for the tyrosine 
and histidine residues of peptides and proteins through the formation of a colored 
azoic derivative (Pauly's reagent). Iodination and diazotization of sulfanilic acid 
give a reagent which is used in the labeling of cell membranes (HELMKAMP and 
SEARS 1970). It is available in kit form from New England Nuclear at a specific 
radioactivity of ~ 1000 Ci/mmol. 

<5) Iodinated Aniline. Iodinated aniline has also been used according to the same 
reaction scheme for labeling proteins which are sensitive to oxidizing agents 
(HAYES and GOLDSTEIN 1975). 

c. Nonisotopic Labeling 

I. General Considerations 

Despite the success ofradioimmunoassays in many areas of biology, there has in 
recent years been an increasingly marked tendency to use methods that employ 
nonradioactive tracers. This trend is partly explained by the drawbacks involved 
in handling radioactive isotopes, but also because improvements in techniques 
have led to the appearance of substitution labels which can improve the per
formance of radioimmunoassays. 

One of the major drawbacks of radioactive tracers is tied to the tightening up 
oflegislation covering the use of radioactive products and the disposal of the cor
responding waste. This radiation safety problem is further aggravated by the in
creased use of "excess reagent methods" (MILES and HALES 1973; EKINS 1973), 
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such methods involving much larger quantities of tracer. In addition, radioactive 
tracers have a half-life limited by that of the radioelement involved. Shelf-life is 
reduced even further when high specific radioactivity radioisotopes are used, e.g., 
1251 or 1311, which provide the most sensitive assays. This limited lifetime ofra
dioactive tracers poses additional problems of management and quality control. 

In order to be performed under appropriate conditions, radioactivity mea
surements call for specialized and costly apparatus. For example, it is not possible 
to design radioimmunoassays that can be carried out in a limited environment 
(developing country, patient's home, doctor's surgery), whereas it is possible with 
other, nonisotopic markers (enzymes, erythrocytes, etc.). Lastly, it is not possible 
to design "homogeneous" radioimmunoassays that do not require a separation 
step, since the radioactive disintegration process is completely independent of the 
physicochemical environment. These methods, though, lend themselves to high 

Table 5. The most commonly used abbreviations in the field of immunoassay 

A. Main categories 

Abbreviation 

RIA 
IRMA 
EIA 
FIA 
LlA 
SIA 
MIA 
PIA 

Full name 

Radioimmunoassay 
Immunoradiometric assay 
Enzyme immunoassay 
Fluoroimmunoassay 
Luminescence immunoassay 
Spin immunoassay 
Metalloimmunoassay 
Particle immunoassay 

B. Subcategories 

Abbreviation Full name 

ELISA 
EMIT a 

EASEIA 

SHEIA 
SLFIA 

USERIA 

TRFIA 
DELFIAa 

Enzyme-linked immunosorbent assay 
Enzyme-multiplied immunoassay 

technique 
Enzyme-associated substance enzyme 

immunoassay 
Steric hindrance enzyme immunoassay 
Substrate-labeled fluoroimmunoassay 

Ultrasensitive enzymatic radio
immunoassay 

Time-resolved fluoroimmunoassay 
Dissociation-enhanced lanthanide 

fluorescence immunoassay 

Corresponding main category 

Heterogeneous EIA 
Homogeneous EIA 

Homogeneous EIA, sometimes 
classified as FIA (SLFIA) 

Heterogeneous ETA 
Homogeneous EIA (EASEIA) 

or FIA 
Heterogeneous EIA 

Heterogeneous FIA or MIA 
FIA, associated with TRFIA 

FPIA 
FETIA 

Fluorescence polarization immunoassay Homogeneous FIA 
Fluorescence excitation transfer Homogeneous FIA 

CLIA 
BLIA 
PACIA 

immunoassay 
Chemiluminescent immunoassay 
Bioluminescent immunoassay 
Particle counting immunoassay 

a Registered trademark. 

LlA 
LlA 
PIA (latex) 
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performance automation and enjoy a certain success in clinical analysis (EMIT, 
FPIA). 

Very many labels have been proposed as alternatives to radioisotopes. Among 
them are enzymes, fluorescent or luminescent compounds, metals, bacterio
phages, spin or particle labels. For each of these labels, several types ofhomoge
neous or heterogeneous assays have been described, which involve labeling of 
antigens, haptens, or antibodies. As a consequence, a considerable amount of new 
methods, accompanied by a variety of abbreviations, have emerged, leading to a 
quite confusing situation. The most commonly used abbreviations are given in 
Table 5 together with the category of immunoassay to which they correspond. We 
have first restricted our attention to an examination of assays calling for en
zymatic, fluorescent, or luminescent labels which are the most developed and 
seem to be of the greatest interest. With few exceptions, all these methods have 
the common property of involving a tracer which consists of a conjugate between 
an immunoreactant (antigen, hapten, or antibody) and a probe (enzyme, 
fluorescent compound, or luminescent compound). In a later section, we shall ex
amine briefly some other labels, which have not yet undergone extensive develop
ment, either because they do not give sufficiently sensitive assays, or because they 
are still too arduous to employ. 

II. Labeling with Enzymes 

The first enzyme immunoassays (EIA) appeared in 1971, following the studies of 
VAN VEEMEN and SCHUURS (1971) and of ENGVALL and PERLMAN (1971). These 
assays were heterogeneous and employed covalent conjugates of an antigen and 
an enzyme. The first homogeneous assays appeared a year later (RUBENSTEIN et 
al. 1972). EIA has since experiment a considerable upward trend and has become 
the most widespread of nonisotopic immunoassay methods (SCHUURS and VAN 
VEEMEN 1977, 1980; O'SULLIVAN 1984; OELLERICH 1984). 

Note first of all that enzymes occupy a separate place in the arsenal of noniso
topic probes. Indeed, in themselves they carry no directly measurable signal, and 
are only detected through the reactions they catalyze, by monitoring the trans
formation of their substrate, which itself bears some signal. So there are EIA as
sociated with colorimetric, fluorescent, luminescent, radioactive, or turbidimetric 
measurements. In any case, some of these assays have been improperly categor
ized in terms of the type of signal measured, such as fluoroimmunoassay (SLFIA) 
or luminescent immunoassay (BLIA). In EIA, the enzyme acts as a powerful am
plifier which can transform its substrate up to tens of thousands of times per sec
ond. By virtue of this amplification, it is possible to obtain tracers with a specific 
activity greater than that given by 125I. 

When the enzymatic assay calls for colorimetric detection, it is possible to en
visage a qualitative or semiquantitative measurement based on a simple visual as
sessment. In this case, EIA allows sensitive detection of antigens or antibodies 
without the need for measuring equipment. This privileged position of EIA sug
gests that it will be a method of choice in developing countries (VOLLER 1982; 
DAMLE et al. 1982). It could also prove to be a powerful aid to general practi
tioners, who could perform reliable assays at their surgeries. The major drawback 
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of EIA is linked to a certain fragility of the enzyme, whose activity and its mea
surement may be influenced by some components present in biologic samples. 
This limitation, which is encountered above all in homogeneous assays, has 
nonetheless been overcome in a great many cases. 

1. Heterogeneous Assays 

The principle of these assays does not call for a great deal of comment since they 
are closely based on the corresponding radioimmunoassays. When a solid phase 
is involved in the separation process, these assays are often categorized as en
zyme-linked immunosorbent assay (ELISA). They have been applied successfully 
to the assay of antigens, haptens, and antibodies, either by using competition or 
excess reagent methods (O'BEIRNE and COOPER 1979; JARVIS 1979; SCHUURS and 
VAN VEEMEN 1977; SCHALL and TENOSO 1981). 

An original approach was developed by CASTRO and MONJI (1981) who used 
an insoluble pseudo substrate inhibitor of f3-galactosidase (agarose-aminocap
troyl-f3-D-galactactosylamine) as separation reagent. Here, the presence of spe
cific antibody bound on the enzymatic tracer prevents its fixation on the affinity 
gel. This assay, called steric hindrance enzyme immunoassay (SHEIA), is appli
cable to both haptens and antigens. 

The performance of a heterogeneous enzyme immunoassay is critically depen
dent on the choice of enzyme. The following criteria are applied in making this 
choice: 

1. For the synthesis of the enzymatic conjugate, it is necessary to have at one's 
disposal large amounts (milligrams) of pure enzyme, which should also be avail
able at a reasonable price. 

2. The enzyme should lend itself well to the different chemical reactions in
volved in the preparation of conjugates, without suffering a loss of enzymatic ac
tivity. The conjugates obtained should also be of good stability. 

3. It should be possible to detect the enzymes with the greatest possible sen
sitivity. Naturally, this sensitivity will depend on the turnover rate of the enzyme, 
but also on the sensitivity with which the enzymatic reaction products can be de
tected. The substrate should also be stable in the absence of enzyme, since too 
great an autolysis would limit the sensitivity of the assay. 

4. The enzymatic assay should be as simple as possible to perform and should 
lend itself well to automation. 

5. The enzyme should retain its activity in complex biologic media in which 
different substances may tend to inactivate it (inhibitors, proteases, etc.). Despite 
a commonly held belief, the presence of endogenous enzyme in biologic samples 
is not necessarily troublesome in the case of heterogeneous assays. The problem 
can in fact be resolved by the use of an appropriate separation method allowing 
a low nonspecific binding. 

6. In order to ensure a rapid immunoreaction, the tracer and as a consequence 
the enzyme should be small in size since the rate of reaction is dependent on the 
diffusion coefficient of the reactants which is related to the molecular size. 

Table 6 gives a list of different enzymes used in heterogeneous assays. Each 
enzyme more or less satisfied the criteria enunciated above. It is not possible at 
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Table 6. Enzymes used in heterogeneous EIA 

Enzyme 

Peroxidase 
Acetylcholinesterase 
Alkaline phosphatase 
f3-Galactosidase 
Glucose oxidase 
Glucose amylase 
f3-Lactamase 

Source 

Horseradish 
Electrophorus electricus 
Calf intestinal mucosa 
Escherichia coli 
Fungal 
Rhizopus niveus 
Bacterial 

115 

Enzyme Commission number 

1.11.1.7 
3.1.1.7 
3.1.3.1 
3.2.1.23 
1.1.3.4 
3.2.1.3 
3.5.2.1 

the present time to make out a case for the superiority of one of these enzymes 
over the others, since, with few exceptions (PORSTMANN et al. 1985), no serious 
systematic comparison has yet been carried out. Nevertheless, it is possible, on 
the basis of certain experimental data, to make a few comments, in particular with 
regard to the detection sensitivity, which conditions the sensitivity of the assays 
performed. Some of these data, those corresponding to the most commonly used 
enzymes, are summarized in Table 7. 

It can be noted, for example, that if we confine ourselves to colorimetric en
zymatic assays, acetylcholinesterase from Electrophorus electricus seems to be the 
best candidate since it is possible to detect this enzyme at levels close to 1 amol 
(10- 18 mol) under standard measurement conditions (1 h incubation, 200 III 
reaction mixture). Slightly lower sensitivity can be obtained with horseradish 
peroxidase, while other enzymes such as alkaline phosphatase or f3-galactosidase 
give significantly inferior performance. 

Even greater sensitivity can be achieved with fluorescent substrates. In this 
case, f3-galactosidase appears to be the best candidate since, by using 4-methylum
belliferyl-f3-galactoside, it is possible to measure less than 10- 20 mol enzyme 
(ISHIKAWA et al. 1983). The sensitivity of detection in these enzymatic systems is 
remarkable, and clearly superior to that obtainable with 1251 (detection limit 
1.4 x 10- 17 mol 1251, corresponding to a counting rate of 50 cpm for a specific 
activity of 2000 Cijmmol, assuming a counting efficiency of 80%). This sensitivity 
also compares very favorably with that obtained with other nonisotopic systems, 
such as time-resolved fluoroimmunoassay (TRFIA) and luminescence immu
noassay (LlA) (see following paragraphs). It should also be noted that even more 
sensitive detection can be achieved, either by increasing the incubation time for 
enzymatic detection, or by using analysis methods more sensitive than color
imetry or conventional fluorescence. 

This approach has been developed in the ultrasensitive enzymatic radioimmu
noassay (USERIA) (VAN DER WAART et al. 1976; HARRIS et al. 1979; Hsu et al. 
1981) which employs radioactive detection of the enzymatic reaction products. 
Attention should also be drawn to the recent development of enzyme amplifica
tion methods (STANLEY et al. 1985 a, b; JOHANNSSON et al. 1985). The use of en
zymatic tracers of high specific activity has allowed the development over the last 
few years of assays with sensitivities greater than those of the best corresponding 
radioimmunoassays (IMAGAWA et al. 1981, 1982, 1983; STANLEY et al. 1985b; 
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HARRIS et al. 1979; SHALEV et al. 1980; CLARK and PRICE 1986; INOUE et al. 
1986). 

2. Homogeneous Assays 

Homogeneous enzyme immunoassays depend on the effect exerted by the immu
nologic reaction on the activity of an enzyme. In these assays, the formation of 
the antigen-antibody complex will, in one way or another, result in a drop or an 
increase of the activity of the enzymatic tracer. Hence, it is possible to monitor 
directly the immunologic reaction by measuring the enzymatic activity of the 
reaction mixture. Unlike heterogeneous methods, these assays do not require a 
separation step. 

Several types of EIA, all based on competition processes, but involving pal
pably different principles, have been described. Detailed description and per
formance of these different methods can be found in review articles (CROWL et 
al. 1980; SCHALL and TENOSO 1981; SCHUURS and VAN VEEMEN 1977). 

Lysozyme (EC 3.2.1.17) was used as the enzymatic marker in the first homo
geneous EIA published. In these assays, the binding of the antibody to the 
hapten-enzyme conjugate results in an inhibition of the enzyme by preventing the 
macromolecular substrate (bacterial cell wall peptidoglycans) from reaching the 
enzymatic active site (RUBENSTEIN et al. 1972; SCHNEIDER et al. 1973; BASTIANI et 
al. 1973). 

Other methods have been described which use enzymes (glucose-6-phosphate 
dehydrogenase, malate dehydrogenase) that act on small molecule substrates. In 
this case, it seems that the inhibition of enzymatic activity observed during the 
immune reaction is due to conformational effects (ROWLEY et al. 1975). In some 
rare cases, the binding of antibody induces an increase of enzymatic activity (ULL
MAN et al. 1979; JAKLITSCH et al. 1976). All these methods, known as EMIT (en
zyme-multiplied immunoassay techniques), have been applied successfully to the 
assay of numerous haptens (hormones, medicines, drugs of abuse). 

The development of homogeneous EIA applicable to macromolecular 
antigens is more difficult for a variety of reasons (for further details see CROWL 
et al. 1980). However, some results have been obtained by using antigen-fJ-galac
tosidase conjugates and a flexible macromolecular substrate (GIBBONS et al. 
1980). Here too, the binding of antibody to the antigen-enzyme conjugate inhibits 
enzymatic activity by sterically hindering the access of substrate to the active site. 

Other types of homogeneous assays have been described over the last few 
years. These assays, which have been called enzyme-associated substance enzyme 
immunoassays (EASEIA) (SCHALL and TENOSO 1981), use tracers which are con
jugates between a hapten and different substances able to influence the activity 
of an enzyme, including cofactors (CARRICO et al. 1976; SCHROEDER et al. 1976 a), 
substrates (BURD et al. 1977; LI et al. 1981; WORAH et al. 1981), or inhibitors (FIN
LEY et al. 1980; Nao and LENOFF 1980; BACQUET and TWUMASI 1984; DONA 1985). 
Here, the binding of the antibody to the conjugate modulates the activity of the 
enzyme by inhibiting the effect of the substance. As with EMIT, these methods 
apply essentially to the assay oflow molecular weight haptens. They differ in that 
the enzymes are not involved in the preparation of the conjugate and as a con-
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Table 8. Enzymes used in homogeneous ETA 

Enzyme Source Enzyme Commission number 

Lysozyme 
Glucose-6-phosphate 

dehydrogenase 
Malate dehydrogenase 
,B-Galactosidase 

Egg white 3.2.1.17 
Leuconostoc mesenteroides 1.1.1.49 

Pig heart mitochondria 1.1.1.3 7 
Escherichia coli 3.2.1.23 

sequence should not be classified as enzyme immunoassays. We have included 
them in this category because the use of an enzyme as a detection system is a com
mon property of all EASEIA. Some of these assays, those using conjugates be
tween a hapten and a fluorescent substrate, have been categorized as substrate
labeled fluoroimmunoassays (SLFIA). 

Table 8 gives a list of the principal enzymes used in homogeneous EIA (en
zymes used in EASEIA are not included). With the exception of {3-galactosidase, 
this list differs markedly from that given for heterogeneous assays. Indeed, al
though the criteria of choice defined previously remain valid for homogeneous as
says, they are no longer paramount. The choice of enzyme will be dictated rather 
by the possibilities it offers for the modulation of its activity as a function of the 
immunologic reaction. Note that, for homogeneous EIA, it is very important that 
the enzyme used as tracer is absent from the biologic media involved, since the 
final enzymatic measurement will not be preceded by any separation method. 

The rapidity, simplicity, and automation of homogeneous EIA methods have 
led to a considerable expansion of their use in clinical analysis. Most of the assays 
described until now relate to low molecular weight haptens (hormones, 
medicines, drugs of abuse) and are characterized by a rather low sensitivity 
(10 ngjml-1j..lgjml). 

This lack of sensitivity can be explained in a number of ways: 
1. A high background in the enzymatic measurement tied to the fact that this 

is carried out in complex biologic media. 
2. The enzymes most commonly used in EMIT (lysozyme, glucose-6-phos

phate dehydrogenase, malate dehydrogenase) are not those with the best detec
tion sensitivity. 

3. In the case of EASEIA methods, the modulation of the enzymatic activity 
is not directly due to the immunologic reaction, but depends on other interactions 
(cofactor-enzyme, inhibitor-enzyme, substrate-enzyme), which are character
ized by binding affinities well below those of antigen-antibody interactions. As 
a result, these systems only respond at higher hapten concentrations, and lose in 
terms of sensitivity. For assays involving hapten-substrate conjugates, the situa
tion is even more unfavorable since, in this case, the amplification provided by 
the enzyme is lost. 

Apart from the first point cited, all these limitations are not, however, inher
ent to homogeneous methods and it is to be hoped that the future will bring forth 
assays with sensitivities equivalent to those of heterogeneous methods. Some pro
mising results have already been obtained in the case of thyroxine (FINLEY et al. 
1980). 
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3. Preparation of Enzymatic Conjugates 

There are different ways of conjugating an enzyme to a hapten, an antigen, or an 
antibody. Whichever method is used, it must preserve entirely the activity of the 
enzyme and the immunoreactivity of the immunologic partner. The conjugate 
must be stable and possess the lowest possible degree of nonspecific binding. 
Whatever the coupling procedure, it is often necessary to purify the enzymatic 
conjugate from the reaction mixture in order to eliminate unreacted products, in
active conjugate, or undesirable polymers. Dialysis, molecular sieve chromatog
raphy (ISHIKAWA et al. 1983; KENNEDY et al. 1976; SCHUURS and VAN VEEMEN 
1977; PRADELLES et al. 1985; NAKANE and KAWOI 1974), and affinity chromatog
raphy (IMAGAWA et al. 1981, 1981; ISHIKAWA et al. 1983) can be used to achieve 
this goal. 

a) Enzyme-Hapten Conjugates 

The choice of a method for coupling the enzyme and hapten will depend, of 
course, on the nature of the hapten and above all on the chemical groups it pos
sesses. In general, for the synthesis of the enzymatic conjugate, it is better to use 
a reaction scheme identical to that employed in the synthesis of the immunogen. 
In this way, one usually obtains a conjugate of maximal immunoreactivity, and 
hence a sensitive assay. 

As suggested by some authors (O'SULLIVAN 1984; VAN VEEMEN and SCHUURS 
1975), in certain cases, it can happen that the presence of the same cross-link on 
the immunogen and the conjugate leads to an insensitive assay of the native 
hapten, the cross-link being involved in antibody recognition. This problem has 
already been encountered in radioimmunology, and may be resolved by using dif
ferent cross-links for the synthesis of the immunogen and the enzymatic conjugate 
(HUNTER 1982; VAN VEEMEN and SCHUURS 1975). Another solution is to subject 
the native hapten, before the assay, to a modification identical to the one it under
went during the preparation of the immunogen. This approach has been applied 
successfully to radioimmunoassays of cyclic AMP (CAILLA et al. 1973) and thy
rotropin-releasing hormone (GROUSELLE et al. 1982). 

It is not possible here to present an exhaustive review of the hapten-enzyme 
coupling methods described in the literature. Interested readers can refer to the 
reviews devoted to the subject (ERLANGER 1973; MARKS et al. 1980; RIAD-FAHMY 
et al. 1981; SCHUURS and VAN VEEMEN 1977) as well as to the original articles. It 
can be noted, however, that the coupling reaction very often consists in forming 
a peptide bond between a carboxyl group or a primary amine group of the hapten 
and the complementary side chains of the enzyme. Methods using mixed anhy
drides (VAN VEEMEN and SCHUURS 1972, 1975; AL-BASSAM et al. 1979; RUBEN
STEIN et al. 1972; SCHNEIDER et al. 1973), carbodiimides (DRAY et al. 1975), or ac
tivated esters of N-hydrQxysuccinimide (PRADELLES et al. 1985) have been em
ployed to this effect. 

The stoichiometry of the hapten-enzyme complex obtained should also be 
taken into account, as it can influence the characteristics of the assay. In theory, 
the optimal hapten: enzyme ratio in the conjugate is 1 : 1, since this corresponds 
to a maximal specific activity for the tracer. Some authors have been able to verify 
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this theoretical notion experimentally (PRADELLES et al. 1985; AL-BASSAM et al. 
1979). 

In order to obtain a sensitive assay, it is often preferable to perform the 
hapten-enzyme coupling in conditions such that a nonnegligible fraction of the 
enzyme population is not coupled. The excess uncoupled enzyme can be elimi
nated if necessary later, through a purification step. This operation however, is 
not always necessary, notably in the case of heterogeneous methods. Indeed, in 
this case, it is not problematical if part of the enzymatic activity involved is im
munologically inactive, since an adequate separation method (e.g., solid phase) 
will ensure its elimination before the enzymatic measurement is performed. 

b) Enzyme-Antigen or Enzyme-Antibody Conjugates 

Whether it is an antigen or an antibody that is to be coupled to an enzyme, the 
same problem is involved: that of obtaining a protein-protein conjugate. Very 
many coupling methods exist for achieving this aim (for review see KENNEDY et 
al. 1976). Only a few of them have been applied successfully to EIA (AVRAMEAS 
et al. 1978; O'SULLIVAN and MARKS 1981). 

In this type of reaction, the principal difficulty is to avoid autopolymerization 
reactions (enzyme-enzyme, antigen-antigen, antibody-antibody), and the forma
tion of enzyme-antigen or enzyme-antibody macropolymers. This difficulty is 
bound up with the fact that each participant in the coupling reaction possesses 
many of the same reactive groups. The formation of polymerized conjugates has 
to be avoided, even if it may appear advantageous in terms of specific activity. 
The reason for this is that a polymerized tracer would induce an increase of non
specific binding which would limit the sensitivity of the assay, especially in the 
case of excess reagent methods (EKINS 1973; EKINS and JACKSON 1984). 

The glutaraldehyde method has certainly proved to be the most successful 
since its introduction by A VRAMEAS in 1969. It has the advantages of being repro
ducible, easy to perform, and of giving stable conjugates. Using a two-step cou
pling procedure (A VRAMEAS and TERNINCK 1971), it has been possible to obtain 
monovalent enzyme-antibody conjugates with peroxidase (stoichiometry 1 : 1). 

However, this method has tended to be abandoned progressively because it 
suffers from some drawbacks. The conjugates are often obtained in low yield, 
with a significant loss of immunologic activity and marked polymerization. As a 
result they are characterized by a "useful signal: nonspecific binding" ratio that 
is rather low. 

Use of the periodate method (NAKANE and KAWOI 1974; TiJSSEN and KUR
STAK 1984) has given higher yields, at least with peroxidase. However, this method 
does not seem to be applicable to all enzymes and it also leads to polymers and 
marked losses of enzymatic activity (BOORSMA and STREEFKERK 1979; WILSON and 
NAKANE 1978; TSANG et al. 1984). 

Over the last few years, it has become clear that the most valuable conjugates 
are those prepared either by methods that use the maleimide group through 
homobifunctional (dimaleimide) (KATo et al. 1975) or heterobifunctional re
agents (N-succinimidyl-m-maleimidobenzoate derivatives) (KITAGAWA and AI
KAWA 1976; YOSHITAKE et al. 1979), or by the pyridyldisulfide method (CARLSSON 
et al. 1978; KING et al. 1979). All these methods give a high yield and involve mild 
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reactions which are not prejudicial to the activity of the enzymes or the immu
no reactants. Their main strength though is that they allow much better control 
than other methods over the stoichiometry of the conjugates, without the forma
tion of homopolymers. The reason for this is that in one way or another the cou
pling is achieved through the intermediary of one or more thiol groups, which are 
present in limited amounts or are introduced in a controlled manner onto one or 
both moieties. In the case of the labeling of antibodies, it has proved very advan
tageous to use Fab' fragments rather than whole antibodies (for review see ISHI
KAWA et al. 1983). These fragments bear approximately one free thiol group per 
molecule and lend themselves well to the preparation of 1 : 1 conjugates that have 
a very low level of nonspecific binding and hence a very high "useful signal: non
specific binding ratio." 

III. Labeling with Fluorescent Compounds 

The use of a fluorescent signal associated with immunologic detection is of long 
standing, since as early as 1941 antibodies coupled to fluorescein have been em
ployed in histology (COONS et al. 1941). Fluoroimmunoassays (FIA) have only 
been developed to any significant degree over the last 10 years or so. This trend 
can be explained by the detection sensitivity offered by fluorescent compounds 
and also by the possibilities they offer in terms of the development of homoge
neous assays (for review see HEMMILA 1985). 

1. Fluorescence 

A fluorescent molecule is one that is capable of absorbing light and reemitting the 
absorbed energy in the form of photons of longer wavelength. The lower energy 
of emission is the consequence of nonradiative energy losses, the wavelength dif
ference being referred to as the Stokes shift. In the case of fluorescence, this wave
length shift is rather small (30-50 nm). When electronic deexcitation occurs 
through the intermediary of a triplet state, the shift is greater (~200 nm), and in 
this case one speaks rather of phosphorescence. 

A fluorescent molecule is also characterized by the following parameters: (a) 
its extinction coefficient; (b) its absorption spectrum; (c) its emission spectrum 
(shifted toward the long wavelength end of the spectrum as compared with the 
absorption spectrum); (d) its quantum yield, which is defined as the ratio between 
photons emitted and those absorbed; and (e) its fluorescent lifetime, which char
acterizes the decrease of photon emission. 

Unlike radioactive disintegration, fluorescence emission is very sensitive to 
the physicochemical environment (temperature, pH, proteins, etc.). Although this 
dependence can be turned to advantage to perform homogeneous assays, it does 
nonetheless create several disadvantages, notably a drop in the detection sensitiv
ity of the method. 

The main problems encountered in the measurement of fluorescence are the 
following: 
1. Scattering of the exciting or emitted light owing to the presence in solution of 
concentrated proteins or because of the use of a solid phase 
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2. The fluorescent background generated either by the proteins present (those of 
the serum in particular) or by the solid phase 
3. Change in the environment of the fluorescent molecule or interaction with pro
teins, modifying its fluorescent characteristics (quantum yield, emission wave
length) 
4. The presence in the vicinity of the fluorescent compounds of molecules absorb
ing either excitation or emission energy (e.g., another fluorescent molecule) 

2. Organic Fluorescent Markers 

A great many organic fluorescent markers have been used in fluoroimmunoas
says for the labeling of antibodies, antigens, or haptens. The most common are 
fluorescein (FITC), rhodamine derivatives (TRMITC, RBITC), and dansyl chlo
ride. All these compounds are characterized by high quantum yields (30%-85%). 
For further details about the structure of these compounds, as well as their 
fluorescent characteristics, see a review by HEMMILA (1985). 

Each of these markers has its own optical properties which render them of 
varying interest in the design of heterogeneous and homogeneous assays. Because 
of the problems already described, the detection sensitivity of these markers (and 
hence of the corresponding tracers) falls in the range 10 - 9-10 - 12 M, which 
makes them at best equal to 1251. 

3. Metal Chelates 

Some rare earth chelates (europium or terbium) have really remarkable 
fluorescent properties, allowing very sensitive detection. In these chelates, the ex
citing light is absorbed by the ligand and the energy is transferred to a resonance 
level of the metal, which emits at its characteristic wavelength. This type of flu
orescence is associated with a very marked Stokes shift ( ~ 250 nm), but also with 
a very long half-life (100-1000 Ils), compared with those of other fluorescent com
pounds (1-100 ns). 

Because the emitted radiation is of long wavelength ( ~ 600 nm for europium), 
interference due to scattering phenomena or to protein fluorescence is signifi
cantly reduced. By virtue of the prolonged half-life of these chelates, it is also pos
sible to perform a delayed measurement of fluorescence emission (TRFIA) (SOINI 
1984; DAKUBU et al. 1984), which allows great reduction in the other sources of 
fluorescence, whose decay is much faster. The combination of all these factors 
leads to a considerable reduction in the background fluorescence of the method, 
and an improvement in the detection sensitivity, which is around 10- 18 mol. The 
employment of these chelates constitutes a remarkable advance and offers the 
possibility of synthesizing tracers of specific activity significantly higher than that 
of 125I. 

4. Heterogeneous Assays 

A good many heterogeneous assays have been described that involve competition 
methods (labeling of hapten or antibody) or excess reagent methods (antibody la-
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beling), and their principle is copied from their radioimmunoassay equivalent. 
Because of background fluorescence problems, these assays almost always in
volve a separation method using a solid phase with a low nonspecific binding ca
pacity, so that the measurement is performed in a synthetic medium in the absence 
of interfering substances derived from biologic media. 

For the reasons described previously, the performance of fluorescent assays 
involving organic markers does not exceed that of the corresponding radioimmu
no assays (EKEKE et al. 1979; KOBAYASHI et al. 1982; KAPLAN et al. 1981; TSAyet 
al. 1980; SINOSICH and CHARD 1979; KARNES et al. 1981). In contrast, the use of 
rare earth chelates gives very good results. However, the preparation of tracers 
involving these chelates poses some problems: 

1. It is difficult to obtain perfectly stable chelates, which remain bound to 
their immunologic partner in very dilute solutions containing other metals or 
other chelating agents. 

2. Some chelates, and in particular those of europium, have a tendency to be
come hydrated and lose some of their fluorescent characteristics. 

The most elegant solution to these difficulties is that provided by the dissoci
ation-enhanced lanthanide fluorescence immunoassay (DELFIA) (HEMMILA et 
al. 1984), which has essentially been applied to the labeling of antibodies. In this 
method, the metal is bound very tightly to the antibody through the intermediary 
of powerful aminocarboxylic complex ones (EDTA, EGTA, HEDTA). These 
complexes are of the stability required for participating in the immunologic reac
tion, but possess poor fluorescent characteristics. 

After separation of the components of the immunologic reaction (solid-phase 
method), the metal is dissociated from the antibody (and hence from the solid 
phase) by the addition of a solution containing different chelating agents (j1-dike
tone, trioctylphosphine) and a detergent (Triton X-100). In these conditions, one 
obtains a suspension of micelles containing the chelates, which exhibits optimal 
optical properties. This method, in association with TRFIA, has been applied 
successfully to some assays, which are characterized by high sensitivity and a wide 
working range (PETTERSON et al. 1983; SIITARI et al. 1983; TOIVONEN et al. 1986; 
JORONEN et al. 1986; VILPO et al. 1986). 

5. Homogeneous Assays 

Advantage has been taken of the sensitivity of fluorescence to the physicochemi
cal environment to design many sorts of homogeneous fluoroimmunoassays. 
Most of these assays involve a competition in which the binding of antibody to 
the tracer modifies its fluorescence characteristics. We shall not deal in detail with 
these procedures, and interested readers may refer to the appropriate reviews 
(HEMMILA 1985) and original articles. Instead, we shall briefly cite the commonest 
of these methods. 

Fluorescence enhancement immunoassays and fluorescence quenching immu
no assays rely upon an increase or a reduction, respectively, of tracer fluorescence 
when immunoreaction takes place. The principle of these methods is closely anal
ogous to that of the corresponding homogeneous EIA assays (EMIT), and like 
them they have essentially been applied to the assay of hap tens (SMITH 1977; LI-
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BURDY 1979; HANDLEY et al. 1979; SHAW et al. 1977). The indirect quenching im
munoassays which involve antibodies directed against the fluorescent marker it
self, can be applied to the assay of antigens (ZUK 1981; HASSAM et al. 1982). 

The fluorescence excitation transfer immunoassay (FETIA) involves the la
beling of two different molecules (a donor and an acceptor) with two different 
fluorescent probes (e.g., FITC-Iabeled antigen and TRMITC-Iabeled antibody). 
Because the emission and absorption spectra of the two fluorescent compounds 
overlap, emission from the donor will be quenched by the acceptor. This quench
ing effect being related to the distance between the two fluorescent probes, it will 
be maximum when antigen-antibody binding occurs. This method has been ap
plied to both direct and indirect fluorescence quenching immunoassays (ULLMAN 
et al. 1976; MILLER et al. 1980; KHANNA and ULLMAN 1980; THAKRAR and MILLER 
1982). 

Fluorescence polarization immunoassays (FPIA) depend on the fact that 
tracer-antibody complexes have a more polarized emission than the free tracer, 
because of the greater size of the complex and its slower rotational motion 
(DANDLIKER et al. 1973; SPENCER et al. 1973; LU-STEFFES et al. 1982; JOLLEY et al. 
1981; SPENCER 1981). 

All these assays are rapid and simple. Most of them have been developed com
mercially. However, the sensitivity is often limited by the high fluorescent back
ground produced by biologic samples, and also by the fact that the change in
duced in the fluorescence during the immunoreaction is invariably small. As with 
homogeneous enzyme immunoassays, these methods have mainly been employed 
for the assay of haptens present at high concentration in biologic fluids. 

IV. Labeling with Luminescent Compounds 
1. Luminescence 

Luminescent compounds (whether chemi- or bioluminescent), like fluorescent 
compounds, are capable of emitting light upon the transition of an electron from 
an excited state to an orbital oflower energy. Unlike fluorescence, the excitation 
is not induced by electromagnetic radiation, but by a chemical oxidation reaction. 
Luminescence measurements are less subject to interference than conventional 
fluorescence measurements, first because biologic samples do not (or very rarely) 
contain luminescent products, but also because the problem of overlap between 
absorption and emission spectra encountered in fluorescence does not arise in lu
minescence. As a result, luminescent compounds can be detected with great sen
sitivity (~1O-18 mol) (WEEKS et al. 1983a; DE LucA 1978) and therefore allow 
preparation of tracers of high specific activity. 

From a practical point of view, luminescence measurements suffer from two 
drawbacks: 

1. These measurements should ideally be made with an automatic apparatus 
which includes a reagent addition device as well as the optical measuring sys
tem. 

2. The measurement cannot be repeated as the luminescent product is irre
versibly destroyed during the determination. 
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2. Chemiluminescence 

Chemiluminescence reactions are distinguishable from bioluminescence reactions 
in that they do not necessarily involve biologic products. Quantum yields ob
served in chemiluminescence are generally low ( < 5%) because a significant por
tion of the energy stored during the chemical reaction is lost through nonradiative 
processes. 

The commonest chemiluminescent markers are derivatives ofluminol and iso
luminol as well as acridinium esters (WOODHEAD et al. 1984; WOOD 1984; WEEKS 
et al. 1986). For all these compounds, the luminescence reaction is induced by the 
addition of hydrogen peroxide in alkaline conditions. In the case of luminol and 
isoluminol derivatives, the presence of a catalyst is necessary. These are most 
commonly enzymes (microperoxidase, pseudoperoxidase), which give the highest 
quantum yields. Other inorganic catalysts can however be used (SCHROEDER and 
YEAGER 1978). The reaction of acridinium esters, which is accompanied by cleav
age of the molecule, does not require the presence of any catalyst (WEEKS et al. 
1983a). 

These compounds have been used to label haptens (SCHROEDER et al. 1976 b; 
DE BOEVER et al. 1984; PAZZAGLI et al. 1982; KIM et al. 1982; BARNARD et al. 1981; 
ESHHAR et al. 1981) and antibodies (SIMPSON et al. 1979; WEEKS et al. 1983 a, b), 
and have enabled powerful assays to be developed. These are essentially hetero
geneous assays using solid phases in order to minimize quenching phenomena 
that may occur during measurements. 

The most interesting results for antigen assays have been obtained by excess 
reagent methods involving labeling of the antibody with acridinium ester deriva
tives. For example, the sensitivity obtained in the case of thyroid-stimulating hor
mone (WOODHEAD et al. 1984) is greater than that of the best radioimmunoassays 
available. 

Two types of homogeneous chemiluminescent immunoassay (eLlA) have 
been described. The first type is based on an enhancement of chemiluminescence 
of isoluminol derivatives when antibody binding occurs (KOHEN et al. 1979, 
1980a, b). Like the corresponding enzymatic and fluorescent assays, they are 
characterized by poor sensitivity. The second type of assay involves the use of 
haptens or antigens labeled by an isoluminol derivative and antibodies labeled 
with fluorescein. When the antibody binds to the tracer, the luminescent signal 
is modified owing to a nonradiative energy transfer. The principle of this assay 
is rather similar to that of FETIA, and its sensitivity is given as equivalent to that 
of the corresponding radioimmunoassay (PATEL and CAMPBELL 1983). 

3. Bioluminescence 

As its name implies, bioluminescence involves the emission of luminescence by 
molecules of biologic origin. By far the commonest example is that of luciferin 
in the reduced state associated with the enzyme luciferase (EC 1.14.14.3). The lu
ciferin-luciferase reaction which generates the luminescent emission is associated 
with other reactions that maintain the energetic balance ofthe system. These reac
tions involve the participation of other enzymes (glucose-6-phosphate dehydroge
nase, pyruvate kinase, etc.) as well as certain enzymatic cofactors such as ATP, 
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NAD or NADP (DE LUCA 1978; WANNLUND and DE LUCA 1983; WHITEHEAD et 
al. 1979). Quantum yields observed in bioluminescent reactions are usually 
greater than those obtained in chemiluminescence (10%-100%) (DE LUCA 1978). 
The few bioluminescent immunoassays (BLIA) described are heterogeneous com
petition assays involving hapten-enzyme or antigen-enzyme conjugates. Depend
ing on the assay, the enzyme involved in the conjugate is either luciferase 
(WANNLUND and DE LUCA 1983; JABLONSKI 1985) or one of the enzymes impli
cated in the auxiliary reactions (W ANN LUND and DE LUCA 1983; WOOD 1984). 
Very recently, original homogeneous assays based on the use of solid-phase im
mobilized luciferase and FMN oxidoreductase have been developed (TEROUANNE 
et al. 1986a, b; CARRIE et al. 1986). In this method, the bioluminescent reaction 
is restricted to the solid phase, thus allowing suppression of the separation step. 
Sensitivity comparable to that of the corresponding radioimmunoassay has been 
obtained. As far as we know, no system employs conjugates of luciferin. In fact, 
all these assays which are usually classified as BLIA depend rather on enzyme im
munoassay methods using a luminescence detection technique (OLSSON et al. 
1979; ARAKAWA et al. 1985; TAKAYASU et al. 1985). 

Bioluminescence potentially offers the possibility of preparing tracers of very 
high specific activity by exploiting the amplification provided by the enzymes to
gether with the luminescence detection sensitivity. Yet the assays published thus 
far have proved rather disappointing in term of sensitivity. 

V. Other Labeling Methods 

1. Labeling with Bacteriophages 

Bacteriophages are viruses capable of infecting bacteria and inducing their death 
by cellular lysis. It has been shown that the infectious activity of these phages can 
be neutralized by antibodies which recognize determinants present at the surface 
of the virus. Hence, bacteriophage-antigen (HAIMOVICH and SELA 1969) and bac
teriophage-hapten conjugates (HAIMOVICH et al. 1967; ANDRIEU et al. 1975) lose 
their infectious capacity in the presence of antibodies directed against these 
antigens of haptens. This effect has been used to develop homogeneous competi
tion assays for antibodies, antigens, and haptens. In these tests, the immunologic 
reaction is performed and the infectious activity of the reaction medium is then 
measured by culture on plated bacteria. The final measurement consists in count
ing the lysis plaques in the Petri dishes. 

The idea of using a viral probe is attractive a priori and should allow the prep
aration of tracers of very high specific activity since it is possible, in theory, to 
detect an individual viral particle by virtue of the amplifying power provided by 
bacterial culture techniques. This advantage is, moreover, confirmed by the as
says published so far, which compare favorably with the corresponding radioim
munoassays (tritiated tracers) (ANDRIEU et al. 1975). Although these assays have 
been known for more than 15 years, they have still not enjoyed much success. This 
is most probably because the final measurement is too tiresome to perform. 
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2. Labeling with Metals 

Apart from the rare earth chelates which we have discussed in Sect. C.III.3, metals 
have long been used for labeling immunologic reagants. In histochemistry, for ex
ample, ferritin labeling of antibodies has been used since 1959 (SINGER 1959). In 
this case, it was a question of indirect labeling since the iron atoms were bound 
to the antibody by the intermediary of an apoprotein. Methods have since been 
described for the direct labeling of antigens and haptens by metals. All these stud
ies have been described in a review that the reader may usefully consult (CAIS 
1983). 

Two labeling processes have been used in metalloimmunoassay (MIA) 
1. Direct introduction of the metal onto the hapten by formation of a carbon
metal bond (CAIS 1979) 
2. Coupling of an organometallic compound or a coordination complex bearing 
an activatable chemical group (CAIS 1983; CAIS and TIROSH 1981; BROSSIER and 
MOISE 1982; WEBER and PURDY 1979; CAIS et al. 1977, 1978). 

The second approach may be considered more valuable inasmuch as it can be 
used to develop more versatile labeling protocols. 

Different analytic methods have been proposed for the determination of these 
metal tracers, the most common of which are electrochemical methods (WEBER 
and PURDY 1979; DOYLE et al. 1982) and atomic absorption spectroscopy 
(BROSSIER and MOISE 1984; CAIS 1983). 

Most of the published methods relate to hapten and antigen assays and rely 
upon heterogeneous competition methods (BROSSIER and MOISE 1982; CAIS 1983). 
The development of these metal tracers owes a great deal to progress made in 
coordination chemistry, and is of undeniable value in a variety of areas of biol
ogy. However, it appears unlikely that they have a great future in the area of in 
vitro immunologic analysis. Indeed, the sensitivity attainable in the determina
tion of these tracers (at best 10 - 13 mol) limits very seriously the sensitivity of the 
method, which requires, moreover, the employment of intensive analytic 
methods. 

3. Labeling with Electroactive Compounds 

Over the last few years, two types of assay have been described that depend on 
the preparation of electro active tracers (WEHMEYER et al. 1983). In one type of as
say, the tracer is a molecule of estriol labeled with nitro groups (WEHMEYER et al. 
1982). This modification has the effect of increasing the redox potential of the 
molecule, which can be measured by differential pulse polarography with a mer
cury electrode at a potential where unmodified estriol is not reducible. It has been 
possible to develop a homogeneous competition assay based on the fact that the 
tracer loses its electro active properties after reaction with a specific antibody. 

In the second type of assay, human serum albumin is labeled by an electroac
tive metal (indium) and serves as a tracer in a heterogeneous competition assay 
(DOYLE et al. 1982). In this case, the metal is released in acid conditions before 
being determined by an anodic redissolving method. What is involved here in fact 
is a metalloimmunoassay employing an electrochemical detection method. These 
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two electrochemical assays have the same drawbacks as metalloimmunoassays: 
too low a sensitivity and tedious experimental manipulation. 

4. Labeling with Free Radicals 

Free radicals possess unpaired electrons whose spins can be detected by resonance 
spectroscopy in an appropriate magnetic field. When stable free radicals are 
chemically coupled to haptens or antigens, this resonance can be modified by 
reaction with a specific antibody. Advantage has been taken of this effect in the 
development of homogeneous competition assays using these spin labels (STRYER 
and GRIFFITH 1965; LEUTE et al. 1972; HSIA et al. 1973; WEI and ALMIREZ 1975). 
These spin immunoassays (SIA) have proved to be applicable essentially to 
haptens present at high concentrations (> 10- 7 M) in biologic fluids. 

5. Labeling with Particles 

Various nonisotopic labeling methods have been described that involve insoluble 
materials such as metallic colloidal suspensions, erythrocytes, or latex particles. 
Colloidal suspensions of gold, for instance, have long been employed either in im
munologic tests (KOLMER and BOERNER 1945; LEUVERING et al. 1981, 1983) or im
munohistochemical techniques (GEOGHEGAN and ACKERMAN 1977; HORISBERGER 
and VON LAUTHAN 1979; GOODMAN et al. 1979). Erythrocytes conjugated to an
tibodies or to antigens have also been used extensively in reliable and easily im
plemented agglutination tests (ALDER and Lru 1971). 

However, it seems that the best results have been obtained by using latex par
ticles as markers. It has been shown by some authors that it is possible to perform 
sensitive assays of antigens, haptens, or antibodies by using latex particles of well
defined size coated with one of the constituents of the immunoreaction (CAMBIASO 
et al. 1977; GRANGE et al. 1977; QUASH et al. 1978; MAGNUSSON and MASSON 1985; 
F AGNART et al. 1985; CHRISTIAN et al. 1958; ROBBIN et al. 1962). Some of these 
tests are known as particle counting immunoassays (PACIA). Depending on the 
assay, the agglutination reaction is followed by either a cell counter (CAMBIASO 
et al. 1977), by turbidimetry (DEZELIC et al. 1971), or by anistropic light scattering 
techniques (VON SCHULTHESS et al. 1976, 1980). Some of the published assays are 
of sensitivity comparable to that of the corresponding radioimmunoassays. These 
labeling procedures are easily applied to many molecules and form the basis of 
practical and automated tests. It may be that, within the next few years, they 
could be favorably compared with the best nonisotopic methods. 

D. Conclusions 

Throughout this chapter we have made a comparison of the respective merits of 
the different radioactive and nonradioactive labels. It appears today that the use 
of enzymatic, fluorescent, or luminescent probes allows the preparation of tracers 
having a specific activity significantly superior to that obtainable with 1251. Such 
tracers which can be detected very sensitively (minimum detectable amount 
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'" 1 0 - 18 mol) may allow the determination of biologic molecules in the attorn ole 
range. Indeed, such performance constitutes significant progress compared with 
the possibilities classically offered by radioimmunoassays. This aim, however, 
will be achieved only if high affinity antibodies are used together with these high 
specific activity tracers. From this point of view, it seems that heterogeneous ex
cess reagent methods (EKINS and JACKSON 1984) will provide better results be
cause they allow a partial compensation of the limited affinity of antibodies by 
the use of concentrated reagents. Other experimental factors such as the quality 
of the separation method (mainly solid phase), which influence the level of non
specific binding, also appear critical to ensure the quality of the assay. If the fu
ture development of nonisotopic methods is unquestionable, it is not possible, to
day, to make predictions about the prevalence of one of these methods over the 
others. It is much more likely, moreover, that there is a place for different labels 
appropriate to the analytic problem encountered and the experimental environ
ment. 

In addition, one should not believe that criticisms of radioimmunoassays will 
lead to their fast and inexorable decline. First, it should be recognized that some 
of these criticisms are exaggerated. For example, the risks of irradiation and con
tamination incurred by users of radioimmunoassay are in fact very small, bearing 
in mind the minimal amounts of radioactivity involved. These risks are probably 
equivalent to those associated with other toxic products (viruses, solvents, acids 
carcinogenic compounds, etc.) commonly employed in laboratories. Likewise, the 
high cost of automatic counters does not constitute a definitive argument since 
some of the most serious competitors of radioimmunoassay (luminescence, time
resolved fluoroimmunoassay) also use sophisticated and equally costly equip
ment. 

Also, while the immutable nature of radioactive disintegration militates 
against the development of homogeneous assays, it does, in contrast, confer upon 
radioimmunoassay an increased insensitivity to certain types of interference due 
to biologic samples. Because of this reliability, radioimmunoassays are often em
ployed as a reference for the validation of measurements provided by any alter
native method. 

Lastly, radioimmunoassays are firmly implanted in numerous research and 
analytic laboratories and have proved to be fully satisfactory, notably in endocri
nology and neuroendocrinology. These laboratories will only abandon such 
methods, slowly since not only are they familiar, but the investment costs have 
already been incurred. For all these reasons, it is probably more appropriate to 
predict that radioimmunoassay will undergo a progressive regression rather than 
a rapid decline. 
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CHAPTER 6 

Strategies for Developing Specific 
and Sensitive Hapten Radioimmunoassays 
E. EZAN, S. MAMAS, C. ROUGEOT, and F. DRAY 

A. Introduction 
Small molecules (molecular weight < 1000) are poorly immunogenic or nonim
munogenic per se, but become immunopotent when they are attached in sufficient 
number to a macromolecular carrier (LANDSTEINER 1946). The first application 
of this principle was made for steroids (ERLANGER et al. 1957; GOODFRIEND and 
SEHON 1958; LIEBERMAN et al. 1959), and opened the way for the production of 
antibodies against any small molecule of biologic interest such as hormones, vita
mins, mediators, metabolites, or drugs. 

Several factors can influence the specificity of antibodies produced against 
haptenic determinants (epitopes). The most important of them are the site of fix
ation on the small molecule and the structure of the bridge which binds it to the 
carrier. Figure 1 shows the examples where the small molecules, prostaglandin 
PGF 2a' and the neuropeptide, luteinizing hormone-releasing hormone (LHRH), 
are directly coupled to the carrier, whereas in the case of 17 f3-estradiol, the con
jugation was performed through a succinyl or carboxymethoxime group possibly 
involving a functional group of the original hapten. 

It can be predicted that the specificity will be reduced against some related 
analogs when a functional group is engaged in the link to the carrier and that the 
heterogeneity of antibody populations will be increased by the existence of anti
bridge antibodies. This chapter will analyze some aspects of specificity of anti
hapten antibodies and strategies to be developed to improve this specificity. 

B. Hapten-Carrier Conjugation 
The choice of carrier will depend on the immunogenic character, the degree of pu
rity, the solubilization properties, the commercial availability, and the cost. For 
these reasons, bovine serum albumin (BSA) has been widely used. However, a 
higher titer of antiserum has sometimes been reported with other proteins like im
munoglobulin, thyroglobulin, or keyhole limpet hemocyanin (KLH). All these 
proteins present available groups which are reactive under various conditions: 

a-Amino groups of NH2 terminal amino acids 
s-Amino groups of lysine residues 
Phenolic hydroxyl groups of tyrosine residues 
Hydroxyl groups of serine and threonine residues 
Sulfhydryl groups of cysteine residues 
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Fig.t. Heterogeneity introduced into haptens through conjugation to carrier 

Imidazole groups of histidine residues 
iX-Carboxy groups of COOH terminal amino acids 
Carboxyl groups (lateral chain) of aspartate or glutamate residues 

The functional groups of hap tens can involve one or more of these groups and 
in some instances, unusual groups like ketones or aldehydes. The chemical pro
cedure of coupling reactions have already been reviewed (ERLANGER 1973; KA

BAKOFF 1980). We will describe the main cross-linking reagents used according to 
the chemical groups involved in the reaction. 
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Glutaraldehyde 

0,,::::: ~O 
Hapten-NHz + C-(CHzh-C + NHz-Protein 

H/ "H 

--- Hapten-N=CH-(CHzh-CH=N-Protein 

Fig. 2. One of the possible mechanisms for hapten-protein coupling via glutaraldehyde 

I. Haptens with Amino Groups 

The chemical cross-links involved in this case are homobifunctional reagents 
since they react mainly with amino groups of the carrier protein. 

1. Glutaraldehyde 

Glutaraldehyde (GA) was initially used for protein-protein conjugation. The 
prevalent idea is that this dialdehyde forms a bridge through Schiff base forma
tion between primary amino groups on both protein and hapten (Fig. 2). In fact, 
the coupling mechanism appears not to be completely clarified (for review see 
PESCE 1976). Coupling with GA is performed under mild conditions near neutral 
pH with a wide range of buffers, except those containing amino groups like gly
cine or Tris buffers. In some cases, the Schiff base needs to be reduced by sodium 
cyanoborohydride or sodium borohydride and the free aldehyde groups need to 
be quenched by external amines (lysine, ethanolamine). Two-step procedures are 
often effective in reducing intramolecular cross-linking. The length of the linking 
chain allows free rotation of the hapten, thus avoiding possible steric hindrance 
by the carrier. 

2. Benzoquinone 

p-Benzoquinone (BQ) has been reported for protein-polysaccharide and protein
protein conjugations (TERNYNCK and AVRAMEAS 1977; BRANDT et al. 1975). This 
procedure has been applied to produce peptide immunogens. The quinone is first 
activated by nucleophilic attack to yield a monosubstituted hydro quinone 
(Fig. 3 a). Hydrogen is then eliminated by reaction with a second molecule of BQ 
to give a monosubstituted quinone (Fig. 3 b). A nucleophilic group in the protein 
can react with the hapten-bound quinone which results in a 2,S-substituted hydro
quinone (Fig. 3 c). This coupling is performed in a two-step procedure. Protein 
polymerization is avoided by a proper choice of reagent concentrations. It has 
been shown that BQ can react with amino or thiol groups and with the hydroxyl 
group of tyrosine, serine, or threonine. 

3. Difluorodinitrobenzene 

Difluorodinitrobenzene (DFDNB) has been used for coupling peptides (gluca
gon, bradykinin) to BSA with high coupling efficiency (TAGER 1976). Since it can 
react with et-NH2, B-NH2' imidazole nitrogen, and aromatic hydroxyl groups, the 



146 E. EZAN et al. 

(a) ¢ + Protein-XH __ 

OH 

¢Lx-pm"" 
o OH 

(b) ~ + 

~x-protein 
OH 

¢ --
o 

(c) ~X-Pm"" 
o 

o 

+ Hapten-X'H 

OH 

HaPten-x~ 

YX-Pm"" 
OH 

Fig. 3. Probable mechanism for the activation of a protein by p-benzoquinone and sub
sequent coupling to the hapten. (TERNYNCK and AVRAMEAS 1977) 

bifunctional reagent concentration has to be optimized to avoid intramolecular 
coupling. 

4. Toluene-2,4-diisocyanate 

This reagent reacts mainly with IX- and c-amino groups oflysine and has been used 
in one- or two-stage reactions. This method has been described for coupling 
angiotensin to polylysine (HABER et al. 1965) and bradykinin to BSA (SPRAGG et 
al. 1966). 

5. Diazotization Procedure 

Aromatic amino groups or reduced aromatic nitro groups can be conjugated to 
proteins by the classical diazotization procedure of LANDSTEINER. A representa
tive example of this method was the production of antibodies by a chloramphe
nicol-protein conjugate (HAMBURGER 1966). 

6. m-Maleimidobenzoic acid N-Hydroxysuccinimide Ester 

m-Maleimidobenzoic acid N-hydroxysuccinimide ester is used as a heterofunc
tional reagent to introduce maleimide residues into haptens containing amino 
groups. Then, the maleimide is coupled to thiol groups from protein cysteine res
idues or resulting from reduction of disulfide bounds of protein cystine residues. 
Specific antibiotic antibodies have been successfully obtained by using such 
hapten-protein conjugates (KITAGAWA 1981). 
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II. Haptens with Carboxyl Groups 

This class represents a large number of hap tens since many chemical methods are 
available for introducing activatable carboxylic groups when they are not present 
in the hapten. For instance, succinylation may be achieved on hydroxyl groups 
of steroid hormones by incubation with succinic anhydride to form hemisucci
nates (ABRAHAM 1974). Haptens with keto or aldehyde groups can be converted 
to O-(carboxymethyl)oxime by adding them to O-(carboxymethyl)hydroxyl
amine (ABRAHAM and GROVER 1971). Introduction of a thiocarboxymethyl group 
on the steroid carbon skeleton is easily effected by addition of thiocarboxylic acid 
(BAUMINGER et al. 1974). Preparation of7-carboxymethyl derivatives has been re
ported for testosterone and progesterone (DUVAL et al. 1980) and for cortisol, 
corticosterone, and desoxycorticosterone (DUVAL et al. 1985). These treatments 
yield carboxylated derivatives which can be coupled to the amino groups of pro
teins via one of the following coupling agents. 

1. Carbodiimides 

Carbodiimides form an amide linkage with amino groups of proteins through the 
initial formation of an activated O-acylisourea (Fig. 4). The coupling takes several 
hours and the pH must remain below 5 during the first hour of reaction. The con
jugation can be carried out in aqueous solution with 1-cyclohexyl-3-(2-morpho
linoethyl)carbodiimidemetho-p-toluenesulfonate (CMCI) or with 1-ethyl-3-(3-di
methylaminopropyl)carbodiimide hydrochloride (EDCI) while dicyclohexylcar
bodiimide (DCC) has been used in solvent media. 

2. N-Hydroxysuccinimide Ester 

This method is derived from the carbodiimide method. In the presence of N-hy
droxysuccinimide ester and DCC and in nonaqueous solvents the acidic group of 
the hapten forms an active ester. This latter is isolated and then hydrolyzed in 
alkaline phosphate buffer to form a peptide bond with the protein (DRAY and 
GROS 1981). This procedure is successful with poorly reactive carboxylic 
groups. 

Carbodiimide 

Hapten-COOH + R-N=C=N-R' 

R 
I 

o N 
II II 

---- Hapten-C-O-C + Protein-NH2 
II 

o 
II 

NH 
I 
R' 

---- Hapten-C-NH-Protein 

o 
II 

+ R-N-C-N-R' 
Fig. 4. Reaction of carbodiimide 
with carboxylic groups 
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Alky1chloroformate 

o 
II 

Hapten-C-OH + 

Iriaikyiamine (R~N) .. 

o 
II 

R-O-C-Cl 

o 0 
II II 

Hapten-C-O-C-O-R' 

o 
+ Protein NH2 II 

-------1 .. _ Hapten-C-NH-Protein 

3. Mixed Anhydride Method 

E. EZAN et al. 

Fig. 5. The mixed anhydride method 

Mixed anhydrides are formed by reaction between an acid, an alkyl chloroform
ate, and a trialkylamine, at low temperature in an inert organic solvent (Fig. 5; 
VAUGHAN and SAIO 1952; ERLANGER et al.1957, 1959). Free carboxyl groups con
verted into acid anhydrides are then added to a protein solution to react with 
amino and hydroxyl residues. Isobutylchloroformate, tri-n-butylamine, triethyl
amine, or N-methylmorpholine are the most common reagents for this activa
tion. 

4. N-Ethoxycarbonyl-2-ethoxy-l,2-dihydroquinoline 

N-Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) acts on haptenic car
boxyl group by forming a mixed anhydride which gives a stable amide bond with 
primary amines (BOSCHETTI 1978) (Fig. 6). This reagent presents many advan
tages: stable pH during coupling, short incubation time, and possible use in 
water-ethanol mixture with slightly water-soluble haptens. 

+ Protein-NH2 .. 

EEDQ 

o 
II 

Hapten-C-NH-Protein 

o 
II 

Hapten -C-O -C-C2HS 
II 
o 

Fig. 6. Reaction scheme of the N-ethoxycarbonyl-2-ethoxy-l ,2-dihydroquinoline (EEDQ) 
method 
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III. Haptens with Other Functional Groups 

1. Phenolic Groups 

Bisdiazotized benzidine has been used as a coupling agent between haptens and 
proteins through tyrosine residues. The covalent link involves the carbons in the 
ortho position of the hydroxyphenols (BASSIRI and UnGER 1972). 

2. Vicinal Hydroxyl Groups 

Vicinal glycol of carbohydrate residues can be converted by the addition of 
sodium metaperiodate to yield dialdehydes which can react with amines by reduc
tive alkylation under mildly alkaline conditions (Fig. 7). This procedure has been 
used to produce digoxin immunogen (BUTLER and CHEN 1967). 

3. Hydroxyl Groups 

These groups can be derivatized by succinylation or maleiation to form carboxyl 
groups. They can also react with phosgene to yield the highly reactive chlorocar
bonate derivative which reacts directly with the amino groups of the protein in 
the presence of bicarbonate (ERLANGER et al. 1957). Additionally, EDCI has been 
used for coupling free hydroxyl groups of haptens (like ecdysone; HUNG et al. 
1980) to a protein carrier which had been previously succinylated to increase the 
number ofCOOH groups (HABEEB 1967). 

4. Sulfhydryl Groups 

N-Succinimidyl-3-(2-pyridyldithio )propionate is a heterobifunctional reagent 
containing one N-hydroxysuccinimide ester moiety reacting with amino groups 

Sodium periodate 

o 

I TIn 
Hapten-HC-C-C-CH-CH20H + NaI04 

I I 
OH OH 

Sodium borohydride 

0------, 

I 
Hapten-HC-CH 

II 
o 

CH-CH-CH20H + Protein-NH2 + NaBH4 
II 
o 

0-----, 

I 
Haptcn-HC-CH CH-CH-CH20H 

"N/ 
I 

Protein Fig. 7. Periodate oxidation method 
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SPDP 

Protein-NH2 + 

protein-NH-C-CH2-CH2-S-S-ON ~ + 
II -
o 

+ Hapten-SH .. Hapten-S-S-(CH2h-C-NH-Protein 
II 
o 

E. EZAN et al. 

o 

HO-NO 
II 
o 

Fig. 8. Reaction involving N-succinimidyl-3-(2-pyridyldithio )propionate (SPDP) for 
hapten-protein conjugation 

of proteins to give a stable amino bond (Fig. 8; CARLSSON et al. 1978). This inter
mediate compound reacts with aliphatic thiols to form a disulfide bond. The con
jugation is performed under mild conditions in aqueous media and proceeds in 
two steps: introduction of the protected thiol groups in the protein and produc
tion of the conjugate with the sulfbydryl group of the hapten. 

5. Indole Nitrogen 

Preparation of hapten-protein conjugate has been reported by a Mannich addi
tion involving formaldehyde condensation. This reaction allows a bridge between 
amino groups of a protein and compounds containing one or more reactive hy
drogens as the indole nitrogen groups (Fig. 9). This method has been used for 
serotonin, melatonin (GROTA and BROWN 1974), and lysergic acid (RATCLIFF et 
al. 1977) immunogen preparation. 

Protein-NH2 + 
H 

O=C/ 
'-..H 

---- Protein-N=CH2 

CHP'(JcJ1 
+ I I Melatonin 

~ N N-CO-CH3 
I 
H 

CH30~ 

~NJ ~-CO-CH3 
I I 

Protein-NH-CH2 H 

Fig.9. Preparation of a melatonin-protein conjugate by the Mannich addition. (BESSE
LIEVRE et al. 1980) 
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BNP (benzyl penicillin) 
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Fig. to. Formation of a benzylpenicilloyl conjugate 
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Fig.H. Reaction scheme of the reductive ozonolysis of the lactone ring of digoxin. (THONG 

et al. 1985) 
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6. p-Lactam Ring 

Benzylpenicilloyl immunogens have been prepared according to a method using 
the property of penicillin to open its f3-lactam ring spontaneously in basic medium 
and thus to link NHz groups of a protein covalently (Fig. 10; MAMAS and DRAY 
1979). 

7. y-Lactone Ring 

Recently, a novel digoxin conjugate has been obtained by coupling through the 
lactone ring of the steroid moiety (THONG et al. 1985). The steps of the reaction 
(Fig. 11 ) involve: formation of an ozonide on the lactone ring (A), reduction with 
dimethyl sulfide (B), and coupling to methylated BSA at alkaline pH in the pres
ence of sodium cyanoborohydride (C). 

C. Strategy for Increasing Specificity 

I. General Considerations: From Hapten Size to Epitope Size 

An ideal situation can exist for some haptens which fit exactly with the antibody
binding site, thus resulting in a restricted heterogeneity of antibody population. 
F or small haptens (molecular weight < 400), the participation of the bridge which 
links the original hapten to the carrier may become significant and diversified, 
owing on the one hand to the eventual existence of a side chain introduced into 
the hapten after derivatization, and on the other hand to the nonequivalence of 
the lysine residues of the protein carrier, which are often involved in the link. The 
small size of the original hapten will result in low response whereas the anti-bridge 
responses may predominate. The elimination of such antibody populations 
through affinity chromatography may improve the specificity, but the resulting 
anti-hapten antibodies usually have low affinities. In fact, the recent introduction 
of clonal selection through the hybridoma technique should overcome these dif
ficulties (KOHLER and MILSTEIN 1975). For large haptens (molecular weight 
> 1000), the multiplicity of epitopes will generate a large diversity of antibody 
populations, and partial recognition of the original hapten. In this case, one can 
take advantage of the respective properties of polyclonal antibodies (broad spec
trum of recognition), and of the monoclonal antibody, to develop specific sand
wich techniques. 

II. Steroids 

1. Problems Related to the Choice of the Steroid-Protein Complex 

Steroids are good models for studying antibody specificity since their basic struc
ture is common to them all. They all contain a cyclopentanophenanthrene nu
cleus (Fig. 12) with differences in the nature, number, and location of oxidized 
groups, the existence of double bonds, the spatial configuration of A and Brings, 
and the stereoisomerism of the alcohols. 
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18 

12 17 

16 

~----'15 

2 

Fig. 12. Basic structure of a steroid molecule 
4 6 

Therefore, there are a lot of related compounds which can be more or less rec
ognized by the antibody-binding sites. A major aspect of the strategy for eliciting 
highly specific antibodies is to keep intact the natural functional groups of the ste
roid, but to place them far from the bridge which links the hapten to the protein. 
This problem is illustrated by the study of the cross-reactivities of various anti
testosterone antisera (Fig. 13). 

Dihydrotestosterone (DHT) differs from testosterone by reduction through 
the action of Soc-reductase of the double bond between C-4 and C-S. DHT-cross
reactivity can be classified according to the coupling position of immunogen: 

1. C3 , C6 , and C7: masking ofDHT identity which results in high cross-reac
tivity. 

2. C 1, C ll , and C19: reduced carrier hindrance to the bond between C-4 and 
C-S produces slight DHT recognition. 

3. C1S : low cross-reactivity comes from an attachment point far from the A 
nng. 

Progesterone differs from testosterone by substitution of the P-OH by a CH3-

CO group. The specificity of testosterone antibodies for this steroid is inverted. 
Coupling testosterone to the A, B, or C rings provides conjugates eliciting antisera 
with no cross-reactivity for progesterone whereas antibodies to D ring testoster
one conjugates show higher progesterone recognition. Consequently, the choice 
of the testosterone-protein immunogen will depend on the nature of the biologic 
medium since possible cross-reactants may be found in various proportions from 
one medium to another. 

Another example comes from the production of antisera against Soc-andros
tane-3oe,17 P-diol (A-3oc-diol) and Soe-androstane-3p,17oe-diol (A-3P-diol) (Kouz
NETZOVA and DRAY 1977). Figure 14 shows the specificity of such antisera ob
tained after immunization by various androstanediol-BSA conjugates via a car
boxymethyl group (CONDOM and EMILIOZZI 1974). 

Antibodies obtained by using the A-3oe-diol coupled in position 10e were much 
less specific than those obtained when the steroid was coupled at position 1 Soc. All 
antibodies against the 1 conjugate cross-reacted to a great extent with steroids 
with modification of the A ring. However, the presence of a ketone group at the 
C-17 position in androsterone induces an important change which affects the de
gree of cross-reactivity. On the other hand, the anti-A-3oe-diol-1S-BSA antisera 
possessed a very high specificity, except for androsterone. This could be explained 
by the proximity of the bridge in position 150e to the OH group in position 17, 
which may result in steric hindrance. Another possible reason for this cross-reac
tivity would be that the immunogen was contaminated with small amounts of an-
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Coupling position 

Steroid C1 C3 C19 C6 C7 C11 C15 C17 

17 
Testosterone OH 

100 100 100 100 100 100 100 100 
15 

30 

Progesterone 

<0.1 0.01 0.01 <0.01 1.5 55 

5a-Dihydro-Testosterone 

OH 

8 46 10 47 42 15 2.2 

Fig. 13. Cross-reactivity of antisera against different testosterone conjugates. Circles indi
cate those portions of the molecule which differ in structure from that found in testoster
one. References: C-1 (KOHEN et al. 1975); C-3 (HARMAN et al. 1980); C-6, C-15, and C-19 
(MALVANO 1983); C-7 (WEINSTEIN et al. 1972); C-11 (HILLER et al. 1973); C-17 (NISWENDER 
and MIDGLEY 1970) 

drosterone-15a-carboxymethyl, this compound being the penultimate stage in the 
synthesis of the immunogen A-3a-diol-15-carboxymethyl~BSA. 

Comparison of the specificity of both types of anti-A-3f3-diol sera shows that 
the cross-reactions are heterogeneous. The difference in specificity relating to the 
position of coupling is much less clear than in the case of anti-A-3a-diol. How
ever, when the coupling is through a carbon atom of the B ring, there is an in
crease in the specificity of antibodies. 

2. Stereospecificity 

The purity and identity of both original haptens and their derivatives have to be 
controlled, e.g., by high pressure liquid chromatography (HPLC) or gas chroma-
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Fig. 14. Cross-reactivity of antisera raised against androstanediol. Circles indicate those 
portions which differ in structure from that found in A-3or:,17 P-diol or A-3P-17 P-diol 
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tography-mass spectrometry (GC-MS) before their use for coupling to protein 
carriers. In the case of isomeric forms, a racemic mixture of the hapten is generally 
used for conjugation of the carrier, resulting in the production of stereospecific 
antibodies. As in racemic mixtures of drugs, the enantiomers do not share the 
same metabolic fate; the analysis of biologic samples containing arbitrary propor
tions of isomers cannot be correctly determined from a reference curve estab
lished with the racemic mixture. These difficulties may be overcome by using 
monoclonal antibodies, as shown for such haptens as abscisic acid, a plant hor
mone which naturally exists in the cis ( + ) form (PONTAROTTI et al. 1983; DELAAGE 
et al. 1984), and thymic hormone (SAVINO et al. 1982). 

Another source of isomers are the oxims derivatives (syn and anti) when a 
keto group is used for the derivatization of the original hapten, as in steroid series. 
Recently, it has been shown that the 7a- and 7 fJ-carboxymethyl derivatives of cor
tisol, corticosterone, and desoxycorticosterone, coupled to BSA, elicited highly 
specific polyclonal antibodies. In all immunized rabbits, the antisera obtained 
with the 7a derivative had a higher affinity and a narrower specificity than the 
antiserum obtained with the 7 fJ derivative (DUVAL et al. 1985). 

3. Shortened Incubation Time 

There seems to be general agreement that steroid RIAs should operate better at 
equilibrium. However, the commonly used method for estimating the time re
quired for the label to reach equilibrium grossly underestimates the time required. 
It has been shown by VINING et al. (1981) that the percentage of label bound in 
the presence of a cross-reacting competitor will approach a plateau much more 
slowly than in the absence of that competitor. Label and competitors all bind to 
the antiserum equally rapidly, but the competitors dissociate faster, and some of 
their places will be filled by the more slowly dissociating labeled hormone. It was 
suggested that, to ensure that an assay system is operating at its maximum pos
sible specificity, the incubation time should be at least several times as long as the 
dissociation half-life of the steroid-antibody complex. We think that these results, 
limited to few steroids, should have wide application for hapten immunoassay. 

4. Induction of Immunotolerance 

The difficulty in improving the specificity of anti-testosterone and anti-DHT an
tibodies led some investigators (T ATEISHI et al. 1980; DUPRET et al. 1984) to induce 
specific immunotolerance toward one of these molecules. The key step in these 
attempts was a preimmunization using the interfering cross-reactive compound 
(testosterone or DHT) which was linked with the same carboxylic side chain as 
that employed in the corresponding hapten (DHT or testosterone, respectively) 
and coupled covalently to aD-glutamic acid-D-Iysine copolymer which confers 
tolerogenic properties on the linked compound. Further immunization with the 
corresponding hapten coupled to an antigenic protein led to antisera showing a 
decreased cross-reactivity with the interfering compound used in the preimmun
ization. The results obtained with small numbers of animals suggest nevertheless 
that there is some advantage in employing haptens and tolerogens bearing the in-
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termediate link (C-17 or C-15) remote from the antigenic determinants toward 
which the specificity needs to be improved. The better results obtained with 17 f3-
hemisuccinamido haptens suggest to DUPRETet al. (1984) that the structure of the 
hapten exerts a strong influence on the induction of immunotolerance. 

III. Other Small Haptens 

Although the specificity of steroid antisera has been widely studied, other relevant 
examples in the strategy of immunogen preparation are described in the litera
ture. Cyclic adenosine monophosphate (cAMP) antisera elicit a poor specificity 
when the immunogen is obtained by coupling NH2 of adenine to protein. The 
phosphoribose common to phosphonucleosides is indeed recognized by anti
bodies. On the contrary, when a succinyl group is linked to C-2' of ribose of 
adenosine, specific anti-cAMP sera are obtained (Fig. 15; CAILLA 1973 a). 

Extensive studies of radioimmunoassays for narcotic alkaloid compounds 
have demonstrated how the choice of the coupling position can be important in 
determining specificity (FINDLAY et al. 1981). Narcotic molecules like morphine 
or codeine are subjected to metabolic modifications and the choice of the immu
nogen will depend on the purpose of the assay. On one hand, urine screening pro
grams for detection of drug abuse should include immunoassays that are subject 
to cross-reactivity by as many metabolites of the drugs of interest as possible. On 
the other hand, for drug disposition or pharmacokinetic studies, the specificity 
of the radioimmunoassay has to be limited to the drug of interest. 

A similar problem has been reported for assay of digoxin, a steroid-carbohy
drate conjugate (Fig. 16; THONG et al. 1985). Digoxin metabolism leads to a se
quentialloss of glycosidic units and/or saturation of the steroid lactone ring. The 
relative importance of both these routes of biotransformation may vary from one 
subject to another. Conjugates of digoxin coupled to BSA through periodate oxi
dation on the carbohydrate moiety give antisera with a high cross-reactivity with 
the glycosidic metabolites. However, immunogens obtained by reductive ozono
lysis of the lactone ring and subsequent coupling to BSA elicit antibodies which 
discriminate between changes in the carbohydrate region of digoxin, but lack 
specificity with dihydrodigoxin (the digoxin derivative with a saturated lactone 
ring). 

5'CH /2 
o 
I 

O=P--O 
I 
OH 

I 
I 
I 

O-C-CH2-CH2-C-+-NH-Protein 
II II I • 
o 0 : Fig. IS. Structure of cAMP immunogen 
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HO 
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CH3 ~ CH3 ~ CH3 ~ 
H~O~' ~o~' Q H 

~ \~ \ OH 

e 

Fig. 16. Structure of digoxin. Positions a, b, C, and d show metabolism routes. Positions e 
andJrefer to possible coupling for immunogen preparation via period ate oxidation (e) or 
reductive ozonolysis (j) 

IV. Peptides 

The use of homo polymers of amino acids or peptide proteins as antigens has es
tablished that the epitopic determinant is composed of four to six amino acids 
which contribute to binding with the antibody-combining site. However, a unide
terminant antigen is not capable by itself of initiating an immune response. The 
immunogenic activity declines sharply with peptides smaller than the undecapep
tide. An uninterrupted sequence of at least seven amino acid residues appears to 
be required for immunogenicity. The immune response of synthetic antigen is 
strongly enhanced by the incorporation of aromatic amino acids into the antigen. 
Therefore, the size, the conformation, and the components of the determinant are 
the main factors in the determination of the immunopotency. 

In all cases, anti-peptide antibodies can be raised when the peptide is conju
gated by covalent or electrostatic binding with a carrier protein. 

Several groups of amino acid peptide sequences are activatable, for covalent 
coupling: 

1. Amino groups have similar properties whether they are localized in the 
principal chain (a-NHz) or in the lateral peptide chain (e-NHz of lysine). They 
can be alkylated with dinitrofiuorobenzene,acylated with various activated acids, 
esters (N-hydroxysuccinimide ester), and maleimide derivativized (MBSE) or car
bamylated with phenylisothiocyanate derivatives. They also form addition com
pounds with aldehyde derivatives (like glutaraldehyde). The guanidyl group of ar
ginine residues can also react with these reagents, but with a much lower reactiv
ity. 

2. The lateral carboxyl group from aspartate and glutamate amino acids or 
a-carboxyl groups can be esterified with various dialkylcarbodiimides (EDCI, 
DCC) or mixed anhydride reagents, to form a substituted amide with the amino 
groups of the carrier. 
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3. The phenolic group of tyrosine has a great intrinsic reactivity by virtue of 
the presence of a hydroxyl group and can involve an electrophilic substitution 
with halogenated reagent like bisdiazotized benzidine. 

4. The imidazole nucleus of histidine can also be acylated, like amino groups, 
and ortho substituted, like the phenolic group of tyrosine, with halogenated re
agents. 

5. The thioester radical of methionine is less reactive, but can be alkylated, 
like amino groups, to give a sulfonium ion. 

6. The hydroxyl groups of serine, threonine, and tyrosine can react like amino 
groups. 

We note that several groups present in the peptide chain can be activated with 
the same reagent. This property decreases the specificity of the link between the 
hapten and the carrier and consequently reduces the specificity of the antibodies 
produced. 

In fact, the different groups do not have the same reactivity, either because 
of their different intrinsic reactivity (the guanidium ion is less reactive than the 
et-NHz terminal group) or because of their different environment in the intrapep
tide chain (involvement of ionizable groups in ionic or hydrogen binding). An al
ternative consists in protecting the reactive group by blocking the et-NHz and et
COOH groups in metallic complexes. The commonly used and easily eliminated 
protecting reagents are the acyl radicals and the alkyloxycarbonyls like benzyl
oxycarbonyl (BOC) or the t-butoxycarbonyl (tBOC). 

1. Arginine Vasopressin 

Arginine vasopressin (A VP) is a cyclic nonaamino acid peptide. Its structure 
(Fig. 17) is very similar to that of oxytocin, differing in two amino acids (isoleu
cine instead of phenylalanine in position 3, and leucine instead of arginine in po
sition 8). Oxytocin and A VP are transported to the posterior pituitary from the 
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Arginine 

I 
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/ 
Cys-----Aspartamide 

/ \ 
S Glutamide 

I I 
\ 7"''''0< 

Cys----Tyrosine Fig. 17. Structure of arginine vasopressin 
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paraventricular and supraoptic nuclei, respectively. From this region these pep
tides are secreted into the peripheral circulation where they are found at a similar 
concentration (about 1 pg/ml). Therefore, the antibody used in the assay must 
distinguish one peptide from the other for measurements in the posterior pitu
itary, in plasma, or in urine. In this last biologic sample, the immunoassay must 
not measure the biologically inactive metabolites of vasopressin (1-6 peptide + 
glycinamide) (WALTER and BROWMAN 1973). For these reasons, the majority of 
antibodies produced must bind predominantly the tripeptide tail region, hence 
distinguishing A VP from oxytocin and from its metabolites in urine samples. 
Thus, this tripeptide tail structure must not be masked by the procedure oflinking 
with the carrier. This may be accomplished by activation of A VP with a car
bodiimide reagent which creates a link between the IX-NH2 of the peptide and the 
activated carboxyl group of the carrier (BAYLIS and HEATH 1977). Another spe
cific procedure consists in linking the specific tyrosine residue of A VP to tyrosine 
or histidine residues of the carrier with bisdiazotized benzidine. 

2. Methionine Enkephalin 

Methionine enkephalin (the 61-65 sequence ofLPH, j3-lipotropin hormone), and 
leucine enkephalin, are endogenous pentapeptides which were discovered in the 
brain (HUGHES 1975). j3-Endorphin (61-91 LPH) is a COOH terminal extension 
of Met-enkephalin, and is produced in the anterior pituitary gland. j3-Lipotropin 
(1-91) is a pituitary hormone, preproopiomelanocortin (MAINS et al. 1977). Two 
copies of the Met-enkephalin sequence possess COOH terminal extensions of two 
or three amino acids, giving rise to the octapeptide Met-enkephalin-Arg-Gly-Leu 
and the heptapeptide Met-enkephalin-Arg-Phe (ROSSIER et al. 1980; KILPATRICK 
et al. 1981). All these neuropeptides are distributed throughout the central and 
peripheral nervous systems and exhibit opioid activity. Proteolytic enzymes 
quickly destroy enkephalins in tissue, and a specific aminopeptidase, enkephali
nase, releases the Tyr-Gly-Gly from enkephalin peptides. 

A highly specific Met-enkephalin immunoassay is required to distinguish 
Met-enkephalin from active opioid precursors and inactive metabolites. The as
says using antisera raised against Met-enkephalin conjugated to the carrier with 
glutaraldehyde distinguish the different opioid peptides from Met-enkephalin 
(MILLER et al. 1978; CHILDERS et al. 1977). 

In fact, only the primary amino group is accessible by the glutaraldehyde, 
whereas the COOH terminal group stays free. The resulting antibodies distin
guish modifications in this part; e.g., leucine instead of methionine in Leu-enke
phalin and the amide bridge in j3-endorphin, octapeptide, LPH, and heptapep
tide, instead of free carboxyl. 

Another coupling reaction may be considered with dialkylcarbodimide in 
aqueous solution at pH 5. Actually, since the carboxylate ion is stable in these 
conditions, the carboxyl group of Met-enkephalin is less reactive than the amino 
group. However, as the carboxyl groups of the carrier are present at high concen
trations, a small-proportion will react with the amino groups of Met-enkephalin 
(GRas et al. 1978). Figure 18 shows the various coupling possibilities used for 
Met-enkephalin. 
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Fig. IS. Various coupling points for Met-enkephalin immunogen preparation 

V. Transformation of Immunogen 

The coupling reaction may introduce heterogeneity in the hapten through chemi
cal modifications. One of the difficulties in raising specific PGE2 antibodies arises 
from this. However, severe coupling conditions allow one to control hapten trans
formation during coupling (DRAY et al. 1982). Nevertheless, even coupled to a 
carrier, PGs of the E series (PGE) are unstable, because of the existence of the 
f3-hydroxyketone moiety (Fig. 19). 

In serum of all species, enzymes like dehydrase and isomerases, convert PGEs 
into stable PGBs. Almost all animals immunized against PGE coupled through 
a peptidic bond to a carrier give an antibody response generally negative for anti
PGE. The antisera recognize essentially PGA and PGB. In a few cases, the results 
were apparently positive, i.e., the serum of such animals contained relatively spe
cific PGE antibodies that were convenient for developing the corresponding 
radioimmunoassay (RIA). However, these assays showed that PGB antibodies 
were in the majority (Table 1). 

Since 1981, we have tested 362 animals of various species to select one without 
dehydrase. Animals with low enzymatic rate gave a low anti-PGE2 response and 
a high anti-PGB2 recognition. The only animal found without dehydrase activity, 
a rabbit, was immunized against 6-keto-PGEc BSA, along with nine other rab
bits. As expected, this animal was the only one to produce a specific 6-keto-PGE 1 

antiserum with a high binding affinity (cross-reactivity < 0.1 % with the other 
PGs, final titer 1 : 240000, inhibition concentration at 50% of initial binding 1 pg 
per tube). 

The difficulties encountered were the same for PGDs as for PGEs. In order 
to estimate PGD2 degradation, we have incubated tritiated PGD2 with normal 
rabbit serum, mice ascites, and sheep lymph. After solvent extraction, samples 
were run through an HPLC column. All the radioactive peaks (8-12, depending 
on the biologic medium) except the first eluted showed binding capacity with the 
only PGD2 antiserum previously obtained in our laboratory by immunizing ani
mals with a PGD2-BSA conjugate. Moreover, an important percentage of none x-
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Fig. 19. Degradation of prostaglandin Ez. (DRAY et al. 1982) 

Table 1. Presence of two independent populations in a PGEz antiserum 

Tracer Antiserum Binding Competitor 
final dilution' parameters 

PGEz PGBz 

PGEz 3H 1: 6000 ICso 11 >2 x 105 
Ka 8.2 X 1010 

CR% 100 <0.01 

PGBz 3H 1:12000 ICso >2x 105 29 
Ka 1.8xl09 

CR% <0.01 100 

, Final dilution to obtain an initial binding of 40%. 
ICso pg ligand corresponding to 50% of initial tracer binding; Ka affinity constant (M- 1); 

CR % percentage cross-reactivity. 

tractable degradation products has not been tested for immunoreactivity. These 
results show that this PGD2 antiserum cross-reacts or is directed against several 
degradation products, and explain the difficulties in obtaining anti-PGD2 . 

Another case of enzymatic degradation is observed with dehydroepiandros
terone (DHA) sulfate. When coupled to a carrier with a carboxymethyl bridge in 
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Table 2. Cross-reactivity (%) of dehydro
epiandrosterone sulfate and dehydro
epiandrosterone with anti-DHA sulfate 
serum 

Tracer Competitor 

DHA DHA 
sulfate 

DHA sulfate 3H 100 0.01 
DHA 3H m 100 

H2ICD-O-AlkYl (CIS or Cl7) 

Acetyl-O-C@H 

I 
H2C®-O-Phosphoryl Choline 

Fig. 20. Structure of PAF. Degradation 
enzymes act on the three chains; 
tritiated tracers can be obtained by 
introduction of tritium on C-l, C-2, or 
C-3 chains, proteins or reactive groups 
can be bound to lyso-PAF (hydroxyl 
group at C-2) and iodinated 

the 7{3 position (CHARPENTIER 1982) and injected into rabbits, the hapten is prob
ably partially hydrolyzed by a sulfatase. The resulting antisera reflect this trans
formation (Table 2) They exhibit DHA sulfate recognition without DHA cross
reactivity when tested with tritiated DHA sulfate, but also DHA recognition 
when tested with tritated DHA. 

The problem of obtaining platelet-activating factor (PAF) antibodies is also 
not yet resolved. PAF alone, adsorbed or linked (Fig. 20) to a carrier, is very 
quickly degraded when injected into animals. PAF is a strong hypotensive and 
aggregant mediator, and hyperventilation is necessary to avoid death of animals 
just after PAF injection. Positive results obtained by testing platelet anti-aggrega
tion activity of antisera are due to enzymatic effects. Thus, for biologic tests and 
for RIAs, precautions should be taken to eliminate all interference, positive or 
negative. In particular, purified immunoglobulins, obtained by a prior immuno
precipitation or by ion exchange chromatography, are required to test anti-PAF 
activity. 

In order to obviate the problem of hapten degradation, some recommenda
tions are to be followed: 
1. Chemical stabilization of hapten, tracer, and ligand (GRANSTROM et al. 1982) 
2. Selection of animals without enzyme 
3. Production of monoclonal antibodies in vivo or in vitro. 

This solution has been adopted in our laboratory to obtain PGE2 antibodies 
(DAVID et al. 1985). 

D. Immunoassay Sensitization 
Three major factors limit the sensitivity ofimmunoassays: (a) the binding affinity 
between antigen and antibody; (b) the level of detection of the label; and ( c) the 
type of immunologic reaction. High affinity antibodies display affinity constants 
of about 109-1012 M-l, resulting in sensitivities of about 10- 9_10- 12 M. Since 
the methods for detecting radioisotopes (such as y-emitters) or enzymes can detect 
less than 0.2 fmol, the affinity between antigen and antibody is probably the limit
ing factor in immunoassays that use the most sensitive label detection methods. 
Theoretically, noncompetitive immunoassays performed in the presence of excess 
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reagent at each step of the procedure should be more sensitive than competitive 
immunoassays. This type of assay allows the maximum reaction between antigen 
and antibody, thereby permitting measurement of lower antigen concentrations, 
as shown for ACTH 1-24 (ROUGEOT et al. 1983). An advantage of enzyme immu
noassay over RIA in terms of sensitivity is the possible amplification of the anti
body-antigen signal, chemically achieved by catalytic, cycling, or multiplication 
mechanisms. Although the development of noncompetitive assays and the use of 
nonisotopic labels have attracted great interest in the past decade, we will focus 
our attention on the predominant type of assay, i.e., the competitive binding 
RIA. 

I. Increase in Tracer Specific Activity 

1. Theoretical Considerations 

During the first few years of immunoassay development, labeling with tritium 
CH) was widely used in competitive binding RIA. Yet this label suffers from a 
Qumber of disadvantages and efforts have been made to introduce y-emitting ra
dioisotopes such as iodine e 251). The use of radio iodinated compounds of high 
specific activity has many advantages: simplification of work, shortening of 
counting time, and increase of assay sensitivity. 

Competitive RIA are based on competition between unlabeled L and labeled 
L * molecules of the ligand for the same antibody sites R. At equilibrium, the as
sociation constants are 

[LR] 
K=--

a [L] [R] 

for the unlabeled system and 
[L*R] 

K*= ~--
a [L *] [R] 

for the labeled system. 
In the case of tritiated tracers, there is no difference between the structure of 

the competitors and Ka = Ka *. The sensitivity of the assay will be directly depen
dent both on Ka and on the specific activity of the tracer. In the case of iodinated 
tracers, the structures of the competitors are different and are recognized differ
ently by the same antibody sites, so Ka =l= Ka *. 

On the one hand, blockade of the carboxyl group by a peptide bond increases 
the structural analogy between the tracer and immunogen as depicted in Fig. 21. 

R-CO-NH-(CH2h-CO=C-*I 
I I 

N NH 
':::c/ 

Tracer 

I co 
I 

R -CO-NH -( CH2h-CH 
I 
NH 
I 

Immunogen 

Fig. 21. Structural analogy between tracer and immunogen 
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The immunologic recognition of the iodinated tracer may be increased, and more 
unlabeled ligand R-COOH is necessary for competition. This will result in less 
sensitive assays and a shallow dose-response curve. 

On the other hand, the high specific radioactivity obtained with 1251 makes 
the weight of tracer added in the assay negligible and requires less antiserum for 
binding. Increase in dilution of the antiserum may involve antibody populations 
with low capacity but high affinity; the effect will be an increase in sensitivity. Fi
nally, we are in the presence of contradictory effects and the consequence of this 
on sensitivity cannot be predicted: it can only be observed by analyzing dose-re
sponse curves. 

To circumvent this bridge effect and the subsequent decrease in assay sensitiv
ity, other approaches have been reported. The ideal strategy would be to realize 
a homologous situation where both labeled and unlabeled ligands are structurally 
identical to the haptenic determinant. However, for chemical or practical con
siderations, this approach has not been developed until now. 

2. Homologous Situation 

A way of increasing the sensitivity of competitive assays with iodinated tracer is 
to block the carboxyl group of the ligand, in order to mimic the structure of the 
tracer, as illustrated for PGs of the E series (Table 3). The sensitivity of the system 
using radioactive ligand was compared when using as inhibitors the unmodified 
PGE 1 or PGE21 or their derivatives synthesized by adding histamine (PG-His), 
lysine (PG-Lys), or methyl ester (PG-ME) derivatives. The carboxyl group of the 
ligand was conjugated through a peptide bond, either to the antigenic carrier, for 
the preparation of the. immunogen, or to iodinatable substances, for tracer syn
thesis. The sensitivity was improved in both PGE1 and PGE2 RIAs when a pep
tide bound was formed. Blocking the carboxyl group in a peptide bond with car
bodiimide would be the best solution. However, this transformation is incomplete 
and time-consuming when applied to a large number of samples. The homolo-

Table 3. Comparison of the sensitivity' of POE1 and POE2 

radioimmunoassay with different tracers and inhibitors 
(DRAY 1982) 

Tracer 

P0 3H 
PO-His 3H 
PO-ME 3H 
PO-ME 3H 
PO-His 1251 
PO-His 1251 
PO-His 1251 
PO-His 1251 

Inhibitor 

PO 
PO 
PO 
PO-ME 
PO 
PO-His 
PO-Lys 
PO-Me 

RIA sensitivity 
(fmol/ml) 

300 
4510 
4610 
1410 

170 
110 
60 
90 

51 
43 
47 
50 
25 
24 
19 
28 

• Expressed as 50% of initial tracer binding. 
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Table 4. Comparison of progesterone assay performance 
with homologous bridge between tracer and immunogen 
(pg ligand corresponding to 50% of initial tracer binding) 

Immunogen Tritiated Iodinated tracer bridge 
bridge tracer 

Glucuronide Succinyl 

Glucuronide 80 160 
Succinyl 160 1280 

E. EZAN et al. 

gous situation may however result in a sensitive assay when the bridge structure 
is poorly recognized by the antibodies, as exemplified with a glucuronide group 
at the C-11 position of progesterone (Table 4; CORRIE et al. 1981). 

A similar approach in competing ligand modification is shown with cAMP. 
The strategy in immunogen preparation led to antibodies possessing good spec
ificity, but lacking sensitivity when used with an iodinated tracer obtained by cou
pling histamine 1251 to 2'-O-succinyl cAMP. To circumvent this problem, both 
standard and sample can be converted into 2'-O-succinyl cAMP in aqueous me
dium. The resulting homology between tracer and ligand enhances the sensitivity 
of the system by a factor of 100. Furthermore, this method offers many advan
tages: ease of technical manipulation, succiI1ylation yield of 100%, and high re
producibility (CAILLA et al. 1973 b). 

More recently, an RIA kit for histamine has been developed with homologous 
ligand and tracer. Because of its small size, histamine is coupled to the carrier via 
a succinyl-glucinamide linkage (DELAAGE et al. 1984). Therefore, the weak affin
ity of the native molecule is compensated by incorporating a similar linkage to 
tracer and sample. 

A different problem with a bridge effect has been reported with a small pep
tide: thyrotropin-releasing hormone (TRH) (GROUSSELLES et al. 1982). TRH was 
linked to sunflower protein by means of the bisdiazotized benzidine method and 
1251 was introduced directly without a bridge on the histidine residue. In order 
to compensate the enhanced steric fit of the tracer to the antibody-binding sites, 
standard and samples were submitted to the same iodination treatment. This 
chemical modification allowed a 250% increase of sensitivity over the unmodified 
system. 

Another alternative was brought about by selective removal of bridge anti
bodies, as shown in an immunoassay of cotinine, one of the major metabolites 
of nicotinine (KNIGHT et al. 1985). Rabbit anti-cotinine antibodies were adsorbed 
by nicotine bound to hemocyanin via an identical bridge. The resulting modified 
assay provided a steeper standard curve and a considerable increase in sensitivity, 
although the low nicotinine cross-reactivity (0.3%-0.4%) remained unchanged. 

3. Heterologous Situation 

An alternative approach is the deliberate reduction of affinity of label for anti
body by the use of heterologous systems in which either the hapten, the site of 
the linkage, or the nature of the bridge are altered. Changing the hapten used in 
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preparing the immunogen will prevent the bridge effect, as demonstrated for a 
melatonin RIA with the use of 5-methoxytryptamine for both immunogen and 
tracer preparations (TIEFENAUER and ANDRES 1984). The chemical linkage for 
coupling the carrier and for introducing the iodinated moiety is similar to the ter
minal group of melatonin. In this case, the absence of a bridge problem is dem
onstrated by an equal affinity between the tritiated and the iodinated tracers, and 
results in a substantial gain in sensitivity (aproximately eight-fold based on the 
50% inhibition of tracer binding). 

Different coupling positions in both immunogen and tracer generate many sit
uations which are unpredictable a priori: increase of sensitivity, nonrecognition 
of the tracer, or strong alteration of specificity. However, introducing a subtle 
change in the chemical bridge is a more interesting alternative, as demonstrated 
for an androstenedione assay with heterologous combination of an ether or ester 
bridge in tracer and immunogen (Table 5; NORDBLOM et al. 1980). 

To increase the sensitivity of progesterone and estradiol RIA, we have tested 
several iodinated tracers with anti-progesterone-11-hemisuccinate-BSA and anti
estradiol-6-carboxymethyloxime-BSA sera (Table 6, Fig. 22). Antisera titers re-

Table 5. Androstenedione assay sensitization by modifica
tion of the bridge structure (pg ligand for 50% initial 
tracer binding inhibition) 

Immunogen Tritiated 
bridge tracer 

Ester 
Ether 

110 
110 

Tracer bridge 

Ester Ether 

625 
420 

30 
82 

Table 6. Comparison of sensitivities of two steroid RIAs with heterologous (1, 2, 4, 5) 
and homologous (3,6) tracers. Numbers correspond to Fig. 22 

Tracer Antiserum Delayed tracer IC50 b 

final dilution" incubation 

E2 3H (1) 
Anti-E2-6-CMO-BSA 
1: 12000 No 45 

161X-E2 1251 (2) 1: 3750 No 115 
Er 6-CMO-His 1251 (3) 1:600000 No 2471 

Yes 206 

Anti-P-11-HS-BSA 
p 3H (4) 1: 30000 No 70 
P-l1lX-Gluc-Tyr 1251 (5) 1: 3000 No 13.5 
P-l1lX-HS-His 1251 (6) 1:600000 No >3000 

Yes 334 

"Final dilution to obtain an initial binding of 40%. 
b Picograms ligand corresponding to 50% of initial tracer binding. 
BSA, bovine serum albumin; CMO, carboxymethyloxime; E2, estradiol; Gluc, glu
curonide; HS, hemisuccinate; P, progesterone. 
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0 3H 

3H Progesterone 

CD 
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CH2 
I 
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I 
CONH 
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~ 
I 
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0, 

OH " 
OH 

Progesterone-II a-glucuronide-( 125 I) 
iodotyramine 

o 
H 

CH3 

I 
C=O 

Progesterone-II a-hemisuccinate
(2-(1251) iodohistamine) 

Fig.22. Tritiated and iodinated tracers. (From Amersham Research Products, England.) 
Numbers correspond to Table 6 

flect the antibody activities for these tracers. Homologous tracers with the same 
bridge as in the immunogen can involve very high titers, but provide a low assay 
sensitivity. This latter is, however, slightly increased by preincubation of ligand 
with antibodies. On the other hand, a significant gain in sensitivity is obtained 
with heterologous tracers. 
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II. Modification of Reagent Concentrations and Assay Procedures 

1. Reagent Concentrations 

The objective of changing reagent concentrations is to achieve maximal accuracy 
of measurement in the standard range of concentration and to lower the minimal 
detectable dose. In the case of a competitive RIA, the only variable of the system 
is the ligand concentration, whereas tracer and antibody concentrations are sus
ceptible to modification. Optimal choice of reagents can be made by analyzing 
several parameters: slope of the dose-response curve, minimal detectable dose, 
and standard deviation of replicates. Several authors have dealt with this problem 
and shown the importance of statistical analysis in assessing assay performance 
(YALOw and BERSON 1971; EKINS 1979). 

2. Assay Procedures 

a) pH of Incubation Medium: Prostaglandin Systems 

The introduction of radioiodinated tracers in prostaglandin RIA does not sys
tematically improve assay performance. As in the case of steroid systems, the in
crease in tracer specific activity may be counterbalanced by increase in antibody
tracer affinity, which results in loss of assay sensitivity. 

In the PGF 2a system, the introduction of an iodinated tracer leads to a con
siderable decrease in sensitivity in comparison with a tritiated tracer at the same 
pH. However, a pH change from 7.4 to 5 allows one to suppress this decrease 
(Table 7). The same pH effect is demonstrated by using an iodinated tracer with 
6-keto-PGF la' In the case of other compounds, like PGE2 and thromboxane B2 

Table 7. Radioimmunoassay with three prostaglandin F 20 antisera; tritiated and iodinated 
tracer at pH 7.4 or pH 5 

Tracer 

pH of incubation medium 7.4 5 

Antiserum 1 
Final dilution a 

ICSO b 

Affinity constant (M- 1) 

Antiserum 2 
Final dilution 
ICso 
Affinity constant (M- 1) 

Antiserum 3 
Final dilution 
ICso 
Affinity constant (M- 1) 

1:15000 
36 
0.3 x 1010 

1:9000 
4.3 
1.2 x 1010 

1:3000 
11.5 
0.8 x 1010 

1:9000 
8.6 

1:3000 
16.1 

a Final dilution to obtain an initial binding of 40%. 

His-PGF20 12S1 

7.4 5 

1:300000 1:300000 
139 40 

1:19800 1:23100 
43.5 6.3 

1:9900 1:12480 
61.6 10.9 

b Picograms ligand corresponding to 50% of initial tracer binding. 
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Table 8. Radioimmunoassay with different anti-prosta
glandin antisera, iodinated tracer at pH 7.4 and 5 

Anti-prostaglandin 

Anti-6-keto-PCF I. 
Final dilution a 

IC sob 

Anti-PGE2 
Final dilution 
ICso 

Anti-TXB2 
Final dilution 
ICso 

pH of incubation medium 

7.4 

1:120000 
11.4 

1:60000 
2.6 

1:60000 
10.5 

5 

1:120000 
6.8 

1:60000 
7.1 

1:60000 
50 

a Final dilution to obtain an initial binding of 40%. 
b Picograms ligand corresponding to 50% of initial tracer 
binding. 

Table 9. Cross-reactions (%) at pH 7.4 and 5 of various 
prostaglandins in the 6-keto-PGF I. assay (iodinated tracer) 

Prostaglandin pH of incubation medium 

7.4 5 

6-Keto-PGF 1a 100 100 
6-Keto-PG E 1 39 20 
PGF2• 24 10 
PGE2 34 0.6 
2,3-Dinor-6-keto-PGF I. 134 100 

E. EZAN et al. 

(TXB z), sensitivity is better at pH 7.4 than pH 5 (Table 8). One can assume that 
there is an optimal pH which allows every reactant ligand, tracer or antibody, to 
be in the best operational status. In these optimal conditions, the antibody affinity 
for tracer is the same or slightly lower than for ligand. 

It can be observed that the specificity may be affected by this pH effect, as 
demonstrated for the binding properties of 6-keto-PGF I. (Table 9). In the case 
of PGEz cross-reactivity, two phenomena can be considered (steric modification 
and chemical alteration), while for other PGs the lower effect could be due only 
to a steric modification. 

b) Sequential Incubation of Ligand and Tracer 

Assay sensitization based on delayed tracer incubation has been described for nu
merous peptide systems. This effect relies on the reduced dissociation rate of the 
preformed "cold immunocomplexes." Thus, the first reaction is nearly irrevers
ible and the equilibrium can hardly be dissociated by tracer addition resulting in 
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Table 10. Assay sensitization by sequential tracer incubation 

Peptide 

Rat GHRF 
CRF 
Somatostatin 
Vasopressin 
ACTH 
LHRH 

Tracer 
from 
beginning 

160a 

325 
30 

250 
60 
25 

Tracer 
addition 
delayed b 

30 
100 

11 
100 

15 
12 

a Picograms ligand corresponding to 50% of initial tracer 
binding. 
b Sequential incubations 24 + 24 h. 

an incomplete competitive system. For peptide RIAs developed in our labora
tory, marked improvements in sensitivity have been obtained by allowing premix
ing of standard and antiserum (Table 10). 

This approach is not efficient with smaller haptens like steroids since their 
higher dissociation rate allows them to reequilibrate too quickly for delayed 
tracer addition to be effective (MALVANO 1983). However, when homologous 
radioiodinated tracers are used, the sequential incubation may be effective be
cause of the competitive imbalance between native and labeled ligand (see 
Table 6). 

E. Validation 

Validation of the RIA is necessary to render the system suitable for biologic anal
ysis. In most cases, the problem comes from the presence of nonspecific materials 
inhibiting the specific ligand-antibody binding. This inhibition may be caused by 
various factors, depending on the nature of the antigen and the biologic medium. 
The first factor concerns the presence of antibody-like substances, such as plasma 
protein binding, endogenous antibodies, lipid complexes, or tracer-degrading en
zymes. A second factor is the presence of antigen-like substances. Molecular het
erogeneity, as encountered with steroids or prostaglandins, will be a severe hand
icap for the immunoassay. If structurally related forms are present in the sample, 
they will be detected in various proportions, depending on their antigenic similar
ity. An identical situation occurs in pharmacokinetic experiments when the met
abolic fate of drugs results in minor structural differences which may be recog
nized by antibodies. Weak cross-reactions with metabolites may cause relative er
rors which have no relevance to the determination of the parent drug. Common 
antigenic structures are also found between peptides and their precursors, 
polymers, or fragments. In order to discover and to reduce nonspecific interfer
ence, the assayist must be methodical and take considerable care to avoid these 
problems. 
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I. Nonantigenic Materials 

The interference of nonantigenic material can be assessed by various tests: tracer 
binding in the presence of increasing quantities of analyte-free material, analytic 
recovery of added analyte in the same material, or parallelism between sample 
serial dilutions and the standard curve. The tests will give the dilution necessary 
to eliminate interference in order to get an unbiased result. However, this alter
native will be possible only when the substance to be assayed is present at a high 
concentration since sample dilution reduces assay sensitivity. 

Theoretically, the best solution would be the incorporation of an identical 
amount of nonspecific material both in the standard curve and in the sample. 
However, since the range of sample concentrations is sometimes difficult to esti
mate, several standard curves with various quantities of nonspecific substances 
have to be constructed. Furthermore, the variation of interference from one 
sample to another may raise unpredictable errors in the assay. 

Another approach has been provided by microencapsulation of antibodies in 
a nylon membrane which prevents the passage of substances of molecular weight 
greater than 20000. Thus, the antibody-antigen reaction remains free from pro
tein and high molecular weight substance interactions. This technique was de
scribed for digoxin (HALPERN and BORDENS 1979a), thyroxine (HALPERN and 
BORDENS 1979 b), cortisol (BORDENS and HALPERN 1980), and 17 -hydroxyproges
terone (WALLACE and WOOD 1984). In the case of a progesterone assay, interfer
ing steroid hormone binding proteins have been eliminated by incubating samples 
with cortisol. This causes the release of progesterone from its binding globulin 
(HAYNES et al. 1980). This solution was possible since the amount of cortisol re
quired did not cross-react with the specific progesterone antibodies used. 

In many cases, extraction of the substance from the sample will be the way 
to reduce nonspecific effects. The choice of the organic solvent will depend on the 
nature of interfering materials and physicochemical properties of the substance. 
However, each method presents practical problems since the extracting solvent 
has to be removed by evaporation or lyophilization and a nonnegligible fraction 
of the substance to be assayed is co eluted with nonspecific materials. This may 
be counterbalanced by possible sample concentration and apparent gain in assay 
sensitivity. 

II. Antigen-like Materials 

The assessment of the importance of cross-reacting materials in the measurement 
requires a specific purification step which may be performed with various 
methods, like thin layer chromatography, silicic acid column chromatography or 
HPLC. The choice of one of these methods depends on the properties of the sub
stances, the recovery of the purified material, and the resolution between struc
turally related compounds. In some cases, sequential purification steps are neces
sary to control the specificity. 
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III. Example of Validation: Peptide Radioimmunoassay 

We report here the development of a procedure for the validation of the RIA of 
D-Trp6-LHRH, an analog of LHRH (Fig. 23). Tracer was obtained by direct in
troduction of 1251 by the iodogen method, and immunogen by coupling the pep
tide to BSA via glutaraldehyde (GA-anti-D-Trp6-LHRH) or via benzoquinone 
(BQ-anti-D-Trp6 -LHRH). 

The first step concerns the assessment of assay characteristics: dose~response 
parameters, evaluation of nonspecifically interfering materials, and estimation of 
specificity (Tables 11~13). The RIA with BQ-anti-D-Trp6-LHRH has good spec
ificity, but shows high interference with human plasma. Furthermore, its sensitiv
ity is not suitable for pharmacologic studies since very low hormone concentra
tions are obtained. Before choosing GA-anti-D-Trp6-LHRH, we have under
taken an assay validation for measurements in un extracted plasma. 

LHRH 

pGLU~HIS~TRP~SER~TYR~GLY-LEU-ARG-PRO~GLY~NH2 

pGLU-HIS~TRP-SER-TYR-DTRP-LEU~ARG~PRO-GLY~NH2 

t t 
Tracer Immunogen 

Fig. 23. Structure ofLHRH and O-Trp6_LHRH 

Table 11. Assay sensitivity' 

BQ-Anti-o-Trp6-LHRH GA-Anti-o-Trp6-LHRH 

Tracer from beginning 
Tracer addition delayed b 

45 
23 

13 
4 

• Expressed as picogram amounts corresponding to 50% of initial tracer binding. 
b Sequential incubation of 24 + 24 h. 

Table 12. Evaluation of non-specific materials: analytic recovery of added 0-Trp6-LHRH 
in unextracted human plasma 

Plasma dilution 

GA Recovery (%) 
BQ Recovery (%) 

1:1 

164 
206 

1:2 

132 
158 

1:4 

117 
135 

1:8 

103 
123 

1:16 

96 
108 

1:64 

104 
98 
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Table 13. Cross-reaction (%) of various peptides with O-Trp6_LHRH antiserum 

BQ-Anti-o-Trp6-LHRH GA-Anti-o-Trp6_LHRH 

O-Trp6_LHRH 100 100 
LHRH 20 < 0.01 
(1-5) LHRH < 0.02 < 0.Q2 
(1-7) LHRH < 0.02 < 0.02 
(1-8) LHRH < 0.02 < 0.02 
(1-9) LHRH < 0.02 < 0.Q2 
(3-10) LHRH 17 < 0.02 
(4-10) LHRH 7 < 0.02 
(5-10) LHRH 13 < 0.Q2 
(7-10) LHRH 17 < 0.02 

The nature of nonspecific interference was assessed by gel filtration of hor
mone-free plasma and measurement of apparent immunoreactivity in collected 
fractions. Interfering materials appeared to be proteins, with a molecular weight 
> 60000 and which were not peptide-degrading enzymes. These substances com
pete with the specific antibodies in their binding to peptides and lead to measure
ment of an apparently high plasma level. As the sample dilution increases, the re
covery becomes quantitative (Table 12). However, the reduction of the assay sen
sitivity (detection limit 10 pg/ml in buffer vs 80 pg/ml in unextracted plasma at 
1 : 8 dilution) requires the elimination of proteins for low hormone concentration 
samples. Therefore, we have tested various procedures for protein extraction 
which have been previously described for peptide RIAs. These methods involve 
protein precipitation by organic solvent: methanol/acetic acid (HANDELSMAN et 
al. 1984), ethanol/acetic acid (PEETERS et al. 1981), methanol (NETT and ADAMS 
1977), acetone/ether (AMICO et al. 1979), or selective elution through a C18 silica 
cartridge Sep-Pak (Waters Associates) (EZAN et al. 1986). The efficiency ofvari
ous solvents for extracting D-Trp6 - LHRH from human plasma was studied as fol
lows (Table 14): 

Table 14. Efficiency of o-Trp6-LHRH extraction from human plasma 

Extraction Tracera Free plasma b Free plasma C Free plasma C 

procedure recovery +20 pg +200 pg 

No extraction 80 117 103 
Methanol 60 70 96 66 
Methanol/acetic 79 <10 71 84 

acid 
Ethanol/acetic 47 40 67 65 

acid 
Acetone 76 <10 69 79 
Sep-Pak 85 <10 79 85 

a %. 100000 cpm added in hormone-free plasma. 
b Apparent immunoreactivity (pg/ml) in hormone-free plasma. 
C Recovery (%) of added O-Trp6_LHRH. 
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1. 125I-Iabeled o-Trp6-LHRH was added to plasma and extracted. Among 
the solvent procedures examined, acetone and methanol/acetic acid gave the larg
est number of counts in the supernatant obtained after centrifuging the precipi
tated proteins. Tracer recovery after Sep-Pak elution was about 85%. 

2. Subsequently, 1 ml plasma containing 0,20, or 200 pg D-Trp6-LHRH was 
extracted or radioimmunoassayed. Apparently, high quantitative recovery was 
found in methanol extract, probably owing to the presence of nonprecipitated 
proteins as shown by the high blank value (70 pg/ml). Except in the case of etha
nol, the other procedures showed disappearance of apparent immunoreactive ma
terial from free plasma. 

Among the five methods described, Sep-Pak chromatography combines effec
tive recovery (75%-85%), elimination of interference (blank value <10 pg/ml), 
and high reproducibility (coefficient of variation 5%). 

Assay specificity was then estimated as follows (EzAN et al. 1986): 
1. Injection of 100 !!g D-Trp6-LHRH into humans and sampling at various time 

intervals 
2. Sample extraction by Sep-Pak column 
3. HPLC of selected samples 

The HPLC was calibrated by determining retention time and analytic recov
ery ofD-Trp6-LHRH. Plasma samples fractionated using this system contained 
a major immunoreactive peak which corresponded to D-Trp6-LHRH. Therefore, 
the majority of measured material in direct plasma assay with GA-anti-D-Trp6-
LHRH appeared to be the intact polypeptide form. Furthermore, calculation of 
the peptide half-life after subcutaneous injection gave identical results when 
samples were assayed either in unextracted plasma, after Sep-Pak extraction, or 
after extraction plus HPLC purification. A similar procedure has to be developed 
for the validation of RIA systems in order to have an idea of the magnitude and 
type of error in the final data. This approach emphasizes the importance of RIA 
sensitivity and specificity to obviate the possible problem of interfering materials 
and to avoid purification steps and time-consuming assays. 
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CHAPTER 7 

How to Improve the Sensitivity 
of a Radioimmunoassay 
G. CIABA TTONI 

A. Introduction 
Definitions of sensitivity fall into at least two major groups; one is specified by 
the definition proposed by Ekins and Newman, the second is derived from the 
"classical" theory developed by Berson and Yalow. 

According to EKINS and NEWMAN (1970), the sensitivity of an assay may be 
defined as "the precision of measurement of a zero quantity." Defined in this way, 
sensitivity is equal to the detection limit of the assay, i.e., the lowest concentration 
of unlabeled antigen which can be distinguished from the absolute absence of sub
stance. If we assume that the precision of a radioimmunoassay (RIA) reflects the 
reproducibility of the measurement, and that this reproducibility may be repre
sented by the standard deviation (SD) of replicate estimates (assuming that they 
are normally distributed about the mean), then the detection limit is represented 
by the concentration (read from the standard curve) 

Bo + 2 SD (Bo), 

where Bo represents the binding with no unlabeled antigen present. The minimal 
detectable concentration of substance in a given assay will be represented by the 
detection limit of the standard curve multiplied by the dilution of the sample in 
the assay, (i.e., the ratio of sample volume to assay volume). 

According to BERSON and YALOW (1973), the sensitivity is related to the slope 
of the standard dose-response curve. In this case, the concept of detection limit 
is extended to the minimal detectable difference between two points located any
where on the standard curve, actually, the minimal change in concentration that 
is detectable from any point on the curve. In this case, we must assume that a lin
ear relationship exists between the B/ Fratio (or B/ Bo ratio) and the concentration 
of unlabeled material. Ifwe suppose a linear relationship between these two vari
ables, then it will be of the following type 

y = ax + b, 

where a represents the slope of the curve. If x' is a point two standard deviations 
away from x and x' > x, then 

y' =ax' +b= y+2SD(y) 

and 
y'-b 

X'=~-
a 
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the detection limit will be given by x - x' and 

y-b 
x=~

a 

, y' -b (y+2SD(y»-b 
x=--= 

a a 

, y-b y+2SD(y)-b 
x-x = ~- - -----

a a 

y-b-(y+2SD(y»-b 2SD(y) 

a a 

G. CiABA TTONI 

It is evident that the minimal detectable difference between two concentra
tions on the standard curve is proportional to the slope a of the curve. Assuming 
that the experimental error is constant over different RIA determinations, then 
increasing the slope of the dose-response curve results in a reduction of the mini
mal detectable quantity, i.e., an increase of the sensitivity. 

B. Basic Considerations 
The theory underlying RIA and other radio ligand assay methods has been exten
sively developed by several groups of workers (ELKINS and NEWMAN 1969, 1970; 
BERSON and YALOW 1959; YALOW and BERSON 1970; RODBARD et al. 1971; FELD
MAN and RODBARD 1971). BERSON and YALOW (1959) have considered the equi
librium theory of RIA in the following cases: (a) monovalent antigen, monovalent 
antibody; (b) divalent antigen, monovalent antibody; and (c) monovalent antigen 
and two "orders" of antibody sites. In the present analysis, we will refer to the 
theory developed by these two authors, assuming that labeled and unlabeled 
antigen behave identically in the immune system and that the reaction follows the 
law of mass action. The simplest system is assumed, i.e., the bimolecular reaction 
between a homogeneous monovalent antigen and a single order of antibody-com
bining sites. These conditions, however, may not be completely satisfied in any 
RIA system, as a given antiserum generally contains more than one class of im
munoglobulins with different association constants K. Nevertheless, when work
ing at appropriate dilution of antisera, the antibodies with the highest association 
constant predominate and, from a practical point of view, a single order of com
bining sites may be assumed to be responsible for the antigen-antibody reac
tion. 

The immunoassay reaction is described by the Berson-Y alow equation 

BIF = K ([AbO] - B), (1) 

where B represents the molar concentration of bound antigen or of bound anti
body-combining sites, Fthe molar concentration of uncoupled antigen, and [AbO] 
the molar concentration of total antibody-combining sites (BERSON and Y ALOW 
1973). If b is the fraction of antigen that is bound, so that B = b [Ag], where [Ag] 
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is the total antigen concentration, Eq. (1) becomes 

~ = l~b =K([AbO]-b[Ag]). (2) 

From Eq. (2) it is evident that B/Fdecreases as the total amount of antigen in the 
RIA system increases. A further mathematical analysis of the Berson-Y alow 
equation has been proposed by SAMOLS and BARROWS (1978) 

b[Ag]=[AbO]-l~bK-l 

or 

(3) 

In the original assumption of Berson and Y alow, the labeled and unlabeled 
antigen compete for binding sites with the same energy. Thus, in Eq. (3), we must 
consider that the total antigen concentration is represented by the unlabeled 
substance plus the labeled material. The concentration of unlabeled substance in 
an RIA system is therefore given [from Eq. (3)] by 

[Aba] K- 1 

[Ag] unlabeled = -b- - 1-b - [Ag]labeled· (4) 

A different equation to describe the antigen-antibody reaction at equilibrium 
has been developed by FELDMAN and RODBARD (1971). 

A divergence from the hyperbola represented by the "classical" equation of 
Berson and Yalow will occur if a second order of antibody-binding sites of lower 
affinity constant is present in a given antiserum and participates in the total bind
ing of the labeled material. This problem is minimized for monoclonal antibodies, 
but is present when conventional antisera are employed. Antibodies suitable for 
RIA purposes are rarely represented by a single order of combining sites: in other 
words, the total IgG antibodies which are present in a given antiserum are inho
mogeneous. The participation of antibody-binding sites oflower affinity constant 
K in the total binding of a given antigen leads to a sigmoid shape of the dose
response relationship, rather than a true hyperbola asymptotic to a straight line 
at high antigen concentrations (SAMOLS and BARROWS 1978). 

In the original kinetic analysis, Berson and Yalow assumed that the concen
tration oflabeled antigen was negligible compared with the concentration of anti
body-binding sites. From this point of view, an RIA system generally works at 
extreme antibody excess with respect to labeled tracer. However, when working 
at high dilutions of antisera which possess high affinity constants, the amount of 
antigen and the amount of antibody-binding sites are comparable. Under these 
conditions, [Aba] '" [Ag]. This means that, as the labeled antigen concentration 
approaches zero, the limit of the sensitivity that can be achieved with any given 
antiserum will be represented by the affinity constant K characterizing the reac
tion of the predominating antibodies. In fact, the Berson-Yalow equation may 



184 G. CIABATTONI 

be recognized as a specific form of the equation 

y=ax+b 

expressing a linear relationship between an independent (B) and a dependent vari
able (BIF) known as the Scatchard plot. It is easy to demonstrate that the slope 
of this line is equal to - K and, therefore, the sensitivity of this system is regulated 
by the affinity constant. 

Finally, Berson and Yalow did not distinguish between radio labeled antigen 
and unlabeled antigen. As a consequence, their analysis requires equilibrium con
ditions which are not achieved in many RIA systems, owing to the short incuba
tion time. Moreover, it is unable to describe the situation when labeled and un
labeled antigen are added at different times (ROD BARD et al. 1971). In this chapter, 
we will analyze the different variables regulating the sensitivity of the RIA system 
by an experimental approach, referring the reader to Chap. 8 for a more extensive 
and detailed mathematical analysis. 

c. The Influence of Labeled Tracer 
It is evident from the previous discussion that lowering the antigen concentration 
results in an increase in the slope of the standard dose-response curve and, there
fore, in a higher sensitivity of the assay. If the concentrations of antibody and 
tracer are low, then only a small amount of unlabeled substance is required to dis
place the tracer from the antibody. An example of the behavior of the sensitivity 
under these conditions is given in Fig. 1. Three different standard curves were ob-
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Fig. 1. Standard dose-response 
curves obtained by incubating an 
anti-thromboxane B2 serum with 
increasing amounts of 3H_ 
labeled thromboxane B2 : curve 
A 5000 dpm per tube; curve B 
10000 dpm per tube; curve C 
20000 dpm per tube. Final 
antiserum dilution: curve A 
1 : 900000; curve B 1 : 500000; 
curve C 1 : 250000. Ordinate: 
percentage of initial bound 
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tained by incubating an anti-thromboxane B2 serum with increasing amounts of 
labeled thromboxane B2 . Curve A was obtained by incubating the antiserum with 
5000 dpm 3H labeled thromboxane B2 per tube, at a final dilution of 1 : 900000; 
curve B by incubating a double amount of radioactive material (10000 dpm per 
tube) under the same conditions with a final dilution of antiserum of 1: 500000; 
and curve C after incubation of 20000 dpm per tube with antiserum diluted 
1: 250000. In any case, the BIF ratio in the absence of unlabeled thromboxane 
B2 was approximately 1.0. It is obvious that to maintain BIF = 1 at [Ag]unlabeled 
= 0, the concentration of antibody-binding sites [AbO] must increase with in
crease in [Ag]labeled' As [AbO] increases, the product K [AbO] in Eq. (2) increases, 
and a less sensitive dose-response curve is obtained. As a consequence, on in
creasing the radioactivity, the slope of the curve decreases. Conversely, reducing 
the total amount of radioactivity toward zero (i.e., [Ag]labeled ---+0) and concom
itantly increasing the antiserum dilution would increase the sensitivity of the im
mune reaction. The limit of this approach is represented by the possibility of 
measuring a very low radioactivity with satisfactory precision. The problem is 
even more complex for p-emitters, which require liquid scintillation counters with 
a lower efficiency compared with y-counters. In any case, a compromise must be 
achieved among several opposite requirements, i.e., optimal sensitivity, optimal 
precision, low radioactive concentration, low counting efficiency, low experimen
tal error, and, in particular, excessively prolonged counting times. The last prob
lem represents a serious limitation when a large number of samples are to be as
sayed. In any case, the lowest amount ofradioactivity which can be detected with 
satisfactory precision by the counting equipment should be employed. 

As for the specific activity of the labeled tracer, it is obvious that the higher 
the degree of incorporation of the radioactive isotope into the antigen molecule, 
the lower will be the concentration required to yield a given number of dpm or 
cpm in the assay. Increasing the specific activity, if the total dpm in each tube re
mains constant, leads to a reduction of [Ag]labeled in Eq. (4). If the fraction b of 
antigen that is bound to antibody is maintained constant, a lower concentration 
of antibody-binding sites [AbO] is required to give the same BI Fvalue and the sen
sitivity of the system improves. When considering the specific activity of a labeled 
tracer, two specific problems should be analyzed. A low specific activity may be 
due either to a low degree of incorporation of the radioactive isotope into the mol
ecule, or to the presence in the labeled tracer of labeled and unlabeled molecules 
in variable proportions. In the first case, an increase in the specific activity may 
be achieved only by increasing the number of atoms of the radioactive isotope 
bound to or substituted within the molecular structure of the tracer. The limit of 
this approach is represented either by the maximum number of radioactive atoms 
which can be introduced into a single molecule, or by the emission spectrum of 
the particular isotope which is employed. In the second case, i.e., contamination 
of the labeled tracer with unlabeled substance, a sensitive increase in the specific 
activity may be achieved by increasing the efficiency of the labeling procedure, 
up to a limit represented by 100% of labeled molecules within the tracer. 

Finally, the radiochemical purity of the tracer represents an important factor 
in limiting the sensitivity of the RIA system. The presence of labeled material, 
which is not represented by the labeled antigen, but is due to degradation prod-
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ucts, introduces into the assay system a variable which cannot be distinguished 
from [Ag]labeled' The RIA only measures the binding of a labeled substance to a 
given antiserum and the displacement of this binding caused either by the stan
dard or the endogenous substance. If we introduce damaged labeled antigen into 
the system, we will have an apparent loss of sensitivity, because the total labeled 
antigen concentration will not be equal to the radioactivity present in the system, 
but 

[Ag]labeled = total radioactivity - damaged [Ag]labeled' 

The BI F value is therefore apparently decreased because of the higher value of F, 
which does not correspond to the true unbound [Ag]labeled' As a consequence, a 
higher antibody concentration will increase the BIFvalue, thus allowing the RIA 
system to work in a relative excess of antibody-binding sites [Abo]. Therefore, the 
final result of using a tracer with low radiochemical purity is represented by a loss 
of sensitivity and precision of the assay. 

D. The Influence of Antiserum Dilution 
The extensive literature dealing with the mathematics of competitive binding 
radio assay agrees on the convenience of using an antiserum dilution that yields 
BI F ~ 1 when tracer alone is present without added unlabeled antigen. In the orig
inal Berson-Yalow equation, BI F is regulated by both antigen and antibody
binding site concentrations [Ag] and [AbO] in Eq. (2). A further mathematical 
analysis performed by Berson and Yalow demonstrated that sensitivity is maxi
mal at any value of b [Eq. (2)] when [Ag] approaches zero, and is greatest at b = 
113 (BERSON and Y ALOW 1973). If the fraction of bound antigen is 1 I 3 (33%), then 

BjF = 0.5. At any given concentration of[Ag]labeled, it is possible to find an anti
serum dilution yielding 33% binding of total labeled tracer. Figure 2 shows the 
different degrees of sensitivity which can be achieved with a fixed amount of 
radioactivity with different dilutions of the same antiserum. About 12000 dpm 
per tube of 3H-labeled thromboxane B2 (NEN, 113 Cijmmol) was incubated with 
increasing dilutions of anti-thromboxane B2 serum, yielding 50% (1: 600000), 
40% (1: 800000), and 33% (1: 1000000) binding, respectively, in the absence of 
unlabeled thromboxane B2. The three standard curves obtained at these different 
antibody dilutions are represented in Fig. 2 by: curve A (BIFin the absence of un
labeled material = 1.0); curve B (BIF = 0.66); and curve C (BIF = 0.5), respec
tively. There is a significant loss of sensitivity with the use of increasing concen
trations of antiserum, although the dilutions employed in the present experiment 
yield BI F ratios confined within a narrow range, which is usually considered op
timal for the sensitivity of the RIA system. It is clear that an excess of antibody 
results in a loss of sensitivity, since a higher number of binding sites must be oc
cupied before the unlabeled antigen can compete with and displace the labeled 
molecules. From this point of view, the condition of minimal sensitivity of the sys
tem is represented by a nearly total binding oflabeled tracer to antibody at equi
librium, i.e., a b value in Eq. (2) approaching 1. As it is not possible to obtain total 
(100%) binding of the labeled tracer without using a very high antibody concen-
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tration, a value of BI F greater than 1 (50% binding) generally represents a relative 
excess of antibody, with more free binding sites available in the immune reaction. 
On the other hand, the limit of increasing antiserum dilution indefinitely is rep
resented by excessively poor binding, with a relative excess oflabeled tracer in the 
assay system. Under these conditions, sensitivity and precision decrease. A rea
sonable limit may be experimentally determined and is generally represented by 
about 30% binding of labeled tracer in the absence of unlabeled material. 

E. The Role of Incubation Volume 
From Eqs. (2) and (3), it is evident that at equilibrium BIF, or the fraction of 
antigen that is bound, is dependent on the concentrations of both antigen and 
antibody, including in the former both labeled and unlabeled material. From Eq. 
(2) we can also deduce that if we keep the total amount of labeled antigen con
stant, we can maintain the BI F ratio constant when modifying the incubation vol
ume by increasing (or decreasing) the antibody concentration by an amount 
which is dependent on K. Since the slope of the standard dose-response curve is 
dependent on antigen concentration (as shown in Fig. 1), increasing the incuba
tion volume, but maintaining the total radioactivity constant causes a decrease 
of antigen concentration in the assay system and, therefore, a steeper slope of the 
standard curve in the linear region of the dose-response relationship. This means 
an increase in the sensitivity of the RIA system. 

Three ways may be used to reduce labeled tracer concentration in the RIA sys
tem: lowering the total radioactivity, increasing the specific activity of the tracer, 
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or increasing the assay volume. The first and second possibilities have been pre
viously discussed. An increase of incubation volume, maintaining the total 
amount of radioactivity constant, also causes a reduction of antigen concentra
tion. Therefore, to achieve the highest sensitivity of the system, we should use the 
lowest detectable amount of tracer in the highest convenient volume. A limitation 
of this approach is represented by the technical problem of counting large vol
umes of aqueous solutions. This restriction is harder for fJ-emitters, which require 
a large supply of scintillation cocktails. The time to reach equilibrium is length
ened proportionally to the increase of incubation volume. Moreover, in many 
RIA kits, antibody, tracer, and standard solutions are used at fixed volumes, al
lowing quick handling of samples and reduced cost of the disposable material. 
However, for research purposes, or in any case to improve both sensitivity and 
precision, a larger incubation volume is required. For radioactive isotopes which 
emit y-rays, a suitable incubation volume is 2-2.5 ml. This allows more precise 
handling of reagents and the improved sensitivity allows a higher dilution of the 
samples in the assay. Such requirements are of crucial importance when working 
with unextracted biologic fluids, such as plasma, serum, synovial fluid, gastric 
juice, or urine. For labeled tracers which require fJ-counting equipment, the major 
limitations are represented by: the size of the vial which contains the mixture with 
the scintillation cocktail;the quenching of the radioactivity caused by high 
amounts of buffer solution; and the cost of the liquid scintillator. However, an 
incubation volume of 1.5 ml can easily be used with tritium-labeled tracers, with
out marked quenching of the samples and with satisfactory sensitivity and preci
sion (PATRONO et al. 1982). 

F. Temperature and pH Effects 
The equilibrium constant for the reaction of antigen with antibody is temperature 
dependent. Studies performed by Berson and Yalow in the early days of RIA 
show that higher Bj Fratios are generally observed when mixtures are equilibrated 
at 4 °C than at room temperature (20°-25°C). Temperature may influence the 
rate of antigen-antibody reaction, the ratio of products (i.e., antigen-antibody 
complexes) at equilibrium, the binding of free antigen to the adsorbing agents, 
and the stability of the labeled and unlabeled antigen. The time required to reach 
equilibrium is longer when an immunologic reaction is carried out at low temper
ature. To shorten this incubation time, RIA systems are often incubated at room 
temperature for a few hours. However, this procedure is not recommended. The 
advantage of reducing the overall time required to perform the RIA is generally 
counterbalanced by a reduction of sensitivity, precision, and accuracy of the as
say. Moreover, incubating the RIA system for a short time may result in disequi
librium or nonequilibrium at the time of separation of antibody-bound from free 
antigen, with a possible reduction of sensitivity (see Sect. G). It should also be re
marked that some dissociation of complexes may occur if mixtures are incubated 
at 4 °C and the antibody-bound and free antigen are separated at room temper
ature. For this reason, it is important to maintain incubation mixtures at a con
stant temperature during addition of specific adsorbent (e.g., in an ice-water 
bath) and to use a refrigerated centrifuge. 
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As for the pH of the incubation mixture, it is relevant that antigen-antibody 
complexes are dissociated by extremes of pH. However, studies performed by 
Berson and Yalow show that peptide hormone systems do not exhibit a signifi
cant pH dependency in the range 7.0-8.5. The pH may be relevant for substances 
which show limited chemical stability in aqueous solution and may, at extreme 
values of pH, be converted into hydration, dehydration, or oxidation products 
which could not be recognized by antisera. A classical example is given by the 15-
keto-13,14-dihydro metabolite of prostaglandin E2, which undergoes sponta
neous dgradation in aqueous solution, particularly at high or low pH. The dehy
dration product is represented by the 15-keto-13,14-dihydroprostaglandin A2. 
However, at higher pH, a bicyclic compound, 11-deoxy-13,14-dihydro-15-keto-
11,16-cycloprostaglandin Ez (bicyclo-PGEz),is formed (GRANSTROM et al. 1980). 
The latter compound is stable and radio immunologic determination of the sys
temic metabolite of prostaglandin E2 has been performed by converting the un
stable 15-keto-13,14-dihydro metabolite into the biclycic compound (GRAN
STROM and KINDAHL 1980). 

G. Disequilibrium Conditions 
The previously reported analysis of the antigen-antibody reaction refers to equi
librium conditions. It has been clearly demonstrated that iflabeled and unlabeled 
antigen and antibody are added to the incubation mixture at the same time, the 
sensitivity of the RIA system is maximal when the reaction is carried to equilib
rium (RODBARD et al. 1971; EKINS and NEWMAN 1970). It should be stressed that 
"equilibrium" means a condition which is achieved when the duration of incuba
tion approaches infinity (t ---+ CXl). This means that a few hours of incubation are gen
erally not sufficient to achieve the condition of maximal sensitivity. In some cases, 
RIAs have been performed with incubation times of several days, up to 1 week 
(BERSON and Y ALOW 1968). 

When labeled and unlabeled antigen are added simultaneously to the antibody 
at time zero, the fraction of labeled antigen bound [b in Eq. (2)] is equal to the 
fraction of unlabeled antigen bound. If the assay is terminated prior to attainment 
of equilibrium, the fraction of both labeled and unlabeled antigen bound will be 
below the equilibrium level. This means that: (a) the number of counts for antigen 
bound is decreased, with a concomitant increase in counting error; (b) the slope 
of the standard dose-response curve is lower than the equilibrium curve in the low 
dose region, i.e., the assay becomes less sensitive and precise; and (c) the unequili
brated system is more sensitive to variations when bound and free antigen are sep
arated, with a consequent increase in the experimental error. 

Different conditions may be realized if unlabeled antigen is incubated with 
antibody until equilibrium is reached and then the labeled antigen is added. This 
and the following conditions have been extensively investigated by RODBARD et 
al. (1971). If, after the antibody and unlabeled antigen reaction has reached equi
librium, we add the labeled tracer, there is no labeled antigen-antibody complex 
present at time zero, but as time progresses there will be dissociation of the un
labeled complex and formation of the labeled antigen-antibody complex. Thus, 
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as time progresses, the fraction of bound labeled antigen incrases progressively, 
while the fraction of unlabeled antigen progressively decreases, reaching the equi
librium value as time approaches infinity. However, when the assay is terminated 
prior to attainment of equilibrium, the standard dose-response curve is shifted 
to the left and its slope becomes steeper in the low dose region. The sensitivity 
of the assay system, therefore, increases. If the opposite conditions are realized, 
i.e., iflabeled antigen reacts with antibody to equilibrium and then the unlabeled 
substance is added, the dose-response curves will be shifted to the right compared 
with the equilibrium curve, because we are approaching the equilibrium value 
from above the final value, rather than from below. Thus, while all RIA systems 
at equilibrium give the same dose-response curve, irrespective of the initial con
ditions, when we are dealing with "nonequilibrium" assays, we can improve or 
decrease the sensitivity, depending on the kinetics of the system. Some criticism 
of this approach has been expressed by BERSON and Y ALOW (1973), since this two
stage RIA results in a significant enhancement of sensitivity only if the rate con
stant for dissociation ofthe antigen-antibody complex is small compared with the 
rate constant for association. However, for labeled peptide substances which are 
particularly susceptible to progressive damage on prolonged incubation, this pro
cedure may prevent an excessive degree of incubation damage (see Sect. H). 

H. Other Factors Affecting Sensitivity 
The "incubation damage" of labeled antigen, leading to the formation of "dam
aged tracer" in the RIA system, represents a serious problem which has been ex
tensively investigated by Berson and Yalow (see STRAUS and Y ALOW 1977 for de
tailed discussion). The damage of the labeled antigen during incubation will de
crease the fraction of bound tracer and increase the nonspecific counts in the in
cubation mixture. Thus, the sensitivity and the reliability of the RIA procedure 
is decreased and, if the extent of damage is serious, the results may be completely 
invalidated. A method of calculating the amount of damaged antigen has been 
proposed by BERSON and YALOW (1973). It consists in a control mixture contain
ing the labeled antigen and either the unknown sample or the diluent used for the 
standards, but without antiserum. In this way it is possible to evaluate the dif
ferential damage occurring during the incubation period. This method, however, 
cannot be used in every case (STRAUS and Y ALOW 1977). In some cases, the only 
way to reduce the degree of incubation damage of the tracer is to shorten the in
cubation time. This, however, contrasts with the prolonged time required to reach 
equilibrium when antibody and tracer are highly diluted. A possible solution, at 
least in part, may be represented by the two-stage RIA procedure, as described 
by RODBARD et al. (1971). 

Finally, an apparent reduction of the sensitivity of the assay may be seen when 
a secondary, nonspecific binding substance interferes with the assay system. This 
is the case with proteins, such as albumin or other plasma proteins, which may 
be present at high concentrations in the measured samples (such as plasma, 
serum, synovial fluid) and act synergistically with antiserum. Generally, the pres
ence of this phenomenon is revealed by a binding of labeled tracer higher than 
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the maximum binding in the absence of unlabeled material. If we add a constant 
amount of the sample, deprived of the endogenous substance which is specifically 
recognized by the antibody, to the standard curve, we will observe a shift to the 
right of the dose-response curve. This loss of sensitivity is due to a secondary 
binding system. The nonspecific affinity constant of molecules like albumin is 
generally two or three orders of magnitude lower than the K value of antiserum. 
Thus, increasing dilutions of the sample progressively lower the nonspecific bind
ing until it completely disappears. 
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CHAPTER 8 

Statistical Aspects of Radioimmunoassay 
D. RODBARD, V. GUARDABASSO, and P. J. MUNSON 

A. Introduction 
The logit-Iog method (RoD BARD and LEWALD 1970) remains the most popular 
method for RIA data reduction in use today (Fig. 1). It has the virtue of simplicity 
(RoDBARD 1979). The method can be implemented graphically, using special 10-
git-Iog graph paper. It can be implemented using a small programmable hand
held calculator or computer (DAVIS et al. 1980). Even the smallest microcom
puters can easily perform this method with proper weighting and detailed statis
tical analysis. A weighted linear regression can even be performed by special 
"macro" programs for popular spreadsheet programs. The logit-log method has 
been incorporated into numerous commercial systems ({J- and y-counters). When 
the logit-log method "works" (which is probably about 90%-95% of the time) 
everything is fine. Unfortunately, in about 5%-10% of assays, the logit-log 
method fails to provide an adequate description of the RIA dose-response curve. 
What should the assayist do when the logit-Iog method fails? Since numerous al
ternatives are available, each with its own advantages and limitations, the assayist 
is often faced with a bewildering situation (RoDBARD 1979). Are we to try all pos
sible methods, using a trial-and-error approach? When will we be able to say that 
we have a "good" method, an "adequate" or "optimal" method? Is there a sys
tematic approach? Are we to be restricted to the curve-fitting methods imple
mented in commercial, turnkey, "black box" approaches to data analysis? This 
chapter will attempt to provide a simple, rational approach to the question, "what 
should I do when the logit-Iog method fails?" 

2r---------------------, 

Logit 0 
BIB 0 

-1 

-2~~--~--~--~--~--~ 
o 2 3 
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Fig. 1. Logit-Iog representation of RIA 
dose-response curve. Linear 
relationship between logit Yand log X. 
The dose resulting in B/ Bo = 0.50 is 
termed ICso or ED so, and may also be 
designated c. The simplicity of the 
straight line relationship facilitates 
curve fitting and dose interpolation. 
However, appropriate weighting must 
be used to compensate for the 
systematic nonuniformity of variance 
introduced by the logit transformation 
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B. The Logit -Log Method 
The logit-Iog method (RODBARD and LEWALD 1970) is based on a transformation 
of data defined as 

logit (Y)=loge C ~ y) (1) 

The transformed variable must be Y = BjBo: counts of bound labeled antigen 
(above nonspecific) divided by counts in the absence of unlabeled antigen (above 
nonspecific). It reduces a hyperbolic curve (counts versus dose) to a straight line 
(logit BjBo versus log dose) characterized by just two parameters, slope and inter
cept (Fig. 1). This method and its use in RIA data analysis have been extensively 
described (RODBARD 1980). 

c. Is the Logit-Log Method Failing? 
Sometimes, one may think that there is a "failure", when in fact there is no ad
equate reason to discard the method. Often, the method is implemented incor
rectly. One must apply the logit transformation to Bj Bo, not to the bound-to-total 
ratio, BjT. The BjBo ratio must be corrected for nonspecific binding N, both in 
numerator and denominator, i.e., 

j _ (counts-H) B Bo-
Bo-N ' 

(2) 

where N = mean counts for nonspecific binding; and Eo = mean counts for zero 
dose of unlabeled antigen. Further, the estimates of Eo and N must be precise and 
accurate. To reduce the uncertainty in Eo and N, it is desirable that both Eo and 
N be measured on the basis of multiple replicates (e.g., quadruplicates). An out
lier among the measurements of counts for Bo or N could result in nonlinearity. 
The measurement of N can be problematic. Sometimes, in the context of a double
antibody RIA, N is measured simply by omitting the specific (first) antiserum. 
This changes the protein concentration, and may affect the reaction with the sec
ond antibody. As a result, the observed counts may differ considerably from the 
mean response for "infinite" dose. In such cases, it may be preferable to measure 
Nby addition of a large excess ofligand or antigen, when this is economically fea
sible (for inexpensive ligands such as thyroxine, cortisol, digoxin, other drugs, 
etc.). Problems with the measurement of Eo or N may account for a large portion 
of the apparent failures of the logit-Iog method. If these cannot be corrected by 
modification of the assay procedure, then the four parameter logistic method (see 
Sect. D) can be used to adjust and improve the estimates of Eo and N (designated 
as a and d in the four-parameter model). 

One good way to test the adequacy of the logit-Iog method is to test for linear
ity. This is easily accomplished by a computer program (e.g., RIAPROG). We 
can fit two straight lines, one to the first half and one to the second half of the 
points (Fig. 2a). Then we can use a t-test to evaluate whether the slopes for the 
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Fig. 2 a, b. Tests for linearity. One should test whether more complicated models, e.g., a two 
separate straight line segments or b a parabola, result in an improved fit, in terms of the 
average size of a deviation (RMS error), or in terms of the randomness of the residuals (de
viations of the points from the line) 

two line segments are compatible. Alternatively, one can test the two line seg
ments for identity, both in terms of slope and intercept. A closely related method 
is to fit a straight line to the entire data set, and then fit a parabola (Fig. 2 b). If 
the parabola gives a "statistically significant" better fit than the straight line, then 
one has evidence of curvature. If the curvature is small, and if the parabola gives 
a good fit for the entire working range of the assay, then one can use the parabolic 
or quadratic logit-Iog method as the basis for dose interpolation. This has been 
used in a number of systems (RoDBARD et al. 1985). However, the parabolic logit
log should be regarded, at best, as a temporary substitute. The parabolic method 
loses the simplicity, stability, and many of the theoretical advantages of the linear 
logit-Iog method. Instead, the parabolic method should be regarded primarily as 
a test of the linear model. If the linear model fails, then one can use either the sym
metric or asymmetric versions of the logistic equation (Sects. D and F.II.3--4). 
These methods are slightly more computationally demanding than the parabolic 
logit-Iog method, but they retain the virtue of being "monotonic," i.e., either in
creasing or decreasing, as appropriate in most RIA systems. In contrast, the para
bola will "wrap around" on itself. 

What should we do if the parabolic test or the linear segment test indicates 
curvature? First, we should determine whether or not it is a consistent finding. 
Perhaps, one assay will be concave upward and the next assay will be concave 
downward. If there is no consistent effect, then we may be dealing with random 
fluctuations, outliers, or minor technical difficulties. If the improvement in terms 
of goodness of fit (RMS error) is small, we should consider retaining the use of 
the linear model. Also, it is desirable to perform an analysis of variance, to eval
uate whether the error variance for replicates is compatible with the variance of 
dose-means around the regression line. Larger variance of dose-means around the 
predicted value than expected on the basis of errors for replicates may imply one 
of two things: (a) systematic lack of fit of the model; or (b) non-independence of 
the errors in the observations for the replicates for any given dose level. If there 
is a discrepancy between the within-dose and between-dose variance, one should 
use the latter as the basis for testing curvature (comparing the parabola with the 
straight line). This is tantamount to using only the means at each dose to perform 



196 D. RODBARD et al. 

the linear and parabolic regression. This results in a major loss of degrees of free
dom. Hence, one may do well to use fewer replicates (e.g., duplicates) at more 
dose levels. If the curvature is consistently in the same direction, no matter how 
small, one has strong evidence for lack of fit and the need for a more elaborate, 
nonlinear model. 

D. The Four-Parameter Logistic 
When the logit-log model fails, the first recourse should be to try the four-param
eter logistic method (Fig. 3; RODBARD and HUTT 1974). The logistic equation has 
four parameters, a, b, c, and d, corresponding respectively to expected response 
for X = 0, slope factor, ED50, and expected response for infinite dose. This 
method will solve the problem in most cases. As a matter offact, the four-param
eter logistic method is superior to the logit-Iog method, both theoretically and in 
practice, and really should be regarded as the primary, not the secondary method 
(RODBARD 1974, 1979). However, we began this chapter with consideration of the 
logit-log method, owing to its popularity, simplicity, historical precedence, and 
for didactic reasons. The four-parameter logistic method is a generalization of the 
logit-Iog method. If the results of the logit-Iog curve fitting are graphically dis
played in the original coordinate system (counts versus log dose) rather than as 
logit B/Bo versus log dose, then we see a smooth symmetric sigmoidal curve with 
an upper and lower plateau. In the logit-log method, the plateaus are defined by 
Eo and N, the means of the triplicate or quadruplicate counts for zero dose of un
labeled antigen and for nonspecific binding. However, these values could be in 
error due to an outlier, or due to a technical problem of some kind. Suppose that 
the Bo or Ntubes were accidentally dropped on the floor, or left out of the assay. 
Some kit manufacturers even recommend the omission of Bo and N, to reduce 
cost in terms of reagents and time. Without Bo or N, the B/ Bo ratio and logit B/ Bo 
cannot be calculated. Of course, we might look at the curve, and make an intel
ligent guess as to where Bo and/or N ought to be. There may be several doses with 
responses on (or very near) the upper plateau (Fig. 4a). If we regard the curve 
in terms of counts versus arithmetic dose (Fig. 4 b), we see that we are trying to 
extrapolate to X = 0. Our best estimate of the y-intercept is not just the point at 
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Fig. 3. Schematic representation of the 
four-parameter logistic model. Note 
the smooth, symmetric sigmoidal curve 
of response versus log dose. 
Parameters: a = expected response 
when X = 0; b = slope factor, 
corresponding to the slope of a logit
log plot, or the pseudo-Hill coefficient; 
c = EDso or ICso, i.e., dose with an 
expected response halfway between the 
upper and lower plateaus: response = 
y = (a + d)/2; d = expected response 
for infinite dose 
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Fig. 4. a All of the values in the low dose region (on the upper plateau) contribute informa
tion regarding the parameter a. Likewise, all doses in the high dose region contribute in
formation regarding the parameter d. b With dose shown on a linear scale, we see that all 
of the low doses in the linear region help to provide an estimate of a. This is especially true 
when a must be extrapolated because no observations with X = 0 are present 

x = O. Instead, we can fit a line (or curve) to all of the points in the vicinity of 
X = 0 (Fig. 4 b), and use the combined information to estimate initial binding 
(now designated a). This approach can provide an estimate of a even if there was 
no measured point at X = O. 

Likewise we can use the results from all of the "very high dose" points, and 
extrapolate to obtain an estimate of the high dose plateau, designated d (Fig. 4 a). 
Sometimes this will differ appreciably from our observed measurement at X = 00. 

Of course, it is very difficult to get an "infinite" amount of anything into a small 
test tube. We never really do. One often encounters solubility problems. For in
stance, one might have to use a solvent, like ethanol, to get 10- 3 M antigen or 
ligand into the tube. The ethanol (or salts, or other contaminants) may interfere 
with the binding reaction. So, it may be better to use the results from 10- 7 to 
10- 10 M (for example), rather than carrying the curve too far to the right. In the 
four-parameter logistic method, we program the computer to estimate a and d 
(corresponding to Eo and N) on the basis of the entire curve, considering all dose 
levels, not just the zero and "infinite dose" levels. Thus, the four-parameter logis
tic can be regarded as an "endpoint-adjusted" logit-Iog. 

In a simple, elegant method of calculation developed in this laboratory (cf. 
Appendix A of RODBARD et al. 1978 a) one first performs a logit-Iog regression. 
Then, one adjusts the values for the endpoints, also using a linear regression of 
observed counts versus predicted B/Bo. Then, the logit-Iog regression is recalcu
lated, using the revised estimates of a and d. This iterative process is repeated until 
the values for all four parameters have stabilized, and the (weighted) deviations 
of points around the curve can no longer be improved, i.e., until the method has 
converged. This "2 + 2" algorithm first fits two of the parameters (b, c), and then 
fits the other two (a, d). 

This method is a simple way to conceptualize the fitting of the four-parameter 
logistic. Also, it is easy to implement in a program, and only requires use of 
weighted linear regression. However, a more efficient method is to use a general
ized nonlinear least-squares curve-fitting method. The problem is regarded as 
nonlinear, not because the fitted relationship (y versus X or y versus log X) is cur-
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vilinear, but because the parameters (b, c), appear in a nonlinear form in the equa
tion 

a-d 
Y= 1 + (XjC)b +d. (3) 

Programs are available that use the logistic equation for fitting RIA standard 
curves (NIHRIA, SIGMOID) or families of dose-response curves (ALLFIT) 
(DELEAN et al. 1978). 

Once we have a general program to perform nonlinear regression, then we can 
deal with curves of almost any shape and degree of complexity. The theoretical 
bases for such curve fitting cannot be included here, for reasons of space. In 
essence, one requires a computer algorithm to adjust the parameters so as to op
timize the goodness of fit, e.g., so as to obtain the minimum discrepancy between 
observed and predicted values. However, nonlinear least-squares regression is 
well treated in many textbooks (MAGAR 1972; BARD 1974; DRAPER and SMITH 
1966). The necessary computer programs have been implemented on small inex
pensive microcomputers. Programs are available in FORTRAN and BASIC, 
with or without matrix operators (McINTOSH 1984; RODBARD 1984). Again, pro
grams can even be developed using the "macro" language of spreadsheets for 
microcomputers. Suffice it to say that we can simply specify the function, a set 
of initial estimates of parameters (perhaps obtained from the logit-Iog method) 
and a description of the nature of the errors in response (e.g., variance of y pro
portional to y), and the curve-fitting program will provide: (a) the best estimates 
of the parameters in order to minimize the weighted sum of squares of deviations; 
(b) standard errors of the parameters; and (c) evaluation of the goodness of fit 
by a variety of criteria. 

E. Examples of Problems 
In some assays, it may be impossible to obtain a measurement of the response for 
infinite dose (Fig. 5 a). The working region of the assay may be substantially be
low the point where the curve seems to reach a plateau or asymptote and may not 
even reach the ICso or inflection point. Hence, the logit-Iog method may not be 
applicable - we have little or no information regarding Nor d. Yet, the four pa
rameter logistic may still suffice: the program can, in effect, try all possible values 
for d, and select the one that enables it to fit the best smooth symmetric logistic 
to the entire curve. Sometimes this will work just fine - provided one can make 
a fairly good initial "guesstimate" of d. Other times, the program may find that 
d is quite indeterminate. This is especially likely to be the case when a large or 
even an infinite number of combinations of b, c, and d will result in about the 
same degree of goodness of fit for the observed region of the curve (Fig. 5 a). We 
would say that the problem is "ill-conditioned": we do not have enough informa
tion to estimate all four parameters. In this case, we would like to reduce the com
plexity of the curve. For example, we might set the slope factor b = 1. Or we 
might set the parameter d to be equal to its highest plausible value, perhaps equal 
to the total number of counts in the assay tube, and hence the limiting physical 
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Fig. 5. a When observations are obtained over a limited range of dose levels, one or more 
of the parameters may be ill determined. Here, any of a large number of combinations of 
b, c, and d might give rise to a satisfactory fit over the observed range. One can often obtain 
a satisfactory fit by setting d equal to an arbitrary constant well above the highest value, 
by setting b = 1, or by setting a = O. b The curve is nonmonotonic. However, a logistic 
curve can provide an adequate approximation for a major portion of the upstroke 

value. By introducing one or another constraint (b = 1, or d = maximum counts 
or a = 0), we reduce the number of fitted parameters to only three. Then, the 
available data may be adequate to permit the program to provide a unique best 
set of estimates of parameters. These parameters can be used for purposes of 
curve fitting and dose interpolation, but mayor may not correspond to the "true" 
underlying values. 

A somewhat more complicated problem is shown in Fig. 5 b. Here, the curve 
is "nonmonotonic", i.e., first increasing and then decreasing. This kind of curve 
is frequently encountered in "sandwich" assays or "two-site" IRMAs, ELISAs, 
and ultrasensitive enzyme RIAs (USERIAs). Indeed, this shape can be predicted 
theoretically (RODBARD et al. 1978 b). Later in this chapter, we shall consider bet
ter ways to handle this problem. However, for now, we shall suggest a simple ex
pedient which is adequate for many purposes, though certainly not optimal. Ifwe 
are only interested in the major upstroke of the curve, we may (temporarily) ig
nore the peak and the decline. The four-parameter logistic may still provide an 
adequate description of the upstroke. We would need to truncate the range of the 
data, and then fit the best three- or four-parameter logistic model. After trunca
tion, there mayor may not be enough information remaining to obtain a uniquely 
defined value for d. If not, we may have to introduce a constraint - as in the pre
vious example - to reduce the number of parameters and permit convergence to 
a reasonable estimate of parameters. 

I. Evaluating Goodness of Fit 

How can we evaluate the goodness of fit of the four-parameter logistic model or 
of other nonlinear models? We can no longer simply phrase this in terms oflinear
ity versus nonlinearity, as in the case of the logit-Iog method (see Fig. 2; RODBARD 
1984). 
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1. Magnitude of Scatter 

The magnitude of the scatter of the points around the fitted curve is evaluated 
in terms of the (weighted) sum of squares of deviation (WSS), the mean square 
(MS = WSS divided by degrees of freedom) or residual variance, or in terms of 
the root mean square (RMS = square root of MS). In the unweighted case, the 
RMS corresponds to the best estimate of the standard deviation of a point around 
the curve in the vertical direction (in terms of the response variable). This can be 
compared with the observed mean standard deviation of response for replicates 
(pooled for all standards or possibly for all standards and unknowns in the assay). 
It should also be compared with the average RMS in all previous (or perhaps the 
20 most recent) assays. 

In the case of the use of weighted curve fitting, the RMS has an entirely dif
ferent meaning. Here, it is the magnitude of the observed error, relative to that 
predicted on the basis of a specified weighting model and its weighting coef
ficients. For example, if weights were calculated on the assumption that all of the 
observations were subject to a 1 % error, and if the RMS error were 5, this would 
imply that the scatter, on the average, corresponded to 5% error (given the as
sumption that a constant percentage error were indeed applicable; ROD BARD et 
al. 1983). 

2. Distribution of Residuals 

A large scatter (or RMS) may be due to a single bad point or outlier, it may be 
due to a larger degree of random scatter than expected, or it may be due to a sys
tematic departure of the points from the fitted curve. How can we discriminate 
among these three possibilities? The best way is to construct a residuals plot (Fig. 
6 a), i.e., a plot of the deviations of the points from the curve, versus position on 
the curve. The deviation may be in absolute terms (e.g., counts or optical density), 
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Fig. 6 a, b. Plot of standardized residuals. The deviation of each observation from the fitted 
curve is divided by the standard deviation expected for the response at this position on the 
curve. If the observations were independent, the residuals should be randomly distributed. 
The presence of a systematic pattern indicates significant lack of fit (a). If the same pattern 
were observed in several consecutive assays, we would have an indication that the model 
being used is inappropriate or inadequate. By performing this kind of analysis for the 
pooled results from several assays (b), one may be able to determine the type of modifica· 
tion needed to improve the model. 
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or expressed relative to the error expected for this position on the curve. The latter 
is termed the standardized residual (SR). The horizontal axis can be in terms of 
dose, log dose, the predicted Y value, or simply the "standard point number." If 
the observations were independent, subject to a gaussian distribution, then the re
siduals plot should have a random appearance. We can also make a histogram 
of the residuals, and test for consistency with a normal or gaussian distribution. 
Of course, a display of all of these analyses routinely might lead to an excessive 
degree of output. Instead, the computer should make this histogram "in its 
mind," "look at it" (i.e., examine it numerically, not visually), and decide if every
thing is "OK." If it is "OK," the program can print: "Normality of standardized 
residuals: OK," or "Normality test: passed." Or it can print nothing. It is only 
when the normality test is not passed that we need to have a warning to the user, 
perhaps with some additional information, such as: "Normality test not passed, 
owing to presence of an outlier, point number 14." The program should then re
calculate the curve fit without the outlier, and retest the residuals for outliers. This 
philosophy is similar to that of the BRIGHT STAT-PACK (RODBARD et al. 
1983). 

The residuals should also be randomly distributed. How can we test for ran
domness? Again, an experienced assayist can do this by eye. But visual inspection 
can be misleading. We need objective, statistically valid methods. We recommend 
the runs test, together with the mean square successive difference (MSSD) test or 
the serial correlation of residuals (BENNETT and FRANKLIN 1959). 

a) Runs test 

We can consider each positive deviation as a ( + ), or as a "head" in a coin toss. 
Each negative deviation can be termed a (-) or a "tail." Now, we can look at 
the total number of ( + )s and ( - )s. If we have 20 points, we would not expect 
19 "heads" and only 1 "tail." More sensitive than the total number of (+)s and 
(- )s, is the number of "runs." For example, we would not expect 10 "heads" in 
a row. We can define a run as a series of observations of consecutive ( + )s, or of 
consecutive ( - )s. We count the total number of runs observed. This can be com
pared with the number predicted, assuming that the observations were indepen
dent. A probability or p value can be assigned. Thus, the program can decide if 
these residuals are or are not compatible with a random series at any desired prob
ability level (e.g.,p < 0.01). The runs test is excellent when we have a large number 
of dose levels (e.g., 20). It is not seriously perturbed by one or two outliers or by 
departure from a normal distribution: it is "robust." However, in the typical RIA 
setting, where we have only 5 or 10 dose levels, the runs test does not perform well; 
it is not sensitive when aplied to only a few observations. So we turn to one of 
two alternative but equivalent methods: the MSSD and the serial correlation of 
residuals. 

b) Mean Square Successive Difference Test 

The MSSD test evaluates whether the overall or global scatter of the replicates 
(measured by the standard deviation of all residuals) is consistent with the scatter 
of the points in local regions of the curve. If the points are oscillating wildly above 
and below the curve, the local variability (between any two adjacent points) may 
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be larger than the average overall variability. Conversely, if the local variability 
is much smaller than the overall scatter, this implies a gradual trend or slow os
cillation of the points around the curve (Fig. 6 a). 

c) Serial Correlation Method 

This method evaluates the data in terms of the same hypothesis (randomness) 
from a slightly different point of view. Here, we ask whether knowing the size and 
direction of a deviation of a point tells us anything about the deviation (or stan
dardized residual) for the two neighboring points. The calculations are very 
simple. We can plot the deviation for one point on the X-axis, and the deviation 
for the next point on the Y-axis. This is repeated for all points. Under the null 
hypothesis, the correlation (and hence the slope of the best fitting line) should be 
indistinguishable from zero. Accordingly, we simply calculate the slope and its 
standard error (SE), and the ratio t = slope/SE. If this is significantly different 
from zero (p<0.05 or <0.01), the program provides a warning. A positive cor
relation implies a slow trend of the points around the fitted curve. A negative cor
relation implies a "bouncing ball" pattern or rapid oscillation. 1 A computer pro
gram for RIA curve fitting should make these tests "internally," and present the 
results to the user only when there is evidence that an assumption has been vio
lated. 

We stress the importance of the routine use of these tests of goodness of fit. 
They apply to virtually all methods for curve fitting. They should be used to help 
determine whether any particular model or method is adequate. 

II. Pooling of Information Over Assays 

Anyone assay may show a small degree of lack of fit, but this may not be statis
tically significant by any of the criteria mentioned so far, because the number of 
data points is limited. Accordingly, we would like to pool information about ran
domness ofresiduals from several assays. We can display the standardized resid
uals for all recent assays, superimposed (Fig. 6 b). 

By using "the law of averages" to reduce random scatter, any consistent 
underlying pattern is more likely to emerge. We can then apply the runs test, 
MSSD test, and/or serial correlation to the mean standardized residual obtained 
for each dose level in the assay. Any large changes in the positions of the curves 
for several assays have been stripped away by the individual (e.g., logistic) curve 
fits. We examine only what is left over, i.e., looking for small, subtle, but system
atic departures from the model. This approach can be very effective in routine 
RIAs, where the curves are likely to be constructed with the same protocol (and 
dose levels), time after time. 

1 Technical comment. The MSSD test and the serial correlation of standardized residuals 
are essentially equivalent. The serial correlation involves a more familiar concept and mode 
of computation, and can be more easily implemented by many workers. 
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F. Strategy to Deal with Failure of Logistic Models 
What should we do if the four-parameter logistic method fails to provide a good 
fit? Suppose that the criteria we have discussed indicate failure of the logistic 
model. 

I. Does it Matter? 

First, we might ask ifit matters, i.e., "is it meaningful?" For example, with mod
em automated assay methods, the error variance can often be reduced dramati
cally, perhaps (to exaggerate a bit) to a level of ± 1 % in terms of response. Then, 
a tiny systematic departure from the model (e.g., ± 1.5%) might become detect
able, especially if we pool results from many assays or curves. But such a small 
error might have no measurable detrimental effect on the use of the model for 
dose interpolation or on the use of the assay. 

There is a paradox here: as the measurement or between-replicate (within
dose) error becomes smaller and smaller, i.e., as we make the assay more precise, 
our ability to detect very subtle departures from the model improves, perhaps dra
matically (Fig. 7). For example, with a 5%-10% error in the assay, the ability to 
detect departures from the logistic model may be negligible. In contrast, with 1 % 
-2% errors, very small, systematic, but still not very important departures from 
the model may be detected relatively easily and frequently (RAAB 1983). 

Even if the systematic departure is small, we should explore ways to handle 
it. First, is it an indication of an artifact or technical problem with the assay? Per
haps there was a flaw in the way the standard curve was constructed. Perhaps an 
inadvertent error was made in the serial dilution of a stock solution of standards, 
so that results for all concentrations between 10 - 9 and 10 - 7 M were shifted by 
10% relative to dose levels between 10 - 7 and 10 - 5 M. Careful scrutiny of the 
curve and review of procedures can often detect such small errors or accidents. 

A careful search should be made to find any such sources of departure from 
the ideal curve. When all possible technical artifacts have been excluded, then we 
would be forced to conclude that there is significant lack of fit. The logistic curve 
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Fig. 7. a Large random errors can obscure significant systematic departures from the model 
(nonlinearity is present in this case). b Conversely, when random experimental errors are 
small, even very subtle and possibly inconsequential departures from the model become de· 
tectable 
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is, in theory, a close approximation to the ideal RIA dose-response curve. But, it 
is an approximation (FELDMAN and RODBARD 1971; RODBARD 1979; RAAB 1983; 
FINNEY 1983) and indeed small departures from the model can be expected in the
ory and are observed in practice. 

II. Choice of Other Methods 

Later in this chapter, we will consider various ways to enhance the logistic 
methods, to enable them to deal with asymmetry, nonmonotonicity, or other 
types of lack of fit. Before doing so, we shall consider two other families of 
methods: those based on the mass action law and empirical methods. 

1. Mass Action Law Models 

One can have a perfectly good RIA obeying the mass action law, which does not 
give a perfect fit with the logistic method. This applies, even if the antiserum were 
monoclonal and the antigen were homogeneous (FELDMAN and RODBARD 1971; 
RAAB 1983; FINNEY 1983), the reaction reaches equilibrium, and there is perfect 
separation of bound and free antigen or ligand. 

So, if the logistic model is rejected, one should try the mass action law 
methods. All one has to do is to construct a Scatchard plot, of BjFversus B 

BjF=(Bj1)j(1-BjT) 

B=(BjT) (X +X*), 
(4) 

where B = bound ligand concentration (specific binding only), assuming that la
beled and unlabeled ligands have the same BjT ratio; BjF = bound to free ratio 
for the labeled ligand; BjT = bound to total ratio for labeled ligand (corrected 
for nonspecific binding); X = concentration of unlabeled ligand; and X* = con
centration of labeled ligand. 

For a homogeneous univalent ligand reacting with a homogeneous antibody, 
this should result in a linear relationship between BjF and B. The slope should 
be - K, where K is the equilibrium constant of association (affinity), and the ex
trapolated intercept on the B axis should be the maximum binding capacity. If 
a straight line is obtained with satisfactory goodness offit, then a simple mass ac
tion law model is likely to be satisfactory. 

The mass action law offers the advantages oftheoreticaljustification and sim
plicity. There are only two major parameters - the binding capacity [AbO], and 
the affinity constant K. There are also two minor parameters, i.e., nonspecific 
binding N and concentration of labeled ligand X*. As a rule, X* cannot simply 
be set equal to zero - usually, more than an infinitesimal concentration is present. 
If the experimentalist knows the specific activity, then the concentration of la
beled ligand can be calculated, and set equal to a constant. 

One could use a Scatchard plot to estimate K and [AbO]. This can even be done 
graphically, or by use of simple linear regression. These two approaches are, how
ever, only satisfactory if the data are essentially free of error (e.g. < 1 % error). 
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In the presence of an appreciable amount of scatter, one should use nonlinear 
least-squares curve fitting to estimate K and [AbO] (MUNSON and RODBARD 1980) 
and one should use weighting. This avoids the statistical problems of the Scatch
ard plot, which arise from the presence of errors in both the B/ F ratio and B, and 
the fact that these errors are highly correlated (ROD BARD et al. 1980; MUNSON and 
RODBARD 1984). 

The same kind of nonlinear least-squares curve-fitting algorithm used for the 
four-parameter logistic model can also be used to fit the parameters of the mass 
action law models. Since we are using nonlinear regression, we can also regard 
Nand X* as parameters to be estimated. WILKINS et al. (1978) have advocated 
the use of a four-parameter mass action law model (fitting K, [Abo], N, X*), and 
have shown that it works extremely well- sometimes even better than the four
parameter logistic - for a wide range of assays. 

This laboratory has used a different "four-parameter" mass action model. We 
have usually been content to leave X* and N at their measured values. Instead, 
we provide for the presence of two independent classes of binding sites. Hence, 
we fit K 1, [AbO]l' K z, and [AbO]z. We can fit nonspecific binding N simultaneously 
as well (RODBARD and TACEY 1978). In principle, the mass action law models 
could be extended to consider more complex cases, e.g., involving three classes 
of binding sites, cooperativity, nonidentity of labeled and unlabeled ligands, in
complete bindability z or heterogeneity oflabeled ligand, and/or systematic errors 
in the separation of bound and free. Program LIGAND (MUNSON and RODBARD 
1980) could be used for curve fitting for several (though not all) of these complex 
cases. However, for routine RIA data processing, if the simple two- and four-pa
rameter mass action law models do not consistently provide a good fit, then we 
would recommend the use of another family of methods. 

2. Empirical Methods 

If the four-parameter logistic and two-, three-, or four-parameter mass action 
models fail to provide a satisfactory fit, then we would turn to the empirical 
methods (ROD BARD 1979). In their most primitive form, these methods simply 
connect adjacent points by straight line segments. Many assayists use this kind 
of approach as their first and only method. It is, after all, a "universal" method, 
and it is simple. There is only one problem - it gives almost no information about 
the quality of the fit! The "line" always goes exactly through the points. All of 
the "residuals" are zero, the RMS is zero, and we cannot test the residuals for ran
domness. The curve will make an arbitrarily large detour for an outlier. For any 
local region of the curve, we are using only two points - in effect we are throwing 
away all of the information which might have been available from the other 
points on the curve. We also lose the information that, in theory, the curve is sup
posed to be smooth, continuous, and monotonically increasing or decreasing. 

Use of polynomials or spline functions is slightly better than linear segments: 
these methods provide "smoothness." Both of these methods are fairly easy to 

2 The fraction of tracer that can be bound with "infinite excess" of antibody. 
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compute with small programs readily adapted to microcomputers (RODBARD 
1979). One should still use weighting, as in the case of the logistic and mass action 
law models. Choice of coordinate system is important: should we fit Yversus X, Y 
versus log X, 1/Yversus X, 1/Yversus log X, logit Yversus log X, B/Fversus B, 
etc? Each of these coordinate systems has its advantages and limitations, cf. Ap
pendix C of RODBARD et al. (1978a). 

A cubic spline is simply a way to describe local segments of the curve by a cu
bic polynomial, i.e., y = a + bx + cx2 + dx 3 • These curvilinear segments are 
tied together at "knots," with the constraint that the curve and its first two deriv
atives must be continuous at the "knot." Some types of splines automatically 
place a knot at each dose level. Other types of splines require the user to specify 
the location of the knots. One can force the spline to pass exactly through the data 
points (an interpolating spline). Or, one can try to find a compromise between 
closeness to the points and smoothness (smoothing splines). The amount of 
smoothing should depend on the magnitUde of the errors. Improper choice of a 
smoothing factor can lead to oscillations or overshoot of the curve between the 
points. There are many algorithms for splines (e.g., WOLD 1974), and one must 
acquire some experience with them. Properly used, they can still yield quite a bit 
of statistical information about the assay system, e.g. EDso, effective slope for a 
tangent to the central segment of the curve, confidence limits for an observation 
around the curve, and standard errors or confidence limits for potency estimates. 
A major feature of spline functions is that they will fit nonmonotonic curves. This 
is an advantage if the curve is biphasic, a drawback if the curve is truly monotonic. 

3. The Asymmetric Logistic 

When the four-parameter logistic model shows a systematic lack of fit owing to 
asymmetry of the data curve, one can use a model involving just one more param
eter, an asymmetry parameter, designated m (Appendix A of RODBARD et al. 
1978 a) 

(5) 

If m = 1, then this model becomes identical to the four-parameter logistic. If 
m =l= 1, then various degrees of mild to moderate asymmetry will be introduced. 
This model, introduced by PRENTICE (1976) in another context, has been success
fully applied to RIA (RAAB 1983). We shall designate it as the five-parameter lo
gistic. Since the parameters band m can be highly interdependent, we suggest the 
following modus operandi: 

1. Only use this method when you have dose-response curves with a large 
number of dose levels (e.g., ten or more). 

2. Fit the four-parameter logistic (set m = 1). 
3. Then fit all five parameters (a, b, c, d, m), using the values for a, b, c, dfrom 

step 2 as initial estimates. 
4. Test whether the five-parameter fit is statistically significantly better than 

the four-parameter model, by the "extra sum of squares principle" (DRAPER and 
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SMITH 1966). This is nearly, but not exactly, equivalent to performing a t-test on 
m, to see whether it is significantly different from unity 

m-1 
t= SEem) . (6) 

If the five-parameter fit is significantly better than the four-parameter fit, we 
have an indication that the four-parameter model is inadequate. 

5. Collect values of m (and their standard errors) for standard curves from 
10 or 20 consecutive assays. Test them for homogeneity, e.g., using a X 2 test. 
Then, calculate the weighted average of m, and its standard error. Test whether 
this mean value for m is statistically different from unity. If so, then there is a con
sistent departure from the four-parameter logistic. If the standard error of m is 
small, then one can regard the mean value of m as characteristic for the assay sys
tem. 

6. In future assays, one can use the five-parameter logistic model to fit the 
curve, with the parameter m "fixed" (constrained) to be constant. This reduces 
the number of fitted parameters and eliminates the problem of interaction be
tween band m. In some cases, it may be desirable to constrain b, possibly at unity, 
and then fit only m. Constraining both band m corresponds to "freezing" the 
shape of the curve, so that only the vertical limits (a, d) and the horizontal po
sition (c) are to be adjusted. 

7. Periodically, one can and should update and adjust the values of m and/ 
or b. 

The five-parameter logistic method shows the flexibility which can be ob
tained by introduction of just one more parameter. The five-parameter logistic 
will take care of mild degrees of asymmetry. It is preferable to the use of a para
bolic logit-Iog method, since it retains monotonicity. Comparison with the five
parameter model provides another way to test the adequacy of the four-param
eter logistic mode. However, even the five-parameter model will not handle mul
tistep or nonmonotonic curves, or severely asymmetric curves. For these cases, 
we turn to the next two options. 

4. The Two-Slope Logistic 

If the four- and five-parameter logistics do not suffice, we could, in principle, con
tinue to add parameters (and complexity) until we get a satisfactory fit. All of this 
can be done, at the risk of having too many parameters and an "ill-conditioned" 
curve fit. We should try to select our additional parameters in such a manner that 
they can be readily estimated from the data which are available (or likely to be
come available). 

We return to consider a logit-log plot. One obvious type of departure from 
linearity would be to have two distinct linear segments (Fig. 2 a). Here, we might 
use one linear relationship to describe the curve in one region, and another straight 
line to describe the curve in a second region. We could, in effect, process the data 
for the two regions entirely separately. 

We have previously tried to fit two different straight lines to two halves of the 
data, as a simple test of linearity (Fig. 2 a). Of course, the two segments do not 
necessarily each contain exactly half of the points. So, we would like to permit 
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the breakpoint to occur at any arbitrary dose level (Appendix A of RODBARD et 
al. 1978a). 

With two linear segments, we would have four parameters - two slopes (b I , 

bz) and two intercepts (see Fig. 2 a). However, if we require the two lines to come 
together at a single point, this introduces a constraint which allows us to eliminate 
one of the intercepts. If the dose at the breakpoint ( g) is specified, then one inter
cept and the two slopes for the two segments will fully define the relationship. If 
the position of the break in the slope is also unknown, one might try to fit g as 
well. 

The transition from one line segment to the other line segment may be very 
abrupt - essentially instantaneous - or it may be more gradual. We can allow the 
slope to shift from b I to bz by any arbitrary monotonic function. For simplicity, 
we can make it a smooth logistic function. We would like to be able to control 
the rate of this transition, and we can do so by introducing yet another parameter 
(f). Now we have introduced a total of five parameters [bI' bz, f, g, and EDso or 
c from Eq. (3)] to describe essentially a hyperbolic relationship in terms of the 
logit-Iog plot. We still have to define the upper and lower plateaus (a, d) corre
sponding to the upper (100%) and lower (0%) plateau levels before applying the 
logit transformation [also corresponding to a, din Eq. (3)]. This makes for a total 
of seven parameters: a, b I , bz, c, d,f, g 

a-d 
(7) 

where a, b I , c, d correspond to a, b, c, d of the original four-parameter logistic, 
bz defines the slope of the second segment, g defines the dose at the breakpoint, 
and the rate of transition from bI to bz is controlled by the parameter f 

Given sufficient data with small errors, one could, in principle, fit all seven of 
the parameters to a single curve from a single assay. However, owing to the large 
number of highly interactive parameters, instability can become very problemati
cal. Accordingly, we would use the kind of approach described for the five-pa
rameter asymmetric logistic [Eq. (5)], i.e., trying to introduce one parameter at a 
time, and pooling information from several curves or assays. Equation (7) might 
be used with two, one, or no parameters fixed (constrained to be constant), and 
with five, six, or seven parameters to be fitted, respectively. Accordingly, the two
slope logistic may also be designated as the "five-, six-, seven-parameter logistic," 
in contradistinction to the "four-parameter logistic." We have developed a com
puter program to facilitate this type of analysis (V. Guardabasso, P. J. Munson, 
and D. Rodbard, in preparation). 

If we can set two or three of the parameters constant, based on our previous 
knowledge and experience with the 10-20 most recent assays, then we will only 
have to fit a few (perhaps four) parameters for each new assay calibration curve. 
No one would want to fit a complex seven-parameter model to a family of curves 
for each assay. But, if we can do this just once, hold some of the parameters con
stant, and then return to the use of a relatively simple program for routine use, 
then the improved flexibility of the model describing the curve shape may be 
worthwhile. In any particular assay, we might only need to find a, d, c, and per-
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haps b 1. We could also test whether the use of the seven-parameter model pro
vided any improvement relative to the simpler four- or five-parameter logistic 
models. 

If asymmetry is present, it may be desirable to alter the experimental design, 
to facilitate more refined characterization of the curve shape. For example, one 
might use ten closely spaced doses in duplicate, rather than seven widely spaced 
doses in triplicate. Or, one might widen the range of doses, even beyond the limits 
customarily needed for assay purposes, to help to characterize the shape of the 
curve. Having done so, one could later return to the use of a larger number of 
replicates at fewer doses, located in the range of greatest interest. 

The two-slope logistic model also turns out to be useful to characterize at least 
some nonmonotonic curves. The values of b1 and b2 can have different signs: one 
can be positive, the other negative. This property can be useful to characterize 
curves for those ELISAs and IRMAs in which a high dose "hook effect" is pres
ent (RODBARD et al. 1978b), and cooperative immunoassays (EHRLICH and 
MOYLE 1983). There is one significant restriction: the curve shape is not infinitely 
flexible, and the left- and right-hand horizontal plateaus must be at the same 
level. 

III. A "Universal" Approach 

The methods described should be adequate for about 99% ofimmunoassays. But 
surely we would like a universally applicable method, combining the flexibility of 
the splines with the statistical properties of the constrained four-parameter logis
tic, in terms of its ability to combine information from mUltiple curves or to test 
curves for similarity of shape (congruence) and slope (parallelism). We would like 
to incorporate the virtues of the asymmetric logistic models, in terms of their abil
ity to identify and characterize more complex curve shapes. However, we do not 
want to have to be faced with equations of ever increasing complexity. We have 
previously outlined the principles of such an approach (cf. Appendix C of ROD
BARDetal.1978a). 

We have recently developed a method (four-parameter constrained smooth
ing spline) and computer program (GUARDABASSO et al. 1987) to characterize 
curves of arbitrary shape and complexity. The dose-response curves from several 
assays can be analyzed simultaneously, allowing for normalization in the vertical 
direction (in terms of maximal and minimal responses, corresponding to param
eters a and d), superimposing the curves by shifting them horizontally according 
to their relative potency (c). A fourth parameter (b) can be used to "stretch" the 
horizontal axis, i.e. to adjust the slopes of curves that are not parallel. The computer 
program can find the best estimates for the four parameters (a, b, c, d), for each 
curve. The common shape for all curves is described by a constrained spline func
tion. The program provides for weighted curve fitting, if necessary. 

This method may be ideal for many assays (e.g., IRMA, ELISA, USERIA, 
BIOIRMA, and cooperative immunoassay) with complex shapes for the dose-re
sponse curves. It combines the virtues of the empirical methods (such as the 
splines) with the advantages of modeling. As such, it represents a new and power
ful method, not just for immunoassay, but for analysis of all kinds of dose-re
sponse curve. 
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Logit-Log 

revise assay 

rule out artifacts, errors 

Four-parameter Logistic 

Mass-Action 
Law models 

~ymmetrict Logistics 

Empirical methods, 
Splines 

I 
Universal curve fitter (constrained splines) 

Fig. 8. Strategy to deal with a failure of the logit-log method. Many alternatives are avail
able. Usually, the four-parameter logistic method is adequate. When this fails, we turn to 
mass action law models (Sect. F.IU), empirical methods (Sect. F.II.2), two types of asym
metric extension ofthe logistic model (Sects. F.II.3 and 4). Finally, the four-parameter con
strained splines approach provides a definitive, general method to fit curves of arbitrary 
shape and degree of complexity when simpler methods fail. This method combines the ad
vantages of both the empirical methods (e.g., smoothing splines) and the model-based ap
proaches (e.g., four-parameter logistic) 

G. Concluding Remarks 
The logit-Iog method, and the closely related four-parameter logistic method, are 
usually sufficient and optimal for routine RIA data processing. We have com
pared the advantages and limitations of these approaches. We have also provided 
a strategy to deal with the relatively rare cases where the logit-Iog and logistic 
methods fail (Fig. 8). This requires consideration of the mass action law models, 
spline methods, some extensions of the logistic, and a new method, combining the 
virtues of the spline and the logistic families of methods. 
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CHAPTER 9 

Validation Criteria for Radioimmunoassay 
C. PATRONO 

A. Introduction 

From a pharmacologist's point of view, radioimmunoassay (RIA) represents a 
highly sophisticated form of bioassay, substituting the classical smooth muscle 
strip with a soluble antibody as the biological reactant. Both assay methods in
volve indirectly assessing the concentration of the unknown by comparing its ef
fects on a measurable read-out of the reaction evoked (changes in radioactivity, 
tension, optical density, etc.) with those of known concentrations of a standard. 
Many bioassay techniques involve measuring biological responses that are medi
ated by agonist-receptor interactions. Such interactions usually occur in accor
dance with the law of mass action, similarly to antigen-antibody reactions. The 
presence of a radioactive tracer in RIA greatly enhances the sensitivity of the de
tection by limiting the mass of the antigen involved, to an extent inversely related 
to its specific activity. The specificity is also potentially increased in RIA vis-i-vis 
bioassay by virtue of a smaller number of possible reagents being present in a 
highly diluted antiserum than in isolated cell preparations or whole tissue frag
ments. Obviously, biological activity of the unknown is inherently measured by 
the latter, but not necessarily by the former. Thus, what is measured by RIA is 
immunochemical behaviour which mayor may not be related to parts of the mol
ecule responsible for biological activity (YALOw 1982). 

To those interested in basic or clinical pharmacology, RIA and bioassay may 
offer unique opportunities, though both methods suffer from limitations. Thus, 
RIA has the potential for easily detecting biologically inactive metabolites of 
drugs or endogenous autacoids. However, the chemical instability of some bio
logically active substances may preclude their detection by RIA. It was through 
classical bioassay techniques that many fundamental discoveries were made in the 
field of prostaglandins and related eicosanoids, although it is through RIA and 
gas chromatography-mass spectrometry (GC-MS) that some understanding is 
being gained of their pathophysiologic significance in humans (see Chap. 18). 

Because of the similarities outlined above, it must be appreciated that the bi
ological read-out of RIA, i.e., variably reduced binding of the labelled antigen to 
a presumably "specific" antiserum as a function of increasing concentrations of 
one or more unlabelled antigens, is liable to many forms of artifact potentially 
affecting bioassay. Thus, it is important to establish validation criteria for the 
critical assessment of RIA measurements, with the understanding that these 
should be employed whenever a new technique is developed or a different type 
of biological fluid is being analysed by an established technique. 
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B. Conditions Necessary, but not Sufficient 
for Establishing the Validity of RIA Measurements 

An important requirement of all assay methods is that a known amount of the 
compound of interest added to the biological fluid to be assayed be recovered 
quantitatively. In the case of RIA, this would simply imply verifying that the ex
ogenous antigen is not being degraded by enzymes or modified chemically, and 
that the antigen is not being prevented from binding to the antibodies by other 
binding proteins present in the biological sample (e.g., plasma proteins, endoge
nous antibodies, hormone-binding proteins). When dealing with substances that 
are chemically modified in plasma, a possible solution is represented by the devel
opment of antibodies to the chemically stable derivative. Such an approach is de
scribed by PESKAR et al. (p.460) for the bicyclic derivative of 13,14-dihydro-15-
keto-PGE2 and by NYBERG et al. (p. 235) for Met-enkephalin sulfoxide. 

Proteolytic degradation of some peptide hormones can be prevented or re
duced by drawing blood samples into tubes containing protease inhibitors such 
as aprotinin. The problem of interfering steroid hormone-binding proteins is dis
cussed by PAZZAGLI and SERIO (p. 367). 

A similarly necessary but insufficient condition for validating RIA measure
ments is represented by immunochemical identity of standard and unknown 
(Y ALOW 1985). This requires that the apparent concentration of the measured 
antigen be independent of the dilution at which it is assayed. A classical way of 
demonstrating immunochemical identity of standards and unknowns is repre
sented by superposability of their dilution curves over at least a 100-fold range 
of concentrations (Y ALOW 1985). Failure to use an adequate dilution range and/ 
or a linear plot of the data may obscure lack of superposability (YALOw 1985). 
Nonparallelism of dilution curves obtained with standard and unknown may re
flect a variety of nonspecific as well as specific sources of interference with the im
mune reaction. These include: (a) the variable effect of pH, ionic strength and 
chemical composition (including the presence of anticoagulants such as heparin) 
of the incubation medium of standards and unknowns; (b) variable degradation 
oflabelled and unlabelled antigen and/or antibody during the incubation period; 
(c) the use of heterologous peptide standards; (d) the presence of more than one 
immunoreactive form of many peptide hormones in plasma and tissue extracts, 
possibly reflecting the existence of precursors and/or metabolites of the biologi
cally active moiety; and (e) the presence of structurally related substances in the 
biological fluid of interest, showing varying cross-reactivities with the particular 
antiserum employed (Y ALOW 1985). The influence of these various factors on the 
antigen-antibody reaction is discussed by CIABATTONI (p. 58) and by EZAN et al. 
(p.l72). 

Attention should be drawn to the fact that all of the sources of nonspecific or 
specific interference with the immune reaction are related to one or both of the 
following situations: (a) the same molecular species is present in standards and 
unknowns, but it reacts with the antibody in a different milieu; (b) the antibody 
is confronted with a single antigen or hapten in the solution containing the stan
dard, whereas it reacts with a complex mixture of closely related antigens in the 
solution containing the unknown. While the former can be adequately dealt with 
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by ensuring that standards and unknowns are reacted with antibody in the same 
incubation medium, the latter requires a diversified strategy essentially centered 
on separation (by extraction and chromatographic procedures) of the immu
noreactive species of interest from the heterogeneous materials present in the 
same biological fluid. No rigid requirement should be defined a priori, but rather 
the degree of sample purification prior to RIA should be individually evaluated 
depending upon the particular substance to be measured, the particular antiserum 
employed and the nature of the biological fluid. 

Measurement of the same substance in different biological fluids with the 
same antiserum may require entirely different work-up procedures prior to RIA. 
Thus, measurement of thromboxane (TX) B2 in serum (range of concentrations 
200-400 ng/ml) can be performed in highly diluted (1: 5000 to 1: 15000) unex
tracted samples because of the relative abundance of this eicosanoid vis-a-vis 
other potentially cross-reacting arachidonate metabolites (PATRONO et al. 1980). 
On the other hand, measurement of TXB2 in urine (range of concentrations 30-
100 pg/ml) requires extraction and silicic acid column chromatography prior to 
RIA (CrABATTONI et al. 1979) because of the presence in urine of a 10- to 100-fold 
excess of at least 20 different TXB2 metabolites (ROBERTS et al. 1981). 

Validation of the TXB2 RIA for the assay of un extracted serum samples 
should not be extrapolated to measurements of the same compound in unex
tracted urine, as the latter will grossly overestimate the true concentrations be
cause of cross-reacting metabolites. 

Demonstrating that a known amount of standard added to the biological fluid 
of interest is recovered quantitatively and that displacement curves obtained with 
serial dilutions of standard and unknown can be superposed does not necessarily 
establish chemical identity of the two. Thus, additional validation criteria should 
be used whenever these basic requirements can be met. 

c. Appropriate Biological Behaviour 
of the Measured Immunoreactivity 
In the early days of RIA, when these techniques were being developed for the 
measurement of peptide hormones in plasma, one important criterion for the va
lidity of these measurements was that the immunoreactive material be undetect
able at an appropriate interval following surgical ablation of the secreting gland 
(Y ALOW 1985). The later recognition of multiple sites of synthesis of the same hor
mone has somewhat limited the usefulness of this criterion. The increase or de
crease of the circulating or urinary immunoreactivity following appropriate phys
iologic stimuli or pharmacologic interventions was also frequently used to vali
date RIA measurements of a particular hormone or autacoid. Thus, the opposite 
effects of hyperglycemia on pancreatic versus gut glucagon were used initially to 
characterize the nature of plasma glucagon-like immunoreactivity (C. Patrono 
and R. S. Yalow 1970, unpublished work). Limitations inherent in this approach 
are represented by the limited availability of highly selective physiological or 
pharmacological manoeuvres specifically affecting the synthesis and release of a 
particular substance. 
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The use of cyclooxygenase inhibitors (e.g. indomethacin, aspirin) to demon
strate suppression of PG-like or TX-like immunoreactivity in plasma or urine is 
often quoted as a useful validation criterion for RIA of various eicosanoids orig
inating through the cyclooxygenase pathway of arachidonate metabolism. While 
failure of the measured PG-like or TX-like immunoreactivity to decrease after ad
ministration of indomethacin or aspirin (in variable dosage, depending upon the 
cellular target involved) would strongly argue for the measured compound or 
compounds being unrelated to cyclooxygenase activity, the reverse, i.e. the ex
pected reduction, does not necessarily validate the measurement as being specific 
for PGX or PGY, but simply indicates that the immunoreactive material is likely 
to be derived from arachidonate via the cyclooxygenase pathway. Thus, as an ex
ample of the limitation of this particular criterion, serum 6-keto-PGF la-like im
munoreactivity is profoundly suppressed by aspirin and is enhanced by a TX syn
thase inhibitor, such as dazoxiben, because of increased availability of platelet
derived PG-endoperoxides (PATRIGNANI et al. 1984). Although consistent results 
were obtained with four different anti-6-keto-PGF la sera (PATRIGNANI et al. 
1984), direct comparison of RIA and GC-MS measurements (PEDERSEN et al. 
1983) revealed a substantial quantitative artifact in estimates of 6-keto-PGF la
like immunoreactivity, possibly due to combined cross-reactivities of PGEz, 
PGDz, and PGF Za' While this type of problem would not invalidate the main 
point of the observation, i.e. enhanced PGlz synthesis by white blood cells as a 
consequence of platelet TX synthase inhibition by the drug, it may misrepresent 
the quantitative aspects of this rather interesting phenomenon. 

Interestingly enough, even methodological artifacts occasionally exhibit up
and downregulation by allegedly physiological mechanisms, as reported for the 
effect of dietary sodium content on plasma PGA-like immunoreactivity in normal 
humans (ZUSMAN et al. 1973). The use of different pharmacological manoeuvres 
in vitro to demonstrate "appropriate behaviour" of cyclic nucleotide measure
ments is discussed by PARKER (p. 513). 

D. Limited Cross-Reactions 
of Structurally Related Substances 
In describing a new RIA technique it is necessary to include information on the 
cross-reactivity of the particular antiserum employed with substances structurally 
related to the primary antigen or hapten. Limited cross-reactions (1 % or lower) 
of a list of 5-10 different compounds is often used as an argument to claim "spec
ificity" of the RIA measurements. However, it is important to realize that such 
a list of compounds tested is usually far from being complete simply because some 
structurally related compounds may not have yet been discovered or made avail
able. Thus, historically, the first papers to describe RIA measurements of PG F Za 

and PGEz (JAFFE et al. 1973) in the early 1970s usually listed cross-reactivity data 
with compounds, such as PGF la' PGE 1, PGA1 , or PGAz, which are either not 
formed to any substantial amount in vivo or merely represent artifacts. The later 
discovery of TXAz (HAMBERG et al. 1975) and PG I z (GR YGLEWSKI et al. 1976) and 
the corresponding stable hydration products and enzymatic derivatives (reviewed 
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Table 1. Immunological specificity of antisera directed against 6-keto-PGFt. (PATRONO 
et al. 1982) 

Substance measured 

6-keto-PGF 10 

6-keto-PGE 1 

PGE2 

PGDz 
13,14-Dihydro-6, 15-diketo-PG F 1" 

6,15-Diketo-PGF 1" 

PGF2" 
2,3-Dinor-6-keto-PGF 10 

TXB2 

Relative cross-reaction (%) 

AS 1 AS 2 AS 3 

100 100 100 
1.9 16.6 0.8 
0.3 1.0 0.2 
0.2 0.3 0.2 
0.1 0.7 8.7 
0.06 0.8 3.5 
0.05 2.0 0.3 
0.006 0.004 18.5 
0.003 0.006 0.004 

AS 4 

100 
18.1 
2.1 
1.0 
3.3 
1.4 
8.0 

14.6 
0.03 

Reproduced from The Journal of Clinical Investigation, 1982, 69, 231-239, by copyright 
permission of The American Society for Clinical Investigation. 

by FITZGERALD et al. 1983) made it clear that these were much more relevant 
compounds to monitor for potential cross-reactions. 

Unfortunately, immunological characterization of anti-eicosanoid sera is 
often limited to primary PGs and TXB1 , with limited information, if any, on the 
cross-reactivity of major plasma or urinary metabolites. Such limited information 
may be entirely misleading, as outlined in Table 1 describing the immunological 
specificity of four different antisera raised against 6-keto-PGF 1a in different lab
oratories (PATRONO et al. 1982). Thus, if one looks at relative cross-reactions of 
AS 3 with 6-keto-PGE 1, PGE 1 , PGD1 , PGF la' and TXB1 , one might be induced 
to characterize this particular antiserum as being "highly specific" for 6-keto
PGF 1a' If, on the other hand, the relevant plasma and urinary metabolites are ex
amined for cross-reactivity, then one has a completely different picture, i.e., that 
of a relatively poor immunological specificity. Obviously the same antiserum may 
allow perfectly valid measurements of 6-keto-PGF la when applied to the incuba
tion medium of vascular fragments or to the culture medium of endothelial cells, 
because only limited formation of those metabolites occurs in vitro. However, 
when applied to measurement of 6-keto-PGF 1a in urine, this antiserum will 
grossly overestimate its true concentrations because of the 18.5% cross-reaction 
with 2,3-dinor-6-keto-PGF la i.e. a major enzymatic metabolite of PGIl excreted 
in a 5- to 10-fold excess vis-a-vis the parent compound (PATRONO et al. 1982). In
asmuch as urinary 6-keto-PGF la largely reflects renal PGIl synthesis, while 2,3-
dinor-6-keto-PGF 1a is a reflection of extrarenal vascular PGIl production (FITZ
GERALD et al. 1983), the use of incompletely characterized antisera may generate 
quantitatively as well as qualitatively misleading information on drugs differ
entially affecting cyclooxygenase activity in the renal versus extrarenal vascular 
compartments. 

Thus, such methodological problems will obscure the effects of selective 
cyclooxygenase inhibitors, e.g. sulindac (CIABATTONI et al. 1984), low dose aspirin 
(PATRIGNANI et al. 1982) and sulphinpyrazone (CATELLA et al. 1984) on the kidney 
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Fig. I. Urinary excretion of 6-
keto-PGF 1" and 2,3-dinor-6-
keto-PGF 1" before and during 
chronic dosing with sulindac 
(200-800 mg/day, each dose 
given for 7 days in successive 
weeks) in seven healthy 
subjects. Mean (±SD) 
percentage changes versus 
control measurements are 
depicted for both compounds. 
(Data from CIABATTONI et al. 
1987 a) 

by virtue of the reduced excretion of cross-reacting systemic metabolites masking 
the continued synthesis and excretion of renal prostaglandins (PATRONO and 
DUNN 1987). The long-term administration of sulindac reduces dose-dependently 
the urinary excretion of 2,3-dinor-6-keto-PGF la in healthy subjects (CIABATTONI 
et al. 1987) with no appreciable effects on urinary 6-keto-PGF la throughout the 
whole dose range (Fig. 1). A remarkably similar pattern of differential inhibition 
is obtained with sulphinpyrazone (CATELLA et al. 1984; PEDERSEN and FITZGER
ALD 1985). The selective sparing of renal cyc100xygenase activity by both redox 
prodrugs would be partially or totally obscured by improperly validated RIA 
measurements because of these considerations. 

E. Use of Multiple Antisera 

Conceptually, the use of multiple antisera in order to enhance the likelihood of 
specifically recognizing a given substance is similar to the cascade superfusion of 
several assay organs arranged in series, as originally developed by FERREIRA and 
VANE (1967), whereby the specificity of the biological recognition is enhanced as 
a function of the unique responses of the different reactants. The pattern of im
munological specificity of each antiserum is sufficiently unlikely to be reproduced 
by chance as to allow its use as a unique biological probe. Very similar concen
trations of substance X measured by three or four different antisera in a given bi
ological fluid are more likely to be explained by the same substance being recog
nized homogeneously than by a variable mixture of substance X plus cross-react
ing substances W, Y, Z giving the same global signal with different antisera. As 
with other criteria described already, however, unexpected results will ring a bell 
while the expected fulfilment of this criterion cannot be taken to prove the validity 
of RIA measurements of substance X. Furthermore, this approach may yield dif
ferent results when applied to the same biological fluid obtained under different 
experimental conditions, as illustrated by our studies of urinary 6-keto-PGF la-
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like immunoreactivity measured by four different antisera before and after furo
semide injection in healthy women (PATRONO et al. 1982). Thus, while 2- to 6-fold 
higher excretory values were measured by AS 2, AS 3, and AS 4 as compared with 
AS 1 (Table 1) in basal urine collections, quite similar results were obtained by 
the four different antisera in the highly diluted urine obtained after furosemide 
injection (PA TRONO et al. 1982). 

The use of three different anti-parathyroid hormone sera allowed, for the first 
time, characterization of its immunochemical heterogeneity in plasma (BERSON 
and YALOW 1968). The nature of the hormonal forms responsible for the ob
served heterogeneity of plasma and tissue parathyroid hormone was subsequently 
elucidated by fractionation studies (SILVERMAN and YALOW 1971). 

F. Identical Chromatographic Behaviour of Standards 
and Unknowns 
Following the discovery that insulin is synthesized by way of a higher molecular 
weight precursor, pro insulin (STEINER and OYER 1967), it was shown that total cir
culating immunoreactive insulin is comprised of at least two components (ROTH 
et al. 1968). Thus, when plasma samples obtained from healthy subjects were fil
tered on Sephadex G-50 columns, the endogenous immunoreactive insulin was re
covered in two peaks. One peak, quite discrete, appeared at 0.45 of the distance 
between the protein and salt peaks (little insulin); the other peak (big insulin) was 
detected halfway between little insulin and the plasma protein peak and ac
counted for O%~ 50% of the total immunoreactivity (ROTH et al. 1968). The dis
covery that plasma immunoreactive insulin was not a homogeneous substance 
soon raised questions about the nature of other circulating hormones and led to 
the recognition that many, if not all, peptide hormones are found in more than 
one form in plasma and in tissue extracts (reviewed by YALOW 1985). While the 
6000-dalton peptide with full biological activity is the predominant form ofinsu
lin-like immunoreactivity in the circulation of virtually all subjects in the stimu
lated state, this is not often the case with other peptide hormones (YALOW 1985). 
Thus, precursor forms and/or metabolic fragments, with or without biological ac
tivity and with variable turnover times, have been characterized for parathyroid 
hormone, gastrin, adrenocorticotropic hormone and growth hormone (Y ALOW 
1985). 

The use of Sephadex gel filtration or starch gel electrophoresis has played a 
pivotal role in allowing characterization of the heterogeneity of peptide hor
mones, by separating different molecular forms on the basis of size and/or charge. 
A similar approach has been adopted subsequently, using different chromato
graphic techniques such as thin layer chromatography (TLC) or high pressure liq
uid chromatography (HPLC), to characterize the nature of steroid-like or eicosa
noid-like immunoreactivity. Again, demonstration of identical chromatographic 
behaviour of standards and unknowns cannot be taken as final proof of chemical 
identity, inasmuch as closely related haptens may comigrate with a particular sol
vent system. However, characterization of the heterogeneity of the measured en
dogenous immunoreactivity on TLC and/or HPLC will represent an important 
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clue to define the chromatographic procedures prior to RIA or to evaluate differ
ent antisera. Thus, when characterizing the nature of urinary 6-keto-PGF la-like 
immunoreactivity on TLC, we found that only AS 1 (Table 1) recognized a single 
peak of immunoreactive material comigrating with authentic 6-keto-PGF!<X, 
whereas AS 2, AS 3, and AS 4 also revealed the presence of increasing amounts 
of immunoreactivity in both more and less polar zones of the plate (Fig. 2), thus 
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Fig.2. Heterogeneity of urinary 6-keto-PGF l,,-like immunoreactivity (LI). Purified ex
tracts, prepared from urine obtained under basal conditions, were subjected to thin layer 
chromatography. The whole lane corresponding to one particular extract was divided into 
1-cm segments, the silica gel was scraped off and eluted with methanol. All the eluates were 
assayed for 6-keto-PGF l,,-LI with four anti-6-keto-PGF \" sera of different specificities (as 
detailed in Table 1). The vertical marks on the abscissa indicate the origin (0) and the sol
vent front (sf) of the plate. The dots indicate the location of cochromatographed authentic 
PGs: 6kF 6-keto-PGF1<X; F PGFz,,; E PGEz; D PGDz. Mean (±SD) excretion rates mea
sured by the 4 different antisera in the urine of 23 healthy women are also indicated. (PA
TRONO et al. 1982. Reproduced from The Journal of Clinical Investigation, 1982,69,231-
239, by copyright permission of The American Society for Clinical Investigation) 
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indicating the presence of specifically interfering substances coeluting with 6-
keto-PGF la from silicic acid columns (PATRONO et al. 1982). It is interesting to 
note that all the antisera employed satisfied the basic requirements of RIA, as 
outlined here, i.e. quantitative recovery of added standard and parallelism of 
standard and unknown. It can be easily appreciated from the data presented in 
Fig. 2 that reliable measurements of 6-keto-PGF la would be obtained by AS 1 in 
urinary extracts subjected to silicic acid column chromatography without a TLC 
step prior to RIA. In contrast, the use of any of the other antisera would neces
sitate the inclusion of a TLC step in order to separate 6-keto-PGF 1a from other 
cross-reacting substances. A similar approach has been adopted in order to char
acterize the nature of the enhanced TXBz-like immunoreactivity in the urines of 
patients with systemic lupus erythematosus (PATRONO et al. 1985 b). 

We have exploited the high cross-reactivities (50%-100%) of the 2,3-dinor de
rivatives ofTXBz and 6-keto-PGF la with antisera raised against the parent com
pounds to develop RIA methods employing homologous (PATRONO et al. 1985b) 
or commercially available heterologous tracers (CIABATTONI et al. 1987 b). GC
MS-validated measurements were obtained by including a TLC step prior to 
RIA, thereby separating 2,3-dinor-TXBz or 2,3-dinor-6-keto-PGF la from cross
reacting TXBz and 6-keto-PGF 1a, respectively (PATRONO et al. 1985b; CIABAT
TONI et al.1987b). Thus, perfectly valid measurements can be obtained even using 
antisera of limited immunological specificity, provided that adequate chromato
graphic steps are introduced prior to RIA in order to separate structurally related 
cross-reacting substances. 

The use of HPLC or some other fractionation system is discussed by NYBERG 
et al. (p. 231) for the validation of RIA measurements of opioid peptides; by 
PARKER (p. 513) for cyclic nucleotides; and by ZWEERINK et al. (p. 485) for leuko
trienes. 

G. Comparison with an Independent Method of Analysis 
A direct comparison of RIA measurements with those performed by an indepen
dent assay method in the relevant biological fluid or fluids should be sought 
whenever such a method exists and is accessible to the investigator. This compari
son should preferably be performed blind, and involve a reasonable number of 
samples (20-40) spanning the whole range of concentrations of potential patho
physiological and pharmacological interest (Fig. 3). 

In the field of peptide hormones, a readily available comparison is with 
radio receptor assays as discussed by NYBERG et al. (p.235) for opioid peptides. 
Some discrepancies are likely to be encountered because of the existence of mul
tiple forms of many peptide hormones, variably recognized by different antisera 
and displaying varying degrees of biological activity. In the case of the parathy
roid hormone assay, this is a test seldom properly validated because of the differ
ences between standards and unknowns and the consequent difficulty of interpre
tation (YALOW 1985). The existence of two different hormonal forms with similar 
biological activity and markedly different turnover time, such as the 34 and 17 
amino acid peptide forms of gastrin (see WALSH and WONG, p. 316), may further 
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require knowledge of the circulating hormonal forms in order to interpret RIA 
data in different clinical situations (YALOw 1985). 

For the validation of thyroid hormone RIA measurements (see BARTALENA et 
aI., p. 416), reference is made to a direct, absolute equilibrium technique, i.e. equi
librium dialysis followed by RIA of free thyroid hormones in the dialysate and 
in the dialysant. 

In the field of eicosanoids (see PESKAR et aI., p.456) as well as in the field of 
steroid hormones (see PAZZAGLI and SERIO, p.369), comparison with GC-MS 
measurements represents the ultimate validation criterion. GC-MS techniques of 
adequate sensitivity to match that of RIA are now available, such as negative ion 
chemical ionization (NICI) GC-MS (Fig. 3). Direct comparisons for the major 
urinary metabolites of TXB z (PATRONO et al. 1986) and PGIz (CIABATTONI et al. 
1987b) have been reported recently. It has been the experience of our group that 
eicosanoid RIAs satisfying all the previously described requirements, including 
identical behaviour of standards and unknown on TLC, usually provide measure
ments consistent with GC-MS verification. 

H. Are We Measuring the Right Compound, 
in the Right Compartment? 
Although not strictly inherent in the problem of validating RIA measurements, 
but perhaps equally relevant to the task of monitoring endogenous mediators of 
pharmacological interest, is the question of what to measure and where. Ob
viously, a quite different approach applies to autacoids as compared with classical 
hormones. As for the latter, measurement of the biologically active form (or 
forms) in the peripheral circulation often provides all the relevant information. 
In contrast, meaningful measurements of autacoids often require getting at or 
near the relevant site (or sites) of synthesis and action. This implies obtaining 
blood from the venous drainage of a specific area of interest, provided that this 
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is readily accessible and that blood cells are not capable of synthesizing the same 
substance. Alternatively, it requires measuring the compounds of interest in a dif
ferent compartment, e.g. the cerebrospinal fluid, gastric juice, or bile. The issue 
of measuring opioid peptides in cerebrospinal fluid is discussed by NYBERG et ai. 
(p.239). Measurement of leukotrienes in human synovial fluid is discussed by 
ZWEERINK et ai. (p.495). 

The field of prostaglandin and thromboxane measurement has perhaps suf
fered more from such conceptual inadequacies than from methodological issues 
(see PESKAR et aI., p.455). This can be best exemplified by the problems related 
to measuring platelet TXBz synthesis in humans. Serum TXBz, i.e. TXBz synthe
sized by platelets ex vivo during whole blood clotting at 37°C (PATRONO et ai. 
1980) provides a readily accessible capacity index related to platelet cyclooxyge
nase and TX synthase activity (ALESSANDRINI et ai. 1985). This has allowed the 
biochemical pharmacology of inhibitors of these enzymes to be established in hu
mans (PATRONO et ai. 1985a; FITZGERALD et ai. 1985). However, the capacity of 
platelets to release and oxygenate arachidonate in response to appropriate stimuli 
ex vivo greatly exceeds the actual synthetic rate in vivo. Thus, 1 ml human whole 
blood allowed to clot at 37°C for 60 min will generate roughly 300-400 ng TXBz 
per ml serum, i.e. a quantity approximating the hourly total body production of 
420 ng (PATRONO et ai. 1986). This fact has obvious relevance to the reliability of 
TXBz measurements in peripheral or coronary sinus plasma. Thus, platelet ac
tivation during and after sampling by as little as 0.1 % of their maximal capacity 
would largely account for the putative "circulating" concentrations of TXBz re
ported by many investigators, i.e. 10-300 pg/ml (FITZGERALD et ai. 1983). It is 
important to emphasize that at least some of these measurements were obtained 
with properly validated RIA techniques or GC-MS. Similar considerations also 
apply to the measurement of platelet-derived proteins in the circulation (see PEP
PER, p. 520). The recent characterization of long-lived enzymatic metabolites of 
TXBz in the human circulation (LAWSON et ai. 1986) and development of appro
priate analytical techniques promises to bypass the problem of platelet activation 
during and after sampling. 

Whenever the thing in question is not so much the identity of the compound 
being measured, but rather its actual presence in the circulating blood prior to 
sampling, one should refer to studies measuring the endogenous secretion and 
plasma clearance rates of a given substance, thereby obtaining a maximal esti
mate of its circulating concentration. Studies of this nature have been performed 
with both PGIz (FITZGERALD et ai. 1981) and TXBz (PATRONO et ai. 1986). Un
fortunately, this information is not available for platelet-derived proteins. 

J. How to Evaluate an RIA Kit Critically 
Although a sizeable proportion of investigators in this area usually develop their 
own reagents for RIA or perhaps only purchase the radioactive tracer, an increas
ing number of potential users, particularly in the pharmaceutical industry, are 
now relying upon commercially available kits. Because it is commercially avail
able, a kit tends to be viewed as a magic box necessarily generating valid and re-
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liable measurements. Although this may well be the case under certain circum
stances, one has to develop and apply a critical attitude towards assessing the va
lidity of RIA data, whatever the source of the reagents may be. Thus, the spec
ificity data of an anti-TXB2 serum supplied by the manufacturer may be perfectly 
adequate for assessing the feasibility of measuring this compound in serum or 
platelet-rich plasma, but are absolutely insufficient to evaluate the feasibility of 
urinary measurements inasmuch as none of the relevant urinary metabolites of 
TXB2 have been examined. Surprisingly, this may be so despite an impressive 
table describing the cross-reactivity of28 different compounds. Moreover, valida
tion of RIA data thus obtained in a particular biological fluid is often desumed 
from the literature. This may be quite misleading for many good reasons, as out
lined in this chapter. 

Short of obtaining confirmation from a reliable independent method of anal
ysis, the use of a single validation criterion will not be sufficient to validate RIA 
measurements, although it may alert the careful investigator to the existence of 
problems. However, the combined application of several validation criteria will 
greatly enhance the likelihood of measuring the right amount of the right com
pound. 
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CHAPTER 10 

Measurement of Opioid Peptides 
in Biologic Fluids by Radioimmunoassay 
F. NYBERG, I. CHRISTENSSON-NYLANDER, and L. TERENIUs 

A. Introduction 
During the past decade, a large family of peptides with opioid activity has been 
described. These peptides, also termed endorphins (an acronym for endogenous 
morphine) have attracted interest as alleged neurotransmitters, as neurohor
mones, and as hormones, particularly within the hypothalamic - pituitary - ad
renal axis. These compounds have chemical homology in the NHz terminal se
quence Tyr-Gly-Gly-Phe-(Met or Leu), which forms the part of the molecule 
which is critical for opioid activity, and chemical heterogeneity in the COOH ter
minal sequences, which may contribute to receptor affinity and selectivity of in
teraction between opiate receptor types. A rather bewildering chemical complex
ity among these pep tides is due to the fact that they derive from three distinct pro
hormones, each with a unique distribution in different cell types and neuronal 
pathways: proopiomelanocortin (with fJ-endorphin), proenkephalin A (with 
seven enkephalin core sequences), and proenkephalin B (with three different 
dynorphin peptides); (Table 1 see also Sect. B). 

Immunologic techniques have been instrumental in confirming or refuting a 
functional role of these peptides in various organs and under various conditions. 
Immunohistochemical visualization of their anatomic distribution has defined 

Table 1. Structure of major opioid pep tides 

Precursor/peptide 

Proopiomelanocortin 
{3-Endorphin 

Proenkephalin A 
Leu-enkephalin 
Met-enkephalin 
Met-enkephalin-Arg6Phe 7 

Proenkephalin B 
Dynorphin A 

Dynorphin B 
(rimorphin) 
rt-N eoendorphin 

Structures 

Tyr-Gly-Gly-Phe-Met -Thr-Ser-Glu-Lys-Ser-Gln-Thr
-Pro-Leu-Val-Thr-Leu-Phe-Lys-Asn-Ala-Ile-Ile-Lys-
-Asn-Ala-Tyr-Lys-Lys-Gly-Glu 

Tyr-Gly-Gly-Phe-Leu 
Tyr-Gly-Gly-Phe-Met 
Tyr-Gly-Gly-Phe-Met-Arg-Phe 

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu
-Lys-T rp-Asp-Asn -Gin 
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val
-Val-Thr 
Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys 
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their site of formation and radioimmunoassay (RIA) has given useful quantita
tive information. RIA analysis of these peptides in body fluids has been used both 
in experimental animals and in humans, either to study normal physiologic rela
tionships or altered activity in disease. The problems of chemical heterogeneity 
have already been mentioned, these problems are amplified in analysis of body 
fluids since the peptides may derive from various tissues and there may be con
tributions from several prohormones. This emphasizes the need for specific ana
lytic procedures. The structural homologies between the peptides are so extensive 
that it is frequently necessary to introduce a preseparation step prior to RIA. An
other matter of consideration is the metabolic instability of the peptides in body 
fluids, which requires special precautions. 

B. General Aspects 

I. Distribution and Processing of Opioid Peptides 

Each of the three opioid peptide systems has a clearly distinct regional distribu
tion. Peptides derived from proopiomelanocortin are mainly produced in the pi
tuitary gland (BLOOM et al. 1977; PELLETIER et al. 1977). Neuronal cell bodies con
taining J1-endorphin are relatively few. They are for instance found in the region 
of the arcuate nucleus of the medial basal hypothalamus (BLOCH et al. 1978; 
BLOOM et al. 1978; PELLETIER 1980; WATSON and AKIL 1979, 1980). These neurons 
project extensively to many areas of the limbic system and the brain stem. Pep
tides produced by proenkephalin A (enkephalins) are widely distributed in CNS, 
peripheral nervous system, and endocrine tissues (ELDE et al. 1976; HOKFELT et 
al. 1977; PICKEL et al. 1980; SAR et al. 1978; UHL et al. 1979; WATSON et al. 1982). 
In CNS, enkephalin-containing elements are found at every level of the neuraxis, 
from cells in the cortex all the way to cells in the spinal cord. Peripherally, peptides 
related to proenkephalin A are found in the adrenal medulla, the gastrointestinal 
tract, and also in several other structures. Neurons with dynorphin- (proenkepha
lin B)-related peptides are relatively few. They form a striatonigral pathway, are 
present in the hypothalamus, in certain other brain nuclei and in spinal inter
neurons (MAYSINGER et al. 1982; VINCENT et al. 1982; WATSON et al. 1982a, b). 
Dynorphin peptides have also been shown immunohistochemically to coexist 
with vasopressin in magnocellular neurons of the hypothalamus (WATSON et al. 
1982; WEBER et al. 1982). 

It has already been emphasized that each of the endorphin prohormones is 
pluripotent, i.e., capable of generating several biologically active fragments. The 
principal active pep tides are flanked by pairs of basic amino acid residues (Lys/ 
Arg); a common route of processing is a trypsin-like cleavage, followed by "trim
ming" of the COOH terminal basic amino acid by a carboxypeptidase C-like en
zyme. These processes are probably partly statistical and a whole family of pep
tides, differing in length, may be generated. The minimum sequence for signifi
cant opioid activity is Tyr-Gly-Gly-Phe-X, where X is Leu or Met; opioid activity 
is however maintained or even enhanced by COOH terminal elongation such as 
in J1-endorphin. Another enzymatic pathway, acetylation of the NH2 terminal 
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Fig. 1 a-c. Schematic structures of a proopiomelanocortin, b proenkephalin A and c proen
kephalin B. Black boxes represent opioid peptides with Met-enkephalin sequence, grey 
boxes with Leu-enkephalin, white boxes nonopioid peptides. Dyn dynorphin; enk enkepha
lin 

Tyr leads to loss of opioid activity. These general principles will be exemplified 
below. 

Processing of proopiomelanocortin (NAKANISHI et al. 1979) releases f3-endor
phin from its COOH terminus (Fig. 1 a). f3-Endorphin constitutes the COOH ter
minus of a previously characterized hormone, f3-lipotropin (f3-LPH; LI et al. 
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1965). p-Endorphin may be processed further to its IY. (1-16), Y (1-17), or b (1-27) 
fragments, or by acetylation of its NH z terminus (ZAKARIAN and SMYTII 1979). 
Proenkephalin A (GUBLER et al. 1982) contains no less than six Met-enkephalin 
core sequences and one Leu-enkephalin sequence, and may generate a variety of 
enkephalin-related peptides (Fig. 1 b). The posttranslational processing of this 
precursor is not yet fully clarified. In addition to the enkephalin penta pep tides se
quential trypsin, carboxypeptidase C action leads to Met-enkephalin-Arg6Phe 7 

(STERN et al. 1979), -Arg6Gly 7Leu8 (KILPATRICK et al. 1981), and two COOH ter
minally amidated en kephalin-containing sequences, metorphamide (WEBER et al. 
1983) and amidorphin (SEIZINGER et al. 1984). In proenkephalin B (KAKIDANI et 
al. 1982), there are three unique Leu-enkephalin-related peptides: IY.-neoendor
phin (KANGAWA et al. 1979), dynorphin A (GOLDSTEIN et al. 1981; T ACHIBANA et 
al. 1982), and dynorphin B or rimorphin (FISCHLI et al. 1982; KILPATRICK et al. 
1982). Other Leu-enkephalin-containing peptides consisting of fragments or com
binations of these three pep tides have also been characterized (Fig. 1 c). Gener
ation of Leu-enkephalin from this precursor was once thought to be prohibited; 
more recent work, however, shows that it happens, for instance in the striatoni
gral dynorphin pathway (ZAMIR et al. 1984). Thus, Leu-enkephalin can originate 
from any of the two proenkephalin systems and can therefore not serve as a spe
cific marker. The extent of processing and other posttranslational enzymatic 
events may markedly affect not only opioid activity, but also the receptor profile, 
there being several opioid receptors. 

II. Characterization of Opioid Receptors 

The concept of mUltiple opioid receptors with different properties derives from 
a wealth of biochemical and pharmacologic data. It has thus been possible to dis
tinguish at least three main types of opioid receptors named /1, b, and K (KOSTER
LITZ 1979; KOSTERLITZ et al. 1982). Each of these receptors has been characterized 
by its affinity for specific ligands. The receptor preference of the endogenous 
opioids is highly structure dependent (PATERSON et al. 1983). It appears, for ex
ample, that the enkephalins are mainly ligands for b receptors, whereas dynor
phin and other COOH terminally elongated Leu-enkephalin-containing peptides 
bind quite selectively to K receptors. Met-enkephalin-Arg6-Phe 7 and -Arg6-Gly 7 _ 

Leu8 have about equal affinity for both band K sites. Interestingly, metorphamide 
is unique in being highly /1-se1ective, i.e., pharmacologically similar to morphine 
(WEBER et al. 1983). 

The CNS distribution of opioid receptors has been thoroughly examined. In 
general, there appears to be an enrichment of /1 receptors within areas involved 
in pain processing (the periaqueductal grey, the raphe nuclei, and the dorsal horn 
of the spinal cord), whereas a high density of b receptors is found in parts of the 
limbic system (CHANG et al. 1979; BONNET et al. 1981; NINKOVIC et al. 1981; 
SNYDER and GOODMAN 1980).K receptors are also present in limbic structures, in 
the cerebral cortex, and in the dorsal spinal cord. Interestingly, analgesia can be 
induced via all three receptors at the spinal level. 

Opioid receptors are also present in several tissues outside the CNS. Most 
thoroughly studied are those in intestinal nerve plexuses which are mainly of the 
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{l-type and in the intestinal mucosa layer which mainly are of the <5 type (NORTH 
and EGAN 1983). Receptors of the <5 type seem to exist in bronchial tissue and 
lungs (HOLADAY 1983). In general, relatively little is known about opioid recep
tors in nonneuronal tissues and the target organs for the endocrine secretion of 
opioid peptides are poorly defined. 

C. Methodological Aspects 

I. Sampling Protocol 

It is important to standardize the sampling protocol as far as possible. In our pro
tocol for CSF analysis, the patient gives a sample of 12.5 mllumbar CSF early 
in the morning before rising after an overnight fast. In general, a 22-gauge spinal 
needle inserted in the lumbar region at L-3 to L-4 is used. The CSF is collected 
in polyethylene or polypropylene tubes placed on ice. The sample is subsequently 
mixed, centrifuged in the cold, frozen in suitable aliquots, and then stored at 
-90°C until assay. Plasma samples should preferably be collected in EDTA 
tubes followed by the same storage conditions. EDT A also serves as a protease 
inhibitor. Other protease inhibitors may also be added, but there are few control
led studies in the literature of the effectiveness of these additions. Extreme precau
tions against degradation have to be taken in enkephalin determinations. For in
stance, CLEMENT-JONES et al. (1980c) collected plasma on acid in aprotinin
treated tubes which were immediately frozen in liquid nitrogen. 

II. Sample Workup (Preseparation) 

Prior to RIA, a separation step is frequently needed so that greater specificity can 
be achieved. Separation of the opioid peptides can be obtained by several tech
niques, such as ion exchange or reverse phase chromatography. Furthermore, 
preseparation of cross-reacting components extends the application of RIA to the 
measurement of individual components in a single sample. In the analysis of series 
of samples it is necessary to have access to a procedure which allows rapid and 
effective separation. It is particularly advantageous to use several parallel separa
tion systems cheap enough that they are used only once. This is possible, e.g., with 
mini ion exchange columns (BERGSTROM et al. 1983), which give complete separa
tion of enkephalin penta- and hexapeptides and longer pep tides such as dynor
phin A (1~8) and dynorphin A. Preseparation on reverse-phase cartridges has 
been utilized by several groups. If sufficient material is available, structure con
firmation of the measured activity should preferentially be used by combining the 
RIA with HPLC. Several laboratories have also used gel filtration techniques to 
settle the identity of the analyzed immunoreactivity, at least by molecular 
weight. 
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III. Radioimmunoassay of Opioid Peptides from Individual Systems 

1. fJ-Endorphin and Related Peptides 

a) RIA Procedures 

The presence of [3-endorphin immunoreactivity in CSF and plasma has been dem
onstrated in many laboratories. Chromatographic procedures have revealed that 
the major part of this activity present in CSF is identical with [3-endorphin, 
whereas the remaining part derives from the precursor [3-lipotropin (CLEELAND 
et al. 1984; JEFFCOATE et al. 1978; McLoUGHLIN et al. 1980). A [3-endorphin frag
ment (1-27) has also been identified in rat CSF (JACKSON et al. 1985). In plasma 
[3-lipotropin is the predominant of the two peptides (NAKAO et al. 1978; CAHILL 
et al. 1983; KIKUCHI et al. 1984; DETRICK et al. 1985). Most antibodies raised 
against [3-endorphin recognize the COOH terminal region of the molecule, but 
NH2 terminal-directed [3-endorphin antiserum has in fact been used in a few stud
ies. However, in these cases it has been difficult to discriminate between the ac
tivity due to [3-endorphin or its fragments and the contribution from other opioid 
pep tides (EKMAN 1985). 

In the assays for [3-endorphin, the iodinated peptide (labeled with 
1251 or 1311) is generally used as tracer and, in the separation of bound 
and free peptide, charcoal adsorption or double-antibody procedures have fre
quently been used. Incubations are normally performed at 4 °C in plastic (poly
styrene or polypropylene) vials or siliconized glass tubes, with antibodies, tracer, 
and unknown sample or standard in a final volume of 200-500 JlI phosphate 
buffer, pH 7.4-7.5, containing albumin (HOLLT et al. 1978; Ross et al. 1979; 
W ARDLA wand FRANTZ 1979; WIEDEMANN et al. 1979). In order to minimize en
zymatic degradation of tracer and peptide adsorption to the walls, many pro
cedures also include EDT A and detergent (Ross et al. 1979; GHAZAROSSIAN et al. 
1980; NYBERG and TERENIUS 1982). In most [3-endorphin RIAs, samples and an
tibodies are allowed to preincubate for 16-24 h before the addition of tracer fol
lowed by additional 24 h incubation. In the charcoal adsorption procedure 
(HOLLT et al. 1978; Ross et al. 1979; NYBERG and TERENIUS 1982), unbound pep
tide is removed by adding 1 ml charcoal slurry followed by centrifugation within 
5 min. A defined aliquot of the supernatant solution is then counted in a 'Y 
counter. 

A critical point of the charcoal adsorption technique is to determine the op
timal charcoal concentration. It may vary for every dilution and from batch to 
batch of the antiserum and, furthermore, it also seems to depend on whether 
samples are extracts from plasma or CSF. Double-antibody or second antibody 
precipitation procedures (F ACCHINETTI and GENAZZANI 1979; Ho et al. 1980; 
W ARDLA wand FRANTZ 1979; WIEDEMANN et al. 1979; CAHILL et al. 1983) are 
more time-consuming, but in general less complicated to handle. The antigen
antibody complexes are precipitated by addition of goat or sheep anti-rabbit im
munoglobulin. Following centrifugation, the pellet is counted in a 'Y counter. 
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b) Generation of Antisera 

Most radioimmunoassays for [3-endorphin utilize antibodies raised against the 
thyroglobulin complex with the authentic peptide standard. However, owing to 
the sensitivity of the methionine residue in position 5 to oxidation, some labora
tories have also used its Leu5 analog, both as tracer and for raising antibodies 
(Ross et al. 1979; GHAZAROSSIAN et al. 1980). The detection limits reported for 
[3-endorphin RIAs vary from below 1 fmol per tube up to 10 fmol per tube. 

c) Preseparation 

The reported CSF and plasma levels of [3-endorphin vary between different lab
oratories. On average, the CSF concentration in normal subjects is around 
20 fmol/ml, whereas that of plasma is about 10 fmol/ml. The discrepancy in levels 
between different laboratories may partly result from the different procedures 
used for CSF and plasma extraction. Many investigators have used silicic acid ad
sorption and desorption with acidic acetone (NAKAO et al. 1978; HOLLT et al. 
1979; F ACCHINETTI et al. 1983), while others have used talc tablets (WARDLAW 
and FRANTZ 1979) or Sep-Pak CIS cartridges (CAHILL and AKIL 1982). In silicic 
acid extraction, plasma samples (3~6 ml) are normally added to polypropylene or 
siliconized glass tubes containing 100~300 mg silicic acid followed by vortexing 
for a few seconds or by mixing in the cold for about 30 min (HOLLT et al. 1978; 
NAKAO et aL 1978; Ross et al. 1979; GAMBERT et aL 1981; FACCHINETTI et aL 
1983). After centrifugation, the silicic acid is washed out with water or buffer be
fore peptide desorption with acidic acetone. The acetone extract is evaporated 
and the final residue redissolved in the appropriate volume of RIA buffer. 

In some laboratories, the plasma samples are acidified prior to extraction 
(Ross et al. 1979). Acidic acetone extraction of plasma [3-endorphin without silicic 
acid adsorption has also been described (Ho et al. 1980; DETRICK et al. 1985). 
PICKAR et aL (1980), who studied [3-endorphin in plasma from psychiatric pa
tients, used aluminum oxide for plasma extraction. The talc tablet extraction pro
cedure (WARDLAW and FRANTZ 1979) has been used in several clinical studies of 
plasma [3-endorphin. In this procedure [3-endorphin and [3-lipotropic hormone 
are extracted, generally from 2~20 ml plasma, and subsequently eluted with acidic 
acetone. The extracts are evaporated and reconstituted fractions assayed directly 
for total [3-endorphin-like immunoreactivity. The recovery of [3-endorphin re
ported with these extraction procedures varies between 50% and 80%. An alter
native approach used for extraction of [3-endorphin immunoreactivity in human 
CSF is based on antibody adsorption (GERNER and SHARP 1982). The peptide was 
extracted by circulating the CSF through gel beads coupled to [3-LPH antibodies 
prior to elution with acetic acid/HCL 

In our studies, the CSF [3-endorphin has been recovered by fractionation on 
Sephadex G-10 (NYBERG et aL 1986) or an RP-8 reverse-phase silica gel cartridge 
(LYRENAS et al. 1987). In plasma analysis, the sample was passed through an ion 
exchanger (DEAE~Sepharose) before extraction on the reverse-phase cartridge. 
In recovery studies, these extraction procedures show high efficiency, with over 
90% recovered when synthetic peptide is present in picomole concentrations. 
However, when adding [3-endorphin in low femtomole levels, the recovery does 
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not exceed 50%. None of these techniques separates fJ-endorphin from its cross
reacting precursor fJ-LPH. To remove contributions from fJ-LPH, an additional 
separation step is needed. In many studies, this is accomplished by gel filtration 
(NAKAO et al. 1978; McLoUGHLIN et al. 1980; FACCHINETTI et al. 1983). In a recent 
study of plasma fJ-endorphin levels during labor, the peptide was recovered from 
the acidified plasma sample by reverse-phase HPLC (RAISANEN et al. 1984). The 
fraction containing fJ-endorphin was collected with a programmable fraction col
lector. By this procedure plasma fJ-endorphin was purified from other plasma 
components and completely separated from fJ-LPH. The mean recovery of the 
procedure for the synthetic peptide added to plasma samples was about 60%. 
However, when these approaches for plasma extraction are combined with gel fil
tration or HPLC, the overall procedures become time-consuming and fairly com
plicated. The development of new rapid techniques with high and reliable recov
ery of fJ-endorphin and applicable to series of samples should therefore have high 
priority in this area of research. 

In certain pathologic cases, fJ-endorphin may rise to comparatively high 
levels. For instance, in plasma of patients with Addisons's disease, Cushing's dis
ease, or ectopic ACTH syndrome, fJ-endorphin was elevated up to 1000 fmol/ml 
(SMITH et al. 1981). Parallel increases in plasma ACTH and fJ-lipotropin were also 
observed in these patients. 

2. Peptides Derived from Proenkephalin A 

In the proenkephalin A system, Met-enkephalin has been most extensively stud
ied. Reported CSF levels range from approximately 5 fmol (AKIL et al. 1978 a) 
up to several pmol/ml (BURBACH et al. 1979). The values at the pmollevel derive 
from some early studies, performed without any preseparation of the CSF 
sample, and the detected activity may include contributions from cross-reacting 
components present in the fluid. Excluding these extremes, the average CSF con
centration of Met-enkephalin is around 30 fmol/ml (CLEMENT-JONES et al. 1980d; 
La et al. 1983; NYBERG et al. 1986). The corresponding value calculated from 
plasma determinations is significantly higher (100-200 fmol/ml) (CLEMENT-JONES 
et al. 1980d; SHANKS et al. 1981). In CSF studies of Met-enkephalin, both gel fil
tration (YAKSH et al. 1983; JACKSON et al. 1985; NYBERG et al. 1986) and reverse
phase cartridge adsorption (La et al. 1983) have been used for peptide extraction. 
Reverse-phase systems have also been useful for en kephalin extraction from 
plasma samples (CLEMENT-JONES et al. 1980c; PANERAI et al. 1983). Some labora
tories have tried acidic ethanol or acetone for the extraction from plasma of en
kephalins or other peptides derived from proenkephalin A (CHOU et al. 1983). 

In the radioimmunoassay, the tritium-labeled peptide has been used as tracer 
in many laboratories. In conformity with the fJ-endorphin RIA, incubations are 
in general performed at 4 DC and allowed to continue overnight. Other conditions 
such as buffers, separation of bound and free peptides, are almost identical with 
the conditions already described for fJ-endorphin. In general, the en kephalin 
RIAs are less sensitive than those of, say, fJ-endorphin or dynorphin. Detection 
limits in the range of 10-100 fmol/per tube have been reported. Most RIA data 
for Met-enkephalin may be relatively unreliable, owing to cross-reaction between 
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the antibodies and other enkephalin-related peptides, e.g., Leu-enkephalin. An
other problem with the RIA for Met-enkephalin arises from the fact that the pep
tide is unstable and undergoes spontaneous oxidation at its methionine residue 
to methionine sulfoxide during storage, extraction, and assay. To overcome this 
difficulty, antibodies have also been raised to the Met-enkephalin sulfoxide, Met
O-enkephalin, and the oxidized peptide was also used as tracer (CLEMENT-JONES 
et al. 1980c). All samples were then oxidized by hydrogen peroxide before assay 
and the modified RIA was reported to be highly sensitive and specific and could 
reliably distinguish between Met-enkephalin and Leu-enkephalin, for example. 

The introduction of the iodinated peptide as tracer and the separation of 
bound and free by second antibody precipitation have also contributed to increas
ing the sensitivity of the RIA (La et al. 1983). A similar RIA has been developed 
for another Met-enkephalin-containing opioid peptide, Met-enkephalin-Arg6-

Phe7 (BOARDER et al. 1982a). Very few studies of Leu-enkephalin in CSF or 
plasma have been reported. Some laboratories have reported CSF Leu-enkepha
lin concentrations of 100-200 fmol/ml (NEUSER et al. 1984; KLEINE et al. 1984), 
whereas others have been negative (WAY et al. 1984). In the former studies, no 
chromatographic structure confirmation was reported and contributions from 
cross-reacting components could therefore not be excluded. We have observed 
approximately fivefold lower CSF concentration of Leu-enkephalin as compared 
with Met-enkephalin (NYBERG et al. 1986). However, it has also appeared from 
our studies that the enkephalins are not the major endogenous opioids in human 
CSF (NYBERG and TERENIUS 1982; NYBERG et al. 1983 a; NYBERG et al. 1986). By 
use of radioreceptorassay in combination with electrophoresis and HPLC we 
could tentatively identify Met-enkephalin-Lys6 and Met-enkephalin-Arg6Phe 7 as 
major opioid components in the fluid. The presence of Met-enkephalin-Lys6 in 
the CSF specimens was later confirmed by RIA (TERENIUS et al. 1984). 

In a recent study (NYBERG et al. 1986), we used a substantial number of RIA 
methods directed against peptides considered to be of importance in all three 
opioid peptide systems (see Table 2). From data obtained, it is evident that the 
enkephalyl hexapeptides were present in human CSF in significantly higher con
centration than Met- or Leu-enkephalin themselves. The predominance of enke
phalyl hexapeptides over the pentapeptides has also been observed in spinal per
fusate from cats (Y AKSH et al. 1983; NYBERG et al. 1983 b). Evidence for the pres
ence of COOH terminal Met-enkephalin extensions in plasma has also been docu
mented. The heptapeptide Met-enkephalin-Arg6Phe 7 has been identified and 
quantified in human plasma (CHOU et al. 1983). Its extraction was carried out 
with acidic ethanol and reverse-phase Sep-Pak cartridge, and structure identity 
was settled by HPLC. The RIA for Met-enkephalin-Arg6Phe 7 used the 125I_ana_ 
log as radiolabel and the charcoal adsorption procedure was used to separate free 
and bound antigen. The plasma levels of the heptapeptide in normal subjects 
ranged between 10 and 20 fmol/ml. The characterization of a 8.5 kdalton proen
kephalin A-derived peptide circulating in bovine plasma was recently reported 
(BAIRD et al. 1984). The presence oflarge proenkephalin-derived structures in hu
man CSF will be discussed in the following paragraphs. 

Variations in the CSF and plasma levels of Met-enkephalin have been ob
served in certain clinical samples. For example, in patients with renal failure, the 
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plasma concentrations of Met-enkephalin were found to be about ten times 
higher than in those of controls (SMITH et al. 1981). High levels of the pentapep
tide have also been recorded in CSF and plasma following acupuncture-like treat
ment of addicts and chronic pain patients (CLEMENT-JONES et al. 1979; KISER et 
al. 1983). The latter study used the specific RIA procedure developed earlier by 
CLEMENT-JONES et al. (1980 d), for measurement of plasma Met-enkephalin; levels 
went up to approximately 300 fmol/ml. An approximately threefold increase of 
Met-enkephalin in cat CSF after somatic stimuli was previously observed in our 
laboratory (Y AKSH et al. 1983). 

In studies of the enkephalins in plasma as well as CSF, it is important to con
sider their relatively low stability in these fluids. As mentioned already (and as 
will be discussed later), high potency of enkephalin-degrading activity has been 
found in both fluids and sampling should preferentially include the addition of 
protease inhibitors. 

3. Peptides Derived from Proenkephalin B 

Very few reports dealing with proenkephalin B-related peptides in plasma and 
CSF are found in the literature. This may reflect the fact that these endorphins 
are not detectable or only present in very low concentrations. In fact, recent stud
ies performed in our laboratory (NYBERG et al. 1986) have indicated that the CSF 
levels of both dynorphin A and B, are below 10 fmol/ml (Table 2), dynorphin A 
being the major component. Furthermore, the material cross-reacting with the 
antiserum against dynorphin A was chemically heterogeneous. The main activity 
was associated with components of molecular weight exceeding that of the au
thentic heptadecapeptide. The presence of dynorphin A-like immunoreactivity in 
human CSF was first suggested by a study using an RIA for the dynorphin A 
fragment (1-13) (WAHLSTROM and TERENIUS 1980). We have later observed an in-

Table 2. Levels of opioid pep tides in human CSF determined 
by RIA. Mean values of data obtained from 5-6 individual 
patients with suspected but unconfirmed neurologic deficits; 
they are not corrected for recovery. (Data from NYBERG 
et al. 1986) 

Peptide 

{3-Endorphin 
Met -enkephalin 
Met-enkephalin-Lys6 

Leu-enkephalin a 

Dynorphin A 
Dynorphin A (1-8) 
Dynorphin B 
Leu -enkephalin -Arg6 

Concentration 
(fmol/ml) 

21 

51 
170 

11 

9.3 
< 3 
< 1 

41 

a May derive from both proenkephalin A and B. 
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crease in RIA-detectable dynorphin A in cat CSF during sciatic nerve stimulation 
(Y AKSH et al. 1983). The identity of the measured dynorphin A immunoreactivity 
and the synthetic peptide was confirmed by gel filtration (Sephadex G-10) and 
electrophoresis (NYBERG et al. 1983 b). 

The existence of immunoreactive dynorphin A in human CSF was also re
ported by TOZAWA et al. (1984). To some extent the characteristics of their immu
noreactive material differed from our observations. They described much lower 
proportions of the high molecular weight dynorphin activity than we found in the 
fluid (NYBERG et al. 1986); on the other hand, they found an additional compo
nent tentatively identified as dynorphin A (1-13). This is explainable since their 
antiserum, in contrast to ours, had no specificity toward the COOH terminus of 
the dynorphin A molecule. A recent report describes the presence of the dynor
phin A (1-8) fragment in human CSF (ZHANG et al. 1985). The CSF level of the 
peptide ranged from an average of 90 fmol/ml (in schizophrenic patients) up to 
130 fmol/ml (controls). However, no separation of the CSF specimens prior to as
say was reported in this study. Using a radioreceptorassay in combination with 
HPLC and electrophoresis, we had previously observed a CSF component among 
the so-called fraction I endorphins, which was chromatographically indistin
guishable from dynorphin A (1-8) (NYBERG et al. 1983a). With radioimmunoas
say, however, only trace amounts of this fragment were detected (NYBERG et al. 
1986). Our studies have also been focused on the dynorphin A (1-6) fragment, 
i.e., Leu-enkephalin-Arg6 . This is the common NH2 terminal sequence of all 
opioid peptides derived from proenkephalin B. Its levels in CSF greatly exceed 
those of both dynorphin A and dynorphin B (see Table 2). This observation is 
compatible with the presence of a Leu-enkephalin-Arg6-generating endopepti
dase in the CSF, as recently reported (NYBERG et al. 1985). The enzyme was found 
to specifically cleave dynorphin A, dynorphin B, and a-neoendorphin at the 
Arg6-Arg 7 or Arg6-Lys 7 bonds, respectively. 

The difficulty in quantitating pro en kephalin B peptides in plasma is typified 
by the study of plasma dynorphin reported by HOWLETT et al. (1984). They found 
that the apparent dynorphin A activity detected by RIA in the fluid was artifac
tual and caused by enzymatic degradation of tracer. With a Sep-Pak C18 extrac
tion procedure, no dynorphin A activity was recovered from acidified plasma. 
However, the use of an affinity chromatography procedure for nonacidified 
plasma (the antibody was coupled to CNBr-activated Sepharose) resulted in re
liable extraction of a dynorphin A immunoreactive component. This component, 
on the other hand, was chromatographically different from the heptadecapeptide. 
The presence of Leu-enkephalin-containing structures in human plasma has also 
been suggested by other studies (BOARDER et al. 1982b). We have recently iden
tified a large Leu-enkephalin-Arg6 -containing entity circulating in the plasma of 
a schizophrenic patient (NYBERG et al., submitted). 

Most radioimmunoassays for dynorphin-related peptides use the iodinated 
peptide as tracer. Separation of bound and free peptide is achieved by the second 
antibody precipitation procedure (CHRISTENSSON-NYLANDER et al. 1985) or by the 
charcoal adsorption technique (HOWLETT et al. 1984). The addition of detergent, 
e.g., Triton X-100, is necessary to prevent adsorption of peptide on the walls of 
test tubes in these assays. Preseparation of plasma or CSF samples is in general 
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accomplished by extraction with reverse-phase cartridges, gel filtration, or ion ex
change chromatography. 

4. Sequential Enzymatic Radioimmunoassay Procedures 
for Proenkephalin-Derived Peptides 

Procedures to detect all possible opioid peptides derived from proenkephalin A 
or B have been described by several laboratories. Most investigators have worked 
with the enzymatic method of U denfriend and collaborators (LEWIS et al. 1978) 
with sequential trypsin, carboxypeptidase treatment followed by enkephalin pen
tapeptide RIAs. In our CSF studies (NYBERG and TERENIUS 1985; NYBERG et al. 
1986), we have used a modification of this method. Thus, in accordance with 
CUPO et al. (1984), our approach is to omit carboxypeptidase treatment, and re
quires only one enzymatic step which provides better recovery. Moreover, trypsin 
treatment of any enkephalin precursor (with COOH terminal extension of at least 
two residues) would release products maintaining their identity of origin, Leu-en
kephalin-Arg6 being uniquely formed from proenkephalin Band Met-enkepha
lin-Arg6/Lys6 and Leu-enkephalin-Lys 6 from proenkephalin A. By selective as
says of these peptides, it is theoretically possible to discriminate between all pos
sible opioid hexapeptides generated from the two en kephalin systems. However, 
a problem has been that hexapeptides released from proenkephalin A cross-react 
in the RIA for Leu-enkephalin-Arg6 . Therefore, in the presence of peptides from 
both pro en kephalin A and B, evaluation of data requires correction for cross
reaction. The validity of this approach has been confirmed by HPLC analysis. To 
minimize the contribution of cross-reacting NHz terminal extensions of the enke
phalin hexapeptides, which may be present in the trypsin digest, the degradation 
mixture is separated on an SP-Sephadex ionexchanger (BERGSTROM et al. 1983) 
prior to RIA analysis. 

Using this sequential trypsin degradation/RIA procedure, we were able to 
identify several Leu- and Met-enkephalin-containing polypeptides in human CSF 

Table 3. Multiple precursors to enkephalin peptides of 
various sizes in human CSF. (Data from NYBERG et al. 1986) 

Estimated Peptides derived from 
molecular weight a 

20-25000 
15000 

9-10000 
5000 
3000 

1.5-2000 
1300 

700 

Proenkephalin A Proenkephalin B 
(equiv.fml x 1015) (equiv./ml x 1015) 

30 
23 
26 

9 
25 

2 

4 
9 

10 
13 

5 

a Molecular weight for enkephalins 500. 



Measurement of Opioid Peptides in Biologic Fluids by Radioimmunoassay 239 

(NYBERG and TERENIUS 1985; NYBERG et aI. 1986). It appeared that proenkephalin 
A-related structures predominate in the high molecular weight region (> 5 kdal
ton), whereas Leu-enkephalin-containing peptides showed highest concentra
tions in the intermediate 1-3 kdalton range (Table 3). Furthermore, the large 
structures were detected in concentrations comparable to those found for smaller 
peptides, e.g., {3-endorphin and enkephalins (cf. Tables 2 and 3). Polypeptides de
rived from pro en kephalin A have also been identified in rat eSF by use of an RIA 
procedure for the eOOH terminal heptapeptide sequence of the precursor, Met
enkephalin-Arg6Phe 7 (JACKSON et aI. 1985). 

Opioid active tryptic fragments have also been observed in studies of human 
plasma (BOARDER et aI. 1982 b). The study involved trypsin treatment of gel-fil
tered plasma fractions and the released activity was monitored by receptor assay. 
In a similar study on plasma from a schizophrenic patient, we were able to iden
tify tryptic fragments cross-reacting in the RIA for Leu-enkephalin-Arg6 (NY
BERG et aI., 1987). Judging from their chromatographic behavior, some of these 
enkephalin hexapeptide-containing fractions were of comparatively high molecu
lar weight (5-10 kdalton). Further studies of those components are in progress. 

D. Functional Aspects 

I. Opioid Peptides in Biologic Fluids 

Most clinical studies of opioid peptides have focused on their levels in eSF or 
plasma. Since eSF is in direct contact with the eNS, it seems likely that the eSF 
levels reflect neuropeptide activity in eNS regions more adequately than that in 
the plasma. Another point in favor of analysis of eSF components is the low con
centrations of total protein. However, precautions may have to be taken against 
enzymatic degradation, a phenomenon not generally acknowledged, despite re
ports of enzymes in eSF (HAZATO et aI. 1983; SCHWEISFURTH and SCHIOBERG
SCHIEGNITZ 1984; NYBERG et aI. 1985; LANTZ and TERENIUS 1985). The limited ac
cessibility of eSF is another problem; even if one tap can be considered as clinical 
routine, repeated sampling is rarely possible. On the other hand, plasma sampling 
can be carried out very frequently without greatly affecting the patient. This 
makes plasma analysis ideal for longitudinal studies within the same patient. 
Limitations with endorphin analysis in plasma samples have several origins, some 
of which may be difficult to overcome. First, plasma levels of endogenous opioids 
mainly represent contributions from peptides produced outside the blood-brain 
barrier, for instance in the pituitary and adrenal glands or in paracrine tissue of 
the gastrointestinal tract. In fact, it has been shown that eSF levels of, say, {3-en
dorphin do not parallel those in plasma, thus suggesting a different origin of the 
peptide in the two fluids. Thus, plasma analysis rarely reflects endorphin activity 
in eNS directly. Second, proteases are ubiquitous in plasma and vascularized tis
sues, leading to rapid and extensive degradation. 

Quantitative analysis of opioid peptides in eSF or plasma may be of interest 
for two main reasons. First, they may serve as markers offunctional activity. Sec-



240 F. NYBERG et al. 

ond, the compounds as measured in the two compartments may be of relevance 
as mediators of hormonal action. 

1. Markers of Functional Activity 

It seems clear that changes in opioid peptide levels in CSF or plasma may be a 
reflection of activities in neuronal or nonneuronal cells expressing these peptide 
systems. For instance, immunoreactive [3-endorphin in human ventricular CSF 
rises after focal electrical brain stimulation for treatment of intractable pain 
(AKIL et al. 1978 b; HOSOBUCHI et al. 1979). Increased CSF endorphins have also 
been observed in cats and rats after sciatic nerve stimulation (YAKSH et al. 1983). 
However, in this study, the peptide species showing most consistent increases did 
not correspond to major peptides common in brain tissue, which were used as 
markers. This is in agreement with the observation that major opioid pep tides in 
human CSF are distinct from "common" peptides and represent higher molecular 
weight forms (NYBERG et al. 1986). One likely explanation is differential meta
bolic stability favoring peptides of somewhat higher molecular weight. Markers 
of activity in any of the three opioid peptide systems may also be sought among 
sequences not having the opioid message. Thus, NH2 terminal segments of pro en
kephalin A (syn-enkephalin, LISTON and ROSSlER 1984) or proopiomelanocortin 
(CHAN et al. 1983) have been measured by specific RIAs. The latter group re
ported elevated level NH2 terminal fragments in patients with Cushing's disease, 
Nelson's syndrome, and other disorders of the pituitary-adrenal axis or in 
chronic renal failure. The NH2 terminal fragments may be useful markers of gene 
activity, both because they are metabolically stable and because there may be less 
potential for cross-reaction with other peptide sequences; however, they cannot 
reflect processing events involving the opioid, i.e., the message sequences. 

2. Hormones 

Opioid peptides may have an endocrine role, both within the CNS and in the con
ventional sense via circulation in plasma. Within the CNS, there are fibers with 
proopiomelanocortin which terminate in ventricular walls, and which may release 
[3-endorphin in a neuroendocrine fashion. These peptides may interact with CNS 
opioid receptors as previously discussed. With opioid pep tides released into 
plasma, there is uncertainty as to possible target organs. This is partly due to the 
relatively meager data on peripheral effects of opioid peptides given systemically. 
Their putative role in stress and shock (see Sect. E.II) suggests that possible target 
organs are: vascular beds, particularly in the lung; nerve plexi in the gastrointes
tinal tract and sympathetic ganglia (which however, are probably protected by 
nerve-blood barriers); and probably endocrine tissues. A direct diuretic effect of 
dynorphin on K-receptors in renal tubules has been described (SLIZGI et al. 1984). 
Apparently, opioid peptides may have actions quite different from those typical 
of classical opiates; the definition of these actions is still incomplete and remains 
important. 
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E. Clinical Aspects 
In a number of studies, opioid peptides as measured in body fluids have been 
taken as an index of functional activity. The following survey is by no means ex
haustive. 

I. Pain 

The presence of endorphins and opioid receptors in the regions of the CNS con
cerned with pain transmission supports their involvement in endogenous pain 
suppression mechanisms (for review see TERENIUS 1982). Of particular interest in 
the context of this chapter is the involvement of endorphins in stimulation-pro
duced analgesia (TERENIUS 1981, 1982; AKIL and WATSON 1984). Stimulation-pro
duced analgesia has been shown to be partially reversed by naloxone, a potent 
narcotic antagonist, in rats (AKIL et al. 1976), in cats, and humans (HOSOBUCHI 
et al. 1977; AKIL et al. 1978 b). It has also been shown that there is concurrent in
crease of endorphins in the CSF in rats and cats (CESSELIN et al. 1982; Y AKSH and 
ELDE 1981; Y AKSH et al. 1983). In patients with pain, the release of endogenous 
opioids into the CSF by clinically effective stimulation has been demonstrated 
(AKIL et al. 1978 b; CLEMENT-JONES et al. 1980a; HOSOBUCHI et al. 1979; SJOLUND 
et al. 1977; VON KNORRING et al. 1978). 

Another phenomenon which associates the endorphins with pain is the para
digm of stress-induced analgesia. It is known that stress-induced analgesia has 
both opioid and nonopioid components (BODNAR et al. 1978; LEWIS et al. 1980). 
The work of Liebeskind's group has shown that the footshock stressor with dif
ferent parameters and duration can lead to either nonopioid-mediated or opioid
mediated stress-induced analgesia (LEWIS et al. 1980). Footshock stress, under 
conditions which produce naloxone-reversible analgesia, brings about a signifi
cant depletion of p-endorphin-like material from the anterior pituitary and an in
crease in the plasma concentration of p-endorphin (GUILLEMIN et al. 1977; AKIL 
and WATSON 1982). Evidence suggesting that dynorphin levels in hypothalamus 
and pituitary are altered by stress-induced analgesia has also been reported (AKIL 
et al. 1984). 

II. Stress, Physical Exercise, and Shock 

Since proopiomelanocortin is the pro hormone common to the stress hormone 
ACTH and to p-endorphin, it is logical to assume that p-endorphin secretion oc
curs as part of the stress response. Likewise, the enkephalin peptides synthesized 
in the adrenal medulla are present in the same cells as the catecholamines and 
stress hormones, and are likely to be released in concert. A more detailed dis
cussion of endogenous opioids and stress is given by AKIL et al. (1984). 

Recent interest in the endocrine consequences of long-distance running and 
other exhausting sport activities, has been extended to studies of endorphins. 
Thus, moderately exhaustive or long-distance running increases plasma levels of 
p-endorphin and ACTH (GAMBERT et al. 1981; JANAL et al. 1984). There were ac
companying increases in pain tolerance and subjective effects of mental well-be-
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ing, the "runner's high." Increases in plasma p-endorphin were recently reported 
to be even more important in the early postexercise period (DE MEIRLEIR et al. 
1985). 

A related area of study is shock. The functional relationships and the car
diovascular effects of opioids have recently been reviewed (HOLADAY 1983). How
ever, very little is known about which opioid peptides are released into plasma 
or other body fluids during shock. 

III. Narcotic Dependence 

The role of opioid receptors and endorphins in opioid tolerance and dependence 
has been reviewed by TERENIUS (1984). Several investigators have analyzed opioid 
peptides in body fluids of addicts. For instance, increased p-endorphin levels were 
observed in CSF and plasma of addicts in withdrawal (CLEMENT-JONES et al. 1979; 
EMRICH et al. 1983). Evidence for changes of receptor-active CSF endorphins dur
ing withdrawal with a minimum level at 26 h followed by a rebound has also been 
reported (HOLMSTRAND et al. 1981; O'BRIEN et al. 1983). However, measurements 
of Met-enkephalin gave no evidence of changes (CLEMENT-JONES et al. 1979). Fur
thermore, an intravenous dose of naloxone in addicts previously maintained on 
methadone and in a detoxification period failed to raise plasma levels of proopio
melanocortin-derived peptides, while in healthy volunteers it more than tripled 
the level (GOLD et al. 1981). Progress in the understanding of the biosynthesis of 
the endorphins has provided new directions for studies of the opioid peptide sys
tems in drug dependence. For example, it was shown that an observed decrease 
in pituitary p-endorphin in morphine-treated rats was caused by a decrease in the 
biosynthesis of proopiomelanocortin (HOLLT et al. 1981; GIANOULAKIS et al. 
1982). 

IV. Psychiatry 

In recent years, extensive investigation has been focused on the role of opioid pep
tides in psychiatric diseases (for reviews see WATSON et al. 1983; TERENIUS and 
NYBERG 1986). The anatomic distribution of endogenous opioid peptides with 
dense innervation in limbic structures suggests involvement in regulation of mood 
and behavior. It is also known that the endorphins interact with central catechol
amines that are implicated in psychiatric disorders. The first biochemical evidence 
in support of a link between endorphins and psychosis was reported by TERENIUS 
et al. (1976). Increased levels of radioreceptor-active opioid activity in the CSF 
of schizophrenic and manic depressive subjects were observed. This study and the 
observation of an anti hallucinatory effect of naloxone in certain cases of schizo
phrenia (GUNNE et al. 1977) have been followed up and extended in many differ
ent laboratories (BLOOM et al. 1976; DOMSCHKE et al. 1979; EMRICH et al. 1979; 
GERNER and SHARP 1982; LINDSTROM et al. 1978, 1982; Lo et al. 1983; NABER et 
al. 1981 ; NAKAO et al. 1980; PICKAR et al. 1982; RIMON et al. 1980; WATSON et al. 
1983). In most of these studies, individual opioid pep tides such as p-endorphin 
or enkephalins have been quantitated by RIA, although certain studies have used 
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radioreceptorassay (RRA). The strongest correlation between elevated endor
phins and the presence and severity of psychiatric disorder arises from studies 
based on measurements of proenkephalin A-derived peptides. Most studies 
focused on fJ-endorphin appear negative, whereas data from proenkephalin B-de
rived peptides is still needed. However, ZHANG et al. (1985) reported dynorphin 
A (1-8) to be lower in patients with schizophrenia than in controls. It has been 
suggested that the major pool of opioid pep tides recognized by receptor assay is 
related to the proenkephalin A family (NYBERG et al. 1983 a). 

V. Neuroendocrinology and Endocrine Tumors 

The very high concentration of opioid pep tides in the hypothalamus suggests that 
they may be important in neuroendocrine regulation. In fact, several indices of 
endorphin activity are neuroendocrine. It has been shown that Met-enkephalin 
and fJ-endorphin are potent stimulators of prolactin and growth hormone secre
tion in rats and in humans (BRUNI et al. 1977; STUBBS et al. 1978; REID et al. 
1981 a, b). It seems likely that in both species endorphins control prolactin release 
predominantly through an interaction with hypothalamic dopamine (RAGA VAN 
and FRANTZ 1981; VAN LOON et al. 1980). For growth hormone the situation ap
pears more complex with evidence for multiple neurotransmitter interactions in 
rats (KATAKAMI et al. 1981; RIVIER et al. 1977; TERRY et al. 1982) and a possible 
cholinergic link in humans (MAYER and KOBBERLlNG 1981; DELl TALA et al. 1983). 
An inhibitory effect of exogenous opioids has been observed for thyrotropin 
(TSH) secretion in rats and humans, and this effect is easily reversed by naloxone 
(BRUNI et al. 1977; GROSSMAN et al. 1981 b). It has been suggested that the opioid 
control of TSH secretion is mediated via an inhibition of hypothalamic dopa
mine, as is the situation with prolactin (DELlTALA et al. 1981 a, b; SHARP et al. 
1981). However, the magnitude of the opioid effect does not indicate that endor
phins are likely to be important in the physiologic control of TSH in humans. 

The effects of opioids on the gonadotropins in humans are broadly similar to 
those observed in rats; with opioid pep tides decreasing and naloxone increasing 
their levels (CICERO 1980; KINOSHITA 1980, 1982; MORLEY 1980). These changes 
appear to be due to opioid modulation of the pulsatile release of luteinizing hor
mone-releasing hormone (LHRH) (DROUVA et al. 1981; DELlTALA et al. 1981 c; 
GROSSMAN et al. 1981 b). In rats, opioid modulation ofLHRH release may be im
portant in the initiation of puberty and the control of sexual behavior (WILKIN
SON and BHANOT 1982; SIRINATHSINGHJI et al. 1983), whereas in humans the clear
est opioid control of gonadotropins is exemplified by the change in LH pulsatility 
associated with hyperprolactinemia (GROSSMAN et al. 1982). 

There is clear evidence that hypothalamic opioid peptide systems suppress the 
pituitary-adrenal axis in both humans and rats (STUBBS et al. 1978; DELlTALA et 
al. 1981 a; FERRI et al. 1982), giving a decrease in circulating ACTH, LPH, and 
cortisol. For instance, in Addison's disease there is a loss of steroidal feedback 
on ACTH release, and the effect of exogenous opioids in suppressing circulating 
ACTH is very much magnified (GAILLARD et al. 1981; ALLOLlO et al. 1982). It is 
likely that the effect of opioids on the corticotrophs is mediated through inhibi
tion of corticotropin-releasing factor (CRF) release. Opioids are probably in-
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volved in the release of CRF in response to stress (BUCKINGHAM 1982), but the 
precise details of this control mechanism are unknown. 

An inhibitory effect of opioids on the release of posterior pituitary peptide 
hormones has also been demonstrated. Thus, there is increasing evidence that 
opioid peptides are potent inhibitors of vasopressin (AZIZ et al. 1981; IVERSEN et 
al. 1980; GROSSMAN et al. 1980; REID et al. 1981 b) and oxytocin release (HALDAR 
and BADE 1981; LUTZ-BuCHER and KOCH 1980). However, the receptors mediat
ing this response are relatively insensitive to naloxone (LIGHTMAN et al. 1982). It 
therefore seems likely that the opioid effects on the posterior pituitary are medi
ated through sites with poor affinity for J-l-ligands, e.g., 6- or K-receptors. This 
would be compatible with the high concentrations of Leu-enkephalin and dynor
phin found in this region of the gland (WATSON et al. 1982). 

Several tumors of both endocrine and nonendocrine origin associated with 
disturbed opioid peptide involvement have been found in humans. Among the en
docrine tumors, the {3-endorphin/ACTH-producing pituitary adenomas con
nected with Cushing's disease and Nelson's syndrome are common (GILLIES et al. 
1980; SUDA et al. 1979, 1980). Moreover, {3-endorphin-like immunoreactivity has 
been observed in several nonendocrine tumors associated with the ectopic ACTH 
syndrome (ORTH et al. 1978; HASHIMOTO et al. 1980; PULLAN et al. 1980). These 
tumors were also found to contain Met-enkephalin immunoreactive material. 
High concentrations of Met-enkephalin and its high molecular weight precursor 
have been detected in human adrenal medullary pheochromocytomas (CLEMENT
JONES et al. 1980b). These tumors have been used for the isolation of Met-enke
phalin from human tissue (CLEMENT-JONES et al. 1980b). The clinical sequelae of 
the opioid peptides found in endocrine and nonendocrine tumors, however, are 
not yet fully clarified. 

F. Concluding Remarks 
Although this chapter is by no means exhaustive, it illustrates the broad biologic 
and clinical context of RIA analysis of opioid pep tides in body fluids. The explo
sive growth in interest in the endorphin field which occurred during the last de
cade can explain some of the conceptual errors and methodological flaws which 
abound in the literature. For instance, one critical issue which is often overlooked 
is that of using the proper compartment (fluid). There is no evidence that opioid 
peptide secretion into CSF and plasma is coordinated and there is restricted pas
sage of opioid peptides from plasma into CSF. Far too many studies take the 
stand that opioid peptides as measured in plasma can be used as an index of CNS 
activity. CSF levels are likely to be a much better choice. Also relevant to func
tional indications is the selection of the proper peptide for measurement. The 
most frequent choice is {3-endorphin, whereas the proenkephalin-derived pep
tides, which are more abundant, have received much less attention. This is partly 
on methodological grounds; for instance, commercial RIA kits are available for 
{3-endorphin measurements, but not until recently for other opioid peptides. 

The chemical relevance of measured activity needs continued attention and 
there is much room for methodological development. The sampling protocol is 
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also critical, particularly in plasma analysis, and needs to be meticulously stan
dardized. Authors and referees have the responsibility of ensuring that papers de
scribing RIA analysis of opioid peptides in body fluids have adequate detail in 
the description of sampling protocol, preseparation procedures, and assay condi
tions. There is still a need to identify the chemical nature of opioid pep tides in 
body fluids and to establish functional relationships, i.e., suitable markers for 
measurement. 

The complexity of the opioid peptide systems is baroque, both in chemical and 
anatomic/physiologic terms. It will require considerable unraveling to identify 
functional roles in this variety of systems. RIA analysis of body fluids will remain 
important, particularly in studies of the normal physiology and pathophysiology 
in humans. 
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CHAPTER 11 

Radioimmunoassay of Pituitary 
and Hypothalamic Hormones 
D. COCCHI 

A. Introduction 
Radioimmunoassay (RIA) systems have been developed to quantitate virtually 
every hormone available in pure form. This exquisitely sensitive technique has 
revolutionized the fields of endocrine physiology and clinical endocrinology. 
Bioassay techniques which have been employed for many years are not suffi
ciently sensitive to measure accurately all the anterior pituitary hormones in 
plasma; the development of RIAs in biologic fluids and tissues has permitted 
studies which have greatly expanded our knowledge of the factors involved in an
terior pituitary hormone synthesis, metabolism, and action. A chapter on the gen
eral principles ofRIAs for anterior pituitary hormones would have the disadvan
tage of being repetitive, several excellent reviews on this topic being already avail
able in the literature. 

In view of these points, this chapter, in addition to quoting many papers from 
the literature describing the technical procedures of pituitary hormone RIAs in 
several animal species, will focus on some aspects thought to be of peculiar inter
est. More space will be given to the second part of the chapter, on the RIA de
tection of hypophysiotropic neurohormones. This is an expanding field in endo
crinology, particularly after the recent recognition of corticotropin-releasing fac
tor (CRF) and growth hormone-releasing hormone (GHRH). Besides a descrip
tion of the general problems related to the assay of hypophysiotropic peptides 
and a critical assessment of available techniques, the significance of determina
tions of these peptides in brain areas or biologic fluid as an index of neuronal 
function will be considered. For general considerations on RIA techniques and 
description of the basic principles of antigen-antibody interaction, the reader is 
referred to Chaps. 1 and 2. 

B. General Principles of Determination 

I. The Antibody 

Chapters 3 and 4 deal with problems related to the production of the antibody, 
the agent playing a key role in the RIA method. The sensitivity of the assay is di
rectly related to the avidity of the antibody for the antigen, and its specificity de
pends on the reaction between the determinants of the antigen and the sites of the 
antibody. 
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While in RIA methods polyclonal antibodies are generally employed, mono
clonal antibodies produced by hybrid myelomas (see Chap.4) are valuable re
agents for use in immunoradiometric assays (IRMA; see Sect. B.V) in which the 
antibody is the labeled component. Once a suitable antibody has been obtained, 
it may be produced in large quantities with constant characteristics. It may be eas
ily purified from other immunoglobulins for preparation of solid-phase and la
beled antibody reagents. Moreover, it is possible to produce different antibodies 
reacting with distinct determinants in a given molecule, which can find applica
tion in two-site assays (see Sect. B.V). 

The major problem related to the use of monoclonal antibodies in RIA is the 
difficulty of obtaining one with a sufficiently high affinity in order to achieve 
maximum sensitivity. High affinity may be less important for IRMAs in which 
antibody may be added in excess, although the kinetics of antibody binding may 
still be a factor in relation to convenience of assay protocol. Antisera can be 
stored frozen almost indefinitely since they rarely deteriorate. Deterioration of 
antiserum is not the usual cause of problems in RIAs. 

II. The Labeled Antigen 

All the problems related to radioiodination and purification of labeled antigens 
are discussed in Chap. 5. Detailed procedures for iodination will be described for 
some particular hormones. In contrast to antisera, most purified antigens for io
dination, kept in solution (even frozen) for more than 1 month, may lose their 
ability to bind well with antiserum. In case of such difficulty, an aliquot of antigen 
should be weighed and solubilized before each iodination. 

III. Reference Preparations 

The problem of reference preparations is very important in the RIA of most an
terior pituitary hormones, which must be obtained from pituitary extracts. Estab
lishment of international standards has enabled investigators to report results ei
ther in international units or in terms of the reference material, and has made it 
possible to compare directly figures obtained by different laboratories. Reference 
preparations of pituitary hormones are now available from two major organiza
tions: the National Institute of Arthritis, Diabetes, Digestive and Kidney Dis
eases (NIADDK) (see Table 1) and the National Institute for Biological Stan
dards and Controls, Holly Hill, Hampstead, London NW3 6RB. 

For each standard, it is specified the species of animal from which the hor
mone is derived, the source, and the type of assay (RIA or bioassay) for which 
the standard is suitable. The potency of the standard preparation is expressed in 
international units (IU).1t is advisable that each author, when describing the RIA 
method, reports the type of reference preparation used and possibly its biologic 
potency. This procedure will facilitate comparison between results. 
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IV. Separation of Bound from Free Labeled Hormone 

Separation of unreacted free labeled hormone from the antibody-bound label in 
RIAs can be achieved by many methods which utilize the difference in physico
chemical properties between the antibody and the test hormone. They include dif
ferential solubility in organic solvents (THOMAS and FERIN 1968), molecular size 
(HABER et al. 1965), and electrophoretic mobility (Y ALOW and BERSON 1959). For 
routine checking of binding, organic solvents, with or without salts, are extremely 
useful and rapid. However, when serum samples are to be assayed, the results do 
not appear to be satisfactory. This could possibly be due to coprecipitation of the 
free label along with the antigen-antibody complex in the presence of excess pro
tein. Solid-phase RIA systems employ the antibody coated directly on the inner 
wall of test tubes (CATT and TREGEAR 1967) or covalently bound to a solid sup
port immunoadsorbent (CATT et al. 1966). The major advantage of a solid-phase 
antibody is to facilitate the separation of antibody-bound from free labeled 
antigens. The method is simple, but has the drawback of low sensitivity because 
the immunoreactivity of the antibody is decreased through coating. The use of a 
double-antibody (antibody to the immunoglobulin of the animal in which the 
hormone antibody was prepared) to precipitate the soluble hormone-antibody 
complex formed during the first incubation is a widely employed technique 
(UnGER et al. 1962). Verification of the quality of each batch of anti-immuno
globulin serum is extremely important. This is done by adding increasing dilu
tions of the serum to an incubation mixture containing the specific antiserum and 
the labeled antigen in the absence of cold antigen. The radioactivity curve of the 
labeled antigen should show a plateau before falling off at high dilution. The pres
ence of serum or plasma may cause a delay in the precipitation; this interference 
is due to serum complement (MORGAN et al. 1964). The inhibition of precipitation 
is prevented by addition of EDT A (0.005-0.01 M) or heparin (1000 IU Iml). 

Other separation methods remove the free antigen from the incubation mix
ture. They are based on the high affinity of free antigen for materials such as char
coal, silica, and some ion exchange resins, to which the antigen-antibody complex 
binds poorly. These methods are generally useful for rather small polypeptides 
(glucagon, ACTH, hypophysiotropic peptides) which bind strongly to the ad
sorbing material. In the case of charcoal, it has been implied that coating with an 
appropriately sized molecule (different for each hormone) is necessary to provide 
good separation of bound and free hormone, by allowing the free hormones to 
penetrate to the adsorbent through pores (between the coating molecules) that are 
too small to permit the hormone-antibody complexes to pass. HERBERT et al. 
(1965) reported that both dextran and Ficoll, a nonionic polymeric alcohol (aver
age molecular weight 400000) are useful coating agents. Dextran-coated charcoal 
is available commercially and is used extensively. 

V. Future Development of RIAs 

In addition to development of alternative methods which do not employ radioac
tive materials such as fluoroimmunoassays and luminiscent immunoassays, the 
efforts of qualified researchers are inclined to development of assays of greater 



258 D. COCCHI 

sensitivity, specificity, and speed than RIAs. A method which displays per
formance characteristics which are superior to the past generation ofRIAs is that 
employing labeled antibodies. The technical constraints on the use of such assays 
have rested, in the past, on the problems associated with the production of rela
tively large amounts of labeled antibody of appropriate specificity. Labeled anti
body techniques need much greater amounts of antibody than labeled antigen 
techniques; moreover, the extraction, labeling, and purification of labeled anti
body from antisera raised by conventional in vivo immunization technique are 
both time-consuming and wasteful. The advent of monoclonal antibody produc
tion techniques clearly offers the possibility of circumventing these practical dif
ficulties. These techniques (see Chap. 4) offer the possibility of the synthesis, in 
relatively pure or easily purifiable form, of large amounts of antibody. 

IRMA, which involves preparing a radio labeled derivative of the protein to 
be assayed by reacting it with labeled antibody and separating the derivative from 
excess labeled antibody, was first described by MILES and HALES (1968). There are 
two processes in all IRMA methods: (a) the interaction of antigen with labeled 
antibody; and (b) the reaction either of the unreacted labeled antibody with solid
phase linked antigen or of the labeled antibody-antigen complex with solid-phase 
linked antibody (the two-site variant). 

Several different methods of labeling and types of solid phase have been suc
cessfully used in two-site assays. The immobilization of antibodies by simple ad
sorption to the walls of plastic incubation tubes is a particularly simple technique. 
This allows easy assessment and comparison of several different antibodies, and 
provides a basis for a rapid and convenient separation step in the assay itself. 
Many two-site IRMA methods have been developed for pituitary hormones and 
will be quoted in the appropriate sections. 

c. Radioimmunoassay of Anterior Pituitary Hormones 
The RIA technique for determination of anterior pituitary hormones in biologic 
fluids and tissue extracts is now very well established. Many high quality commer
cial kits are available for detection of human hormones and many manufacturers 
also sell purified antigens, labeled or unlabeled, and antibodies for RIAs of pitu
itary hormones in experimental animals, namely rats. 

The problems of obtaining antisera and purified antigens for researchers who 
do not want to use commercial products or who determine hormones in animal 
species other than the rat (dog, mouse, etc.) have been overcome by the ready 
availability of these materials from the Hormone Distribution Program of the 
NIADDK. Table 1 lists the research materials procured and distributed to quali
fied investigators by the NIADDK. Everybody can easily find the complete, up
to-date list of reagents in certain issues of Endocrinology and/or Journal of Clini
cal Endocrinology and Metabolism. 
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Table 1. National Institute of Arthritis, Diabetes, Digestive and Kidney Diseases. Research 
materials available to qualified investigators a 

Human Rat Ovine 
RIA vials RIA vials RIA vials 

H AS RP H AS RP H AS 

GH 1" Ib 1 e 
PRL Ie Ib 1b 
FSH 1 e 1" 1 e 
LH Ib 1 e 
TSH Ib 1 e P 
ACTH P 

Subunits 

Human (h), ovine (0), rat (r) kits 
oa-LH 1 ha-LH 1 g 

of3-LH 1 hf3-LH 1 e 

haCG P ra-LH antiserum only 
hf3-CG P rf3-LH 1 
ha-TSH P rf3-TSH 1 
hf3-TSH 1h ha-CG 2-5mg 
hf3-FSH p hf3-CG 2-5mg 

H, Hormone; AS, antiserum; RP, reference preparation. 

RP 

Bovine Porcine 
RIA vials RIA vials 

H AS H AS 

Id 1d 
Id 1d 
5f 5 f 

Ie Id 
p 

Miscellaneous i 

Canine 
GH 
PRL 

Rabbit 

1 kit 
1 kit 

GH 1 kit 
PRL 1 kit 
LH 1 kit 
FSH 1 kit 
TSH 1 kit 

Murine 
GH (RIA) 0.1 mg 
PRL 1 kit 
TSH RP only 1 vial 

a 2 mg; b 400 Ilg; e 500 Ilg; d 1 mg; e 100 Ilg; f 25 Ilg; g 50 Ilg; h 200 Ilg. 
i These materials are distributed by Dr. A. F. Parlow, Director, Pituitary Hormones and 
Antisera Center, Harbor-UCLA Medical Center, 100 West Carson Street, Torrance, CA 
90509, USA, through his own program. 
Address request to: National Hormone and Pituitary Program, Suite 501-9, 210 West 
Fayette Street, Baltimore, MD 21201, USA. 

I. Prolactin 

There has been a plethora of studies over the past decade dealing with various 
facets of prolactin (PRL) and its actions. The endocrinologic literature of the last 
15 years is replete with studies of the chemistry, mechanism of action, regulation, 
and function of PRL in both laboratory animals and humans. The impetus for 
the striking increase in research activity in these areas was provided partially by 
the demonstration that PRL exists as a discrete pituitary hormone in humans and 
is elevated in a significant number of women with altered menstrual and other en
docrinologic functions. In addition, as PRL fulfills several functions in animals, 
possible analogies of function in a variety of mammals, including humans, have 
been sought (JAFFE 1981). 
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1. Human Prolactin 

Many heterologous and homologous RIAs for human (h) PRL have been devel
oped since the early 1970s and for details the reader is referred to the reviews of 
FELBER (1974) and JACOBS (1979). The most important problem concerning hPRL 
RIA is the extreme susceptibility of the antigen to iodination damage. Human 
PRL has a strong tendency for aggregation during iodination, giving problems 
with binding to antibody or with displacement from it. Iodination by the lacto
peroxidase method (THORELL and JOHANSSON 1971) is preferable to the chlor
amine-T procedure (HUNTER and GREENWOOD 1962) since it results in a tracer 
which retains substantial degrees of biologic as well as immunologic activity 
(HUGHES et al. 1982). 

An attempt to solve the problem of damage to hPRL during iodination has 
been reported by VANDER LAAN et al. (1983). It entails the use of a synthetic 13 
amino acid analog of the NH z terminus ofhPRL in which tyrosine is substituted 
for valine at position 13. The peptide was used for iodination and displacement 
curves were found to be parallel when human PRL and the synthetic peptide were 
compared as standards. This RIA has the advantage of purity of the synthetic 
peptide in its roles as hapten and as labeled peptide, of ease of iodination of the 
peptide, and of its stability after iodination. Some of the most commonly em
ployed RIAs for hPRL have been extensively reviewed (JACOBS 1979). Upper 
limits of normal plasma PRL levels in most laboratories are between 15 and 
20 ng/ml. Any elevation of PRL is suspect, and pituitary adenomas have been 
found associated with PRL concentrations as low as 23 ng/ml (CHANG et al. 
1977). The physiologic and patophysiologic states with alterations of plasma PRL 
levels have been reviewed by JAFFE (1981). 

2. RIA Determination of Prolactin as an Index of Biologic Activity 

Clinicians have long been aware that RIA measurements of serum PRL do not 
always correlate with clinical findings. For example, some patients with high RIA 
PRL levels have normal menstrual function and no galactorrhea, whereas other 
patients with normal RIA PRL values have marked physiologic disturbances. 

Since the introduction of RIA for measurement of pituitary hormones, inves
tigators have examined the validity of the assays by comparison with bioassays. 
There has been good agreement in the majority of cases. There are reports, how
ever, which indicate that at times the immuno- and bioassays did not agree. In 
these cases, the bioactivity was always greater than the immunoreactivity. NICOLL 
(1975) has written an excellent review of this topic, covering both GH and PRL. 
His conclusion is that the RIA of circulating levels of the hormones does not give 
a physiologically meaningful result. 

Discrepancies between RIA and bioassay were noted when PRL secretion in 
response to the suckling stimulus was measured (NICOLL et al. 1976). This was 
also noted in rats treated with perphenazine or bearing a PRL-secreting tumor 
(LEUNG et al. 1978). The investigators calculated that the RIA measures only 
about 25% of the activity detected by the mammary gland organ culture bioas
say. 
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Studies have been carried out to identify the forms of PRL in the pituitary 
gland which react differently in bioassay and RIA (for review see LEWIS et al. 
1985). PRL is not a single entity, but a family of proteins that differ in size and 
charge, and most likely play different physiologic roles. The possibility exists that 
these different forms of PRL are present in the circulation in varying proportions 
among individuals and may react differently in RIA and biologic assays. 

Until the recent introduction of the Nb2 rat lymphoma cell bioassay for PRL 
(TANAKA et al. 1980) there had been no practical method for the routine assess
ment of PRL bioactivity in human serum. Previous methods, such as the pigeon 
crop sac assay (NICOLL 1967) and the radioreceptor assay (FRIESEN and 
McNEILLY 1977), have to some degree lacked the sensitivity and specificity nec
essary for the study of human serum samples. 

Many studies have been performed comparing serum PRL values determined 
by RIA and by Nb2lymphoma cell bioassay. TANAKA et al. (1980, 1983) showed 
that there was no significant difference in estimates of serum PRL values obtained 
by bioassay or RIA in serum from subjects with PRL levels in the normal range, 
or in patients with elevated levels of the hormone. Slightly different data have 
been obtained by SUBRAMANIAN et al. (1984) who found that in hyperprolactin
emic women RIA values were significantly higher than the bioassay results, and 
the values correlated better in women who were hyperprolactinemic with obvious 
menstrual cycle disturbances than in hyperprolactinemic women without men
strual cycle disturbances. 

3. Prolactin RIA in Other Animal Species 

Availability of antigens and antisera from NIADDK or from the Pituitary Hor
mones and Antisera Center to qualified investigators has eliminated most prob
lems in the development of homologous PRL RIAs in most species oflaboratory 
animals (see Table 1). For the technical procedures to be followed in RIA deter
minations of nonhuman species, the reader can refer to: rat PRL (NISWENDER et 
al. 1969a); mouse PRL (SINHA et al. 1972a; MARKOFF et al. 1981); canine PRL 
(RICHARDS et al. 1980; DE COSTER et al. 1983); ovine PRL (McNEILLY and AN
DREWS 1974); bovine PRL (MACHLIN et al. 1974); rabbit PRL (FUCHS and 
WAGNER 1981); and hamster PRL (SOARES et al. 1983; BORER et al. 1982). 

II. Growth Hormone 

Methods for accurate determination of circulating GH concentrations in humans 
have been available since 1963 (GLICK et al. 1963; SCHALCH and PARKER 1964). 
The hGH RIA is highly specific. Addition of GHs prepared from various nonpri
mate species fails to displace the binding of the labeled hGH to anti-hGH serum. 
However, GH from primates significantly cross-reacts with the hGH assay, and 
this assay may be used for estimations of plasma GH in monkeys. Successful per
formance of the hGH RIA is dependent upon the quality of the protein reagents 
used in the assay, a problem now overcome by the availability of reagents sup
plied by NIADDK. Antibodies obtained from this source, as well as those of most 
commercial kits, show negligible cross-reactivity with other pituitary hormones, 
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particularly PRL. The chloramine-T method can be employed for radioiodina
tion and, prior to use in each assay, an aliquot of iodinated hGH is further puri
fied by chromatography on a Sephadex G-l00 column. Careful descriptions of 
possible RIA procedures for hGH can be found in the literature (PEAKE et al. 
1979; WEBB et al. 1984). 

1. Evaluation of Human Growth Hormone Levels in Blood 

Basal levels of GH in fasting adult subjects are in the range 0-5 ng/ml. Investiga
tions in which GH levels have been detected by RIA after sample extraction and 
concentration on Sepharose columns with adsorbed anti-GH serum have shown 
that maximal basal values were 0.8 ng/ml (DROBNY et al. 1983). According to this 
view, values of 1-2.5 ng/ml might be considered high levels. GH levels are ele
vated in the fetus and during the first days oflife (GLUCKMAN 1982). Spontaneous 
secretory episodes are present at all ages (MARTIN et al. 1978), but are more evi
dent in adolescence; after puberty, an increase in the amplitude and frequency of 
secretory peaks becomes evident, as well as an increase in mean GH values (MIL
LER et al. 1982). It is well known that GH secretion is a highly labile function, re
sponsive to even minor changes in the environment. A variety of metabolic stress 
and endocrine factors may affect its release. Classically, it has been postulated 
that at least three major control mechanisms exist: one concerned with maintain
ing circulating energy-substrate levels in the presence of a decrease in the sub
strate for intracellular energy production (glucoprivation, fasting, lowering of 
nonesterified fatty acids, etc.); the second associated with changes in aminoaci
demia; and the third related to a variety of physical and physiologic stimuli. The 
hormone exhibits a circadian periodicity of secretion with peak levels during the 
initial episode of slow wave sleep (for review see MULLER 1979). 

2. Heterogeneity of Human Growth Hormone in the Circulation 

It is now clear that GH is not a single substance. Knowledge of the chemical na
ture of GH in blood is of considerable biologic importance because of the largely 
unexplained discrepancy between GH-like bioactivity in plasma and GH concen
trations as measured by RIA. The bioactivity in plasma has been reported to ex
ceed immunoassayable GH by as much as 50- to 200-fold (ELLIS et al. 1978). Since 
this cannot be attributed solely to the presence of somatomedins in plasma (ELLIS 
et al. 1978), the possibility of highly bioactive and/or poorly immunoreactive 
forms of GH as part of the overall growth-promoting activity of plasma must be 
considered. 

In the early 1970s, it was shown that fractionation of plasma on Sephadex 
yields two to four (usually three) immunoreactive hGH species with molecular 
weights of about 20000,45000, and >60000 (YALOw 1974). Since no informa
tion existed about the structure of these species, they were named "little," "big," 
and "big-big" hGH. A method was developed for examining serum for multiple 
forms ofhGH (BAUMAN et al. 1983). 

The previous interpretation of the nature of little and big hG H was essentially 
confirmed: these species represent monomeric and dime ric hGH. In addition, big-
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big hGH was recognized as a heterogeneous mixture of hGH oligomers. BAU
MANN et al. (1983), by using physicochemical techniques applied to plasma ex
tracts by immunoaffinity chromatography, showed that the predominant 22 K 
form of GH accounted for about 85% of the total hGH, the second most prev
alent form was 20 K (10% of the total), and only 5% of total immunoreactive 
hGH could be attributed to one or more unidentified acidic forms. 

It is presently not clear what the biologic role of the various forms of hGH 
is. As assessed by radioreceptor assay, monomeric 22 K and some of its cleaved 
congeners have the highest intrinsic potency, although this seems not to be the 
only important parameter for overall bioactivity (BAUMANN 1984). It could be 
possible that some fragments, generated in vivo from the parent hormone, are ca
pable of maintaining the biologic activity while losing immunoreactivity toward 
anti-GH serum. From all these data, it would appear that detection of very low 
radioimmunoassayable plasma GH in some patients (i.e., short children) cannot 
exclude a normal biologic activity of the hormone, suggesting other factors as the 
cause of the short stature. 

3. Growth Hormone RIA in Other Animal Species 

Although most of the experimental studies on the regulation of GH secretion 
have been performed in the rat, this animal does not represent a suitable model 
for GH studies. Its major drawback is the discrepancy among results obtained by 
the bioassay "tibia test" and those obtained by RIA. Most of the conditions such 
as cold exposure, insulin hypoglycemia, or prolonged fasting which are found to 
be associated with reduced levels of pituitary GH, when measured by bioassay, 
displayed no effect on pituitary GH concentrations or the circulating GH levels 
when measured by RIA (MULLER 1973). Despite this drawback, the rat is a very 
useful experimental animal for studies on the mechanism of action of GHRH and 
somatostatin, the hypophysiotropic hormones which dually regulate GH synthe
sis and release (MULLER 1979; THORNER and CRONIN 1985). RIA for rat GH was 
first described by SCHALCH and REICHLIN (1966). An animal model more similar 
to humans as far as the regulation of GH secretion is concerned, is the dog. In 
contrast to rats, dogs show a very stable basal GH secretion, and, in contrast to 
primates, they are scarcely susceptible to sampling-related stress. Dogs exhibit a 
GH response very similar to humans to most neuropharmacologic stimuli. 

Several RIAs for dog GH have been described (COCOLA et al. 1976; HAMP
SHIRE et al. 1975; LOVINGER et al. 1974; EIGEMANN and EIGEMANN 1981). Monkeys 
are considered to be ideal hosts for immunization procedures with canine GH as 
well as for other nonprimate species. The reason is that primate and mammalian 
GHs (dog, ox, pig, rat) exhibit appreciable structural differences with virtually no 
immunologic cross-reactivity between the two classes (WILHELMI 1974). As for 
hGH, repurification of 125I-Iabeled canine GH before each assay is important for 
reproducible assay sensitivity (HAMPSHIRE et al. 1975; EIGEMANN and EIGEMANN 
1981); use of tracer without repurification, although giving straight line standard 
curves, results in a loss of sensitivity in the lower range of the curve. 

Increasing interest in GH secretion in mice is principally due to the existence 
of a mutant dwarf mouse (dw/dw, Snell dwarf mouse) endowed with a defective 



264 D. COCCHI 

pituitary gland which is lacking in acidophils (and consequently having undetect
able circulating GH levels; SINHA et al. 1975). These mice represent a very suitable 
experimental model for studying the action of agents (such as GHRH) to be used 
for the therapy of human dwarfism. Although homologous RIAs for mouse GH 
have been described (SINHA et al. 1972 b), in our laboratory we use the heterolo
gous RIA for rat GH with excellent results (utilizing reagents provided by 
NIADDK). In addition to the previously mentioned RIAs for rat, dog, and 
mouse GH, homologous assays for rabbit and ovine GH have been reported 
(CHIHARA et al. 1984; DAVIS et al. 1977). 

III. Glycoprotein Hormones 

1. Gonadotropin RIA 

The cross-reaction of gonadotropin antisera across species barriers was recog
nized many years ago (MOUDGAL and LI 1961). This property was successfully ex
ploited by NISWENDER et al. (1968b) to develop heterologous RIA systems for 
measuring luteinizing hormone (LH) in many species by using a universal anti
serum against ovine LH (NISWENDER et al. 1969 b). Improved RIAs of the homol
ogous type have been described by various authors for gonadotropins of several 
animal species (see MOUDGAL et al. 1979 for review; YEN et al. 1968, 1970; KOSASA 
et al. 1976 for human gonadotropins; NEILL et al. 1977 for simian LH; NIS
WENDER et al. 1968 a; DAANE and PARLOW 1972 for rat gonadotropins; L'HERMITE 
et al. 1972 for ovine FSH). 

Basal (tonic) gonadotropin secretion, which is characterized by pulsatile, 
rhythmic circhoral discharges of LH and follicle stimulating hormone (FSH) is 
controlled by the classical negative feedback action of estradiol and the initiation 
of the preovulatory gonadotropin surge is the consequence of a stimulatory effect 
of the same steroid when its concentration in serum surpasses a given threshold 
for a well-defined period of time (for review see KNOBIL 1974). The signal which 
initiates the circhoral pulsatile discharges of gonadotropins originates in the cen
tral nervous system and is mediated by a pulsatile release of gonadotropin-releas
ing hormone (LHRH) (CARMEL et al. 1976). 

a) Gonadotropin RIA in the Rat 

Although primates represent the experimental animals closest to humans as far 
as gonadotropin regulation is concerned, the rat is extensively used. Variable 
levels of LH and FSH are reported in the literature, depending on the potency 
of the reference preparation available. For instance, rat LH RIA reference prep
aration NIADDK rLH-RP-2 (the one available at present) is 61 times as potent 
as the previously distributed reference preparation NIADDK rLH-RP-1. There
fore, expression of serum LH values in terms of NIADDK-rLH-RP-2 gives 
values (ng/ml) which are 61 times lower than previously. For rat FSH, the new 
reference preparation (RP-2) is 45 times more potent than RP-1. In the following 
paragraphs, we will describe an RIA for rat LH currently performed in our lab
oratory. The RIA is carried out with materials obtained from the NIADDK, us
ing minor changes from the printed format supplied with those materials. 
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Each assay tube contains 200 III of either rabbit anti-rat LH (initial dilution 
1: 10000) or buffer (PBS 0.01 M, EDTA 0.05 M, 3% normal rabbit serum, 
pH 7.6, for detection of nonspecific binding) and 200 III standard or unknown. 
NIADDK rat LH-I-6 is iodinated by the chloramine-T method (2.5 Ilg LH in 
10 III PBS is iodinated with 1 mCi 1251 by the addition of 25 Ilg chloramine-T). 
The reaction is allowed to proceed for 45 s and is terminated by the addition of 
50 Ilg sodium meta bisulfite and 50 1110.5% KI. 

Purification of the labeled LH is carried out using a 5-ml plastic disposable 
syringe packed with Sephadex G-50 medium grade in PBS. Labeled LH (100 Ill), 
containing approximately 15000 CPM per tube, is added to all assay tubes and 
these are incubated at room temperature for 24 h. Thereafter, 200 III goat anti
rabbit IgG is added and the samples incubated overnight. To maximize the sen
sitivity of the assay, when very low plasma LH levels have to be determined, dis
equilibrium incubation is used. The radioimmunoassay of rat FSH routinely per
formed in our laboratory is very similar to that employed for LH. In order to im
prove the sensitivity of the assay, the reagents are always preincubated prior to 
addition of the tracer. 

b) Biologic and Immunologic Activity of Human Gonadotropins 

The introduction of a simple method for the measurement of biologically active 
LH (based on testosterone production by dispersed interstitial cells of the rat tes
tis; DUFAU et al. 1974) have allowed one to obtain a reliable measure of LH pres
ent in human plasma. The profiles ofLH biologic activity in normal subjects were 
found to be identical with those measured by RIA. However, a difference between 
the two methods was found when LH levels were very high (postmenopausal 
women, and after LHRH administration; DUFAU et al. 1976), suggesting that cir
culating LH molecules exhibit a relatively higher biologic activity during states 
of increased biosynthesis and release of gonadotropins. 

In accordance with the two-pool theory proposed by HOFF et al. (1977), it 
could be supposed that a low basal gonadotropin secretion rate may induce the 
release ofLH only from the "early" pituitary (readily releasable) pool, consisting 
of molecules with a low bioassay: immunoassay ratio. On the other hand, when 
the pituitary is maximally stimulated by LHRH, the "later" (newly synthetic) 
pool may also be utilized, leading to the secretion of a more bioactive form ofLH. 
This theory could also explain the greater responsiveness for bioactive LH of the 
pubertal pituitary, when compared with that observed in adult men (MONTANINI 
et al. 1984). 

2. Thyrotropin RIA 

Among the pituitary hormones, thyrotropin (TSH) is the most finely controlled 
by the periphery. Thyroid hormones represent the primary control mechanism for 
TSH secretion (for review see MORLEY 1981). For this reason, measurements of 
basal serum TSH concentration are extremely valuable in the diagnosis and man
agement of hypothyroidism or thyrotoxicosis. Detection of TSH levels in new
borns allows one to screen those affected by congenital hypothyroidism who will 
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develop irreversible mental retardation unless immediately treated with thyroid 
hormones. 

Thyrotropin has considerable chemical and thus immunologic similarities to 
pituitary and chorionic gonadotropins. All these hormones have two polypeptide 
subunits, one of them (the a-subunit) is similar or identical in structure in the four 
hormones. The other subunit ([3) differs substantially and confers the biologic 
specificity to the hormone. For this reason anti-TSH sera contain anti-gonado
tropin antibodies as well as anti-TSH antibodies (JACQUET et al. 1971). The reac
tivity of anti-TSH serum with gonadotropins can be reduced by absorption of 
anti-TSH serum with human chorionic gonadotropin (hCG) (BINOUX et al. 1974), 
a procedure restricting the population of antibodies directed against a-subunits. 
Absorption is easily performed by incubating the anti-TSH serum with hCG for 
48 h at 4 0c. Attempts have been made to increase the specificity of the assay by 
using antibodies directed against TSH f3-subunit. However anti-f3-subunit sera 
have a very low cross-reactivity for intact TSH (lower than 1 %); therefore, they 
cannot be used to determine the hormone. By standard RIA techniques per
formed with polyclonal TSH antibodies, a low sensitivity (0.8-1 IlU/ml) can be 
reached, making it very difficult to distinguish undetectable TSH levels from low
normal values. A high percentage of normal subjects show low TSH values indis
tinguishable from those really undetectable in hyperthyroid patients. In all these 
cases, a stimulatory test with thyrotropin-releasing hormone (TRH) is mandatory 
for evaluation of hyperthyroidism (for review see SCANLON et al. 1983). 

Development of anti-TSH monoclonal antibodies has in part solved these 
problems. They are endowed with remarkable specificity (they do not cross-react 
with LH, FSH, and hCG) and sensitivity capable of distinguishing low-normal 
levels from undetectable values in hyperthyroid patients (RIFGW A Y et al. 1982). 
Monoclonal antibodies are mainly used in IRMAs which show a higher sensitiv
ity than RIAs (see Sect. B.V). For reviews of the methodological problems related 
to human TSH determination the reader can refer to UnGER (1979). 

Two methods for quantitation ofTSH have been described. The first (ERIKS
SON et al. 1984) does not require centrifugation or decantation steps. It involves 
coupling of a second antibody to agarose spheres which also contain entrapped 
crystals of bismuth oxide in order to attenuate the radiation from the bound frac
tion of the 125I-Iabeled antigen. The system is designed so that the samples may 
be measured in a counter 15 min after the spheres have been added, and give data 
with a good correlation with data obtained by conventional methods. 

The second method (Soos et al. 1984) is a two-site IRMA using two monoclo
nal antibodies, one of which is adsorbed on plastic tubes and the other labeled 
with 125I. The optimized assay covers a working range of 0.17-10 ng/ml TSH in 
a 4 h, single-incubation protocol, with no significant interference from other gly
coprotein hormones at their maximum physiologic or pathologic concentrations. 
For screening of congenital hypothyroidism at birth, methods have been devel
oped for determination of TSH in filter paper disks impregnated by cord blood 
(the earliest convenient sample available from the infant) (FOLEY et al. 1977). 
Thyrotropin RIAs have been developed for many experimental animals: homol
ogous for rat (KIEFFER et al. 1974) and dog (QUINLAN and MICHAELSON 1981); het
erologous for ox (CHIN et al. 1981) and mouse (GERSHENGORN 1978). 
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3. RIA of IX- and p-Subunits 

As already mentioned, the glycoprotein hormones, TSH, LH, FSH, and hCG are 
composed of two covalently bound subunits, rx and 13. The rx-subunits are virtually 
identical in structure and are almost indistinguishable by RIA. The f3-subunit, 
which is unique to each, confers specificity. Separately, neither subunit exerts bio
logic activity (for review see PIERCE and PARSONS 1981). Elevated levels of the free 
subunits are found in the blood of persons with increased levels of the complete 
hormones, e.g., TSH in primary hypothyroidism, LH and FSH in post meno
pausal women, and hCG in pregnancy (KOURIDES et al. 1975). Elevated subunit 
levels have been found in patients with pituitary tumors (KOURIDES et al. 1976; 
MACFARLANE et al. 1980, 1982). In some of these patients, elevated subunit levels 
were reduced by surgical removal of adenoma tissue and external pituitary irra
diation, indicating that measurement of serum subunits may be useful as a marker 
of residual pituitary tumor. 

Higher concentrations of 13-TSH are present in patients with idiopathic central 
hypothyroidism due to the secretion of TSH with reduced biologic activity (FA
GLIA et al. 1983). Since this is the only pathologic condition with a high f3:rx ratio, 
this finding might be a useful diagnostic tool for this disorder. Reagents for de
veloping RIAs of rx- and f3-subunits can be obtained from NIADDK. The cross
reactivity among different rx-subunits (LH, TSH, hCG) is almost complete. 

Intact LH, FSH, and TSH, on the contrary, have variable cross-reactivity in 
most homologous subunit RIAs (up to 15%-20%). The high circulating levels of 
glycoprotein hormones (postmenopausal women, hypothyroid patients) can in
terfere with the measurement of the free rx-subunit, masking the small amounts 
of ectopically produced subunit. Less important is the cross-reactivity displayed 
by intact hormones or rx-subunits in the different f3-subunit RIAs (1 % or less). 
The same is true for cross-reactivity among different f3-subunits, confirming the 
immunologic specificity of the individual f3-subunits. For a detailed description 
of RIA procedures for rx- and f3-subunits, the reader can refer to KOURIDES et al. 
(1974), MACFARLANE et al. (1980), and FAGLIA et al. (1983), for TSH subunits; 
BEITINS et al. (1977), for rx- and f3-LH and FSH, and PAPAPETROU et al. (1980), 
PAPAPETROU and ANAGNOSTOPOULOS (1985), for rx- and f3-hCG. 

IV. Adrenocorticotropin, Endorphins, and Related Peptides 

Adrenocorticotropin (ACTH) is a 39 amino acid peptide with a molecular weight 
of approximately 4500. The pituitary is also known to contain such hormones as 
f3-lipotropin (f3-LPH) and melanotropin (rx-MSH) which share several amino 
acids with ACTH. In addition to these hormones, f3-endorphin (f3-EP), the 
COOH terminal portion of the f3-LPH molecule, is contained in the pituitary and 
hypothalamus. It is known that all these pep tides are derived from the common 
precursor molecule, pro-ACTH-I3-LPH (NAKANISHI et al. 1979). At the COOH 
terminus ofpreproopiomelanocortin (POMC) there exists f3-LPH; next to f3-LPH 
there is a sequence of two amino acids, a possible cleavage site by proteolytic en
zymes, and then there is ACTH. 
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The common precursor can be processed differently in the pituitary gland, 
thus giving rise to different peptides. In the rat, POMC is processed differently 
from ACTH, f3-EP, f3-LPH-, and ct-MSH in the anterior lobe and differently from 
f3-EP and ct-MSH in the intermediate lobe (ROSSlER et al. 1979; MAINS and EIPPER 
1979). The pituitary of adult humans does not exhibit a pars intermedia. The fetal 
pituitary contains a large amount of ct-MSH (SILMAN et al. 1976) while in the 
adult only trace amounts of ct-MSH are present (SCOTT et al. 1973). According 
to the data reported in the rat, in humans, the major products of POMC present 
in the pituitary (anterior), are ACTH and f3-LPH and only small amounts of f3-EP 
have been found (LIOTTA et al. 1978). In human pituitaries, ACTH and f3-LPH 
are present in equimolar concentrations and are concomitantly secreted under 
different physiologic conditions and following stimulation (KRIEGER et al. 1980). 
It is obvious from the foregoing that the mechanism which controls the secretion 
of ACTH from the corticotropic cells must be the same as that controlling the re
lease of POMC-related peptides contained in the same cells. Concomitant reduc
tion of plasma levels after glucocorticoid administration, and the striking increase 
after adrenalectomy or after blockade of cortisol biosynthesis, support the con
cept that ACTH, f3-EP, and f3-LPH share a common mechanism of regulation 
(for review see IMURA et al. 1982). 

In addition to the pituitary, immunoreactivity for ACTH has also been de
tected in the hypothalamus, CSF, and other brain areas of the rat. Also, the other 
POMC-derived peptides (ct-MSH, f3-LPH, and f3-EP) have been localized in sev
eral brain areas: limbic system, mesencephalon, medulla, pons, cortex, and sev
eral hypothalamic nuclei (for review see GROSSMAN et al. 1985). POMC-related 
peptides have also been detected in human placenta (KRIEGER et al. 1980), in male 
reproductive organs (TSONG et al. 1982), and in the gastrointestinal system (see 
GROSSMAN et al. 1985). 

1. Adrenocorticotropin RIA 

The estimation of basal circulating levels of ACTH (20-60 pg/ml) by direct RIA 
requires an antibody of very high affinity, and such antibodies are not readily 
available. Therefore, the vast majority of ACTH RIAs employ antibodies of only 
moderate affinity and utilize a preliminary extraction step involving adsorption 
on powdered glass to concentrate the analyte from relatively large volumes of 
plasma in order to obtain the necessary assay sensitivity. 

A second problem has been the lack of specificity of ACTH RIAs. Thus, the 
cross-reaction of the precursor molecules, fragments resulting from peptidase ac
tivity on the intact molecule, and other peptides with sequence homology in the 
RIA has led to discrepancies between estimates obtained by bioassay and RIA 
and difficulties in interpreting the latter. General problems with RIAs of ACTH 
and related peptides are similar to those encountered for hypophysiotropic pep
tides (see Sect. D.II). 

a) Iodination of Adrenocorticotropin and Related Peptides 

The hormone used for iodination and standard must be as pure as possible. If the 
antibodies are directed toward a portion of the 1-24 sequence of ACTH, any pep-
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tide which includes the 1-24 sequence - (1-24) ACTH or any species of natural 
or synthetic (1-39) ACTH - should be a satisfactory standard. Human ACTH 
can be used as tracer and standard for measuring ACTH in tissue extracts of all 
other animal species. 

Two alternative methods can be used: the first is a modification of the chlor
amine-T method of HUNTER and GREENWOOD (1962) described by ORTH (1979), 
the other, which avoids the use of the Sephadex column, is described in detail by 
REES et al. (1971). Iodination by the first procedure is carried out with 1 mCi 1251 
and 2 Ilg highly purified or synthetic ACTH (provided by the National Pituitary 
Agency). The iodination mixture is purified on a Sephadex G-50 fine gel col
umn. 

According to the other method (REES et al. 1971), the separation of damaged 
from undamaged 1251-labeled ACTH is accomplished by adsorption on QUSO 
glass (Corning). The same procedures can be followed for radioiodination of 
other POMC-derived peptides. Alternatively, iodination with lactoperoxidase 
can be performed (OGAWA et al. 1979; PANERAI et al. 1983). 

b) Antisera 

For antibody production, the antigen (ACTH) has to be conjugated to heterolo
gous serum albumin, thyroglobulin, or other protein carriers for the hapten. It 
is important to couple the polypeptide hapten to as many of the available exposed 
protein-reactive carboxy and/or amino groups as possible. Thus, a large molar ex
cess of hapten is used in the reaction. Two methods suitable for binding (1-24) 
ACTH or other ACTH preparations to albumin with carbodiimide or glutaralde
hyde have been described in detail by ORTH (1979). 

Once the antiserum has been obtained after immunization, it has to be char
acterized, with particular reference to its specificity. For RIA purposes, only the 
specificity of the antibodies in the antiserum that bind labeled tracer are relevant. 
The antisera have to be characterized by defining the portion of the ACTH mol
ecule to which antibodies are directed and the cross-reactivity with IX-MSH, and 
particularly with y-LPH and f1-LPH, since these two hormones possess a common 
heptapeptide sequence with ACTH and are secreted in parallel with it (KRIEGER 
et al. 1980). The high degree of cross-reactivity of antibodies also represents the 
major problem for RIAs of other POMC-reIated peptides, i.e., f1-EP and f1-LPH. 
f1-EP antibodies cross-react up to 100% with f1-LPH, acetylated f1-EP, POMC, 
and, to a lesser degree, with IX- and y-EP (SUDA et al. 1978; PANERAI et al. 1982). 
More specific antibodies (anti-f1-EP) have been obtained by some authors 
(WILKES et al. 1980; WIEDEMAN et al. 1979), making possible the direct measure
ment of such pep tides in tissues. The antiserum for detection of f1EP + f1LPH is 
generally raised against human f1-EP, that for determination of these pep tides in 
rats is raised against camel f1-EP since SEIDAH et al. (1978) have shown that rat, 
ovine, and camel f1-EP are identical. In view of the poor selectivity of the anti
bodies, the assay has to be preceded by separation of the different peptides or, 
alternatively, several antibodies have to be used (WARDLAW and FRANTZ 1979; 
GENAZZANI et al. 1981; PANERAI et al. 1982). Affinity chromatography (see Sect. 
D.2) has been extensively employed to separate POMC-related peptides, over
coming the problem of poorly specific antibodies by using more than one (SHIOMI 
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and AKIL 1982; CAHILL et al. 1983). The RIA described by the latter authors are 
very sensitive and can measure concentrations of f3-EP-like pep tides in 2-4 ml hu
man plasma (sensitivity 5-15 fmol per tube). 

c) IRMA of Adrenocorticotropin 

A nonextracted "two-site" immunoradiometric assay for corticotropin has been 
developed by HODGKINSON et al. (1984). As mentioned before, IRMAs are po
tentially more sensitive and specific, and are quicker and easier to perform than 
RIAs. The assay described by HODGKINSON et al. (1984) is based on the simulta
neous addition of 1Z5I-Iabeled sheep anti-(NHz terminal ACT H) IgG antibodies 
and rabbit anti-(COOH terminal ACTH) antiserum to standards and unknowns 
(0.5 ml followed by 18 h incubation). The use of solid-phase reagents is avoided 
in order to minimize nonspecific effects and the time required for reactants to 
reach equilibrium. Instead, the separation of ACTH-bound from free labeled 
antibody is achieved by the addition of sheep anti-rabbit antiserum, which pre
cipitates bound labeled antibody by complex formation with rabbit anti-ACTH 
antibodies which are also hormone-bound. By this RIA, a level of ACTH as low 
as 8 pgjml can be detected directly in plasma. 

D. Radioimmunoassay 
of Hypothalamic Hypophysiotropic Hormones 

I. Premises 

The ultimate mediators of the neuroregulation of anterior pituitary function are 
the so-called releasing and inhibiting hormones produced by the neurosecretory 
neurons of the medial basal hypothalamus. The chemical structure of most of 
them (six of seven) has now been identified (Table 2). It has been known for many 
years that GH is under a dual regulatory mechanism by two hypothalamic hypo
physiotropic hormones, one inhibitory, and the other excitatory. The inhibitory 
component is somatostatin (SS), while recent identification of growth hormone-

Table 2. Identified hypophysiotropic neurohormones 

Hypothalamic hormone 

Growth hormone- (GH)
-releasing hormones 
Somatostatins 

Prolactin-inhibiting factor 
Thyrotropin- (TSH)-releasing hormone 
Luteinizing hormone- (LH)- and follicle 
stimulating-hormone- (FSH)-releasing hormone 
Corticotropin- (ACT H)-releasing factor 

Abbreviation 

GHRH-40 
GHRH-44 
SS-14 
SS-28 
GAP 
TRH 
LHRH 

CRF 

Structure 

H-40 aa -OH 
H-44 aa -NHz 
H-14 aa -OH 
H-28 aa -OH 
H-56 aa -OH 
H-3 aa -NHz 
H-I0 aa -NHz 

H-41 aa -NHz 

aa, amino acids; GAP, gonadotropin-releasing hormone associated peptide. 
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releasing hormone (GHRH) from a pancreatic tumor makes the hypothalamic 
counterpart of this molecule the most likely candidate for the exicitatory compo
nent. Studies leading to the characterization of GHRH from a human pancreatic 
tumor were motivated by the observation of few patients with bronchial carcinoid 
and acromegaly (for review see FROHMAN 1984a). The tumors contained a 
GHRH-like activity as assessed On primary cultures of rat pituitary cells. 

Purification of GHRH from human pancreatic tumors that caused acromeg
aly was accomplished independently by GUILLEMIN et al. (1982) and RIVIER et al. 
(1982). The primary structure of GHRH determined by Guillemin and colleagues 
was that of a 44 amino acid peptide; the structure obtained by RIVIER et al. (1982) 
was superimposable, the only exception being the lack of the NHz terminal pep
tide. The localization of GHRH neurons seems to be mainly confined to the me
dial basal hypothalamus, with very few neurons in extrahypothalamic areas 
(SAWCENKO et al. 1985). 

The hypothalamic hormone responsible for the inhibitory influence On GH re
lease was identified and synthesized as a tetradecapeptide, somatostatin, by Guil
lemin and his group (BRAZEAU et al. 1973). In addition to the hypothalamus, SS
like immunoreactivity is present in some amygdaloid nuclei, ZOna incerta, hippo
campus, cortex, other CNS areas, gastrointestinal tract, and pancreas (for review 
see REICHLIN 1983). The juxtaposition of SS-containing D cells to insulin and glu
cagon-containing B and A cells within pancreatic islets, and the ability of SS to 
inhibit the release of insulin and glucagon indicate that SS acts as a local (para
crine) regulator of islet A and B cell function. Subsequently, an NHz terminal ex
tended form of SS-14 comprised of 28 amino acids (SS-28) was first identified in 
the intestine and characterized in the hypothalamus (ESCH et al. 1980). 

In 1971, SCHALLY et al. reported for the first time the isolation, amino acid 
composition, and chemical and biologic properties of a nonapeptide, which had 
both luteinizing hormone (LH) and follicle-stimulating hormone (FSH) releasing 
activity. In a subsequent paper, the same group reported the definitive structure 
of a pig neurohormone, a decapeptide containing, in addition to the nine amino 
acid residues, one tryptophan residue. A similar structure has been reported for 
human, ovine, bovine, and rat LHRH (for review see SCHALLY et al. 1979). 

The isolation, elucidation of structure, and synthesis of porcine and ovine thy
rotropin-releasing hormone (TRH) represented a real breakthrough in neuroen
docrinology, since TRH was the first hypophysiotropic hormone to be identified 
and characterized (BOLER et al. 1969; BURGUS et al. 1970). In addition to the hy
pothalamus, TRH is localized in several extrahypothalamic areas such as the spi
nal cord and limbic forebrain where TRH may function as a neurotransmitter or 
modulator (JACKSON 1983). TRH has also been detected in the gastrointestinal 
tract and pancreas of the rat. 

As early as 1955, SAFFRAN and SCHALLY provided evidence for the existence 
of a factor present in the hypothalamus that could stimulate ACTH release. How
ever, until recently, several methodological difficulties hindered the biochemical 
indentification of corticotropin-releasing factor (CRF), a hypothalamic regula
tory peptide identified and characterized later than TRH, LHRH, and SS. In 
1981, VALE et al. reported the structure of ovine CRF, a 41 amino acid peptide. 
Like the other hypophysiotropic peptides, CRF functions not only as a regulator 
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of the release of a specific hormone, but also as a neuromodulator mediating sev
eral neuroendocrine and autonomic responses. The characteristic distribution of 
CRF in the CNS, in close association with a large number of autonomic centers, 
suggests that CRF is an important regulatory peptide mediating several stress re
sponses (V ALE et al. 1983). The availability of hypophysiotropic peptides in pure 
form led to the development of specific RIAs for these substances and allowed 
several studies to be performed aimed at describing their localization and, possi
bly, functions. 

II. General Principles of Determination 

There are three main technical problems in the determination of hypophysio
tropic as well as other peptides: (a) the degradation of their amino acid chain by 
tissue peptidases; (b) the low concentrations in tissues which demand highly sen
sitive assays; and (c) the specificity of antibodies used to detect them by RIA. 

1. Inactivation of Hypophysiotropic Peptides in Biologic Fluids and Tissues 

One of the major problems connected with the assay of peptides in biologic fluid 
and tissues is that, in general, their immunologic as well as biologic activity is rap
idly destroyed. Plasma and tissues are the most active in this sense, while destruc
tion by urine is generally much slower and cerebrospinal fluid (CSF) is minimally 
active in this regard. 

Proteolytic enzymes in serum or tissue extracts have at least two effects on the 
RIA of peptides: 

1. Degradation of the peptide in the sample would lead to underestimation 
of its actual level in the unknown if the antiserum recognizes the entire peptide 
molecule, or possibly, to overestimation of the actual quantity of the peptide if 
the degraded fragments retain immunologic activity. 

2. Degradation of the radioiodinated peptide would prevent its binding to 
antiserum and would be interpreted falsely as inhibition of binding of the radioio
dinated peptide (i.e., overestimation of unknown in the sample). 

Inactivation of the tripeptide TRH immunoreactivity by plasma or serum at 
37°C is rapid, occurring at a rate of 50% or more per minute in vitro (UTIGER 
and BASSIRI 1973; ESKAY et al. 1976). Loss of activity by plasma proteolytic en
zymes is also a feature of LHRH (NETT and ADAMS 1977), somatostatin, and 
GHRH (FROHMAN and DOWNS 1986). 

Unlike plasma, CSF inactivates peptide immunologic activity only slowly. 
For instance, TRH in CSF scarcely loses its immunologic properties, even at 
37°C (SHAMBAUGH et al. 1975). Homogenates of most tissues destroy the bioac
tivity and immunoreactivity of the hypophysiotropic peptides, and the rate of 
such destruction is comparable to that occurring in plasma (BASSIRI and UTIGER 
1974; GRIFFITHS et al. 1975; PATEL and REICHLIN 1979). 

To overcome these problems, it is recommended that the hypophysiotropic 
peptide be extracted from the biologic sample in which it is to be measured using 
a system which eliminates macromolecules (i.e., proteins which bind radioiodi
nated pep tides nonspecifically and enzymes which degrade the peptide itself). 
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Furthermore, a very useful method for inhibiting peptide degradation by tissue 
is that of boiling extracts or performing extraction with acids. As an example, in
cubation for 24 h at 4°C of 125I-labeled Tyr-SS with homogenates of cerebral 
cortex in buffer at pH 7.5 induced a 50% loss of the label, evaluated by chromato
electrophoresis. The label, however, appears to be completely stable in boiled ex
tracts (pH 7.5) or in unboiled acetic acid extracts (PATEL and REICHLIN 1979). 
These finding suggest that the damaging effect of tissue enzymes on SS can be pre
vented by prior boiling of tissue extracts or by acidifying tissues. The latter pro
cedure, however, can be insufficient for extracts containing high concentrations 
of acid proteases (stomach). Alternatively to boiling, peptide degradation in ex 
vivo dissected tissues (from rats) can be blocked by killing animals by microwave 
irradiation, a procedure which is known to stop any enzymatic activity almost in
stantaneously (HERCHL et al. 1977). The massive degradation of peptides in 
plasma can be overcome by the use of enzyme inhibitors such as aprotinin, baci
tracin, O-phenantroline, or EDT A, and by sample acidification (HONG et al. 
1977; CLEMENT-JONES et al. 1980). 

A series of experiments must be performed in order to verify that the extrac
tion conditions maintain the immunologic properties of the peptide and allow a 
good recovery. Detection of the peptide in the different extracts gives a measure 
of the loss of peptide during the procedures and allows one to choose the tech
nique giving the lowest rate of decay. For recovery studies, different amounts of 
synthetic peptides are added to tissues before starting all the procedures con
nected with extraction. Recovery must be constant for peptide concentrations in 
the range of those endogenously present in the tissue. 

2. Specificity of Antibodies 

An important problem is connected with the specificity of antibodies used to iden
tify and quantify neuropeptides either by RIA or by immunoenzymatic and im
munohistochemical methods. Antibodies, in fact, either polyclonal or monoclo
nal, base their specificity on short amino acid sequences of the antigen (see 
Chap. 2). These sequences are very seldom specific to a single neuropeptide; they 
are often contained in the sequence of other known or still unknown neuropep
tides or proteins. It follows that an antibody recognizing (even in a highly specific 
way, as for monoclonal antibodies) a part of such a common sequence, will rec
ognize all other peptides or proteins containing the same sequence. 

From the foregoing, the necessity arises of identifying single peptides by non
RIA methods and using the latter exclusively to quantify pep tides previously 
identified on physicochemical bases. 

Several methods can be applied to separate different peptides: gel filtration, 
ion exchange chromatography, electrophoresis, electro focusing, thin layer chro
matography, high pressure liquid chromatography (HPLC), and high affinity 
chromatography. Gel filtration is certainly the most utilized method for peptide 
separation. Although this technique is suitable for getting separation of molecules 
in a very restricted range of molecular weights (i.e., 0-700), it does not separate 
molecules with very similar molecular weights, but differing in some amino 
acids. 
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High pressure liquid chromatography (SNYDER and KIRKLAND 1979; AKIL et 
al. 1981) allows quick resolution of structurally similar peptides. This method is 
more rapid than gel chromatographic techniques since one sample can be run in 
a relatively short time and from each sample it is possible to separate several pep
tides in a single run. 

Affinity chromatography (CUATRECASAS and ANFISEN 1971) is based on the 
use of a solid phase bearing active groups (antibodies or receptors) directed 
against the substance to be purified. This technique, owing to the inherent limi
tation of antibody specificity, is suitable for concentrating samples with a low 
content of the peptide or for preparative processes, allowing one to achieve a 
rough separation of different peptides. 

III. Features Peculiar to the Determination 
of a Single Hypophysiotropic Hormone 

1. Somatostatin 

a) RIA Procedure 

For detailed descriptions of RIA for SS, the reader can refer to PATEL and REICH
LIN (1979), GERICH et al. (1979), and HERMANSEN et al. (1979). Anti-SS antibodies 
are generally obtained in rabbits immunized with glutaraldehyde conjugates of 
synthetic peptide with bovine serum albumin (BSA) (REICHLIN et al. 1968), or car
bodiimide conjugates with bovine thyroglobulin (SKOWSKY and FISHER 1972). 
Since SS does not contain tyrosine, tyrosinated analogs of the peptide are used 
as antigens for iodination (lactoperoxidase method). The iodination mixture can 
be purified by gel chromatography (OGAWA et al. 1977) or by HPLC. Either the 
double-antibody method or BSA-coated charcoal can be used for separation of 
bound from free labeled peptide. 

b) Determination of Somatostatin in Plasma 

The RIA of SS in plasma is subject to several difficulties: (a) the well-known gen
eral capacity of unextracted plasma to degrade both native and tyrosylated ana
logs of the peptide used as tracers; (b) the presence in plasma of SS-binding pro
teins (KRONHEIM et al. 1979) and substances that interfere with antibody binding 
(LUNDQUIST et al. 1979); and ( c) the heterogeneity of plasma SS-like immunoreac
tivity with only a small proportion of it being attributable to a 1600 dalton mol
ecule corresponding to SS-14 (KRONHEIM et al. 1978). 

Methods for separation of SS from proteins and other components of plasma 
that interfere with SS RIA have relied upon protein precipitation by acid or or
ganic solvent (ARIMURA et al. 1978; LUNDQUIST et al. 1979) or extraction on glass 
(PENMAN et al. 1979). Gel filtration of plasma before RIA alleviates degradation 
of tracer and interference with antibody binding, providing a better (near com
plete) recovery ofSS than the latter procedures (MACKES et al. 1981). In addition, 
it permits determination of the SS-like immunoreactivity in plasma due to the 
1600 dalton molecule. Briefly, human plasma (5 ml) is applied to a Sephadex G-
25 column; previously equilibrated with PBS 0.01 M, pH 7.4,1 % serum albumin, 
0.05 M EDT A. Two peaks of SS-like immunoreactivity are found, one eluting in 
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the void volume (> 5000 dalton), the other peak coeluting with synthetic SS in 
the 1600 dalton region. SS values detected in human plasma by this method 
ranged between 40 and 100 pg/ml (3-6 x 10- 11 M). However, chromatographic 
separation requires considerable time and large samples. 

A simple and rapid method for the extraction of SS from plasma on octade
cylsilylsilica (ODS) cartridges has been reported by VASQUEZ et al. (1982). ODS 
cartridges (Sep-Pak C1S) are prepared by washing with 5 ml acetonitrile followed 
by 5 ml water. Plasma (3 ml) is applied, weakly bound plasma components eluted 
with 5 ml water followed by 5 ml 0.1 % trifluoroacetic acid (TF A) and SS is eluted 
with 3 ml 80: 20 (v/v) acetonitrile: 0.1 % TF A. The eluate is frozen, lyophilized 
and stored at - 20°C until subsequent assay. The rapidity of this method allows 
one to process 60-80 plasma samples per day. The range of basal SS measured 
in ODS extracts of human plasma is similar to that obtained following chroma
tographic separations. 

2. Growth Hormone-Releasing Hormone 

In our laboratory, we routinely perform GHRH (1-44) RIA according to the 
method described by FROHMAN and DOWNS (1986), slightly modified. The syn
thetic peptide is radioiodinated by the chloramine-T method (0.2 mCi Na 1251, 
1 flg peptide, and 10 flg chloramine-T). The iodination mixture is purified by 
HPLC by application to a C1S column and elution with a 30%-40% acetonitrile 
gradient in 0.01 M TF A (FROHMAN 1984 b). Alternatively, the mixture can be sep
arated by gel chromatography (Sephadex G-50). The antiserum we use (kindly 
donated by Dr. L. A. Frohman, Cincinnati) has been raised in rabbits against 
GHRH (1-40) coupled to hemocyanin by the glutaraldehyde technique, and ex
hibits considerable cross-reactivity with various forms and fragments of human 
GHRH, including GHRH (1-44). The RIA is carried out in phosphate buffer 
50 mM, 10 mMEDTA, pH 7.2 + 0.3% BSA + 0.05% Triton, in a total volume 
of 800 fll for 48 h at 4 0c. The bound/free antigen separation is accomplished by 
adding a plasma-dextran-coated charcoal suspension. Rat and human GHRH 
have considerable sequence heterogeneity in the COOH terminal region. Con
sequently, antisera raised against human peptides exhibit a very low cross-reactiv
ity for rat GHRH. For RIA determination of rat GHRH (1-43), we routinely use 
an iodination procedure for the synthetic peptide identical to that described for 
human GHRH. In the RIA procedure, hypothalamic extracts or standards are 
incubated in HCI 0.1 M + Triton 0.1 %; the tracer and the antiserum are diluted 
in phosphate buffer 0.15 M, pH 7.4 (total volume 300 fl1); free/bound antigen sep
aration is accomplished by adding a plasma-dextran-coated charcoal mixture. In 
our hands, this method of separation gives lower nonspecific binding than the 
double-antibody procedure. The anti-rat GHRH antiserum was kindly donated 
by Dr. W. B. Wehrenberg (Milwaukee) and does not cross-react with GHRH iso
lated from other species (WEHRENBERG et al. 1984). 

As for other peptides, measurement of GHRH immunoreactivity in unex
tracted plasma has been shown to be unreliable, owing to interference from non
GHRH material (FROHMAN 1984 b). Thus, plasma samples must be extracted in 
order to obtain accurate GHRH estimates. According to the method described 
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by FROHMAN and DOWNS (1986), acidified plasma samples are extracted by ad
sorption onto hydrophobic C18 Sep-Pak cartridges. The Sep-Pak is washed with 
TF A 0.1 M to remove interfering substances and GHRH is eluted with 80% ace
tonitrile/20% 0.01 M TF A. The eluate is frozen, lyophilized, and reconstituted in 
assay buffer. This procedure shows a recovery of more than 90%. Extraction of 
plasma on Vycor glass has been employed by PENNyet al. (1984) in their very sen
sitive RIA for circulating GHRH (sensitivity 7 pg/ml). 

3. Gonadotropin-Releasing Hormone 

The fundamental paper describing detailed methods for LHRH was published by 
NETT et al. (1973) and almost all the methods published thereafter were slight 
modifications of their procedure. NETT and NISWENOER (1979) wrote a chapter 
in which they carefully described methodologies for the conjugation ofLHRH to 
BSA, the production of antisera, and the preparation and purification of radioio
dinated LHRH. 

If one wants to produce antisera having specificity for the COOH terminus 
of LHRH, then LHRH conjugated to a carrier molecule via internal amino acids 
or via the NHz-terminus should be used as immunogen. Conversely, if antisera 
having specificity for the NHz-terminus of LHRH are desired, then LHRH con
jugated to a carrier molecule via internal amino acids or via the COOH terminus 
should be used as immunogen. Antisera with the highest specificity, with respect 
to fragments ofLHRH, have been produced when LHRH conjugated to a carrier 
molecule via internal amino acid residues was used as the immunogen. 

Measurement of LHRH in peripheral plasma of sheep, humans, and rats (sev
eral papers quoted in JONAS et al. 1975) gave widely disparate levels. JONAS et al. 
(1975) made a comparison between plasma levels of LHRH in sheep, either un
extracted or extracted with methanol. They found LHRH levels ranging from 0 
to 400 pg/ml when RIA was performed in unextracted plasma; however, this im
munoreactivity had no resemblance to synthetic LHRH added to ovine plasma. 
No endogenous LHRH could be detected in methanol extracts, while it was pos
sible to determine LHRH exogenously administered. 

The same extraction procedure was used to determine LHRH in portal blood 
collected from sheep (CLARKE and CUMMINS 1982). These authors found periph
eral LHRH concentrations ranging from 10 to 30 pg/ml. A different method for 
extracting LHRH from plasma has been reported by MIYAKE et al. (1980). Plasma 
was applied to a carboxymethylcellulose column eluted with ammonium acetate 
buffer, gradient pH 4.6. LHRH plasma levels reported by these authors in women 
varied during the menstrual cycle from 4-5 pg/ml to 40-50 pg/ml. 

a) LHRH Analogs 

Many analogs of LHRH have been synthesized to study the structure-activity re
lationship and obtain potent and long-acting agonists and antagonists ofLHRH. 
o-Ser(t-Bu)6-des-GlylO-Pr09-NH-Et-LHRH (buserelin) is an LHRH agonist that 
has been used in the treatment of various diseases, including prostate cancer, 
breast cancer, endometriosis, and precocious puberty (BEX and CORBIN 1984). In 
order to determine the levels of buserelin in plasma and urine of patients under 
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treatment, an RIA has been developed by SAITO et al. (1985). This assay does not 
show any appreciable cross-reaction with native LHRH and its analogs. 

4. Thyrotropin-Releasing Hormone 

An RIA for TRH was developed by BASSIRI and UnGER (1972a). For a careful 
description of the main problems encountered in determining TRH in tissues and 
biologic fluids, the reader can refer to BASSIRI and UnGER (1972 b) and BASSIRI 
et al. (1979). Antisera prepared by immunization with TRH-BSA conjugates ac
cording to BASSIRI and UnGER (1972 a) have been used successfully in several lab
oratories (SAITO et al. 1975; ESKAY et al. 1976). An alternative method for cou
pling TRH to protein has been described by VISSER and KLOOTWIJSK (1981). TRH 
is first reacted with excess 1,5-difluoro-2,4-dinitrobenzene (DFDNB); after re
moval ofunreacted DFDNB, the fluorodinitrophenyl-TRH intermediate is sub
sequently reacted with protein, yielding a TRH-fluorodinitrophenyl conjugate. 
This procedure seems to give anti-TRH sera with the highest affinity. Similarly 
to LHRH, TRH cannot be assayed in unextracted plasma. Interference in the as
say also occurs with several incubation media (Locke, Krebs-Ringer) (JOSEPH
BRAVO et al. 1979). Simple extraction with methanol can be used; affinity chroma
tography can conveniently be employed to extract and concentrate the peptide 
from biologic fluids (MONTOYA et al. 1975; EMERSON and UnGER 1975). 

TRH immunoreactivity was detected in ethanol extracts of rat pituitary stalk 
blood after HPLC resolution (SHEWARD et al. 1983). The immunoreactivity re
solved into three components, the first of which had an identical retention time 
to the synthetic tripeptide. The absolute amount ofTRH released into stalk blood 
(1.667 ng/h) was in the same range as the values reported previously (FINK et al. 
1982) and is very large relative to the amount of LHRH and SS release. 

5. Corticotropin-Releasing Hormone 

An RIA for ovine CRF (1-41) was developed by VIGH et al. (1982) for measuring 
CRF concentrations in rat hypothalami. The authors used two different iodi
nated analogs of ovine CRF as tracers Tyr(O)-CRF (1-41) and Tyr(35)-CRF (36-
41), three different antibodies directed against the native peptide, and two frag
ments of it, CRF (37-41) and CRF (22-41), coupled to BSA. In their opinion, 
this method was suitable for measuring endogenous rat CRF. VALE et al. (1983) 
used an antiserum directed against the NH2 terminal region ofCRF, obtained by 
immunizing rabbits with Tyr22, Gly23-CRF (1-23), to detect CRF-like immu
no activity in sheep, dogs, rats, monkeys, and humans. On the contrary, immuni
zation of animals with immunoglobulin-coupled CRF (1-41) produces antibodies 
directed toward the middle or COOH terminal region of CRF. These sera read 
sheep CRF well, but detect rat and human CRF, which differs from ovine CRF 
in several amino acids, poorly (VALE et al. 1983). 

SKOFITSCH and JACOBOWITZ (1985) made a comparison between two antisera 
directed against synthetic ovine CRF and two antisera directed against rat/hu
man CRF. They evaluated the CRF-like immunoreactivity in the rat brain and 
found that the two kinds of antisera recognize different forms of CRF -like immu-
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noreactivity. Anti-ovine CRF serum recognized a peptide, prominent in the me
dulla and the spinal cord, which was not detected by anti-rat/human CRF 
serum. 

Iodination of CRF is generally performed by the chloramine-T methodology 
carefully described by NICHOLSON et al. (1983), with one exception due to LINTON 

and LOWRY (1982) who used the Bolton-Hunter reagent. Immunoreactive CRF 
has been detected in human unextracted plasma (NICHOLSON et al. 1983; STALLA 

et al. 1984) from subjects receiving exogenous synthetic ovine CRF. The authors 
analyzed plasma immunoreactive CRF by gel exclusion chromatography and 
found that it coeluted with 125I-labeled ovine CRF, indicating that most of the 
activity was similar in size to intact ovine CRF. Plasma levels of immunoreactive 
ovine CRF before the subjects received the peptide were always undetectable 
( < 80 pg/ml). Instead, CRF-like activity was determined in portal blood of rats 
after extraction by adsorption onto CIS cartridges. Extracted portal plasma gave 
a response parallel to that of either synthetic ovine CRF or highly purified rat 
CRF (GIBBS and VALE 1982). Based upon ovine standard, about 0.5 ng/ml CRF 
was found in portal blood. 

IV. Significance of Hypophysiotropic Peptides in Biologic Fluids 

1. Determination in the Peripheral Blood 

Measurement of hypophysiotropic pep tides in hypothalamic tissue has been pos
sible with all assays developed to date, and most investigators have observed good 
agreement between levels of the peptides measured by bioassay and those deter
mined by RIA (Table 3). It has been proposed that measurement of hypothalamic 
releasing hormones in the systemic circulation might be used as a direct index of 
hypothalamic function; however, the wide anatomic distribution of these peptides 
and the dilution of portal vessel blood in the systemic circulation makes it unlikely 
that measurement of peptide levels in body fluids can be used to infer dysfunction 
in the hypothalamus. Different plasma levels have been reported by several lab
oratories, ranging from undetectable or a few picograms per milliliter to several 
nanograms per milliliter. Using radioactive microspheres, NETT et al. (1974) have 

Table 3. Hypophysiotropic peptide concentrations in rat hypothalamus and pituitary 
portal blood 

Somatostatin-LI (SS-14, SS-28) 
Growth hormone·releasing hormone-LI 
Thyrotropin-releasing hormone-LI 
Gonadotropin-releasing hormone-LI 
Corticotropin-releasing factor-LI 

Hypothalamus Pituitary portal blood 

40-50 ng/MBH a 200--400 pg/ml d 

1-2 ng/MBH a 200-800 pg/ml e 

8-9 ng/hypothalamus b 3-6 ng/ml b 

3-5 ng/MBHa 30-100pg/mlf 
1-2ng/MBW 400--500pg/ml g 

LI, like immunoreactivity; MBH, medial basal hypothalamus. 
a Author's results; b FINK et al. (1983); C VALE et al. (1983); d MILLAR et al. (1983); 
e PLOTSKY and VALE (1985); f ESKAY et al. (1977); g GIBBS and VALE (1982). 
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estimated in the sheep that portal blood is diluted approximately 500-fold by the 
time it enters the external jugular vein. Since neurohormone levels in pituitary 
portal blood are generally below 1 ng/ml, maximum levels of hypothalamus-de
rived peptide in the peripheral circulation would not be expected to exceed a few 
picograms per milliliter. 

The presence of TRH in human peripheral blood is controversial, with some 
workers finding it to be undetectable and others detecting significant quantities 
of TRH-like immunoreactivity. The concentrations described cannot be recon
ciled with a known central or peripheral source. Interestingly, the neonatal rat has 
high levels of authentic TRH in the systemic circulation (ENGLER et al. 1981) as 
well as a low TRH-degrading activity (NEARY et al. 1978). In these animals, the 
peptide contained in plasma appears to derive from extra-CNS structures (pan
creas or gastrointestinal tract) since they are not affected by encephalectomy 
(ENGLER et al. 1981). SS is present in high concentration in the stomach, duode
num, jejunum, and pancreas. Therefore, these sources may be mainly responsible 
for maintaining circulating concentrations of the peptide (100 pg/ml). It has been 
postulated that circulating SS might playa potential hormone role. At concentra
tions similar to those present in blood, SS can affect pituitary as well as gastro
intestinal and pancreatic endocrine function. Moreover, in the dog, systemic ad
ministration of SS antiserum has been shown to alter gastrointestinal function 
(SCHUSDZIARRA et al. 1980). 

Determination of plasma levels of GHRH has resulted in a very useful method 
of diagnosing possible ectopic secretion of the neurohormone from bronchial or 
pancreatic tumors. Basal GHRH levels in normal subjects are generally undetect
able, as were those of a large population of acromegalic subjects (THORNER and 
CRONIN 1985). However, high levels of the peptides are present in patients with 
ectopic GHRH syndrome. By using a highly sensitive RIA, SOPWITH et al. (1985) 
found GHRH levels of 7-15 pgjml in plasma of normal subjects after an over
night fast. GHRH concentrations rose to higher levels (20-77 pgjml) when mea
sured in the same subjects sampled 120 min after a mixed breakfast. These data 
would suggest that the predominant source of the GHRH detected in plasma is 
extrahypothalamic, possibly from upper gut or pancreas. In view of the poor cor
relation between circulating GHRH and the hypothalamic neurons, detection of 
low plasma levels of GHRH in acromegaly does not exclude the possibility of an 
enhanced activity of GHRH-producing neurons among the etiopathogenetic fac
tors of the disease. 

2. Determination in the Cerebrospinal Fluid 

Determination of releasing and inhibiting hormones in the CSF would appear a 
more reliable index of hypothalamic neuronal activity than their determination 
in peripheral blood, the biologic fluid most accessible to investigators in humans. 
These water-soluble peptides, released from the neurons into the extracellular 
space, readily pass into the CSF. However, as already mentioned, most hypo
physiotropic hormones are widely distributed in extrahypothalamic regions of the 
CNS, suggesting a role for these peptides in neuronal function. Therefore, pep
tides coming from extrahypothalamic areas can readily pass into the CSF, adding 
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to those coming from the hypothalamus; this also implies that detection of CSF 
levels of hypophysiotropic hormones can by no means be taken as an index of 
hypothalamic neuronal activity. 

The ability of peptides, which are in general low molecular weight and water
soluble substances, to traverse the blood-brain barrier would appear severely re
stricted, with the exception of the "leaky" areas between blood and brain which 
occur at the level of circumventricular organs (WEINDL 1973). This is of impor
tance for excluding a contribution from peptides coming from the gastrointestinal 
tract and peripheral nervous system to increase CSF levels. However, since some 
neural peptides occur not only in the hypothalamus and brain, but also in the spi
nal cord, caution must be exercised in the interpretation of peptide levels mea
sured in lumbar CSF, the most commonly applied sampling technique. It is also 
possible that significant changes could occur in the concentrations of a peptide 
in the third ventricle without producing alterations in the levels elsewhere in the 
ventricular system. Despite these caveats, many data have been produced on the 
measurement of endogenous hypophysiotropic peptides in the CSF. 

First RIA quantitation of CSF TRH -like immunoreactivity was performed by 
OLIVER et al. (1974) in CSF obtained by cisternal puncture from patients under
going neuroradiologic examination. The levels reported ranged from 60 to 
290 pg/ml. In another study performed on 17 neurologic patients undergoing 
pneumoencephalography, the CSF TRH levels were somewhat lower 
(4.9 ± 2.6 pg/ml; LIIRA et al. 1978). 

Immunoreactive CRF was detected in human CSF by SUDA et al. (1983) by 
using a specific ovine CRF RIA and immunoaffinity chromatography in order 
to concentrate the peptide (levels reported 7.4 ± 1.1 fmol/mI). Most reports agree 
that the levels of LHRH in the CSF of different animal species, including humans 
(see JACKSON 1984) are low or undetectable. GUNN et al. (1974) reported that 
LHRH was absent from 23 of 26 samples determined, while in the other 3 
samples, levels of 20-120 pg/ml were measured, but dilutions showed nonparal
lelism, thus creating doubts about identity of the immunoreactivity. SS is readily 
detectable in the CSF where it appears to be present in concentrations in the same 
range as those reported for plasma. 

Many studies give support to the hypothesis that SS in the CSF does not de
rive solely from the hypothalamus. In the study by BERELOWITZ et al. (1982) per
formed in the rhesus monkey, intravenous infusion of human GH lowered CSF 
SS levels. Since in vivo GH administration stimulates hypothalamic SS release, 
CSF SS is likely derived from extrahypothalamic brain secretion which responds 
in an opposite way to GH feedback. The same conclusions have been drawn in 
the human by SORENSEN et al. (1981). These authors collected serial spinal fluid 
aliquots and found a reduction in the protein content when comparing initial and 
subsequent samples, owing to protein increase from the cerebral ventricles over 
the cerebral cisterns and in the lumbar sac. In contrast, CSF SS did not decrease, 
indicating that it is released diffusely from the CNS including the spinal cord. In 
addition, they found no correlation between basal arginine-provoked plasma GH 
and the CSF content of SS. In all, these and the previously mentioned results do 
not support the idea that CSF SS may be taken to denote the activity or tone of 
hypothalamic SS release. The presence of immunoreactive GHRH in CSF has 
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been detected by an antiserum specific to the COOH terminal portion ofhGHRH 
(1-44)-NH2 (KASHIO et al. 1985). CSF samples were collected in volumes of 2-
10 ml and concentrated by antibody affinity chromatography. 

Immunoreactive GHRH was measurable in the CSF of all control subjects 
with no endocrinopathy (mean concentrations 29.3 ± 2.0 pg/ml). GHRH was not 
detectable in any of the four patients with hypothalamic germinoma which in
vaded the medial basal hypothalamus, destroying the neurons containing the hy
pothalamic hormones. 

These results suggest that the main source of CSF GHRH lies in the medial 
basal hypothalamus, as already demonstrated by immunohistochemical studies 
showing that most of the GHRH-containing neurons in the human brain are lo
cated around the third ventricle (BLOCH et al. 1983). Therefore,it would appear 
that, in contrast to SS, assay of GHRH levels in the CSF would be a reliable index 
of hypothalamic neuronal function of the releasing hormone. 
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CHAPTER 12 

Radioimmunoassay 
of Nonpituitary Peptide Hormones 
G. NILSSON 

A. Hormones Involved in Regulation 
of Carbohydrate Metabolism 

I. Insulin 

1. Chemistry and Physiology 

Insulin is a polypeptide consisting of two chains of amino acids linked by two di
sulfide bridges (Fig. 1). Only minor differences in amino acid composition exist 
between species (Table 1). These differences are generally not sufficient to influ
ence the biologic activity in heterologous species, but may make the insulin anti
gemc. 

Insulin is produced in the endoplasmic reticulum of the beta cells of the pan
creatic islets. It is secreted as proinsulin from the normal pancreas following pro
longed stimulation (Fig. 2) and also from some islet cell tumors. The peptide seg
ment (the C-peptide) that connects the A and B chains of insulin is normally de
tached in the granules of the beta cells before secretion and is then released in 

~ ~ C-PEPTIDE -----

Fig. I. Bovine proinsulin. (OYER et al. 1971) 
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Table 1. Discrepancies from amino acid sequence in human 
insulin 

Species A chain position B chain 
position 

8 9 10 30 

Pig, dog, sperm whale Thr-Ser- Ile Ala 
Rabbit Thr-Ser- Ile Ala 
Cattle, goat Ala- Ser-Val Ala 
Sheep Ala-Gly-Val Ala 
Horse Thr-Gly- Ile Ala 
Sei whale Ala -Ser -Thr Ala 

G. NILSSON 

equimolar amounts, together with the two-chained polypeptide of insulin (HOR
WITZ et al. 1975). 

Insulin is secreted in response to a great number of stimulants. For example, 
cholinergic and {3-adrenergic stimulation of nerves release insulin whereas IX-ad
renergic excitation inhibits the release of insulin. Humoral factors, such as gas
trin, secretin, glucagon (see Fig. 7), and in particular GIP have been shown to 
cause stimulation following exogenous administration, whereas somatostatin in
hibits the insulin release. In addition, derivates of carbohydrates, proteins 
(Fig. 3), and fat evoke release of insulin from the pancreas. The secretion of insu
lin in response to most stimulants occurs in two phases. Initially, there is a re-
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Fig. 2 a, b. Serum samples from a healthy subject following fasting (a) and 60 min after oral 
glucose administration (b) after filtration on a Bio-Gel P-30 column. Fractions were as
sayed by an insulin assay with insulin (full circles) and proinsulin standards (open circles) 
and by a C-peptide assay with C-peptide standard (full triangles). (RUBINSTEIN et al. 
1973) 
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sponse that reaches its maximum a few minutes after the start of stimulation, 
whereas the second phase reaches its peak value considerably later. Figure 4 illus
trates the secretion of insulin to the blood in dogs following vagus nerve stimu
lation induced by sham feeding or by a protein-rich test meaL In Table 2 factors 
that influence the secretion of insulin are summarized. Insulin is not bound to any 
transporting proteins in plasma and its turnover rate is rapid with a half-life less 
than 5 min (HORWITZ et aL 1975). A considerable portion of the released insulin 
is extracted from the circulation by the liver. The secretion of insulin varies from 
one individual to another and is also related to the amount and sort of food that 

Table 2. Factors influencing insulin secretion 

Stimulators 

Glucose 
Mannose 
Amino acids 
p-Keto acids 
Gastrointestinal honnones (GIP, gastrin, 

GRP, CCK, glucagon) 
Cyclic AMP and different cyclic 

AMP-generating substances 
Acetylcholine 
p-Adrenergic stimulating agents 
Theophylline 
Sulfonylureas 

Inhibitors 

Somatostatin 
2-Deoxyglucose 
Mannoheptulose 
oc-Adrenergic stimulating agents 

(epinephrine, norepinephrine) 
p-Adrenergic blocking agents (propranolol) 
Diazoxide 
Thiazide diuretics 
K + depletion 
Phenytoin 
Alloxan 
Microtubule inhibitors 
Insulin 
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Fig.4a,b. Plasma insulin (a) and glucose concentrations (b) before, during, and after 
10 min of sham feeding (SF, lower curves) and a test meal of minced boiled liver (F, upper 
curves) in dogs. (NILSSON and UVNAS-W ALLENSTEN 1974) 

is consumed. In particular, stimulation with a high content of carbohydrates will 
raise the concentration of insulin in plasma. The insulin response to a carbohy
drate meal in humans is illustrated in Fig. 5. The insulin secretion is also related 
to the amount of body fat. Thus, both basal and stimulated insulin levels are 
greater in individuals with obesity. 

Insulin principally exerts its physiologic effects at three locations in the body, 
i.e., in the adipose tissue, in the muscles, and in the liver. For example, the trans
port of glucose into the cells is facilitated. Within the cells lipogenesis as well as 
the synthesis of glycogen is promoted. The uptake of amino acids into the cells 
and intracellular synthesis of protein are also stimulated. Inhibition of lipolysis 
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Table 3. Effect of insulin on adipose tissue, striated muscles, 
and liver 

Adipose tissue 
Increased glucose entry 
Increased fatty acid synthesis 
Increased glycerol phosphate synthesis 
Increased triglyceride deposition 
Activation of lipoprotein lipase 
Inhibition of hormone-sensitive lipase 
Increased K + uptake 

Muscle 
Increased glucose entry 
Increased glycogen synthesis 
Increased amino acid uptake 
Increased protein synthesis in ribosomes 
Decreased protein catabolism 
Decreased release of gluconeogenic amino acids 
Increased ketone uptake 
Increased K + uptake 

Liver 
Decreased cyclic AMP 
Decreased ketogenesis 
Increased protein synthesis 
Increased lipid synthesis 
Decreased glucose output due to decreased gluconeogenesis 

and increased glycogen synthesis 
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and gluconeogenesis are other principal anabolic actions exerted by insulin. 
Table 3 summarizes the effects of insulin on adipose tissue, striated muscles, and 
liver. In insulin deficiency, glucose uptake into the cells will be reduced and catab
olism of proteins and lipolysis will increase, leading to the complex metabolic ab
normalities found in diabetes. 

2. Pathophysiology 

In the juvenile form of diabetes, requiring pharmacologic treatment with insulin, 
the secretion of insulin may be considerably reduced. In less severe forms of di
abetes, secretion of insulin is moderately reduced. Great individual variations in 
secretory behavior of insulin have been noted in patients with suspected or estab
lished diabetes. According to some authors (CERASI and LUFT 1967; CERASI et al. 
1972), individuals with a prediabetic disposition may be detected by determina
tion of insulin concentrations in plasma on stimulation by an intravenous glucose 
infusion. In the prediabetic individual, the early phase of insulin secretion is re
duced by such stimulation. It has been estimated that 20%-25% of the popula
tion belong to this group of low insulin responders. It is, however, still too early 
to conclude whether a reduced insulin response combined with normal glucose 
levels and glucose tolerance tests indicates a risk of the individual patient develop
ing diabetes later in life. 

Hypersecretion of insulin may occur. Such hypersecretion can be caused by 
insulin-producing tumors of the pancreatic beta cells, and is associated with hy
poglycemia. Sometimes, hyperinsulinemic states occur by the secretion of insulin 
or insulin-like material from non-beta cell tumors. Such secretion may take place 
from retroperitoneal sarcomas and from tumors of the lung. 

3. Radioimmunoassay and Its Clinical Application 

Insulin was the first hormone to be measured by radioimmunoassay (Y ALOW and 
BERSON 1960). Compared with many other peptide assays, few problems are con
nected with the determination of insulin in blood. Estimation of insulin in urine, 
on the other hand, is complicated by the presence of substances in urine that in
terfere with the antigen-antibody reaction. 

With human or porcine insulin, immunization is preferably performed in 
guinea pigs since the insulin in these animals differs from the human or porcine 
hormone in 17 amino acids (SMITH 1966). Rabbits, on the other hand, are not suit
able for immunization since guinea pig insulin is identical with the rabbit insulin, 
except for the terminal amino acids of the insulin B chain (SMITH 1966). Commer
cial insulin, available from a great number of companies, can be used without pre
vious coupling to a larger protein. Most immunized animals will respond with 
high antibody titers following 3-5 immunizations given biweekly. 

Labeling of insulin can be performed with 1251 (COFFEY et al. 1974; KAGAN 
1975) using the chloramine-T method (HUNTER and GREENWOOD 1962). Several 
techniques have been applied for the purification of the labeled material. For ex
ample, starch gel electrophoresis, gel filtration on Sephadex G-50, or purification 
on a cellulose column. The methods mentioned have been reviewed by Y ALOW 
and BERSON (1973). The most stable radioiodinated insulin is usually obtained by 
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Fig.6. Autoradiograph of starch gel electrophoresis of 131 I-labeled insulin preparations. 
The numbers given for iodine atoms per molecule of insulin indicate the average value for 
the preparation; they are calculated as the product of the starting ratios and the percentage 
iodination. The molecular weight of the bovine insulin monomer was taken as 6000. (BER
SON and Y ALOW 1966) 

the starch gel electrophoresis technique (Fig. 6). After some time, the labeled in
sulin purified by starch gel electrophoresis may have to be repurified by gel filtra
tion on Sephadex. 

Assays are generally carried out in 1 : 10 to 1 : 25 dilutions of plasma, depend
ing on the sensitivity of the assay. At these dilutions, incubation damage is neg
ligible and no protective agents have to be used. As diluents, barbital-HSA (KA
GAN 1975; YALOW and BERSON 1973, p.864), phosphate-BSA (ALBANO et al. 
1972; COFFEY et al. 1974; HALES and RANDLE 1963), phosphate-HSA (HEDING 
1972 a; VELASCO et al. 1974), and borate-BSA (NAKAGAWA et al. 1973; SOELDNER 
and SLONE 1965) have been used. The choice of buffer system seems to be oflittle 
significance for the sensitivity or precision of the assay. It should, however, be 
noted that batches of bovine serum albumin (BSA) have to be selected since some 
batches may have impurities that will interfere with the assay. For separation, a 
large number of methods have been applied: the double-antibody technique 
(HALES and RANDLE 1963; SOELDNER and SLONE 1965), dextran-coated charcoal 
(ALBANO et al. 1972; HERBERT et al. 1965), uncoated charcoal (NILSSON and Uv-
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NAS-WALLENSTEN 1977), polyethylene glycol (NAKAGAWA et al. 1973), zirconyl 
phosphate + ammonium acetate (COFFEY et al. 1974), talc tablets (KAGAN 1975), 
and solid-phase antiserum coupled to Sephadex (VELASCO et al. 1974). 

In the assay, proinsulin will mostly cross-react to some extent. This cross-reac
tivity is generally of minor importance since pro insulin constitutes less than 20% 
of the insulin in plasma and since the antibodies to insulin in general react less 
readily with pro insulin than with the insulin molecule. 

Although bovine or porcine insulin have only slight differences in amino acid 
sequences compared with human insulin, the therapeutic use of these insulins in 
diabetic or psychiatric diseases will induce antibody production. Such endoge
nous antibodies will interfere with the insulin assay and produce erroneous re
sults. The insulin assay can be performed on serum or plasma. When heparin is 
used, it may interfere with the results in assays using the double-antibody tech
nique for separation of the free and antibody-bound antigen. Samples can be 
stored at - 20°C. 

Great variations in results may exist between laboratories. Insulin concentra
tions of 5-25 mUll are considered as normal basal levels. The normal response 
to various stimulation procedures will vary widely. The initial peak response 3-
6 min after the start of stimulation with an intravenous glucose load may amount 
to 50-200 mU /1 and then gradually increase. Measurements of basal or stimu
lated levels of insulin in plasma are of very limited clinical value and have been 
replaced by determinations of the insulin C-peptide. 

II. C-Peptide of Insulin 

The C-peptide of insulin (Fig. 1) is released from the beta cells in equimolar con
centrations with insulin (HORWITZ et al. 1975), and along with about 5% of intact 
proinsulin (STEINER 1972). Insulin is metabolized by the liver whereas the C-pep-
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Fig. 7. Plasma glucose (BG), insulin 
(IRI), and C-peptide (CP) 
concentrations before and after the 
intravenous administration of 1 mg 
glucagon in normal subjects. 
(HOEKSTRA et al. 1982) 
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tide is not. The half-lives of insulin and C-peptide in humans have been estimated 
as 4.8 and 11.1 min, respectively (HORWITZ et al. 1975). When measured in pe
ripheral blood, C-peptide levels will reflect the beta cell secretory activity (HOR
WITZ et al. 1975). No physiologic effects have been attributed to the C-peptide. 

1. Radioimmunoassay and Its Clinical Application 

There are wide species differences in the amino acid composition of the C-peptide 
(RUBENSTEIN et al. 1970). For this reason, only the human C-peptide can be used 
for antibody production, labeling, and standard in assays that will be applied on 
the study of human C-peptide. The C-peptide per se is a weak antigen and has 
therefore to be coupled to a large protein to produce antibodies (MELANI et al. 
1970). There is no tyrosine residue in the C-peptide molecule so it has to be incor
porated before labeling by the method of HUNTER and GREENWOOD (1962), as 
modified by FREYCHET et al. (1971). 

Antisera to the C-peptide cross-react to some extent with proinsulin (because 
the C-peptide is part of the molecule) and with degradation products of the C
peptide. Under normal conditions, the concentration of C-peptide in serum is 
about ten times the concentration of proinsulin. On a molar basis, proinsulin then 
contributes less than 3% of the measured C-peptide-like concentration (HORWITZ 
et al. 1978). There are, however, certain conditions in which pro insulin levels in 
serum are elevated and may influence the concentration of C-peptide immu
noreactivity. Such elevated levels of proinsulin have been observed in severe in
sulin-deficient diabetes (GORDON et al. 1974), in islet cell tumors (TURNER and HE
DING 1977), and in obese diabetic subjects (DUCKWORTH et al. 1972). Also, famil
ial hypersecretion of proinsulin has been described (GABBAY et al. 1976). Proin
sulin levels may also be elevated in subjects treated with insulin who develop an
tibodies to the exogenous insulin. Since proinsulin to some degree cross-reacts 
with such antibodies, proinsulin will remain in the circulation and its concentra
tion increases (HEDING 1978). 

Several techniques have been proposed by which pro insulin can be separated 
from the C-peptide. For example, separation can be performed according to mo
lecular size on Bio-Gel or Sephadex (MELANI et al. 1970; ROTH et al. 1968). Others 
have removed the pro insulin from serum by binding it to insulin antibodies 
coupled to Sepharose before determination with C-peptide antibodies (HEDING 
1975). C-peptide estimations have also been performed on serum samples from 
diabetics after removal of insulin antibodies and proinsulin bound to such anti
bodies by treatment with polyethylene glycol (KUZUYA et al. 1977). The C-peptide 
immunoreactivity in serum or plasma samples will decrease considerably with 
time (KUZUYA et al. 1977) and depending on the temperature at which the 
samples are stored. Samples stored at - 20°C will thus lose great amounts of im
munoreactivity whereas no change seems to occur when samples have been stored 
for 3 months at -70°C (GARCIA-WEBB and BONSER 1979). Plasma concentra
tions of C-peptide in normal and diabetic subjects during fasting and following 
stimulation are shown in Table 4. Radioimmunologic determination of the C
peptide in blood has provided important information concerning the natural his
tory and pathophysiology of insulin-dependent diabetes and the investigation of 
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Table 4. Plasma concentrations of C-peptide in normal 
subjects and in short-term insulin-dependent diabetic sub
jects during fasting and after intravenous stimulation with 
1 mg glucagon. (HOEKSTRA et al. 1982) 

Fasting 
After stimulation 

C-peptide concentration (ng/ml) 

Normal subjects Diabetic subjects 

1.08 (0.78~1.89) 
3.84 (2.73~5.64) 

0.54 (0.18~1.23) 
1.02 (0.24-2.34) 

Table 5. Clinical applications of the C-peptide assay 

Hypoglycemic states 
Diagnosis of insulinoma (suppression test) 
Diagnosis of factitious hyperinsulinemia 
Diagnosis of insulinoma in insulin-dependent diabetic 

subjects 

Hyperglycemic states 
Follow-up after pancreatectomy 
Establishing endogenous insulin production and the need 

for insulin therapy in diabetic subjects treated with insulin 
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Table 6. Conditions associated with increased and decreased C-peptide levels. (HOEKSTRA 
et al. 1982) 

Condition 

Insulinoma 
Beta cell hyperplasia 
Nesidioblastosis 
Obesity 
Renal failure 
Presence of insulin 

antibodies and pro
insulin 

Beta cell failure 
Exogenous hyper

insulinism 

C-peptide level 

Increased 
Increased 
Increased 
Increased (slightly) 
Increased 
Increased (spuriously) 

Decreased 
Decreased 

Remarks 

Insulin resistance 
Impaired renal excretion 
Cross-reaction with proinsulin 

bound to circulating insulin 
antibodies 

Feedback inhibition 

insulin feedback mechanisms in hypoglycemia in humans. Besides that, the clini
cal application of the assay is limited and essentially concerns the investigation 
of certain conditions with hypo- and hyperglycemia. A summary of clinical appli
cations of the C-peptide assay is given in Table 5. Studies describing various kinds 
of suppression tests (ASHBY and FRIER 1981; SERVICE et at. 1977; TURNER and RE
DING 1977; TURNER and JOHNSON 1973), diagnostic investigations of factitious hy-
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perinsulinemia (SAFRIT and YOUNG 1977; SERVICE et al. 1975; STELLON and 
TOWNELL 1979), insulinoma in insulin-dependent diabetic subjects (SANDLER et 
al. 1975), and hyperglycemic states after pancreatectomy (KARESEN et al. 1980) 
are available in the literature. C-peptide measurements have also been performed 
to assess residual pancreatic beta cell function in patients with insulin-dependent 
diabetes (FABER and BINDER 1977) to estimate the need for insulin therapy in dia
betic subjects already treated with insulin (Table 6). 

III. Glucagon 

1. Chemistry and Physiology 

Human glucagon is a linear polypeptide with a molecular weight of 3485 
(Table 7). It contains 29 amino acids and has the same structure as porcine and 
bovine glucagon. Glucagon is produced by the alpha cells in the pancreatic islets 
of Langerhans. Some glucagon is also present in the gastrointestinal mucosa. In 
addition, several enteroglucagons seem to exist in the mucosa of the gut. One of 
these enteroglucagons is glicentin which has been purified by SUNDBY et al. 
(1976). Glicentin also seems to be present in the alpha cells of the pancreatic islets 
(ALUMETS et al. 1978; LARSSON and MOODY 1980; SMITH et al. 1977). If so, it is 
found in the peripheral portion of the same cells. Glicentin has some glucagon 
activity. However, the relation between these two peptides in the pancreas is not 
known. 

A great number of factors may induce release of glucagon from the pancreas. 
Both cholinergic and f3-adrenergic stimulation cause release of glucagon. Amino 
acids, and in particular the glucogenic amino acids alanine, serine, glycine, cys
teine, and threonine, are stimulators of glucagon secretion. Figure 3 shows gluca
gon release following the intravenous administration of the amino acid arginine. 
Glucagon release is also evoked by excercise, infections, and other stresses. In ad
dition, it has been reported that CCK, gastrin, and cortisol may cause release of 
glucagon. Inhibition of glucagon release can be accomplished by IX-adrenergic 
stimulation, glucose (see Fig. 5), free fatty acids, and ketones. Insulin, somato
statin, and secretin also reduce the output of glucagon from the pancreas. A more 
extensive summary of factors influencing glucagon release is presented in 
Table 8. 

Glucagon exerts glucogenolytic, gluconeogenic, and lipolytic actions. The li
polytic effect in turn will lead to an increased ketogenesis. The glucogenolytic ef
fect of glucagon takes place in the liver. No such activity occurs in muscles. The 

Table 7. Amino acid sequence of human, bovine, and porcine glucagon 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-Ser-Arg-Arg-Ala -Gln-

21 22 23 24 25 26 27 28 29 
Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr 
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Table 8. Factors influencing glucagon release 

Stimulators 

Amino acids 
CCK, gastrin 
Cortisol 
Exercise 
Infections 
Other stresses 
Acetylcholine 
fi-Adrenergic stimulators 
Theophylline 

Inhibitors 

Glucose 
Ketones 
Somatostatin 
Secretin 
Insulin 
Phenytoin 
ex-Adrenergic stimulators 

blood glucose concentration will be raised because glucagon stimulates adenylate 
cyclase of the liver cells. This will lead to the activation of phosphorylase and a 
subsequent breakdown of glycogen. 

Gluconeogenesis is stimulated by glucagon from several substrates, and the 
effect takes place at different biochemical sites. Liver uptake of lactate is stimu
lated as well as the conversion of lactate and pyruvate to glucose. Glucagon also 
stimulates the liver uptake of circulating amino acids and their conversion to glu
cose. In addition, glucagon stimulates the hepatic catabolism of proteins. Plasma 
values of glucagon in humans, determined under fasting, various types of meal, 
and infusion of arginine, are shown in Tables 9 and 10. In summary, glucagon 

Table 9. Plasma glucagon concentration in normal subjects during fasting and stimulation. 
(FALOONA 1973) 

Fasting 
Carbohydrate meal maximum decrease 
Protein meal maximum increase 
Arginine infusion maximum increase 

Plasma glucagon concentration (pg/ml) 

Mean 

75 
45 

102 
239 

Range 

30-210 
20-120 
50-180 

104--590 

Table 10. Plasma glucagon concentrations in diabetic subjects during fasting and following 
stimulation. (UNGER 1973) 

Fasting 
Carbohydrate meal maximum ~ decrease 
Protein meal maximum increase 
Arginine infusion maximum increase 

Plasma glucagon concentration (pg/ml) 

Mean 

119 
8 

75 
365 

Range 

40- 240 
0- 40 
0- 150 

108-1040 
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mobilizes energy stores and therefore has an opposite effect to insulin, which prin
cipally acts as a hormone of energy storage. The concentration of glucagon in 
blood will vary according to the level of glucose in the blood and the nutritional 
state. Also, the molar ratio of insulin and glucagon in the circulation will fluctuate 
considerably owing to the conditions preceding the collection of blood. For ex
ample, the insulin: glucagon molar ratio on a balanced diet is approximately 2.3. 
Following 3 days of starvation, the ratio will fall to 0.4, whereas the ratio after 
the intake of a large carbohydrate meal may increase to 70 (GANONG 1985). 

2. Pathophysiology 

As indicated in Table 8, the concentration of glucagon in plasma is dependent on 
a variety of circumstances. The tests show that the normal alpha cells of the pan
creas will respond by a decreased output of glucagon when the glucose concentra
tion in plasma is raised and by an increased secretion of glucagon in response to 
amino acids, or when glucose in plasma is low. Some disease states have been de
scribed in which abnormal function of the alpha cells will result in deficiency or 
excess of glucagon. Insufficient function may be a consequence of an isolated ab
sence of alpha cells with normal function of the remainder of the endocrine and 
exocrine pancreatic tissue (LEVY et al. 1970). It may also be due to inflammatory 
disease of the pancreas (UNGER 1973), neoplastic replacement of the pancreas, or 
its surgical removal. 

In diabetes mellitus, hypersecretion of glucagon may be found under several 
conditions, despite the raised concentration of glucose in the blood, and it has 
been suggested (UNGER et al. 1970) that the hypersecretion of glucagon plays a 
role in the metabolic disturbance of ketoacidosis. It may do so by exaggerating 
the metabolic consequencies of the lack of insulin. More insulin will therefore be 
required to overcome the ketoacidosis. The somewhat paradoxical effects of glu
cagon secretion from an adult-type diabetic are illustrated in Fig. 5. Table 10 
shows glucagon concentrations in plasma in diabetes mellitus. These values 
should be compared with the concentrations of glucagon seen in normal subjects 
and illustrated in Table 9. 

Hypersecretion of glucagon may be found in patients with glucagonoma, hy
percalcemia, acute pancreatitis, or diabetes mellitus (PALOYAN 1967; PALOYAN et 
al. 1966; UNGER 1973; UNGER et al. 1970). Glucagonomas can be suspected at glu
cagon levels of 500 pg/ml or more following an overnight fast. Hypersecretion of 
glucagon in connection with hypercalcemia has been reported in connection with 
hyperparathyroidism or with the Gelhorn-Phimpton syndrome and leukemia 
(PALOYAN 1967). Excess secretion of glucagon has also been noted in animal ex
periments in which acute pancreatitis has been induced (PALOYAN et al. 1966). 
Such hypersecretion of glucagon may explain both the hyperglycemia and the hy
pocalcemia that may be associated with this disorder. 

3. Radioimmunoassay and Its Clinical Application 

Radioimmunoassay of glucagon has been hampered by the following problems: 
(a) difficulties in producing antisera of sufficient titer and affinity to permit the 
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detection of glucagon in body fluids; (b) considerable cross-reactivity with pep
tides of nonpancreatic origin; and (c) damage of iodinated and endogenous glu
cagon by proteolytic enzymes present in blood. A number of methods for the pro
duction of glucagon antisera have been described. Several of these techniques 
have been summarized by HEDING (1969, 1972b). 

The problem of degradation of the iodinated and endogenous glucagon in the 
test tube can be overcome by the addition of 500 units per milliliter plasma of the 
proteinase inhibitor aprotinin. Labeling of glucagon can be carried out by the 
chloramine-T method (HUNTER and GREENWOOD 1962). Purification of the la
beled product can be accomplished by gel filtration on Sephadex G-25. All eluates 
should then be collected in test tubes prepared with aprotinin. A quick and prac
tical method of purifying the labeled glucagon is to adsorb the labeled material 
on a cellulose column and to elute it with acid-ethanol in tubes that contain the 
standard diluent with 500 units aprotinin per milliliter. The method has been de
scribed for purification oflabeled insulin by YALOW and BERSON (1973, p. 864), 
but can just as well be applied for the purification of iodinated glucagon. 

As standard, crystalline bovine or porcine glucagon can be used. The gluca
gon is dissolved in dilute HCI, which is then diluted to the appropriate concentra
tion by the addition of the buffer solution used as diluent; a 0.2 M glycine buffer 
solution with 0.25% human serum albumin and 1 % normal sheep serum at 
pH 8.8 has been used (F ALOONA 1973) as well as a 0.02 M barbital buffer solution 
at pH 8.6, supplemented with 1 % control guinea pig or rabbit serum (depending 
on the species used for immunization) and 0.25% human serum albumin (R. S. 
Y ALOW and S. A. BERSON 1971, personal communication). At incubation, the in
cubation mixture should contain 500 units aprotinin per milliliter. Tubes are in
cubated for 4-6 days at 4 DC. 

As for other polypeptide substances, several adsorption techniques have been 
used to separate the free from the antibody-bound antigen. Separation can be 
done by a suspension of charcoal (Norit A) with (LECLERCQ-MEYER et al. 1970) 
or without (NILSSON and UVNAS-WALLENSTEN 1977) 0.25% dextran 80. Before 
charcoal is added to tubes containing standards or diluted plasma, a suitable vol
ume of outdated plasma is added to the tubes to make the protein concentration 
in tubes as near equal as possible. Separation can also be carried out by precipi
tating the glucagon-antibody complex by Na2S04 (UNGER et al. 1963), immuno
precipitation (CHESNEY and SCHOFIELD 1969; HAZZARD et al. 1968), or by ethanol 
(EDWARDS et al. 1970; HEDING 1971). The antigen can also be adsorbed on a cel
lulose powder (NONAKA and FoA 1969) or Amberlite G-400 (WEINGES 1968), or 
separated from the antibody complex by paper chromatography (UNGER et al. 
1961) or chromatoelectrophoresis (ASSAN et al. 1967). 

In summarizing the clinical application of the glucagon radioimmunoassay, 
it can be stated that there are several situations where glucagon concentrations 
in blood may be abnormal. A clinical need for the glucagon radioimmunoassay 
is thus established when glucagonomas are suspected and in cases of isolated glu
cagon deficiency. Fasting plasma concentrations in excess of 500 pg/ml are highly 
suggestive of glucagonoma in the absence of diabetes mellitus. In isolated gluca
gon deficiency, infusion of arginine will cause hypoglycemia due to insulin release 
and the glucagon concentration in the blood will not rise. 



Radioimmunoassay of Nonpituitary Peptide Hormones 

B. Hormones Regulating Calcium Homeostasis 

I. Physiology of Calcium Homeostasis 
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The regulation of calcium homeostasis is essentially accomplished by parathyroid 
hormone (PTH), calcitonin, and vitamin D (1 ,25-dihydroxycholecalciferol). 
Variations in the concentration of free or ionized calcium present in the extracel
lular fluid will initiate the acute phases of this homeostasis. Following a reduction 
of the Ca2+ concentration in the blood, there is a rapidly occurring increase of 
PTH in the circulation. The released PTH will cause an increase in the blood con
centration of Ca2 +. This increase is attained by an elevated rate of osteocytic os
teolysis in the bone and by an increase in the net rate of Ca2+ resorption from 
the bone. Also, the absorption of Ca2 + from the upper small intestine increases 
and the excretion of Ca 2 + from the kidneys will be reduced. Simultaneously, there 
is an increased urinary excretion of phosphate. Phosphate metabolism also con
tributes to the homeostatic regulation of calcium inasmuch as free calcium and 
phosphate exist in equilibrium in the blood and the solubility product of calcium 
phosphate contributes to the relative concentration of both free calcium and 
phosphate in biologic tissues; i.e., when the concentration of phosphate is reduced 
the concentration of Ca2 + is increased. At a raised concentration of Ca2+, the 
secretion of PTH is lowered and the secretion of calcitonin is stimulated. Under 
the influence of the latter hormone, the rate of bone resorption is inhibited, result
ing in a decreased calcium concentration in the blood. Vitamin D influences the 
actions of PTH on the bone tissue by contributing to the mobilization of Ca2 + 

from the bone. 

II. Parathyroid Hormone 
1. Chemistry 

PTH is produced in the dark chief cells of the parathyroid glands. As with most 
peptide hormones, several molecular forms have been detected (BERSON and 
YALOW 1968). The most abundant form that is stored in the glands and that 
which constitutes the primary secretion product under normal conditions has a 
molecular weight of 9500. Besides that, other forms, of molecular weight 7000 
and 4500 also exist (HABENER et al. 1971; MAYER et al. 1979; TANAKA et al. 1975). 
The former, which is biologically inactive, primarily constitutes the carboxyl end 
of the PTH molecule (MAYER et al. 1977) whereas the biologically active 4500 mo
lecular weight form is considered to be the amino end of the molecule (CANTER
BURY and REISS 1972). The 9500 molecular weight form represents approximately 
50% of the PTH peptides present in the circulation (HABENER and POTTS 1977; 
HABENER et al. 1971). The amino acid composition of this molecular form from 
a number of species is illustrated in Table 11. The 7000 and 4500 molecular weight 
forms are created by peripheral enzymatic conversion of the 9500 molecular 
weight form. The half-life in blood for the 9500 molecular weight form has been 
estimated to be very short, for the NH2 terminal portion somewhat longer, and 
for the COOH terminal portion of the PTH molecule still longer. Metabolic stud
ies of PTH have been reviewed by CHRISTENSEN (1979). On decrease in serum 
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Table 11. Amino acid sequences of rat (R), human (H), bovine (B), and porcine (P) PTH. 
Dashes indicate residues identical to those in the human molecule. (AuRBAcH et al. 1985) 

Species 10 

R Ala 
H Ser Val Ser Glu Ile GIn Leu Met His Asn Leu Gly 
B Ala Phe 
P Ser Phe 

20 
R Ala Val Met GIn 
H Lys His Leu Asn Ser Met Glu Arg Val Glu Trp Leu 
B Ser Met 
P Ser Leu 

30 
R Ser 
H Arg Lys Lys Leu GIn Asp Val His Asn Phe Val Ala 
B 
P 

40 
R Val GIn Met Ala Glu Gly Ser Tyr 
H Leu Gly Ala Pro Leu Ala Pro Arg Asp Ala Gly Ser 
B Ser Ile Tyr Gly Ser 
P Ser Ile Val His Gly 

50 60 
R Thr 
H Gin Arg Pro Arg Lys Lys Glu Asp Asn Val Leu Val 
B 
P 

70 
R Asp Gly Asn Ser Gly 
H Glu Ser His Glu Lys Ser Leu Gly Glu Ala Asp Lys 
B GIn 
P Gin 

80 84 
R Asp Val 
H Ala Asp Val Asn Val Leu Thr Lys Ala Lys Ser GIn 
B Asp Ile Pro 
P Ala Asp Ile Pro 

Ca2 + concentration, PTH is essentially secreted as the 9500 molecular weight 
form. 

The PTH concentration in plasma is subject to a diurnal variation, with peak 
concentrations in the evening and with the lowest concentrations in the morning. 
Samples for determination of hypo- or hypersecretion conditions are usually col
lected in the morning. The normal concentration ofPTH in serum ranges between 
120 and 160 pmol equiv./l (1.1-2.5 ng/ml). Problems exist with overlap in the 
values of normal individuals and of those that suffer from hyperparathyroid-
1sm. 
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2. Radioimmunoassay and Its Clinical Application 

The first radioimmunologic method for determination of PTH was described by 
BERSON and YALOW (1963). Since then, a great number of assays have been re
ported. Porcine PTH has been used for antiserum production in guinea pigs (AR
NAUD et al. 1971) and bovine PTH in rabbits (DEFTOS 1974) or chicken (REISS and 
CANTERBURY 1968). Several problems are associated with the radioimmunologic 
determination ofPTH. For example, the use of bovine or porcine PTH for immu
nization has produced antisera where the immunologic reactivity of human PTH 
is only 20%-50% of the bovine or porcine PTH against which the antisera have 
been raised. The heterogeneity of PTH in blood will contribute to variations of 
results between laboratories. Thus, antibodies that are raised by bovine PTH in 
particular react against the 9500 molecular weight component in blood. Antisera 
that have been raised by porcine PTH, on the other hand, primarily react with 
the 4500 molecular weight form ofPTH. Other problems related to the PTH assay 
are the great ability ofPTH to be adsorbed on glass surfaces which has to be coun
teracted by high proportions of serum in the standard diluent. PTH also has a 
great vulnerability to enzymatic destruction. The latter problem can be handled 
by the presence of aprotinin (500 units/ml) at collection of plasma samples and 
in the incubation medium and by rapid freezing of collected plasma samples. 

Labeling of PTH may be carried out by the chloramine-T method (HUNTER 
and GREENWOOD 1962) by 1251 (ALMQVIsTet al. 1975; CHRISTENSEN 1976; DEFTOS 
1974; SCHOPMAN et al. 1970; TANAKA et al. 1975) and the labeled hormone puri
fied by QUSO (YALOW and BERSON 1973, p.971). Labeling with 1251 has also 
been described by the lactoperoxidase method, with subsequent separation on 
Bio-Gel P-10 (THORELL and LARSSON 1978). As diluent, phosphate-BSA (CHRIS
TENSEN 1978; SCHOPMAN et al. 1970), barbital buffer (DEFTOS 1974), barbital-BSA 
(REISS and CANTERBURY 1968), barbital-guinea pig serum (ARNAUD et al. 1978), 
and barbital-HSA (TANAKA et al. 1975) have been used. 

Incubation to reach a state of equilibrium of the antigen-antibody reaction 
is most commonly carried out for 96 h at 4°C. At separation, dextran-coated 
charcoal (PALMIERI et al. 1971) can be added before centrifugation and removal 
of the supernatant from the charcoal pellet. In other cases, plasma is added to the 
incubation volume before the subsequent addition of uncoated charcoal sus
pended in barbital buffer (PALMIERI et al. 1971). Other methods employed for sep
aration are electrophoresis on cellulose acetate (REISS and CANTERBURY 1968), 
paper chromatography (CHRISTENSEN 1976), and the double-antibody technique 
(TANAKA et al. 1975). The radioimmunologic determination of PTH is mainly 
used to differentiate between various causes of hypercalcemia. A number of such 
causes are listed in Table 12. 

In primary hyperparathyroidism, the secretion of PTH is elevated. This kind 
of hypersecretion has successfully been differentiated from others by determining 
the 7000 molecular weight form in the blood. Also in hyperparathyroid patients 
who have normal blood values of calcium, the concentration ofPTH may be too 
high compared with the calcium level. Levels ofPTH in patients with hypersecre
tion of calcium have been extensively studied by ARNAUD et al. (1973). Ifthe hy
percalcemia is due to causes other than hyperparathyroidism, the patients will 
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Table 12. Disorders associated with hypercalcemia. (HAMILTON 1975) 

Neoplastic 
Primary hyperparathyroidism 

Parathyroid adenoma 
Parathyroid hyperplasia 
Parathyroid carcinoma 

Nonendocrine malignancies 
Bronchogenic carcinoma 
Breast carcinoma 
Lymphoma 
Multiple myeloma 
Leukemia 

Direct malignant bone involvement 

Nonneoplastic 
Sarcoidosis 
Vitamin D intoxication 
Milk-alkali syndrome 
Addison's disease 
Thiazide diuretics 
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have levels of PTH that are below the detection limit for the hormone. In cases 
of chronic renal failure, the 7000 molecular weight component seems to be ele
vated whereas the 9500 molecular weight form is only occasionally raised in this 
patient group. Raised levels of the 7000 molecular weight form have also been 
found in patients with primary hyperparathyroidism. According to the conclu
sion of ARNAUD et al. (1973), elevated concentrations of the 7000 molecular 
weight component in the blood will reflect a state of chronic hypersecretion of 
PTH, as in hyperparathyroidism. Blood concentrations of the 9500 molecular 
weight form, on the other hand, reflect acute changes in the secretory state of the 
parathyroid gland. 

For localization of parathyroid adenomas at surgery, amino terminal-specific 
antisera have been successfully used (TANAKA et al. 1975). Such antisera are sup
posed to reflect the acute secretion of PTH in the region of parathyroid adeno
mas. Lowered concentrations of PTH will be found in hypercalcemia, indepen
dent ofPTH hypersecretion. Such hypercalcemia exists in connection with malig
nant tumors as well as in other conditions listed in Table 12 (HAMILTON 1975; 
LAFFERTY 1966; RODMAN and SHERWOOD 1978; STEWART et al. 1980). 

Lately, attempts have been made to produce antibodies directed against the 
intermediate portion of the PTH molecule (amino acids 53-68). Assays using such 
antibodies (Cambridge Medical Diagnostics, England) seem to be of better diag
nostic value than assays using antibodies directed against the COOH or NH z ter
mini in conditions with primary hyperparathyroidism, in preoperative searches 
for PTH-secreting adenomas, and in hypoparathyroidism. The assay can also be 
used for diagnostic purposes and to follow secondary hyperparathyroidism in re
nal insufficiency. 

III. Calcitonin 

1. Chemistry and Physiology 

Calcitonin is a polypeptide consisting of 32 amino acids (molecular weight 3400), 
characterized by a 1-7 disulfide bridge at the NH z terminus of the molecule and 
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by the existence of proline as a COOH terminal amino acid. Calcitonin has been 
isolated from a large number of species. Differences in structure of the calcitonin 
molecule in these species are illustrated in Table 13. The biologic activity seems 
to require the contribution of the whole polypeptide molecule. As for other poly
peptide hormones, higher molecular weight forms have been reported although 
not chemically identified. In humans, calcitonin has been demonstrated in the C 
cells, which are small groups of interstitial and parafollicular cells in the thyroid. 
Such cells have also been found in the parathyroid glands and in the thymus. 

Following an elevated concentration of Ca2+ (>9 mg per 100 ml) in the 
blood, secretion of calcitonin is initiated. The hormone is considered to act di
rectly on the bone tissue by decreasing the rate of remodeling of the bone. In cases 
of Paget's disease of bone tissue, which is characterized by increased bone de
struction, increased bone formation, and an abnormal architecture in the newly 
formed bone, treatment with calcitonin seems to be effective. 

Table 13. Amino acid sequence of calcitonin in various species. Dashes indicate residues 
identical to those in the human molecule. (AURBACH et al. 1985) 

Species 2 4 6 8 10 

Eel Ser Val Lys 
Salmon I Ser Val Lys 
Salmon II Ser Val Lys 
Salmon III Ser Met Lys 
Human Cys Gly Asn Leu Ser Thr Cys Met Leu Gly Thr 
Rat 
Porcine Ser Val Ser Ala 
Bovine Ser Val Ser Ala 
Ovine Ser Val Ser Ala 

12 14 16 18 20 22 
Eel Leu Ser Glu Leu His Leu Gin Tyr 
Salmon I Leu Ser Glu Leu His Leu Gin Tyr 
Salmon II Leu Ser Leu His Leu Gin 
Salmon III Leu Ser Leu His Leu Gin 
Human Tyr Thr Gin Asp Phe Asn Lys Phe His Thr Phe 
Rat Leu 
Porcine Trp Arg Asn Leu Asn Arg 
Bovine Trp Lys Leu Asn Tyr Arg 
Ovine Trp Lys Leu Asn Tyr Arg Tyr 

24 26 28 30 32 
Eel Arg Asp Val Ala Thr 
Salmon I Arg Asn Thr Ser Thr 
Salmon II Arg Asn Thr Ala Val 
Salmon III Arg Asn Thr Ala Val 
Human Pro Gin Thr Ala IIe Gly Val Gly Ala Pro- NH z 
Rat Ser 
Porcine Ser Gly Met Gly Phe Pro Glu Thr 
Bovine Ser Gly Met Gly Phe Pro Glu Thr 
Ovine Ser Gly Met Gly Phe Pro Glu Thr 
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2. Radioimmunoassay and Its Clinical Application 

Synthetic human calcitonin is commercially available from several companies. 
Antisera to human calcitonin have been produced in both guinea pigs and rabbits 
(TASHJIAN and VOLLKEL 1974). Labeling of calcitonin with 1251 using both the 
chloramine-T method (ALMQVIST et al. 1975; CLARK et al. 1969; DEFTOS 1971; 
SILVA et al. 1974) and the lactoperoxidase method (THORELL and LARSSON 1978) 
has been described. Purification of the labeled hormone can be accomplished by 
QUSO as for PTH. As diluent, phosphate-HSA (CLARK et al. 1969), phosphate
BSA (ALMQVIST et al. 1975; HEYNEN and FRANCHIMONT 1974), TRIS buffer with 
human serum (TASHJIAN and VOLLKEL 1974) or borate-HSA (SILVA et al. 1974) 
have been used in different laboratories. For separation, methods using dextran
coated charcoal (ALMQVIST et al. 1975; CLARK et al. 1969; DEFTOS 1971; HEYNEN 
and FRANCHIMONT 1974; TASHJIAN and VOLLKEL 1974), polyethylene glycol 
(SILVA et al. 1974), or dioxane precipitation (DEFTOS 1971) have been proposed. 

Serum as well as plasma samples can be used for the radioimmunoassay de
termination. Normal values of calcitonin in plasma are 0.02--0.04 ng/ml. Calcito
nin is normally present in urine in concentrations lower than 1 ng/ml. In patients 
with medullary carcinoma of the thyroid, concentrations ranging between nano
gram and microgram levels can be found. In urine, concentrations as high as 3 Jlg 
per milliliter urine have been noted in patients with medullary carcinoma. 

Medullary carcinoma of the thyroid starts as a malignancy of the thyroid C 
cells. Determination of calcitonin has been shown to be useful as an early indica
tion of such malignancy and for follow-up studies on such patients (ALMQVIST et 
al. 1975; HEYNEN and FRANCHIMONT 1974). Determination of calcitonin also 
seems to be of great value in screening relatives of patients with a hereditary ten
dency to medullary carcinoma. Pathologic levels of calcitonin have also been 
found in patients with chronic hypocalcemia and pseudohypoparathyroidism as 
well as in carcinoid tumors. 
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CHAPTER 13 

Radioimmunoassay 
of Gastrointestinal Polypeptides 
J. H. WALSH and H. C. WONG 

A. Introduction 

The gastrointestinal hormones comprise a group of pep tides produced by endo
crine cells that line the stomach and intestine. The pancreatic hormones insulin, 
glucagon, and pancreatic polypeptide are often included in this category. Several 
other peptides are produced in the gut exclusively by nerves or by both nerves and 
endocrine-type cells. These endocrine pep tides and neuropeptides exert a wide 
variety of biologic effects on target organs in the gastrointestinal tract. They serve 
as endocrine and/or neurocrine regulators of many physiologic functions. They 
also produce clinical disease, most dramatically when there is massive overpro
duction by a hormone-secreting tumor. 

Measurement of gastrointestinal peptides has developed greatly during the 
past two decades. The first radioimmunoassay developed by Yalow and Berson 
was used to measure insulin. Other assays were developed to measure glucagon 
and later gastrin. During the past decade, it has become routine to develop 
radioimmunoassays to measure new peptides almost as soon as they are dis
covered and characterized. Region-specific antisera are often utilized to permit 
more subtle characterization of immunoreactive peptides, and the use of two or 
more region-specific assays may allow complete identification of a molecular 
form of hormone present in blood or tissue extracts without the necessity of chro
matographic separation. 

In this chapter, we will present the methods used in our laboratory for the 
measurement of several gastrointestinal peptides. Most of these are classified as 
hormones, but a few such as vasoactive intestinal polypeptide and the bombesin/ 
gastrin-releasing peptides are exclusively neuropeptides. We will discuss the phys
iologic and pathologic roles of these peptides and their chemistry only briefly. For 
more comprehensive reviews of these subjects readers are referred to WALSH 
(1983) and WALSH (1987). We will present the methods that we find useful, char
acterize our own antisera, and discuss briefly the assay methods reported by 
others. It should be recognized that normal values depend greatly on the anti
body, assay condition, and standards employed in different laboratories. Further
more, the presence of multiple molecular forms of many of these peptides creates 
a more complicated situation that cannot be described adequately by a single 
number. We will present the normal range obtained in our laboratory, recogniz
ing that it may differ from values obtained in other laboratories. Whenever pos
sible, we measure all biologically active forms of peptide in a single assay, and this 
value is the one that is presented. For some peptides, such as neurotensin, the bio-
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logically inactive fragment is most commonly reported. Therefore, we will give 
normal values for the biologically active fragments and for the biologically inac
tive fragment. 

B. Gastrin 

I. Physiologic Relevance 

Gastrin is a hormone produced in the antral portion of the stomach that is re
sponsible for regulation of food-stimulated gastric acid secretion (WALSH and 
GROSSMAN 1975). Gastrin also has a trophic effect on the mucosa of the acid-se
creting portion of the stomach (JOHNSON 1976). Hypersecretion of gastrin may be 
caused by a gastrin-secreting tumor, or gastrinoma, or by primary hyperfunction 
of antral gastrin cells (WALSH and GROSSMANN 1975). Hypergastrinemia also 
commonly occurs in patients with very low or absent gastric acid secretion (AR
NOLD et al. 1982). Primary hypergastrinemia due to antral gastrin cell hyperplasia 
is a rare cause of peptic ulcer disease (LEWIN et al. 1984). 

The concentrations of gastrin in the blood are sufficient to account for a major 
part of the gastric acid secretory response to an amino acid meal (FELDMAN et al. 
1978). There is a high correlation between serum gastrin and acid responses to 
graded concentrations of amino acids and peptides (LAM et al. 1980). The concen
trations of gastrin found during graded stimulations of acid secretion caused by 
gastric perfusion with increasing concentrations of peptone corresponded closely 
with the gastrin values expected for the observed acid secretory rates (MAXWELL 
et al. 1984). 

II. Chemical Composition 

Gastrin consists of two major molecular forms, a 34 amino acid "big gastrin" 
(G34) and a 17 amino acid "little gastrin" (G17) (WALSH and GROSSMANN 1975). 
These two peptides differ in clearance rates, with the smaller form being cleared 
4-8 times more rapidly than the larger form (WALSH et al. 1976). The tyrosine side 
chain on gastrin may be sulfated or nonsulfated. Approximately equal amounts 
of both forms are found in tissues and circulation. Sulfation does not affect the 
acid stimulatory activity of gastrin (GREGORY 1979). 

Despite earlier evidence that big gastrin was less active than little gastrin, re
cent studies suggest that large and small forms have approximately equal potency 
in the blood (EYSSELEIN et al. 1984a). Therefore, measurement of the biologically 
active carboxy terminal portion of gastrin can give a good reflection of circulating 
acid stimulatory activity due to gastrin. Postsecretory processing of gastrin may 
result in biologically active forms containing less than 17 amino acid residues. 
Gastrins containing 14 amino acids, 6 amino acids, and 5 amino acids have been 
isolated from tissues (GREGORY et al. 1979,1983; EYSSELEIN et al. 1984b). 
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III. Characteristics of Antibodies and Labeled Peptides 

The most useful antibodies for gastrin radioimmunoassay are those directed 
against the biologically active carboxy terminal tetrapeptide amide region. They 
should not distinguish between sulfated and nonsulfated gastrins. By now, many 
satisfactory gastrin radioimmunoassays have been described and a number of an
tibodies have been characterized (ROSENQUIST and WALSH 1980). A number of ad
ditional antibodies have been produced that react with other portions of the gas
trin gene product. The sequence for cDNA that codes for gastrin has been pub
lished (Yoo et al. 1982). 

IV. Other Published Assays 

Immunization of rabbits with gastrin conjugated to carrier protein has resulted 
in production of antibodies with Ka as high as 1012 M- 1 and specific either for 
the carboxy terminus or amino terminus of G17 (REHFELD et al. 1972) or, rarely, 
of the entire G17 molecule (DOCKRA Y and TAYLOR 1977). Some examples of other 
antibody specificities are antibodies directed at the amino terminus of G17 
(DOCKRA Y and WALSH 1975), at the amino terminus of big gastrin (DOCKRAY 
1980), and at carboxy terminal extended forms of gastrin (SUGANO and YAMADA 
1985). Antibodies have also been prepared against the carboxy terminus of pre
pro gastrin (DESMOND et al. 1985). Antibodies can also recognize single amino acid 
residue substitutions (REHFELD and MORLEY 1983). An antibody specific for the 
amino terminus of G34 was used to demonstrate amino terminal fragments of 
G34 in human plasma (PAUWELS and DOCKRAY 1982). 

The most common gastrin radioimmunoassays utilize antibodies specific for 
the biologically active carboxy terminus of gastrin that react approximately 
equally well with G 34, G17, and G14, do not distinguish between sulfated and 
nonsulfated gastrins, and exhibit minimal cross-reactivity with cholecystokinin 
peptides (ROSENQUIST and WALSH 1980). Specificity for sulfated gastrins may 
cause unexpected results if not recognized (REHFELD et al. 1981). Normal basal 
gastrin concentrations are of the order of 10-20 pM (20-40 pgjml G17 equiva
lent). Further characterization of molecular forms of gastrin in plasma or tissue 
extracts can be done without further separation by use of G17-specific antibody 
(DOCKRAY et al. 1978; TAYLOR et al. 1979). Alternatively, molecular forms of gas
trin can be separated by gel filtration (REHFELD et al. 1974) or by a combination 
of affinity chromatography and gel filtration (LAMERS et al. 1982), and different 
molecular forms of gastrin can be determined by their characteristic elution po
sitions and their reactions with region-specific antisera (DOCKRAY et al. 1975 a, b; 
DOCKRAY and WALSH 1975; HOLMQUIST et al. 1979). 

C. Cholecystokinin 

Cholecystokinin (CCK) is a hormone and a neuropeptide. The endocrine cells 
that produce CCK are located in the mucosa of the upper half of the small intes
tine, and the nerve cell bodies are located primarily in the myenteric plexus lining 
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in the muscle layers of the small and large intestine. CCK has many biologic ef
fects, including stimulation of gallbladder emptying, stimulation of pancreatic en
zyme secretion, inhibition of food intake, inhibition of gastric acid secretion, in
hibition of gastric emptying, and stimulation of small intestinal motility (WALSH 
1987). At least the effects on gallbladder contraction and on pancreatic enzyme 
secretion are felt to be physiologic. There are no diseases known to be associated 
with hypersecretion of CCK. A suitable bioassay for plasma CCK has been de
veloped by LIDDLE et al. (1985). This assay utilizes release of pancreatic enzymes 
from isolated acini and has a sensitivity equivalent to that of a highly sensitive 
radioimmunoassay. LIDDLE et al. (1985) have found the basal levels of CCK to 
be approximately 1 pM with responses to meals in the range 5-10 pM. 

I. Published Radioimmunoassays 

Development of sensitive and specific radioimmunoassays for CCK has been dif
ficult. REHFELD (1978) prepared suitable tracer by conjugation with 125 I-labeled 
hydroxyphenylpropionic acid succinimide ester. Others have labeled 99% pure 
CCK33 (Go et al. 1971; THOMPSON et al. 1975) or have utilized CCK39 in order 
to label the free amino terminal tyrosine residue (SCHLEGEL et al. 1977). Anti
bodies directed at the carboxy terminal region of CCK often have a high degree 
of cross-reactivity with gastrin. Antibodies directed against midportion or amino 
terminal antigenic determinants in porcine CCK may be species specific (Go et 
al. 1971; STRAUS and YALOW 1978). An additional potential problem with amino 
terminal antisera is failure to measure small, biologically active carboxy terminal 
fragments of CCK. Estimates of fasting and food-stimulated CCK concentra
tions in humans have ranged widely in different assay systems. REHFELD (1984) 
has discussed the problems with CCK radioimmunoassay in detail. 

Use of gel filtration combined with a nonspecific carboxy terminal gastrin/ 
CCK antibody permits easy identification of plasma activity in the region of 
CCK8, but larger forms are "hidden" in the more abundant gastrin peaks 
(WALSH et al. 1982). 

Several radioimmunoassays have been developed that use antibodies with 
high specificity for the biologically active sulfated carboxy terminal region of 
CCK and only minimal cross-reactivity with gastrin (JANSEN and LAMERS 1983; 
BYRNES et al. 1981; Izzo et al. 1984). Three different assays of this type have pro
duced modest variation in basal CCK immunoreactivity, ranging from around 
1 pM to around 15 pM. Responses to mixed meals and to fat have been increases 
of about 10 pM. 

D. Secretin 

Secretin was originally described as the first peptide hormone by BAYLISS and 
STARLING (1902). It is responsible for stimulation of pancreatic bicarbonate secre
tion during duodenal acidification (WALSH 1987). The secretin cells are located 
in the mucosa of the upper half of the small intestine. Secretin release is activated 
by a decrease in the pH of the intestinal contents below a threshold between pH 4 
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and 3. Secretin is also released in small amounts by bile acids and may be released 
by certain spices. The concentrations of secretin in blood during and after the in
gestion of a protein meal or an acidified meal are sufficient to explain most of the 
pancreatic bicarbonate response to the meal. There are no known diseases caused 
by excessive release of secretin. There may be increased blood levels of secretin 
in conditions characterized by gastric acid hypersecretion. Defective secretin re
lease is found in diseases affecting the intestinal mucosa such as celiac sprue. The 
decreased secretin release in sprue may account in part for diminished pancreatic 
secretion. 

I. Chemistry 

Secretin is structurally related to other gastrointestinal peptides, including gluca
gon, vasoactive intestinal polypeptide, and gastric inhibitory peptide. Only one 
molecular form is known to circulate. Human secretin appears to be slightly dif
ferent from porcine secretin, but specific immunoreactivity and biologic activity 
studies have not been performed with human secretin. 

II. Antibody Production 

Antibodies to secretin were readily produced in rabbit by synthetic porcine secre
tin pentaacetate (E. R. Squibb, Princeton, New Jersey) conjugated to keyhole lim
pet hemocyanin (Calbiochem, San Diego, California) using 1-ethyl-3-(3-dimeth
ylaminopropyl)carbodiimide hydrochloride (ICN Pharmaceuticals, Plainview, 
New Jersey) as a coupling agent. To 4 mg secretin, dissolved in 6 ml 0.05 M 
sodium phosphate buffer, pH 7.4,200 III saline-dialyzed keyhole limpet hemocya
nin (5 mg), 40 mg carbodiimide hydrochloride, and 10000 cpm 125I-Iabeled se
cretin were added. The mixture was stirred at room temperature for 2-3 hand 
dialyzed against 21 0.15 M NaCl at 4°C. The efficiency of conjugation was esti
mated by measuring the radioactivity of 125I-labeled secretin before and after 
dialysis. 

Six 6- to 8-week-old New Zealand white female rabbits were used for immu
nization; 50-70 Ilg conjugate was used per rabbit in each injection. The conjugate 
was diluted in saline so that the amount to be injected was contained in 1 ml. The 
conjugate was emulsified with an equal amount of complete Freund's adjuvant 
(Difco Laboratory, Detroit, Michigan) and injected into 20 intradermal sites in 
the shaved area at the dorsal part of the rabbit. In the initial immunization, 0.5 ml 
pertussis toxoid (Eli Lilly, Indianapolis, Indiana) was injected intramuscularly in 
each rabbit. A booster injection was given 6--8 weeks after the first immunization. 
Useful antibodies developed after the first booster. Rabbits were bled by the ear 
artery or vein 7-10 days after the booster injection and then checked every 1-2 
weeks for antibodies. In our immunization program, four of six rabbits used pro
duced useful secretin antibodies. Antibody 7842 was used at a 1 : 200000 dilution 
in our radioimmunoassays. 
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III. Radioiodination 

In a small glass tube, containing 5 Ilg synthetic secretin penta acetate (Research 
Plus, Denville, New Jersey), dissolved in 100 111,0.25 M sodium phosphate buffer, 
pH 7.4, were added in order: 5 III Na 12s1 (Amersham, England) 100 mCi/ml in 
NaOH, and 10 III chloramine-T, 2 mg/ml in phosphate buffer. The reaction mix
ture was mixed gently for exactly 60 s and the reaction was terminated by the ad
dition of 20 III sodium metabisulfite, 5 mg/ml in phosphate buffer. The iodination 
mixture was first purified on a 1.0 x 10 cm Sephadex G-10 column prepared in 
0.1 M sodium acetate buffer, pH 5.2, with 0.15 M NaCl and 0.5% bovine serum 
albumin. Enough 1-ml fractions were collected to include both the labeled peptide 
and free iodide. Radioactivity was measured in each tube in order to estimate the 
percentage incorporation of radioiodide into the peptide. The peptide peak 
usually contained 60%-70% of total radioactivity. 

The labeled peptide (first peak) from the Sephadex G-10 column was applied 
to a 1.0 x 30 cm SP Sephadex C-25 column equilibrated with 0.1 M sodium ace
tate buffer, pH 5.2, with 0.15 M NaCI and 0.5% bovine serum albumin (Fig. 1) 
and 1-ml fractions were collected. Peaks from the descending slope of the labeled 
secretin were pooled, divided into aliquots, and frozen for use in radioimmunoas
say. Specific activity was estimated by radioimmunoassay (Fig. 2). A dilution of 
antibody was chosen that produced a bound/free (E/ F) ratio of approximately 1.0 
with trace amounts of labeled peptide of approximately 1000 cpm per milliliter 
incubation mixture. Two types of inhibition curve were constructed. In one type 
of curve, unlabeled secretin was added in graded increments to determine the con
centration of peptide that produced 50% inhibition of the initial E/F (IDso). In 
the other type of curve, doubling increments of labeled secretin were added over 
the range 500-100000 cpm per 2 ml incubation volume. The IDso for labeled se
cretin was determined as the cpm/ml that produces a 50% decrease in E/F. From 
these two numbers, the specific activity could be calculated as the ratio of IDso 
for labeled/unlabeled secretin and expressed in cpm/pg. Such tests of specific ac
tivity have revealed that labeled secretin obtained from the descending slope of 
the SP Sephadex column had a specific activity of 1500 IlCi/nmol, while labeled 
peptide from the ascending slope had a specific activity as low as 100 IlCi/nmol. 
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Fig. 2. Secretin label evaluation from SP Sephadex column; antibody 7842 used at 
1: 200000 dilution 

IV. Radioimmunoassay Procedure 

All pipetting procedures should be carried out in an ice bath. Samples, standards, 
antiserum, and labeled secretin are diluted in 0.1 M sodium acetate, pH 4.5, con
taining 2% serum bovine albumin, 2500 kIU aprotinin (FBA Pharmaceuticals, 
New York, New York) per milliliter buffer, and 0.02 M EDTA. Standards are 
prepared first by diluting the standards to contain 1000, 100, and 10 pg/ml. Each 
of these standards is pipetted in amounts of 200, 100, 50, and 20 Ill, producing 
ten different concentrations with two points of overlap. Standards and serum 
samples or other unknowns are diluted to contribute a volume of 1 ml to the reac
tion mixture. For assays of serum specimen it is desirable to add charcoal-strip
ped serum to the standard samples so as to correct for nonspecific interference 
by serum protein (Fig. 3). Aliquots of unknown serum samples 200 and 50 III are 
diluted to 1 ml with standard buffer to give a final concentration of 1/10 and 1/40 
in the reaction mixture. 

Labeled secretin and antibody are added to each tube to give a final incuba
tion volume of 2 ml. To each assay tube, 2000 cpm labeled secretin is added, plus 
diluted antibody (predetermined to bind 50% of the label). The nonspecific bind
ing controls contain the diluted label and standard buffer instead of antibody. 
Tubes are incubated for 24-72 h at 4°C. Separation of bound and free labeled 
peptide is performed with dextran-coated charcoal. The separation mixture con
tains 20 mg activated charcoal (Mallinckrodt, Paris, Kentucky), 20 mg dextran 
T-70 (Pharmacia, Piscataway, New Jersey), and 20 1115% bovine serum albumin 
in a final volume of 0.2 ml. Tubes should be kept on ice during the separation pro
cedure. After thorough mixing, the tubes are centrifuged at 3000 rpm ( ~ 2000 g) 
for 10-15 min and the supernatant solutions are removed by pouring off into a 
separate tube. Both the pellet containing the free secretin and the supernatant 
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containing the antibody-bound secretin are counted in a gamma scintillation 
spectrometer for a minimum of 2 min. Calculations of unknown concentrations 
are performed by comparing the B/ F ratio of the unknown to the B/ F ratio of the 
standard curve. 

V. Characterization of Antibodies 

Antibody titers were defined as the final dilution of antiserum that would bind 
50% oflabeled secretin added in a concentration of 1000 cpm/ml after incubation 
at 4 °C for 48 h. Titers obtained with our secretin-immunized rabbits ranged be
tween 1 : 50000 and 1 : 300000. The most useful secretin antibody 7842 is used in 
a final concentration of 1: 300000 in radioimmunoassay. 

Antibodies were characterized for avidity and specificity. Sensitivity was ex
pressed as the final concentration of peptide that caused 50% inhibition of the 
initial B/F ratio (IDso). Sensitivity could be altered by varying the conditions of 
incubation time, buffer used, specific activity of labeled secretin, antibody dilu
tion, and by addition of aprotinin. Under the optimal conditions, IDso for anti
body 7842 for secretin was 12.5 pM (50 pg/ml). No cross-reactivity was found 
with gastrin, gastric inhibitory peptide, vasoactive intestinal polypeptide, chole
cystokinin, or other related peptides tested at contrations of 10 ng/ml (Fig. 4). 

VI. Sample Preparation for Radioimmunoassay 

Blood was collected in ice-chilled EDT A Vacutainer tubes (Becton Dickinson, 
Rutherford, New Jersey) containing 2500 kIU aprotinin per milliliter blood. 
Blood was mixed and centrifuged at 4 °C for 10 min. The plasma was frozen until 
use. Charcoal-stripped plasma was prepared by adding 5 g activated charcoal to 
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Fig. 4. Secretin antibody 7842 
characterization; antibody used at 
1 : 200000 dilution 

100 ml normal human plasma. The mixture was stirred overnight at room tem
perature, and was centrifuged at 10000 g for 30 min. The supernatant was saved 
and filtered through a 0.45-llm filter membrane (Millipore, Bedford, Massachu
setts). Charcoal-stripped plasma was then divided into aliquots and stored at 
- 20°C until use. 

VII. Other Published Radioimmunoassays 

Immunization of rabbits with either unconjugated or conjugated secretin has pro
duced high affinity secretin antibodies (F AHRENKRUG et al. 1976). Most reported 
antibodies have had little cross-reactivity with other related gut peptides, possibly 
because they seem to be directed at antigenic sites in the carboxy terminal portion 
of the molecule (FAHRENKRUG et al. 1976; BODEN and CHEY 1973; TAl and CHEY 
1978). Substitution by tyrosine at the amino terminus of the secretin molecule ap
pears to result in less loss of immunoreactivity than substitution in position 6 
(Y ANAIHARA et al. 1976). Purification of label by ion exchange chromatography 
improves assay performance (SCHAFFALITZKY DE MUCKADELL et al. 1981; KLEI
BEUKER et al. 1984). 

Secretin radioimmunoassay has been used successfully to measure increases 
in plasma immunoreactivity following acid instillation into the duodenum 
(BODEN and CHEY 1973; RAYFORD et al. 1976). After extraction of plasma to re
move interfering factors, fasting secretin concentrations in normal humans were 
found to average less than 5 pM (SCHAFFALITZKY DE MUCKADELL and F AHREN
KRUG 1977; TAl and CHEY 1978). Extraction with alcohol or with small C ts re
verse-phase columns produces similar results. Increased sensitivity may be ob-
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tained by inclusion of aprotinin in the incubation and by delayed addition of la
beled secretin (KLEIBEUKER et al. 1984). 

E. Somatostatin 
Somatostatin, originally isolated from the hypothalamus, is widely distributed in 
the gastrointestinal tract, pancreas, and peripheral nerves (LUFT et al. 1978). Al
though a number of radioimmunoassays (ARIMURA et al. 1979; PENMAN et al. 
1979b; KRONHEIM et al. 1979; VINIK et al. 1981; PIMSTONE et al. 1978) have been 
reported to measure somatostatin in the human circulation, considerable prob
lems in the methodologies still exist. These include in particular peptide disinte
gration and interference by plasma protein when standard buffers of neutral pH 
are used (VINIK et al. 1981; NEWGAARD and HOLST 1981) and the need in most 
assays to extract somatostatin from plasma before measurement. 

I. Antibody Production 

To 5 mg somatostatin (Penisula Lab, San Carlos, California), dissolved in 3 ml 
0.05 M sodium phosphate buffer, pH 7.4,50 mg 1-ethyl-3-(3-dimethylaminopro
pyl)carbodiimide (lCN Pharmaceuticals, Plainview, New Jersey) and 500 ~l 
(12.5 mg) dialyzed keyhole limpet hemocyanin slurry (Calbiochem, San Diego, 
California) were added. The mixture was stirred for 5 h at room temperature and 
was then dialyzed against 21 0.15 MNaCI for 24 h. The efficiency of conjugation, 
estimated by the incorporation of a trace amount of radioiodinated peptide, was 
72%. 

Five 8-week-old New Zealand white rabbits were immunized at intervals of 
6-10 weeks by multiple intradermal injections of an emulsion containing equal 
parts of complete Freund's adjuvant (Difco Laboratory, Detroit, Michigan) and 
approximately 50-70 ~g conjugated peptide. Useful antibodies 8401 and 8402 
were obtained after the second booster injection. 

II. Radioiodination 

Radioactively labeled Tyr-l-somatostatin (Peninsula Lab, San Carlos, Califor
nia) was prepared by a modification of the chloramine-T method. To a small 
12 x 75 mm glass tube, containing 3 Ilg Tyr-l-somatostatin dissolved in 100 III 
0.25 M sodium phosphate buffer, pH 7.4, were added in order: 0.5 mCi Nal25I 
in 5 III solvent and 10 III chloramine-T 1 mg/ml 0.25 M sodium phosphate buffer, 
pH 7.4. The reaction was terminated at 12 s by addition of 20 III sodium meta
bisulfite, 5 mg/ml, 0.25 M sodium phosphate buffer, pH 7.4. Labeled peptide was 
separated from unreacted 1251 by chromatography on a 1 x 26 cm Sephadex G-25 
fine column (Pharmacia, Piscataway, New Jersey) equilibrated with 0.1 M acetic 
acid and 0.1 % heat-inactivated newborn bovine serum (Flow Lab, North Ryde, 
Australia). 

Incorporation of radioiodine into the peptide peak averaged 60%-70%. This 
procedure provides reasonably good separation of labeled peptide from un-
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reacted immunoreactive peptide, with the unreacted peptide eluted in an earlier 
fraction. The descending slopes of the labeled peptide peaks were used for 
radioimmunoassay. The labeled peptide retained full immunoreactivity for 2-3 
weeks when stored frozen in small aliquots at - 20°C. 

Specific activity of the labeled peptide was estimated by autoinhibition of 
binding in the radioimmunoassay system by serial dilutions of radioactivity in 
tubes obtained from various parts of the radioactive peak from a Sephadex G-25 
fine column. Tubes from the descending slope had higher specific activity than 
tubes from the ascending slope. Radioiodinated peptide pooled from the descend
ing slope had a specific activity of 1000 !lCi/nmol based on comparision with un
labeled somatostatin, and exhibited parallel displacement curves. 

III. Sampling and Treatment of Serum 

Blood samples were collected into tubes containing 10% (v/v) aprotmm 
(10000 kIU /ml), FBA Pharmaceuticals, New York, New York). The blood was 
centrifuged and the serum was stored at - 20°C until use. 

IV. Serum Extraction 

C1S Sep-Pak cartridges (Waters Associates, Milford, Massachusetts) were rinsed 
first with 10 ml 100% acetonitrile and then with 10 ml 0.05 M ammonium ace
tate, pH 4.5. Serum was loaded onto the cartridge at a flow rate of 1 ml/min. The 
cartridge was rinsed with 10 ml 0.05 M ammonium acetate. The eluates contain
ing somatostatin-like immunoreactivities were dried to the desired volume by ro
tary evaporation, and stored at - 20°C until use. 

V. Radioimmunoassay Procedure 

For radioimmunoassays, each tube contained 1500 cpm (3 fmol) labeled peptide, 
0.2 ml unknown serum or standards prepared in charcoal-stripped serum over the 
range 1-1000 pg/ml using synthetic somatostatin (SRIF 14), somatostatin 28 
(SRIF 28), and Tyr-l-somatostatin (Peninsula Lab, San Carlos, California), and 
antibody 8401 at a final dilution of 1 : 40 000, made up to a final volume of 1.0 ml 
with 0.05 M ammonium acetate buffer, pH 4.5, containing 0.1 % heat-inactivated 
newborn bovine serum and 2500 kIU /ml aprotinin. Tubes were set up in triplicate 
and incubated at 4 °C for 24 h. The whole pipetting procedure was carried out 
in an ice bath. 

Bound and free labeled peptides were separated by the addition of 0.1 ml dex
tran-coated charcoal suspension (500 mg dextran T-70 and 10 g Norit-A acti
vated charcoal in 200 ml 0.05 M ammonium acetate buffer). The mixtures were 
gently agitated and centrifuged at 2000 rpm for 5-10 min at 4°C. Both the pellet 
(free) and the supernatant (bound) were counted in an automatic gamma scintil
lation spectrometer for 2-3 min. The concentrations of somatostatin-like immu
noreactivity of the unknown sera were determined by comparing their bound/free 
ratios with the standard curves. Specificity was tested by the addition to separate 
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assay tubes of 1 nmol somatostatin 1-14, gastrin, insulin, glucagon, gastric in
hibitory peptide, vasoactive inhibitory polypeptide, and pancreatic polypeptide 
(Fig. 5). 

VI. Detection Limit 

The smallest amount of somatostatin that could be differentiated from zero hor
mone concentration with 95% confidence was 1.5 fmol/ml, equivalent to 15 fmol/ 
per milliliter serum. ID 50 was 20 fmol/ml for Tyr-l-SRIF, 40 fmol/ml for 
SRIF 14, and 70 fmol/ml for SRIF 25 and SRIF 28. Somatostatin 1-14 and other 
peptides tested have less than 0.1 % cross-reactivity. Somatostatin was unstable 
in serum, but degradation was substantially slowed by addition of aprotinin. 

VII. Other Published Radioimmunoassays 

A sensitive and specific radioimmunoassay for somatostatin was described by 
ARIMURA et al. (1978). After immunization with somatostatin, covalently bound 
to a-globulin by glutaraldehyde, rabbits produced antibodies that bound radioio
dinated (Tyr-l) somatostatin with high affinity. This antiserum, Rl0l, recognizes 
the 5th through 13th residues of somatostatin-14. 
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Antibodies with different specificities have been developed. They have been 
useful in studies of somatostatin metabolism. Analogs of somatostatin with sub
stitutions of tyrosine for various residues in the molecule have been used to pro
duce region-specific antibodies by selective conjugation through the tyrosine side 
chains and use of the same analog to prepare radio iodinated peptide (V ALE et al. 
1978). Antibodies specific for the amino terminus of somatostatin-14 react with 
labeled somatostatin in which a tyrosine residue is incorporated in the ring, at po
sition 11 (VALE et al. 1978). Other antibodies have been raised that are specific 
for the amino terminus or dibasic 13-14 amino acids in somatostatin-28 (RuG
GERE and PATEL 1985; BASKIN and ENSINCK 1984). 

Radioimmunoassay for somatostatin in blood has presented some problems. 
Plasma may have nonspecific effects on antibody binding to labeled antigen and 
there are differences in region specificity among antibodies. Elimination of 
plasma interference can be achieved by extraction prior to assay (ARIMURA et al. 
1978). Acetone or ethanol extraction produces almost complete recovery of 
somatostatin-14 and slightly lower recovery of somatostatin-28 (HILSTED and 
HOLST 1982). Extraction of plasma on small octadecylsilyl silica (Sep-Pak C1S) 

columns is also commonly used (COLTURI et al. 1984). An alternative approach 
is performance of assays at acid pH to prevent enzymatic damage to label. This 
type of assay requires an antibody that binds well at low pH (SEAL et al. 1982). 
Nonspecific effects of plasma could not be abolished by enzyme inhibitors or by 
use of somatostatin-free plasma for construction of standard curves, but good re
sults were obtained after prior extraction of somatostatin from plasma onto silica 
glass (PENMAN et al. 1979a). Under these conditions, fasting immunoreactive 
somatostatin in human subjects ranged from 17 to 81 pg/ml with 78% recovery 
of somatostatin added to plasma. Prior extraction of rat plasma with acetone 
(ARIMURA et al. 1978) or with acid-ethanol (PATEL et al. 1980) also produced 
fasting concentrations in peripheral blood that were less than 50 pg/ml. These re
sults are lower than fasting values of274 pg/ml obtained in human serum that was 
not extracted (KRONHEIM et al. 1978). Affinity chromatography was used to con
centrate large amounts of human plasma and to characterize normal circulating 
forms (BALDISSERA et al. 1983). Fasting concentrations were 11 pM (18 pg/ml) 
with approximately equal distribution into somatostatin-28 and somatostatin-14 
peaks. 

F. Motilin 

Motilin is a peptide produced by endocrine cells in the mucosa of the upper small 
intestine that has major effects on intestinal motility (WALSH 1987). Spontaneous 
increase in the circulating concentrations of motilin are associated with the onset 
of the interdigestive migrating myoelectric complex of the intestine. This is a 
spontaneous wave of contraction that originates in the stomach and is propa
gated through the intestine to the cecum. It occurs approximately every 1.5-2 h 
in fasting dogs and humans. Intravenous infusion of motilin during the quiescent 
phase provokes premature appearance of this complex. The blood concentrations 
required are close to those that develop spontaneously during the normal contrac-
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tion periods. Intravenous infusion of antibody to motilin diminishes or prevents 
the onset of these contractions. Motilin also has stimulatory effects on gallblad
der emptying and on pancreatic secretion. There are no diseases known to be 
caused by overproduction of motilin, although it is found in certain endocrine tu
mors such as carcinoid tumors. Motilin dysfunction may be present in some pa
tients with irritable bowel syndrome. 

I. Chemistry 

Motilin is a peptide of22 amino acid residues. Canine motilin differs from porcine 
motilin in 5 positions, 8, 9,13, 14, and 15. These differences cause some antisera 
raised against porcine motilin not to detect canine motilin. Human motilin has 
a structure identical to that of porcine motilin. 

II. Antibody Production 

Motilin antibodies have been raised in rabbits by motilin conjugated by l-ethyl-
3-(3-dimethylaminopropyl)carbodiimide to keyhole limpet hemocyanin. To 4 mg 
motilin, dissolved in 6 ml 0.05 M sodium phosphate buffer, pH 7.4,200 ml saline
dialyzed keyhole limpet hemocyanin (5 mg), 40 mg carbodiimide hydrochloride, 
and 5000-10000 cpm 125I-labeled motilin were added. The mixture was stirred 
at room temperature for 2-3 h and dialyzed against 21 0.15 MNaCI at 4°C. The 
efficiency of conjugation was 40%, measured by the radioactivity of 125I-labeled 
motilin before and after dialysis. 

For immunization, six 6-week-old New Zealand white female rabbits were 
used; 50 Ilg conjugate was used per rabbit in each injection. A booster injection 
was given 6--8 weeks after the first immunization. Useful antibodies developed 
after the second injection. Rabbits were bled by the ear artery or vein 7-10 days 
after the booster injection and then checked every 1-2 weeks for the presence of 
antibodies. In our immunization program, three of six rabbits used produced an
tibodies to motilin. Their titer ranged between 1: 10000 and 1: 35000. 

III. Radioiodination 

In a small glass tube containing 4 Ilg porcine motilin (Peninsula Lab, San Carlos, 
California) dissolved in 50 III 0.25 M sodium phosphate buffer, pH 7.4, the fol
lowing reagents were added in order: 5 III Na125I, 100 mCi/ml in NaOH (Amers
ham, England) and 10 III chloramine-T, 1 mg/ml in phosphate buffer. The reac
tion mixture was mixed gently for exactly 15 s and the reaction was terminated 
by the addition of 20 III sodium metabisulfite, 5 mg/ml in phosphate buffer. 

The iodination mixture was applied to a 1.0 x 10 cm Sephadex G-I0 column 
prepared in 0.05 M ammonium acetate, pH 5.2, containing 0.2% bovine serum 
albumin. Enough I-ml fractions were collected to include both the labeled peptide 
and free iodide. Radioactivity was measured in each tube in order to estimate the 
percentage incorporation of radioiodide into the peptide. The peptide peak 
usually contained 50% of total radioactivity. 
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Fractions from the first peak tube of the Sephadex G-1 0 column were applied 
to a 1.0 x 30 cm CM Sephadex C-25 column equilibrated with 0.05 M ammonium 
acetate, pH 5.2, containing 0.2% bovine serum albumin. Radioactive motilin was 
eluted from the column with a continuous gradient of ammonium acetate 0.05-
1.0 M, pH 5.2, using a 50-ml mixing flask (Fig. 6). This step permitted partial sep
aration of labeled motilin from unlabeled motilin. 

Routinely, fractions from the descending slope of the eluted peak were pooled, 
divided into aliquots, and frozen at -40 DC or colder until used. Labeled motilin 
was stable for 6-8 weeks if kept frozen at - 40°C. Specific activity was estimated 
empirically by radioimmunoassay (see Sect. D). Labeled motilin obtained from 
the descending slope of the CM Sephadex C-25 column had a specific activity of 
3000 cpm/fmol, while labeled peptide from the ascending slope had a specific ac
tivity lower than 500 cpm/fmol (Fig. 7). 
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IV. Radioimmunoassay Procedure 

Samples and standards are diluted in 0.02 M sodium barbital buffer, pH 8.6, con
taining 0.15 M N aCI and 0.2 % plasma protein (Travenol Laboratories, Glendale, 
California). Standards are prepared first by diluting the standards to contain 
1000, 100, and 10 fmol/ml. Each of these standards is pipetted in amounts of 200, 
100, 50, and 20 j.ll, producing ten different concentrations with two points of over
lap. Standards and serum samples or other unknown are diluted to contribute a 
volume of 1 ml to the reaction mixture. For assays of serum specimen it is desir
able to add charcoal-stripped serum to the standard samples so as to correct for 
nonspecific interference by serum protein (Fig. 8). Aliquots of unknown serum 
samples 200 and 50 III are diluted to 1 ml with standard buffer to give a final con
centration of 1/10 and 1/40 in the reaction mixture. 

Labeled motilin and antibody are added to each tube to give a final incubation 
volume of 2 ml. To each assay tube, 2000 cpm labeled motilin is added, plus di
luted antibody (predetermined to bind 50% of the label). The nonspecific binding 
controls contain the diluted label and standard buffer instead of antibody. 

Tubes are incubated for 24-72 h at 4°C. The optimal incubation time is de
termined empirically for each antibody. Separation of bound and free labeled 
peptide is performed with dextran-coated charcoal. The separation mixture con
tains 20 mg activated charcoal, 20 mg dextran T -70 (Pharmacia, Piscataway, 
New Jersey) and 20 III plasma in a final volume of 0.2 ml. Tubes should be kept 
on ice during the separation procedure. After thorough mixing, the tubes are cen
trifuged at 3000 rpm for 10-15 min and the supernatant solutions are removed 
by pouring off into separate tubes. Both the pellet containing the free motilin and 
the supernatant containing the antibody-bound motilin are counted in a gamma 
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scintillation spectrometer for a minimum of2 min, depending on the accuracy de
sired. Calculations of unknown concentrations are performed by standard 
methods. 

V. Characterization of Antibodies 

Antibody titers were defined as the final dilution of antiserum that would bind 
50% of labeled motilin added in a concentration of 1000 cpm/ml after incubation 
at 4°C for 48 h. Titers obtained with several rabbit antisera ranged between 
1 : 5000 and 1 : 30000. The most useful antibody 7821 was used in a final concen
tration of 1 : 40000 in radioimmunoassays. Antibodies were characterized for 
avidity and specificity. Sensitivity was expressed as the final concentration of pep
tide that caused 50% inhibition of the initial B/ F ratio (ID 50). Sensitivity could 
be altered by varying the conditions of incubation, buffer used, specific activity 
of labeled motilin, antibody dilution, incubation temperature, and incubation 
time. Under optimal conditions, IDso for antibody 7821 was 5 pM. No cross
reactivity was found with gastrin, secretin, bombesin, vasoactive intestinal poly
peptide, somatostatin, neurotensin, histamine-releasing peptide, cerulein, litorin, 
CCK 8, or Met-enkephalin at concentrations of 1 nmol/ml tested. 

VI. Other Published Radioimmunoassays 

Several motilin radioimmunoassays have been reported in some detail (BLOOM et 
al. 1976; DRYBURGH and BROWN 1975; ITOH et al. 1978; LEE et al. 1978). In each 
case, porcine motilin, usually conjugated to bovine serum albumin, was used for 
production of antisera, for labeling, and as the assay standard. In one assay (LEE 
et al. 1978), methanol extraction of plasma was used with recovery of about 70%. 
Regional specificity of motilin antibodies has been reported. One antibody was 
shown to be specific for a carboxy terminal fragment between 11 and 16 residues 
long (POITRAS et al. 1980). Antibodies specific for the amino terminal region have 
also been reported (CHANG et al. 1981). 

G. Gastric Inhibitory Peptide 

I. Antibody Production 

We have produced gastric inhibitory peptide (GIP) antibodies in rabbits by GIP 
(gift from Dr. Viktor Mutt, Karolinska Institutet, Stockholm, Sweden) conju
gated to keyhole limpet hemocyanin (Calbiochem, San Diego, California) by use 
of the carbodiimide condensation method (see Sect. E.I). In one immunization 
program, one of three rabbits developed useful antibody. Antibody 7831 was used 
at a final dilution of 1 : 10000 in radioimmunoassays. 

For immunization, three 6- to 8-week-old New Zealand white female rabbits 
were used; 50-70 Ilg conjugate was used per rabbit. A booster injection was given 
6--8 weeks after the first immunization. Animals were bled 5-7 days following im
munization by ear artery or vein to check for the presence of antibodies. 
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II. Characterization of Antisera 

Antibody titers were defined as the final dilution of antisera that would bind 50% 
oflabeled GIP added in a concentration of 1000 cpm/ml after incubation at 4 °C 
for 48-72 h. Antibodies were checked for cross-reactivity with other structurally 
related peptides such as glucagon, secretin, and vasoactive intestinal polypep
tide. 

Our GIP antibody 7831 was shown not to cross-react with secretin, glucagon, 
gastrin, CCK, insulin, or vasoactive intestinal polypeptide at concentrations of 
up to 10 ng/m!. The sensitivity of the assay utilizing this antibody, expressed as 
the final concentration of peptide that caused 50% inhibition of initial B/ F ratio 
(lDso), was 200 pg/m!. 

III. Radioiodination 

Iodination was carried out in a shielded radiation hood at room temperature. In 
a small glass tube, the following were added in order: 2-3 Ilg GIP dissolved in 
50 III 0.25 M sodium phosphate buffer, pH 7.4, 5 III Na 12sI, 100 mCi/ml in 
NaOH (Amersham, England), and 10 III chloramine-T, 1 mg/ml in phosphate 
buffer. The reaction mixture was gently mixed for 12-15 s and was terminated by 
the addition of 20 III sodium meta bisulfite, 5 mg/ml in phosphate buffer. 

The iodination mixture was applied to a 1.0 x 10 cm Sephadex G-l0 column 
prepared in 0.05 M ammonium acetate buffer, pH 5.2, with 0.2% bovine serum 
albumin and 2500 kIU aprotinin (FBA Pharmaceuticals, New York, New York) 
per milliliter buffer. Enough l-ml fractions were collected to include both the la
beled peptide and free iodide. Radioactivity was measured in each tube in order 
to estimate the percentage incorporation of radioiodide into the peptide. In this 
procedure, the peptide peak usually contained 40%-60% of the total radioactiv
ity. 

Labeled GIP fractions (first peak) from the G-l0 column were applied to a 
1.0 x 20 cm CM Sephadex C-25 column equilibrated with 0.05 M ammonium bi
carbonate buffer, pH 8.6, containing 0.2% bovine serum albumin and 2500 kIU 
aprotinin per milliliter buffer. Radioactive GIP was eluted from the column with 
a continuous gradient of ammonium 0.05-1.0 MpH 5.2, with the same concen-
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tration of bovine serum albumin and aprotinin, usmg a 50-ml mixing flask 
(Fig. 9). 

Routinely, peak tubes from the descending slope of the labeled GIP were 
pooled, divided into aliquots, and stored at - 70°C for use in radioimmunoas
says. Specific activity was estimated by radioimmunoassay. A dilution of anti
body was chosen that produced a B/ F ratio of approximately 1.0 with approxi
mately 1000 cpm/mllabeled peptide in the incubation mixture. Labeled GIP ob
tained from the descending slope of the CM Sephadex C-25 column had a specific 
activity greater than 2000 cpm/fmol, while labeled peptide from the ascending 
slope had specific activity around 100 cpm/fmol (Fig. 10). 

IV. Radioimmunoassay Procedure 

Pipetting should be carried out in an ice bath. Samples and standards are diluted 
in 0.05 M sodium phosphate buffer, pH 6.5, with 5% bovine serum albumin and 
2500 kIU aprotinin per milliliter buffer added. Standards are prepared first by 
diluting the standards to contain 100, 10, and 1 ng/ml. Each of these standards 
is pipetted in amounts of 100, 50, 20, and 1 0 ~l, producing ten different concen
trations with two points of overlap. Standards and serum samples or other un
knowns are diluted to contribute a volume of 0.5 ml in the reaction mixture. For 
assays of serum specimen, it is desirable to add charcoal-stripped serum to the 
standard samples so as to correct for nonspecific interference by serum protein 
to the standards. Aliquots of unknown serum samples 100 and 20 ~l are diluted 
to 0.5 ml with standard buffer to give a final dilution of 1/10 and 1/50 in the final 
1 ml reaction mixture. Then, 1000-1500 cpm labeled GIP and antibody dilution 
(predetermined to bind 50% of the label) are added to each tube to give a final 
incubation volume of 1 ml. The nonspecific binding controls contain the diluted 
label and standard buffer instead of antibody. 
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Tubes are incubated for 48-72 hat 4°C. Separation of bound and free labeled 
GIP is performed with dextran-coated charcoal. The separation mixture contains 
20 mg activated charcoal (Mallinckrodt, Paris, Kentucky), 20 mg dextran T -70 
(Pharmacia, Piscataway, New Jersey), and 20 1115% bovine serum albumin in a 
final volume of 0.2 ml. Tubes should be kept on ice during the separation pro
cedure. After thorough mixing, tubes are centrifuged at 3000 rpm for 10-15 min 
at 4 dc. The supernatant solutions are removed by pouring off into separate 
tubes. Both the pellet containing the free GIP and the supernatant containing the 
antibody-bound GIP are counted in a gamma scintillation spectrometer for a 
minimum of 2 min. Calculations of unknown concentrations are performed by 
standard methods. 

V. Other Published Radioimmunoassays 

Specific radioimmunoassays have been developed for GIP (KUZIO et al. 1974; 
MAXWELL et al. 1980). Fasting normal human plasma GIP concentration aver
aged 9 pM and the peak concentration obtained after ingestion of glucose, fat, 
or a mixed meal was about 34 pM with one assay (SARSON et al. 1980). Higher 
stimulated values of 250-300 pM were reported by others (KuzIO et al. 1974; 
MORGAN et al. 1978). Gel filtration studies of plasma, combined with radioimmu
noassay, reveal that immunoreactive GIP in the circulation consists of two major 
forms; 43 amino acid GIP with a molecular weight of approximately 5000 and 
another larger form. Both are increased during stimulation by a meal (BROWN et 
al. 1975; SARSON et al. 1980). Different antisera raised against porcine GIP pro
duced markedly different estimates of circulating human GIP, but gave similar 
results for infused porcine GIP or for GIP release in pigs (JORDE et al. 1983, 1985; 
AMLAND et al. 1984). Human and porcine GIP must therefore differ structurally. 
Immunoreactive GIP appears to be relatively stable in plasma, and an enzyme in
hibitor (aprotinin) was not necessary for preservation of immunoreactivity in 
plasma (SARSON et al. 1980). 

H. Neurotensin 

Neurotensin is found in neurons in the brain. In the gut it is found in the mucosa 
of the lower half of the small intestine in endocrine cells (WALSH 1987). The most 
potent neurotensin-releasing substances are the digestion products offat. Neuro
tensin has inhibitory effects on gastric acid secretion, stimulatory action on pan
creatic exocrine secretion, and some motility effects, but none of these actions is 
known to be physiologic. Neurotensin also has actions on blood pressure and re
gional blood flow. Carcinoid tumors of the intestine often produce neurotensin. 
It is not known if the flushing seen in carcinoid syndrome is due to release of 
neurotensin. 

I. Chemistry 

Neurotensin is a 13 amino acid peptide. It is degraded rapidly in the blood by pep
tidase activity to form two fragments: 1-8 and 9-13. Neither of these fragments 
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has substantial biologic activity. The clearance of the 1-8 fragment is considera
bly slower than the clearance of the entire neurotensin molecule. Therefore, the 
1-8 fragment accumulates in the blood. Antibodies specific for the amino termi
nal region of neurotensin measure predominantly the 1-8 fragment. The 9-13 
fragment is cleared rapidly and does not accumulate in the blood. Therefore, mea
surements with antibodies specific for the carboxy terminal region of neurotensin 
give lower values that more accurately reflect the circulating biologically active 
molecule. 

II. Preparation of Antigen 

We have produced antibodies to neurotensin (Peninsula Lab, San Carlos, Cali
fornia) by immunization of New Zealand white rabbits with neurotensin conju
gated to keyhole limpet hemocyanin (Calbiochem, San Diego, California) with 
carbodiimide (lCN Pharmaceuticals, Plainview, New Jersey) as a coupling agent. 
To 3 mg neurotensin, dissolved in 6 ml 0.05 M sodium phosphate buffer, pH 7.5, 
300 mg 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, 150 III keyhole limpet 
hemocyanin (4 mg), and 10000 cpm l2sI-labeled neurotensin were added. The 
mixture was stirred overnight at 4 °C and was then dialyzed against 2 I 0.14 M 
NaCI for 24 h at 4°C. The efficiency of conjugation was 40%, measured by the 
radioactivity of l2sI-labeled neurotensin before and after dialysis. 

III. Immunization of Animals 

Six 8-week-old New Zealand white female rabbits were immunized at intervals of 
6-8 weeks by multiple intradermal injections. In our most recent immunization 
program, antibodies 8551 and 8552 were obtained in two of the six rabbits used 
after the first booster injection. 

IV. Radioiodination 

The iodination of neurotensin was carried out in a shielded radioiodination hood 
at room temperature. To a small glass tube, containing 3-5 Ilg neurotensin dis
solved in 50 III 0.25 M sodium phosphate buffer, were added in order: 1.0 mCi 
Na12sI in 10 III NaOH (Amersham, England) and 10 III 2 mg/ml buffer solution 
of chloramine-T. The reaction mixture with mixed gently for exactly 15 s, and the 
oxidation reaction was terminated by the addition of 20 III 5 mg/ml solution of 
sodium metabisulfite. 

Labeled peptide was separated from the unreacted iodine by passing through 
a 1 x 10 cm Sephadex G-l0 column equilibrated in 0.1 % acetic acid containing 
0.1 % bovine serum albumin. Contents of the first radioactive peaks were pooled 
and then applied to a 1 x 20 cm column of CM Sephadex C-25 equilibrated with 
0.1 M ammonium acetate, pH 5.2, containing 0.1 % bovine serum albumin. Ra
dioactive neurotensin was eluted from the column with a continuous gradient of 
ammonium acetate 0.1-1.0 M, pH 5.2, a 50-ml mixing flask. This step permitted 
partial separation of labeled from unlabeled neurotensin as shown in Fig. 11. The 
iodinated peptide eluted slightly behind the noniodinated peptide. Tubes from the 
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descending peaks were pooled and stored at - 70°C for use in radioimmunoas
says. 

Specific activity of the labeled peptide was assessed by plotting label inhibition 
curves with material obtained from various regions in the peak of radioactivity 
obtained from the CM Sephadex C-25 column. Labeled neurotensin obtained 
from the ascending slope of the CM Sephadex C-25 columns had a specific activ
ity of 500 !lCi/nmol, while labeled peptide from the descending slope has a spe
cific activity as high as 2200 !lCi/nmol (Fig. 12). Labeled peptide retains immu
noreactivity for at least 6 weeks when stored frozen at - 70°C. 

1. Tissue Extracts 

The neurotensin radioimmunoassay has been used successfully to measure neuro
tensin immunoreactivity in extracts prepared from the gut and brain of mammals 
and fish. Extraction can be done by boiling the frozen tissue for 5-10 min in 2% 
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-3% acetic acid. Strong acid produces some inhibition in the radioimmunoassay 
system; therefore, concentrated extracts must either be neutralized or lyophylized 
before assay. 

2. Plasma 

Blood samples were collected in lithium heparin tubes (Becton Dickinson, Ruth
erford, New Jersey) containing 500 kIU/ml aprotinin in an ice bath. The blood 
was centrifuged in a refrigerated centrifuge and the plasma was stored at - 30°C 
until use. The protein in the plasma was precipitated by the addition of ethanol. 
To 1 ml plasma, 2 ml absolute ethanol was added at room temperature. The mix
ture was vortexed and centrifuged. Duplicate aliquots of 1 ml supernatant (equiv
alent to 0.33 ml plasma) were placed in assay incubation tubes and dried under 
air streams in a water bath at 33°C. The extracted plasma samples were recon
stituted by adding 200 III assay buffer before use. 

v. Radioimmunoassay Procedure 

Standard neurotensin is stored in aliquots containing 100 pmol/ml peptide in 
0.05 M sodium phosphate buffer, pH 7.4. The standard solution is diluted 1: 10, 
1: 100, and 1: 1000 immediately prior to assay with 0.02 M sodium barbital 
buffer, pH 8.6, containing 2% bovine serum albumin and 100 kIU aprotinin/per 
milliliter buffer. Standard curves are prepared by pipetting 200, 100, 50, and 20 III 
of each standard solution into duplicate tubes with a Micromedic automatic pi
pette and adjusting the final volume to 1.0 ml by addition of an appropriate 
amount of standard diluent. The range covered by the standard curve is 1-
1000 fmol/ml with two points of overlap (10 and 100 fmol/m!) to test the accuracy 
of dilution of the peptide. 

Unknown solutions are added in volumes of 200-20 Ill, depending on the ex
pected concentration of neurotensin immunoreactivity present and may be predi
luted when neccessary. The final volume of unknown solutions is also brought up 
to 1.0 ml by addition of standard diluent. Labeled neurotensin is diluted in stan
dard diluent to contain 2000 cpm per 0.8 ml and is added as a second step along 
with 0.2 ml diluted antibody (predetermined to bind 50% of the label). If desired, 
a final assay volume of 1 ml can be used. When assaying neurotensin concentra
tion in plasma, standard curves containing the same protein concentration of the 
dried 1 : 3 alcohol extracts of charcoal-stripped plasma are used. 

Tubes are incubated for 24-72 hat 4 0C. Separation of bound and free labeled 
peptide is performed with dextran-coated charcoal suspension. The separation 
mixture contains 20 mg Norit-A activated charcoal (Mallinckrodt, Paris, Ken
tucky), 20 mg dextran T-70 (Pharmacia, Piscataway, New Jersey), and 20 III 
plasma protein fraction (Travenol Laboratories, Glendale, California) in a final 
volume of 0.2 m!. Tubes should be kept on ice during the separation procedure. 
After thorough mixing, tubes are centrifuged at 4°C at 3000 rpm for 10-15 min. 
Supernatant solutions are removed by pouring off into separate tubes. Both the 
pellet containing the free neurotensin and the supernatant containing the anti
body-bound neurotensin are counted in an automatic gamma scintillation spec-
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trometer for a minimum of 2 min. Calculations of unknown concentrations are 
performed by comparing the BIFratio with the BIFratio of the standard used. 

VI. Characterization of the Antibody 

Antibody was characterized for avidity and specificity. Sensitivity of the assay 
could be altered by varying the conditions of incubation, buffer used, specific ac
tivity oflabeled neurotensin, antibody dilution, assay volume, addition of the en
zyme inhibitor aprotinin, incubation temperature, and incubation time. Specific-
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ity was tested by addition to separate assay tubes of 1 nmol bombesin, bovine 
pancreatic polypeptide, vasoactive intestinal peptide, gastrin, gastric inhibitory 
polypeptide, substance P, and Met-enkephalin. No cross-reactivity was observed 
with these peptides tested with antibody 7852. Under optimal conditions, IDso 
for antibody 7852 when used at 1: 80000 dilution for neurotensin was 35 pM. It 
did not cross-react with carboxy terminal fragments of neurotensin. ID so for anti
body 8551, when used at 1: 100000 dilution for neurotensin 1-13 was 30 pM. The 
antibody did not cross-react with the carboxy terminal portion of the neurotensin 
(Fig. 13). For antibody 8552, IDso for neurotensin 4-13 is 45 pM. The antibody 
does not cross-react with amino terminal fragments of neurotensin (Fig. 14). 

VII. Stability of Neurotensin 

To determine the stability of neurotensin in plasma, a known concentration of 
pure peptide was added to fresh heparinized blood. Blood was left at room tem
perature for 1 h and at 4 °C for 8 h before being centrifuged and frozen. Similarly, 
plasma that had been immediately centrifuged and separated was left at room 
temperature for 1 h and at 4 °C for 8 h before being frozen at - 30°C. In addi
tion, plasma was frozen and thawed under assay conditions 1-5 times prior to as
saying. For each set of conditions, blood was taken in duplicate, one sample with 
and one without the added aprotinin (Mobay Chemical Corporation, New York, 
New York) 500 kIU jm!. 

Recovery of neurotensin added to plasma prior to extraction over a range of 
10--200 pM was 87.9±3.0%, r=0.994. There was no difference between the 
buffer and the extracted charcoal-stripped plasma standard curves. Nonextracted 
charcoal-stripped plasma caused a substantial depression in binding and reduced 
the sensitivity of the measurement. 

The within-assay coefficient of variation for a plasma sample measured ten 
times in a single assay was 7.8%, with a mean value of 20 pM, and 3.1 % for a 
sample with a mean value of 75 pM. The coefficient of variation for a plasma 
sample with a mean value of 138 pM measured in eight assays over a 3-month 
period was 11 %, and 12% for a sample with a mean value of 296 pM.In six as
says, the coefficient of variation for a plasma sample with a mean value of 56 pM 
was 22%. Neurotensin was unstable in blood and plasma. Degradation was sub
stantially slower at low temperature, but was prevented only slightly by addition 
of aprotinin. 

VIII. Other Published Radioimmunoassays 

Antibodies that recognize the whole neurotensin molecule and others with spec
ificity for amino or carboxy terminal fragments have been produced by immuni
zation of rabbits with conjugates prepared by coupling to different carrier mole
cules (CARRAWAY and LEEMAN 1976). Use of antibodies with different regional 
specificities will produce different radioimmunoassay results under several cir
cumstances. Amino terminal antisera markedly overestimate the concentration of 
biologically active neurotensin in the circulation because they detect biologically 
inactive neurotensin fragments that are the predominant circulating forms. Car-
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boxy terminal-specific antisera must be used for any measurements that attempt 
to estimate biologic activity. However, large amounts of neurotensin-like carboxy 
terminal immunoreactivity can be generated from plasma by the action of pepsin
like enzymes at low pH (CARRAWAY 1984). 

J. Vasoactive Intestinal Polypeptide 
Vasoactive intestinal polypeptide (VIP) is a neuropeptide. Circulating VIP is im
portant in the disease known as pancreatic cholera or VIPoma syndrome (WALSH 
1983). The best-known effects of VIP that appear to be physiologic are relax
ations of smooth muscle sphincters. The lower esophageal sphincter muscle, the 
internal anal sphincter, and the fundus of the stomach all contain relaxation re
flexes that appear to be mediated by VIP. VIP also causes inhibition of gastric 
acid secretion. It has a strong stimulatory effect on intestinal secretion of electro
lytes and water. This secretory effect accounts for the massive watery diarrhea 
found in patients with VIPoma syndrome. Measurement of plasma VIP is the 
most satisfactory method for diagnosing VIPoma syndrome. 

I. Chemistry 

VIP is structurally related to secretin, glucagon, GIP, and GHRH (growth hor
mone-releasing hormone). Only one major form is known to circulate in signifi
cant amounts, although fragments may be identified in the plasma of some pa
tients with VIPoma. 

II. Antibody Production 

VIP antibodies have been successfully raised in rabbits by VIP-bovine serum al
bumin conjugates or VIP-keyhole limpet hemocyanin conjugates. To 2 mg VIP 
(Peninsula Lab, San Carlos, California) and 6 mg bovine serum albumin (Calbio
chern, San Diego, California) in 2 ml 0.1 M ammonium acetate buffer, pH 7.0, 
1 ml 0.02 M glutaraldehyde solution was added dropwise. The mixture was stir
red gently at room temperature, in the dark, for 3-4 h and then dialyzed against 
0.15 MNaCI for 24 h. The efficiency of conjugation can be estimated by inclusion 
of a trace amount of 1251-labeled VIP in the reaction mixture and measurement 
of the radioactivity before and after dialysis and calculation of the unbound, 
dialyzable VIP from the difference in the radioactivity in the dialysates. 

Keyhole limpet hemocyanin (Calbiochem, San Diego, California) was first 
dialyzed against 0.15 M NaCl for 24 h at room temperature. To 2 mg VIP, dis
solved in 2 ml 0.05 M sodium phosphate buffer, pH 7.4, 100 III (2.5 mg) dialyzed 
keyhole limpet hemocyanin and 20 mg l-ethyl-3-(3-dimethylaminopropyl)car
bodiimide hydrochloride (ICN Pharmaceuticals, Plainview, New Jersey) were 
added. The mixture was stirred at room temperature for 3-4 h and dialyzed 
against 0.15 M NaCI for 24 h at 4°C. 

For immunization, six 6-week-old New Zealand white female rabbits were 
used; 50-75 Ilg conjugate was used per rabbit in each injection. In our first immu-
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nization program, four of six rabbits produced useful antibodies specific to the 
amino terminus of the VIP molecule. Antibody 6 was used at 1 : 20000 dilution 
in radioimmunoassays. In our second immunization program, two offour rabbits 
produced useful antibodies to VIP. Antibody 7913 is used routinely at 1 : 1000000 
dilution in radioimmunoassay. This antibody has carboxy terminal specificity. 

III. Radioiodination 

The methionine residue at position 17 of the VIP molecule is known to be very 
susceptible to oxidation damage. We have developed the following protocol for 
the iodination of VIP. Iodination is carried out in a shielded radioactive hood at 
room temperature. For each iodination, to 2-3 Ilg VIP in 200 III 0.25 M sodium 
phosphate buffer, pH 7.4, in a small glass test tube, is added 5 III Na12sI, 
100 mCi/ml in NaOH (Amersham, England) and 10 III chloramine-T, 1 mg/ml in 
phosphate buffer. The reaction is terminated in lOs by the addition of 20 III 
sodium meta bisulfite, 5 mg/ml in phosphate buffer. 

The iodination mixture is applied to a 1.0 x 10 cm Sephadex G-l 0 column pre
pared in 0.05 M ammonium bicarbonate buffer, pH 8.6, containing 1 % bovine 
serum albumin and 2500 kIU aprotinin (FBA Pharmaceuticals, New York, New 
York) and 1.0-ml fractions are obtained. Enough fractions are collected to in
clude both the labeled peptide and free iodide. Radioactivity is measured in each 
tube in order to estimate the percentage incorporation of radioiodide into the 
peptide. The peptide peak usually contains 40%-70% of total radioactivity. 

The labeled peptide peak (first peak) from the Sephadex G-l0 column is ap
plied to a 1.0 x 20 cm column of CM Sephadex C-25 equilibrated with 0.05 M 
ammonium bicarbonate buffer, pH 8.6 containing 1 % bovine serum albumin and 
2500 kIU aprotinin. Radioactive VIP is eluted from the column with a gradient 
to 0.5 M ammonium bicarbonate containing the same concentration of bovine 
serum albumin and aprotinin, using a 50-ml mixing flask. This step permits par
tial separation oflabeled from unlabeled VIP as shown in Fig. 15. Routinely, frac-
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tions from the ascending slope of the labeled VIP are pooled, divided into ali
quots, and frozen for use in radioimmunoassay. 

Labeled VIP obtained from the ascending slope of the CM Sephadex C-25 col
umn has a specific activity of 5000 cpm/fmol, while labeled peptide from the 
descending slope has a specific activity as low as 500 cpm/fmol (Fig. 16). When 
it is desirable to maximize assay sensitivity, tubes are selected only from the mid
portion of the ascending slope in order to achieve greatest specific activity. 

IV. Radioimmunoassay Procedure 

The pipetting procedure should he carried out in an kc bath. Samples and stan
dards are diluted in 0.02 M sodium barbital buffer, pH 8.6, containing 1 % bovine 
serum albumin and 2500 kIU aprotinin per milliliter buffer. Standards are pre
pared first by diluting the standards to contain 1000, 100, and 10 fmol/m!. Each 
of these standards is pipetted in amounts of 200, 100, 50, and 20 Ill, producing 
ten different concentrations with two points of overlap. Standards and plasma 
samples or other unknowns are diluted to contribute a volume of 1 ml to the reac
tion mixture. For assays of serum specimens it is desirable to add charcoal-strip
ped plasma to the standard samples so as to correct for nonspecific interference 
by serum protein. Aliquots of unknown samples, 200 and 50 Ill, are diluted to 
1 ml with standard buffer to give a final concentration of 1/10 and 1/40 in the 
reaction mixture. Labeled VIP and antibody are then added to each tube to give 
a final incubation volume of 2 m!. To each assay tube, 2000 cpm labeled VIP is 
added, plus diluted antibody (predetermined to bind 50% of the label). The non
specific binding controls contain the diluted label and standard buffer instead of 
antibody. 

Tubes are incubated for 24-72 h at 4 0c. The optimal incubation time is de
termined empirically for each antibody. Separation of bound and free labeled 
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peptide is performed with dextran-coated charcoal. The separation mixture con
tains 20 mg activated charcoal, 20 mg dextran, and 20 III plasma protein fraction 
(Travenol Laboratories, Glendale, California) in a final volume of 0.2 ml. Tubes 
should be kept on ice during the separation procedure. After thorough mixing, 
the tubes are centrifuged at 3000 rpm for 1 O~ 15 min and the supernatant solu
tions are removed by pouring off into separate tubes. Both the pellet containing 
the free VIP and the supernatant containing the antibody-bound VIP are counted 
in a gamma scintillation spectrometer for 2~5 min, depending on the accuracy de
sired. Calculations of unknown concentrations are performed by standard 
methods. 

V. Characterization of Antibodies 

Antibody titers were defined as the final dilution of antiserum that would bind 
50% oflabe1ed VIP added in a concentration of 1000 cpm/ml after incubation at 
4 °C for 48 h. Titers obtained with several rabbit antisera ranged between 1 : 1000 
and 1 : 2000000. The most useful antibodies, 6 and 7913, were used in a final con
centration of 1 : 20000 and 1 : 2000000, respectively. 

Antibodies were characterized for avidity and specificity. Sensitivity of the as
say was expressed as the final concentration of peptide that caused 50% inhibi
tion of the initial B/ F ratio (ID 50)' Sensitivity could be altered by varying the con
ditions of incubation, buffer used, specific activity oflabeled VIP, antibody dilu
tion, incubation temperature, and incubation time. Under optimal conditions, 
ID50 for antibody 6 for VIP was 70 pM, and 12 pM for antibody 7913. The spec
ificity of antibodies 6 and 7913 are indicated in Figs. 17 and 18. No cross-reactiv
ity was found with gastrin, secretin, or other related peptides at concentrations 
up to 111M. 
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Fig.1S. VIP antibody 7913 
characterization; antibody used 
at 1 : 900000 dilution 

VI. Sample Preparation for Radioimmunoassay 

The VIP molecule contains two separate double basic amino acid sequences and 
can be rapidly destroyed by trypsin-like proteolytic enzymes. Considerable care 
is required in sample preparation for radioimmunoassay. Blood samples should 
be collected in ice-chilled heparinized tubes containing approximately 1000 kIU 
aprotinin per milliter whole blood, rapidly mixed, and centrifuged at 4 DC. The 
plasma should be free of hemolysis. Plasma should be kept frozen until use. Re
peated thawing and freezing causes significant losses of hormonal activity. 

VIP standards should be stored in small aliquots at - 20 DC or colder. Ali
quots of patient plasma with elevated known VIP levels should be used and run 
in each assay as interassay controls. Tissue extracts can be obtained by boiling 
a known amount of frozen tissue in 1 %-3% acetic acid for 2-5 min. VIP is rel
atively stable at low pH. Strong acid produces some inhibition in the radioimmu
noassay system; one should include a standard curve containing the same concen
tration of acetic acid as the unknown specimen and use it as a reference. 

VII. Other Published Radioimmunoassays 

The original radioimmunoassay method for VIP was developed by SAID and 
FALOONA (1975). Other useful assays have been described by MITCHELL and 
BLOOM (1978), FAHRENKRUG and SCHAFFALlTZKY DE MUCKADELL (1977), and by 
GAGINELLA et al. (1978). 
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K. Pancreatic Polypeptide and Peptide YY 
Pancreatic polypeptide (PP) was isolated from the pancreas, where it is present 
in endocrine cells. It consists of 36 amino acids and has an approximate molecular 
weight of 4200. Peptide YY is another gut endocrine peptide, found mainly in the 
ileum and colon. It also contains 36 amino acid residues, of which 18 are identical 
to those of PP. 

The best-characterized biologic action of PP is the inhibition of pancreatic 
exocrine secretion. This may be a physiologically important action. Peptide YY 
inhibits both gastric and pancreatic secretion. Both peptides are released when 
fatty acids are present in the intestinal lumen. PP is also released by digested pro
tein and amino acids. Atropine strongly inhibits the release ofPP. The mose use
ful application of radioimmunoassay of either peptide has been the finding that 
PP may serve as a marker for hormone-secreting tumors of the pancreas. No clini
cal applications of peptide YY measurement have been described. 

I. Pancreatic Polypeptide 

Most measurements of mammalian PP have been performed with antibody raised 
to bovine PP by CHANCE et al. (1979) and supplied to different research labora
tories (SCHWARTZ et al. 1978; TAYLOR et al. 1978 a, b). This antibody has equal 
affinity for bovine and human PP and no cross-reactivity with other known gas
trointestinal peptides. It does not detect avian PP and is not satisfactory for mea
surement of PP from rat pancreas. Antibody raised against the carboxy terminal 
hexapeptide appears to be suitable for measurement of rat PP (KIMMEL et al. 1984; 
TAYLOR and VAILLANT 1983). The PP concentration in fasting serum from dogs 
or normal human subjects is about 10-30 pM. 

II. Peptide YY 

Peptide YY is structurally related to PP. Several radioimmunoassays have been 
developed for measurement of peptide YY in plasma and tissue extracts (CHEN 
et al. 1984; TAYLOR 1985; ADRIAN et al. 1985). Antisera have been raised with or 
without conjugation to carrier protein. Specificities of antisera have been quite 
good, and only slight cross-reactivity with PP and neuropeptide Y have been 
found among all the peptides tested. Labeled peptide YY can be prepared by oxi
dative radioiodination, and the labeled peptide can be purified by ion exchange 
chromatography, gel filtration, or high pressure liquid chromatography. Specific 
activity in the range of 1-2 Ci/J.lmol has been achieved. Two assays are sufficiently 
sensitive to detect less than 2 pM changes in peptide YY concentration in the in
cubation tube (TAYLOR 1985; ADRIAN et al. 1985) and the other is about tenfold 
less sensitive. All three assays have been used successfully to measure peptide YY 
concentrations in human or canine plasma. 

Region specificity of the antibody-binding site was evaluated by use of syn
thetic peptide fragments and tryptic peptides of natural peptide YY in one assay 
(ADRIAN et al. 1985). The amino terminal 1-19 fragment bound as well as intact 
peptide YY, but carboxy terminal fragments as long as 13-36 produced minimal 
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inhibition of binding. The regional specificities of other antisera have not yet been 
reported. Basal plasma concentrations in humans averaged about 50 pg/ml in one 
assay (CHEN et al. 1984) and 9 pM (38 pg/ml) in another (ADRIAN et al. 1985). In 
dogs, basal plasma peptide YY concentrations averaged 62 pM (260 pg/ml) (PAP

PAS et al. 1985). 
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CHAPTER 14 

Radioimmunoassay of Atrial Peptide Blood 
and Tissue Levels 
M. L. MICHENER, D. SCHWARTZ, M. G. CURRIE, D. M. GELLER, 
and P.NEEDLEMAN 

A. Introduction 
The observation (DEBoLD et al. 1981) that mammalian atria contain a peptide 
that is both natriuretic and diuretic has led to the discovery of a novel endocrine 
hormone (atriopeptin, AP) which regulates salt and water metabolism from the 
kidney (NEEDLEMAN et al. 1985). Atrial extracts were found to be both heat and 
acid stable (DEBOLD et al. 1981), and to possess spasmolytic activity on vascular 
smooth muscle (CURRIE et al. 1983). These bioassays facilitated the purification 
and sequence analysis of three related pep tides, termed AP I, II, and III (CURRIE 
et al. 1984a). Several peptides of different lengths, but sharing a common core 
sequence to the APs, have been identified by different laboratories. These include 
cardionatrin (FLYNN et a. 1983), atrial natriuretic factor (ANF) (THIBAULT et al. 
1983), atrial natriuretic polypeptide (ANP) (KANGAWA and MATSUO 1984), and 
auriculin (ATLAS et al. 1984). cDNA probes were constructed from the peptide 
sequence and used to determine the sequence for the AP gene (Y AMANAKA et al. 
1984; MAKI et al. 1984; OIKAWA et al. 1984; SEIDMAN et al. 1984). The AP gene 
codes for a 152 amino acid preprohormone which contains a hydrophobic 24 
amino acid leader sequence (Fig. 1). Atrial myocytes store AP as a 126 amino acid 
polypeptide prohormone (AP126) which lacks both the leader sequence and two 

Met-Gly-Ser-Phe-Ser-I le-Thr-Lys-Gly-Phe-Phe-Leu-Phe-Leu-Ala-Phe-Trp-Leu-Pro-Gly-
I 1 10 AP13-126. 

His-I le-Gly-AlatAsn-Pro-Val-Tyr-Ser-Ala-Val-Ser-Asn-Thr-Asp-LeuIM;t-Asp-Phe-Lys-
20 30 AP34-126_ 

Asn-Leu-Leu-Asp-His-Leu-Glu-Glu-Lys-Met-Pro-Val-Glu-Asp-Glu-Val-Met~o-Pro-Gln-
40 50--AP48-67------

Ala-Leu-Ser-Glu-Gln-Thr-Asp-Glu-Ala-Gly-Ala!Ala-Leu-Ser-Ser-Leu-Ser-Glu-Val-Pro-
----------60 70 
Pro-Trp-Thr-Gly-Glu-Val-Asn-Pro-Ser-Gln-Arg1Asp-Gly-Gly-Ala-Leu-Gly-Arg-Gly-Pro-

80 90 
Trp-Asp-Pro-Ser-Asp-Arg-Ser-Ala-Leu-Leu-Lys-Ser-Lys-Leu-Arg-Ala-Leu-Leu-Ala-Gly-

~100 AP28 110-----------
Pro-Arg-Ser-Leu-Arg-Arg-Ser -Ser-Cys-Phe-GI y-GI y-Arg-II e-Asp-Arg-II e-GI y-AI a-GI n-

120 I I ,I 
Ser-Gly-Leu-Gly-CYS-ASn-Ser-Phe-Arg-Tyr1Arg-Arg 

Fig. 1. Amino acid sequence for rait AP gene product. The NH2 terminal 24 amino acids 
represent the hydrophobic leader sequence. AP126, the atrial storage form, extends from 
Asn-l to Tyr-126. AP34--126 represents the cyanogen bromide fragment of the prohor
mone. AP48-67 is the NH2 terminal fragment (NTF) peptide used to develop the NTF 
RIA. AP28 is the biologically active circulating form of the hormone 



352 M. L. MICHENER et al. 

COOH terminal Arg residues (KANGAWA et al. 1984). AP126 is relatively inactive 
in vitro and is cleaved in vivo to yield the active circulating hormone, AP28 
(SCHWARTZ et al. 1985). AP126 is the predominant form in atrial extracts, how
ever, only low molecular weight APs are found in the plasma (SCHWARTZ et al. 
1985; THIBAULT et al. 1985) or in the perfusate from isolated hearts (CURRIE et 
al. 1984 b; LANG et al. 1985 a). This suggests that prohormone cleavage occurs ei
ther during or immediately following secretion. 

AP is a potent diuretic and natriuretic in rats (CURRIE 1984a), dogs (YUKI
MURA et al. 1984; W AKITANI et al. 1985 a, b), and humans (RICHARDS et al. 1985). 
The diuretic and natriuretic effects of AP are probably due to a combination of 
direct and indirect effects on the kidneys. AP increases renal blood flow (W AKI
TANI et al. 1985a, b; HINTZE et al. 1985; HUANG et al. 1985), glomerular filtration 
(HUANG et al. 1985), and may decrease tubular reabsorption of sodium and water 
(BURNETT et al. 1984). In addition, AP indirectly increases sodium and water ex
cretion by inhibiting both aldosterone secretion (ATARASHI et al. 1984; CAMPBELL 
and NEEDLEMAN 1985; CHARTIER et al. 1984), and vasopressin secretion (SAMSON 
1985). 

B. Development of Atriopeptin Radioimmunoassay 
Radioimmunoassays for AP have been developed by several laboratories 
(SCHWARTZ et al. 1985; GUTKOWSKA et al. 1984; NAKAO et al. 1984; ARENDT et 
al. 1985; YAMAJI et al. 1985). This has made it possible to follow changes in 
plasma AP levels and begin to understand the physiology and pathophysiology 
of this endocrine system. In the following sections, we will review in detail our ef
forts to develop AP RIAs and how we and other laboratories have employed 
these RIAs for studying APs. 

I. Immunization 

The antisera to AP that we employ were raised in both guinea pigs and rabbits 
by various fragments and conjugates of AP126. A high molecular weight frag
ment of AP126 was generated by cyanogen bromide cleavage of partially purified 
rat prohormone. This fragment, derived from residues 34--126 of the prohor
mone, contains the biologically active COOH terminal portion of the prohor
mone and is itself biologically active. Two low molecular weight pep tides were 
also used as antigens and were covalently coupled to bovine thyroglobulin. AP24, 
the COOH terminal, biologically active portion of the prohormone was synthe
sized and used for production of antisera that would recognize both the circulat
ing form of the peptide and the storage form. A 20 amino acid peptide whose se
quence corresponds to an NH2 terminal fragment (NTF) of the pro hormone 
(amino acids 48-67), was also synthesized and coupled to thyroglobulin. Antisera 
raised against this peptide were expected to recognize both the intact pro hormone 
and NTFs of the prohormone, but not the COOH terminal low molecular weight 
APs. Each antigen was mixed with complete Freund's adjuvant and injected sub
cutaneously into the backs of guinea pigs and rabbits. Approximately 500llg 
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antigen was used in the initial injections followed by boosts of 100 Ilg in incom
plete Freund's adjuvant 6 weeks later. Boosts were repeated in either 2- or 3-week 
cycles. Animals were then bled and titered for binding to either AP24 1251 or N
Tyr-NTF48-67 125I. 

II. Iodination of Peptides 

AP24 and N-Tyr-NTF48-67 were iodinated using a modification of the chlor
amine-T procedure. Peptides (6 Ilg) were combined with chloramine-T (4 Ilg) and 
1 mCi 1251 at pH 7.4 from 1 to 5 min at room temperature. To quench the reac
tion, reactants were separated by reverse-phase HPLC on a Bondapak C18 re
verse-phase column using a linear gradient of acetonitrile in the presence of 
0.05% trifluoroacetic acid. Quenching with meta bisulfite resulted in ineffective 
radioligands, presumably owing to reductions of the cystine disulfide linkage of 
the AP. This HPLC system resolved both the monoiodo and diiodo peptides and 
free iodine from the unlabeled peptide. HPLC fractions containing the iodinated 
peptides were mixed 1: 1 with 50 mM phosphate buffer (pH 7.4) that contained 
0.25% BSA and stored at - 20°C. 

III. Titering and Sensitivity 

1. Atriopeptin RIA 

Suitable antiserum for RIA of AP24 was obtained from a rabbit that had been 
immunized with the cyanogen bromide fragment, AP34-126. This antiserum was 
used at a final dilution of1: 6000 in 300 III containing 10000 cpm AP24 1251,20 III 
goat anti-rabbit IgG (final dilution 1: 750), with a buffer of 100 mM sodium 
phosphate (pH 7.4),0.25% BSA, 10 mM sodium azide, and 3% polyethylene gly
col. Assays were incubated overnight at 4°C, diluted with 2 ml 0.25% BSA, cen
trifuged at 1500 g for 30 min, and the resulting pellet counted in a y-counter. 
AP24 produces a half-maximal displacement of bound AP24 1251 with 30 fmol 
(77 pg) (SCHWARTZ et al. 1985; MANNING et al. 1985). AP34-126, the cyanogen 
bromide fragment, and AP13-126, a biosynthetic prohormone construct, cross
reacted with this antiserum 100% and 40%, respectively. Both of these polypep
tides contain intact COOH termini. The 20 amino acid peptide, NTF48-67, 
whose sequence does not overlap with AP24, did not cross-react. Atrial extracts 
produce parallel displacement curves to that of AP24. Unrelated peptides, such 
as vasopressin, angiotensin, and ACTH, do not cross-react with this antiserum. 

2. NHz Terminal Fragment RIA 

Sera from rabbits and guinea pigs immunized against the NTF peptide were an
alyzed at different dilutions following overnight incubation at 4 °C in 100 mM 
phosphate buffer (pH 6.8), 0.3% bovine y-globulin, 10 mM EDTA, 0.05% 
sodium azide, and 10000 cpm N-Tyr-NTF 125I. Antibody complexes were pre
cipitated by addition of 1 ml 16% polyethylene glycol. These bleeds were com
pared for sensitivity in RIAs using the synthetic NTF peptide to displace NTF48-
67 125I. GP71 antisera (final dilution 1 : 25000) displayed the greatest sensitivity, 
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showing a half-maximal displacement with 60 fmol NTF (130 pg) per tube. 
AP34-126 and AP13-126, both of which contain the sequence of the NTF pep
tide, cross-reacted with GP71 with similar affinity to the NTF peptide. AT24, 
which does not share any sequence homology with the NTF peptide, did not 
cross-react in this assay. 

C. Assay of Tissues and Plasma 

I. Atrial Extracts 

Acid extracts of rat atria yield microgram quantities of biologically active AP pro
hormone (CURRIE et al. 1983, 1984c; KANGAWA and MATSUO 1984). High yields 
are obtained when fresh atria are first quick-frozen and powdered under liquid 
nitrogen. The powder is heated to 100°C for 10 min in 1 M acetic acid, homog
enized at 0 DC, and centrifuged at 28000 g for 20 min. Purification of these ex
tracts by solid-phase C18 (Baker ODS) extraction followed by reverse-phase 
HPLC on C18 columns demonstrates that the majority of the biologic activity and 
immunoreactivity reside in a single high molecular weight peak (MICHENER et al. 
1986). This peak reacts equally well with either the AP RIA or the NTF RIA. Se
quence analysis confirms that it represents the intact prohormone, AP126. 

II. Plasma Immunoreactivity 

1. Stimulation of Release by Pressor Agents 

To detect AP immunoreactivity (APir) in rat plasma, chloral hydrate-anesthe
tized Sprague-Dawley rats were prepared with both jugular and carotid catheters. 
Blood was collected in 110 mM sodium citrate, the plasma separated and frozen 
at -70°C until assayed. Basal plasma APir was found to be between 0.5 and 
0.8 ng/ml (MANNING et al. 1985). Plasma produced displacement of AP24 1251 
parallel to that of AP24 in the AP RIA. In order to characterize the nature of the 
immunoreactivity properly and identify the circulating form of AP, sufficient 
amounts of plasma APir had to be obtained with which to obtain an amino acid 
sequence. We observed that arginine vasopressin and in particular the pressor 
analog of vasopressin, desamino-arginine vasopressin, caused a simultaneous and 
dose-dependent increase in mean arterial blood pressure and plasma APir (MAN
NING et al. 1985). Plasma from rats treated with desamino-arginine vasopressin 
also produced parallel displacement curves to AP24 when assayed in the AP RIA, 
but were shifted to the left of the displacement curves for control plasma. 

2. Identification of Circulating Atriopeptin 

The ability of pharmacologic doses of desamino-arginine vasopressin to stimulate 
AP release in vivo enabled us to collect enough plasma AP to characterize the cir
culating form of the peptide chemically. Plasma from rats treated with desamino
arginine vasopressin were collected in 0.44 % EDT A, partially purified on octade
cylsilane resins (Baker ODS), and eluted with 90% acetonitrile/OJ % trifluoro-
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acetic acid. Eluates were lyophilized, reconstituted in 10% acetonitrile!l % triflu
oroacetic acid, and separated by reverse-phase HPLC on a CIS column. A low 
molecular weight peak of APir, which was increased in plasma stimulated with 
desamino-arginine vasopressin, migrated in the vicinity of the AP24 and AP28 
standards. When further separated by a shallower gradient on the HPLC, a large 
and a small peak of low molecular weight APir were revealed. Sequence analysis 
of these peaks identified the major peak as AP28 and the minor peak as AP24. 
Since the AP24 peak was about one-tenth the mass of the AP28 peak, we con
cluded that the major circulating form of AP in rats is AP28 and that AP24 re
presents a degradation product of AP28 (SCHWARTZ et al. 1985). The identity of 
the circulating form has now been confirmed by another laboratory (THIBAULT 
et al. 1985). 

3. Mechanism of Atriopeptin Release 

a) Right Atrial Stretch 

The mechanism by which des amino-arginine vasopressin or other pressor agents 
caused release of AP in vivo was not clear. Other investigators have reported that 
distension of the atria, either by balloon inflation (LANG et al. 1985 a) or by acute 
volume expansion (DIETZ 1984), stimulates AP release. We examined the relation
ship between both left and right atrial pressure and plasma levels of APir follow
ing administration of pressor agents (KATSUBE et al. 1985). Chloral hydrate-anes
thetized rats were cannulated to record mean arteriolar blood pressure, right 
atrial pressure, and left ventricular end-diastolic pressure (an indication of left 
atrial pressure). Blood samples were collected in sodium citrate and the plasma 
assayed for APir. Rats were given intravenous bolus injections of either 1 ~g ar
ginine vasopressin, 1 ~g des amino-arginine vasopressin, 30 ~g phenylephrine, or 
10 Ilg angiotensin II at time zero. Administration of both desamino-arginine 
vasopressin and arginine vasopressin resulted in pronounced increases in mean 
arterial blood pressure, right atrial pressure, and left ventricular end-diastolic 
pressure. The increases in plasma APir paralleled the observed pressure changes. 
Both phenylephrine and angiotensin II caused equal peak increases in mean ar
terial pressure, right atrial pressure, and left ventricular end-diastolic pressure, 
but these were more transient than those observed for the vasopressin analogs 
and the increases in plasma APir were smaller. 

The differences in plasma APir responses could have been due either to an in
trinsic difference in the mechanism (or mechanisms) of release between these 
agents or to the differences of the durations of the elevated atrial pressures. To 
address these possibilities, continuous infusions of these pressor agents were ad
ministered to rats to attain prolonged changes in pressure. Both desamino-argi
nine vasopressin (0.03 ~g/min) and phenylephrine (10 ~g/min) caused marked 
and sustained increases in mean arterial blood pressure, right atrial pressure, and 
plasma APir. In contrast, angiotensin II (3 ~g/min) caused sustained elevations 
in mean arterial pressure and left ventricular end-diastolic pressure, but caused 
only transient elevations in right atrial pressure and plasma APir. These results 
suggested that pressor-induced release of AP was most dependent on right atrial 
pressure. 
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Plasma APir and right atrial pressure were examined under conditions of 
head-out water immersion (KATSUBE et al. 1985). Water immersion results in cen
tral hypervolemia, a rise in central venous pressure, atrial distension, and a na
triuresis such as that seen following volume expansion. Chloral hydrate-anesthe
tized rats were immersed to the neck in a vertical position in 37°C water. Control 
animals were placed in a similar position, but not immersed. Water immersion 
produced sustained elevations in both right atrial pressure and plasma APir, 
which returned to control values upon removal of the water (neither mean arterial 
pressure nor left ventricular end-diastolic pressure was significantly changed dur
ing immersion). Bilateral vagotomy, performed 10 min prior to immersion, had 
no effect on either right atrial pressure or on the accompanying increase in plasma 
APir. 

b) IX-Adrenergic Stimulation 

Isolated retrogradely perfused rat hearts were used to characterize the regulation 
of AP release by adrenergic agents (CURRIE and NEUMAN 1986). In the isolated 
rat heart, values of APir release are elevated immediately after the initiation of 
perfusion and decline during the first 60 min. Release of AP was generally con
stant for the next 120 min of perfusion. The physiologic state of the heart was rou
tinely assessed by measuring heart rate, left ventricular dPjdt, and perfusion pres
sure. Hearts that exhibited signs of failure tended to have spurious levels of AP 
release and were excluded from the study. 

Constant infusion of norepinephrine (111M) and epinephrine (111M) caused 
a time-dependent increase of APir release as well as increases in heart rate, left 
ventricular dPjdt, and perfusion pressure. Isoproterenol (111M) did not affect 
APir release in spite of causing equivalent changes in heart rate and left ventric
ular dPjdt. Phenylephrine (a nonselective IX-adrenergic agonist), but not BHT-920 
(a selective 1X 2-adrenergic agonist) produced a concentration-dependent stimula
tion of APir release. The mixed 1X 1- and 1X2-antagonist, phentolamine, antagonized 
the AP-stimulating effects of norepinephrine. These findings suggest that the ad
renergic nervous system may playa role in the regulation of AP secretion from 
atrial myocytes through activation of an IXl-adrenergic receptor-mediated mech
anism. How 1X 1-adrenergic stimulation is related to the ability of direct atrial 
stretch to stimulate AP release is unknown. 

4. Human Plasma Immunoreactivity 

Several radioimmunoassays have been developed for the detection of human AP 
(NAKAO et al. 1984; Y AMAH et al. 1985; ARENDT et al. 1985). Sequence analysis 
of the human AP gene revealed a high degree of homology between the rat and 
the human genes (SEIDMAN et al. 1984; OIKAWA et al. 1984; NAKAYAMA et al. 1984; 
NEMER et al. 1984; GREENBERG et al. 1984). The COOH terminal region of human 
AP prohormone is virtually identical to that of the rat with the exception of a me
thionine substitution for isoleucine at amino acid 110. Extracts of human plasma, 
chromatographed by both gel filtration and HPLC, have been found to contain 
a major circulating AP species which comigrated with the human AP28 (Y AMAH 
et al. 1985; MIYATA et al. 1985), analogous to the circulating species found in rats 
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(SCHWARTZ et al. 1985). The actual sequence of this peptide has not been deter
mined. The only other notable difference between rat AP and human AP was the 
discovery of a 56 amino acid antiparallel dimer of the 28 amino acid COOH ter
minal peptide (KANGAWA et al. 1985) in small amounts in both atrial extracts and 
plasma. The significance of this dimer is unknown. 

RIAs for human AP have been used to screen plasma from patients suffering 
from a variety of cardiovascular diseases which are characterized by alterations 
in fluid and electrolyte homeostasis. Basal human plasma APir levels have been 
reported to be 50 pg/ml or less and are elevated 2- to 10-fold in patients with vari
ous degrees of congestive heart failure (SHENKER et al. 1985; NAKAOKA et al. 1985; 
HARTTER et al. 1985; TIKKANEN et al. 1985a), valvular and ischemic heart disease 
(SUGA W ARA et al. 1985), and in pediatric patients with congenital heart defects 
(LANG et al. 1985 b) and renal failure (RASCHER et al. 1985). The significance of 
altered AP levels in such patients, either as primary pathophysiologic events or 
compensatory adjustments, is not clear. The observed increases in plasma APir 
during congestive heart failure are probably not sufficient to maintain appropri
ate diuresis since congestive heart failure is characterized by frank fluid retention. 
A causal relationship between elevated levels of plasma APir and polyuria is pos
tulated in patients diagnosed as having paroxysmal atrial tachycardia (PAT) 
(SCHRIFFRIN et al. 1985; TIKKANEN et al. 1985 b), a condition which is often associ
ated with excessive diuresis. The levels of plasma APir reported for patients with 
PAT -associated polyuria were consistent with the levels required for diuresis in 
response to AP infusion (TIKKANEN et al. 1985 a). 

III. Brain Atriopeptin 

AP-containing neurons and fiber tracks habe been identified by immunohisto
chemical staining using anti-AP antibodies (SAPER et al. 1985; McKENZIE et al. 
1985; KAWATA et al. 1985). These neurons and fiber tracks appear in hypotha
lamic nuclei which have already been identified as being regulatory centers for 
cardiovascular control and fluid volume regulation. Fiber tracks have been seen 
in the peri ventricular preoptic nucleus, ventral and lateral stria terminalis, lateral 
hypothalamic area, paraventricular and arcuate nucleus. Cell bodies were found 
in the anteroventral periventricular preoptic nucleus, medial preoptic area, stria 
terminalis, ventral pallidum, parvocellular part of the para ventricular nucleus, 
and the periventricular nucleus. Extracts from these regions contain APir, with 
the hypothalamus showing the highest level (5 pmol/g) (TANAKA et al. 1984). 
HPLC separation of brain extracts reveals that the majority of the APir exists as 
low molecular weight peptide with some high molecular weight APir present 
(GLEMBOTSKI et al. 1985). This differs from atrial extracts, where the predominant 
form of APir is the high molecular weight AP126. The significance of brain AP 
is unknown, although its localization leads one to suspect that it may participate 
in central cardiovascular and fluid volume control. 
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D. Processing of the Atriopeptin Prohormone 
Proteolytic activation of AP126 was examined using the two selective RIAs for 
the prohormone. We expected that the 98 amino acid peptide that remains from 
AP126 after removal of AP28 would be coreleased from the atria. Rat plasma was 
examined for the presence of NTF immunoreactivity (NT Fir) and increases in 
plasma NTFir 3 min after intravenous administration of 3 J..lg desamino-arginine 
vasopressin (Fig. 2). Basal plasma APir and NTFir levels were found to be 
0.42 ± 0.05 ngjml and 3.5 ± 0.4 ngjml, respectively. Both APir and NTFir were el
evated following desamino-arginine vasopressin administration, to 8.8 ± 2.6 ngj 
ml and 9.6 ± 1.4 ngjml. Increases in plasma APir following desamino-arginine 
vasopressin administration parallels the transient increase in blood pressure, re
turning to baseline after 60 min, whereas plasma NTFir remains elevated for up 
to 2 h (MICHENER et al. 1986). The greater immunoreactive half-life of the circu
lating NTFir is also reflected by a basal plasma NTFir that is 5-8 times higher 
than the basal APir. 

Differences in APir and NTFir half-lives suggested that the two RIAs were 
detecting separate metabolites of the same precursor. Plasma was collected from 
rats treated with desamino-arginine vasopressin, extracted on octadecylsilane 
resins, reconstituted, subjected to reverse-phase HPLC, and assayed for both 
APir and NTFir (MICHENER et al. 1986). APir was detected in a single low mo
lecular weight peak that migrated in the vicinity of AP24 and AP28. No high mo
lecular weight APir was detected. NTFir was detected as a series of high molec
ular weight peaks, the majority of which did not comigrate with AP126. These 
findings were consistent with the direct assays of plasma APir and NT Fir in that 
distinct APir and NTFir species were identified. 

Previous reports by this laboratory and by others have demonstrated that the 
predominant form of AP released from the isolated perfused heart is the low mo
lecular weight AP (CURRIE et al. 1984 b; LANG et al. 1985 a). The immunoreactive 
HPLC profiles for both APir and NTFir from isolated rat heart perfusate were 
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Fig. 2. Rat plasma APir and NTFir before and after intravenous bolus administration of 
3 Ilg desamino-arginine vasopressin (dAVP). Male Sprague-Dawley rats were anesthetized 
with chloral hydrate, both jugular and carotid cannulae were inserted, and the animals 
equilibrated for 30 min. Then, 3 Ilg desamino-arginine vasopressin in saline was injected 
at time zero. Blood was collected in 110 mM sodium citrate (final citrate concentration 
11 mM), centrifuged immediately, and the plasma stored at - 70°C until assayed 
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virtually identical to that seen for rat plasma (MICHENER et al. 1986). NT Fir was 
found in multiple high molecular weight peaks which did not contain detectable 
APir. APir was detected only in low molecular weight peaks. This suggested that 
the isolated heart has the necessary enzymatic activity to process the pro hormone 
fully. Whether this processing occurs before the peptide is released from the myo
cyte, or soon thereafter, is not clear. 

E. Summary 

AP has now been established as an important hormone for the regulation of 
vascular fluid volume and blood pressure. AP release in response to atrial stretch 
provides an ideal means of responding to changes in vascular volume. This re
sponse is composed of actions on the kidneys and vascular smooth muscle, and 
an integrated endocrine response through the inhibition of aldosterone and vaso
pressin secretion. The detection of AP in the cardiovascular control centers of the 
brain by both RIA and immunohistochemical staining suggests that AP may also 
playa role in the central regulation of the cardiovascular system. The develop
ment of RIAs for AP make it possible to measure stored and secreted AP and to 
begin to understand how changes in AP levels relate to physiologic and patho
physiologic conditions such as high blood pressure and congestive heart failure. 
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CHAPTER 15 

Immunochemical Methods for Adrenal 
and Gonadal Steroids 
M. PAZZAGLI and M. SERIO 

A. Chemistry and Nomenclature 
All adrenocortical and gonadal hormones are steroids. The term steroid is used 
to designate those compounds containing a four-ring structure, the cyclopentano
perhydrophenanthrene nucleus (Fig. 1). It includes many naturally occurring 
higher alcohols called sterols, such as cholesterol, ergosterol, the glycosides of 
digitalis, and many other substances without alcoholic hydroxyl groups, such as 
estrogens and progesterone. 

The terminology for steroids is confusing because of the use of trivial names, 
chemical names, and different terms for the same substance. Much of this confu
sion arose in the early days of steroid chemistry. For instance the most abun
dantly secreted steroid from the adrenal cortex is commonly known as cortisol. 

Cyclopentanoperhydrophenanthrene 

18 

Estrane 

Pregnane 

18 

Androstane 

Fig. 1. Cyclic hydrocarbon structures related to 
the steroid hormones 
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Its chemical name is llf3-17,21-trihydroxypregn-4-ene-3, 20-dione. As it is a 17-
hydroxy derivative of corticosterone, it has also been called 17-hydroxycorticos
terone; likewise, its trivial name is hydrocortisone, implying it is a hydrogenated 
derivative of cortisone. However, the essentials of terminology are relatively 
simple. 

The basic steroid nucleus, the cyclopentanoperhydrophenanthrene ring, con
tains 17 carbon atoms (Fig. 1). Each major steroid-secreting endocrine organ of 
the body produces a single major parent compound containing one, two, or four 
additional carbon atoms to this basic steroid nucleus. It has therefore become ste
roid shorthand to call those steroids secreted by the ovaries C18 steroids (estrane), 
those secreted by the testis C19 steroids (androstane), and those secreted by the 
adrenal cortex C21 (pregnane) (Fig. 1). The adrenal cortex secretes C19 steroids 
as a minor product, too. 

All steroids derivatives from each of the three glands retain the parent com
pound name, modified by prefixes and suffixes designating the type and site of 
the alteration to the parent molecule. Only a limited number of alterations can 
be made. By convention, only one suffix may be used. The site of a double bond 
was formerly designated by placing the lower number of the carbon atom adja
cent to the double bond symbol, e.g., L14 indicates a double bond between carbon 
atoms 4 and 5. Recently, the L1 symbol has been abandoned in favor of placing 
the number in the parent compound before the designation of the bond, e.g., 
ene = one double bond, diene = two double bonds, etc. The position of a substit
uent group on the nucleus is indicated by the number of the carbon atom to which 
it is attached and its spatial arrangement below or above the plane of the nucleus 
may be designated by IY.. or f3. Hydroxyl groups are given as prefixes unless they 
are the only substituent, in which case they are designated as suffixes. To illus
trate, the principal human adrenal corticosteroid has a trivial name cortisol or hy
drocortisone, a C21 steroid. The old chemical name for this was 11 {3-17 ,21-tri
hyroxypregnene-3,20-dione. In the new terminology it is llf3-17,21-trihydroxy
pregn-4-ene-3,20-dione. This designates the three hydroxyl groups on the 11, 17, 
and 21 positions; the two carbonyl groups at the 3 and 20 positions; and one dou
ble bond between the fourth and fifth carbon atom. The most significant hor
mone secreted by the testis is a C19 steroid with the trivial name of testosterone, 
and is chemically designated androst-4-ene-17 {3-o1-3-one. The most significant se
cretion from the ovary is a C 18 steroid, commonly called estradiol, which has the 
chemical name estra-1 ,3,5-triene-3,17 f3-diol. The systematic nomenclature of ste
roids is unnecessarily cumbersome for general use and trivial names of the com
mon steroids are used instead. 

B. Immunoassay Methods for Steroids 

I. Basic Principles 

Immunoassay is a term used to include the larger number of methods which are 
based on the specific binding of one reactant (the ligand) by an antibody. The ra
tio of the amount of ligand present in the bound and free fractions is usually de-
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termined by adding a small amount of labeled ligand as a tracer for the unlabeled 
ligand. 

The development of a steroid immunochemical method requires the produc
tion of suitable antisera. Steroids by themselves are nonimmunogenic, and they 
must first be coupled covalently to protein carriers (ERLANGER et al. 1959; LIEBER
MANN et al. 1959). Despite this early work, the first steroid radioimmunoassay was 
not published until 1969 (ABRAHAM 1969). Since then, however, radioimmunoas
says have been developed for all major biologically active steroids and for many 
synthetic steroids (ABRAHAM et al. 1977; ABRAHAM 1974; CAMERON et al. 1975). 

II. Synthesis of the Immunogen Derivative 

The first step is to prepare an active derivative of the steroid that can be coupled 
to protein (ERLANGER 1981). Thus, the introduction of a free carboxyl group en
ables its coupling to the a-amino group of lysine residues in the protein molecule. 
The technique used to prepare the steroid derivative depends on whether the ste
roid contains hydroxyl or keto groups. Hydroxyl groups can be esterified with 
succinic anhydride (Fig. 2). If the steroid has more than one such group, their dif
ferent reactivities may still allow selective esterification. Keto groups can be 
reacted with O-(carboxymethyl)hydroxylamine hemihydrochloride to form 
oxime derivatives (Fig. 3). The major biologically active corticosteroids have two 
keto groups, and the production of a specific antiserum requires the selective for
mation of a monooxime derivative. The 3-oxime derivative can be produced 
under very mild alkaline conditions, as unsaturated ketones are more reactive 
than saturated ketones. However, this usually produces a mixture of mono- and 
dioximes, and a more satisfactory technique, in which a 3-enamine derivative is 
prepared, has been suggested by JANOSKI et al. (1974). Steroid glucuronides, how
ever, can be coupled directly to proteins without further derivative formation 
(KELLIE 1975). 

The specificity of the antibodies produced depends, to a large extent, on the 
site of conjugation (ABRAHAM 1975). In most biologically active steroids, the reac
tive groups are at the 3 and 17 positions. If the C-17 side chain is used to form 

Hapten-CH2-OH + 

j 
o 

" 

Succinic anhydride 

Hapten-CH2-O-C-CH2-CH2-COOH 

Hemisuccinate 

Fig. 2. Synthesis of a hemisuccinate 
derivative of a steroid containing a 
hydroxyl group 
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Fig. 3. Synthesis of a 
carboxymethyloxime derivative 
of a steroid (i.e., cortisol) 
containing a ketone group 

the link between the steroid and protein, then the antiserum produced is usually 
specific for the end of the molecule furthest from the protein bridge, and is unable 
to distinguish between steroids with differences in structure that are located close 
to the site of conjugation. For this reason, several assays have now been devel
oped using steroids that have additional reactive groups to those present in the 
natural steroids. Thus, antisera produced by immunization with progesterone-11 
conjugates are more specific for progesterone than those resulting from immuni
zation with progesterone-3 conjugates (MORGAN and COOKE 1972; YOUSSEFNEJA
DIAN et al. 1972). 

The most commonly used method has been to couple the steroid derivative 
to the t:-amino group oflysine residues in either bovine or human serum albumin. 
Although there are 59 lysine residues and one terminal amino group present in 
the albumin molecule, the molar ratio of steroid to albumin rarely exceeds 35: 1 
(DAWSON et al. 1978). If the molar ratio achieved is below 10: 1, the immunoge
nicity of the conjugate is likely to be poor (NISWENDER and MIDGLEY 1970). This 
subject has been well reviewed by ABRAHAM (1974) and NIESCHLAG et al. (1975). 

III. The Radioactive Tracer 

Two kinds of radioactive steroid are used in radioimmunoassay (RIA): tritium
labeled steroids with specific activities between 25 and 100 Ci/mmol; and 125I_Ia_ 
beled steroid derivatives with specific activities between 2200 and 4400 Ci/mmol. 
Although it has been claimed that a greater sensitivity can be achieved with 1251_ 
labeled steroids, the sensitivity obtained in practice is generally in the same range 
as when using 3H-labeled steroids (HUNTER et al. 1975). In fact, the attachment 
of iodine to the steroid molecule for a suitable assay has posed considerable tech
nical problems. 
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Steroid RIA systems may incorporate iodinated tracers through a homolo
gous bridge. The same chemical bond links the steroid to the peptide for both the 
immunogen and the tracer. In these homologous bridge systems, antibodies rec
ognize the bridge and bind the labeled steroid with greater affinity than the native 
steroid, thereby causing loss of sensitivity in the assay (CORRIE and HUNTER 1981; 
CORRIE 1982). Sensitivity can be increased by using a heterologous bridge system 
in which the labeled steroid contains a bridge different in site or nature from the 
immunogen (NORDBLOM et al. 1979,1981). 

In conclusion, the iodinated radioligand is the most suitable tracer for labo
ratories without facilities for liquid scintillation counting. In other laboratories, 
the tritium-labeled steroids remain the best approach, as they are more stable, can 
be easily repurified by chromatography, and, lastly, can be used as internal stan
dards for recovery calculation. 

IV. Sample Preparation Before Immunoassay 

As antibodies obtained against steroid hormones are not completely specific and 
react with related steroids, the use of these antisera as detection methods usually 
requires some purification of the steroid prior to the measurement. The degree 
of purification depends on: (a) the specificity of the antiserum: (b) the relative 
concentration of the interfering steroids in the biologic fluid; and (c) the nonspe
cific interference by plasma lipids and proteins or other biologic materials. 

1. Direct Assay in Plasma 

Plasma and serum are interchangeable since there is no difference in the levels of 
steroids measured in these two biologic fluids. If a steroid exists in a biologic fluid 
in a relatively large concentration compared with interfering steroids, this steroid 
can be measured directly. Dilution with assay buffer will minimize the nonspecific 
interference by proteins, lipids, or other biologic materials. Solid-phase methods 
are particularly suitable for this approach. 

Until now, many procedures for direct immunoassays of steroids have been 
described (HAYNES et al. 1980; JURJENS et al. 1975; MCGINLEY and CASEY 1979; 
PRATT et al. 1975; RATCLIFFE 1983; ROLLERI et al. 1976), but a careful internal and 
external quality control program must be established before using them rou
tinely. 

2. Selective Solvent Extraction 

If interfering steroids are greatly different in polarity from the steroid under mea
surement, the interfering steroid can be removed by selective solvent extraction. 
For example, corticosteroids in relation to their very high circulating levels inter
fere in the assay of progesterone. By extraction with a nonpolar solvent such as 
petroleum ether or hexane, progesterone can be correctly quantified because po
lar corticoids mostly remain in the plasma sample (MORGAN and COOKE 1972; 
DIGHE and HUNTER 1974). 
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3. Chromatographic Purification 

Various chromatographic systems such as paper (FORTI et al. 1974), alumina col
umns (FURUYAMA et al. 1970), Sephadex LH-20 (CARR et al. 1971), celite columns 
(ABRAHAM et al. 1977), and, more recently, high pressure liquid chromatography 
(HPLC) (HEFTMANN and HUNTER 1979) have been employed to purify steroid 
hormones. 

Celite chromatography is now the most widely used system since it is easy to 
prepare, is relatively inexpensive, nonspecific interference is negligible or absent, 
and it has a high capacity and high power of resolution. In addition, several ste
roids can be separated at the same time. 

However, Sephadex LH-20 chromatography is also practicable and in some 
particular cases paper chromatography must still be used to obtain the necessary 
purification. On the contrary, in our experience the cost benefit ratio of HPLC 
is too high for it to be suggested as routine procedure. Radioactive internal stan
dards are obviously needed to calculate the recovery. 

V. Bound/Free Separation Systems 

Several separation methods have been used, as reviewed by COLLINS et al. (1975) 
and RATCLIFFE (1983). They are based on: (a) absorption of the free steroid (dex
tran-coated charcoal); (b) precipitation of the steroid-antibody complex (double
antibody, ammonium sulfate, and polyethylene glycol); and (c) solid-phase (anti
body-coated polystyrene tubes and antibody covalently linked to beads; BOLTON 
and HUNTER 1973). One of the most practicable procedures is dextran-coated 
charcoal because it is simple to perform, inexpensive, rapid, and precise. 

VI. Monoclonal Antibodies to Steroids 

Monoclonal mouse antibodies to steroid hormones have been produced by sev
erallaboratories (GALFRE and MILSTEIN 1981). The affinity constant and the spec
ificity of some monoclonal antibodies are sometimes lower than those of some 
traditional antisera. Now useful monoclonal antibodies to steroids can be pro
duced using existing technology (ESHHAR et al. 1981; FANTL et al. 1981; KOHEN 
et al. 1982; WHITE 1983). In all probability, monoclonal antibodies will be pro
duced with affinity and specificity similar to those of the best polyclonal antisera. 
Although it seems unlikely that such developments will make possible techniques 
until now unreliable with conventional antisera, the production of antibodies in 
the required quantities by means of hybridomas should enable the more wide
spread application of existing and future assay techniques which need high qual
ity antibodies. 

VII. Quality Assessment 

Every laboratory must establish an internal quality control scheme to monitor the 
reproducibility of its assays, but it is equally important that every laboratory 
takes part in external quality control, schemes to compare the performance of 
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their assays, in terms of precision, specificity, and accuracy, with what is currently 
available elsewhere (JEFFCOATE 1981). 

In the past few years, several external quality assessment schemes have been 
organized. They use samples in which the hormonal steroids have been measured 
by isotope dilution mass fragmentography, i.e., by very precise (coefficient of 
variation", 2 %) and very specific methods which in some cases can be considered 
as definitive. Several such methods for steroid measurements have been published 
and they can be used as references (PATTERSON et al. 1984; SIEKMANN 1979). 

VIII. Alternative Immunoassay Methods 

1. Enzyme Immunoassay 

a) Introduction 

Enzymes have proven to be sensitive and versatile labels in various immunoassay 
systems for the measurement of plasma steroids (V AN WEEMAN et al. 1979; BLAKE 
and GOULD 1984). The sensitivity of detection is due to the amplification of the 
signal by prolonged incubation and catalytic turnover. Versatility is due to the 
modulation of enzymatic activity by a variety of factors. The factors affecting the 
choice of enzyme include: (a) the turnover number of the pure enzyme; (b) the pu
rity of the enzyme preparation; (c) the sensitivity, ease, and speed of product de
tection; (d) the absence of interfering factors in the test fluid; (e) the presence of 
potentially reactive groups for coupling: (t) the stability of the enzyme conjugate; 
(g) the availability and cost; and (h) the suitability for homogeneous assay. The 
enzymes that have been used most extensively are horseradish peroxidase, alka
line phosphatase from calf intestinal mucosa, fJ-D-galactosidase from Escherichia 
coli, glucose oxidase from Aspergillus niger, urease, penicillinase, and luciferase 
in heterogeneous assay systems, and lysozyme, malate dehydrogenase, and glu
cose-6-phosphate dehydrogenase in homogeneous enzyme immunoassay (EIA). 
A variety of end points have been used in the development of EIA. For example, 
if a fluorescent product is produced after enzyme incubation, the method might 
be described as a fluorescence EIA. 

In the case of EIA for steroids, two basic approaches have been described: 
1. Antigen-labeled techniques: the procedure involves the competitive reac

tion between an enzyme-labeled steroid and the native steroid for a limited con
centration of specific antibody (OGIHARA et al. 1977; RAJKOWSKI et al. 1977). 

2. Antibody-labeled techniques, where the enzyme-labeling procedure occur
red after the initial antibody-binding reaction to an immobilized antigen. 

The amount of first antibody bound to the immunoabsorbant is measured by 
an enzymatic technique in which a heterologous bridging antibody and a soluble 
antibody-enzyme immune complex (rabbit anti-peroxidase-horseradish peroxi
dase) are added in sequence. Peroxidase activity is inversely proportional to the 
concentration offree antigen in the original sample (YORDE et al. 1976). 
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b) Limitations to Enzyme Immunoassay 

The difficulties imposed by the analysis of biologic samples, however, have re
stricted the use of EIA. The technique has not yet been widely applied to the mea
surement of hormones and drugs, in plasma or saliva, for the following reasons: 

1. Compared with radioisotopes the label has a high molecular weight which 
often interferes with the antibody-binding reaction by bridging effects or steric 
hindrance, and it may be necessary to develop assays which involve the use ofhet
erologous combinations of reagents (VAN WEEMAN et al. 1979). 

2. The synthesis of labeled antigen is difficult to control and the product 
needs to be characterized for enzyme and antibody-binding activities. 

3. The homogeneous systems are relatively insensitive owing to nonspecific 
interference from the biologic sample. 

4. The end point determination is more complex and time-consuming than 
for RIA. 

5. The large size of the enzyme-labeled antigen limits the method of separa
tion of the antibody-bound and free fractions to solid-phase or second antibody 
techniques. 

2. Fluoroimmunoassay 

a) Introduction 

Fluorescence is one sort of luminescence, which is the emission of light resulting 
from the dissipation of energy from a substance in an electronically excited state. 
There are several forms of luminescence which differ only in the source of energy 
involved in exciting the electrons to a higher energy level. These include: (a) radio
luminescence, where excitation is effected by a radioisotope; (b) chemilumi
nescence, where excitation is effected by a chemical reaction; (c) bioluminescence, 
where the chemical reaction is mediated by enzymes in a biologic system; (d) ther
moluminescence (incandescence); (e) electro luminescence (e.g., neon light); and 
(f) fluorescence or photoluminescence, where excitation is effected by photons of 
infrared, visible, or ultraviolet light. The light emitted occurs in the form of a 
photon of longer wavelength than that of the exciting photon. 

Developments in immunoassay procedures with fluorescent labels have been 
reviewed (SOINI and HEMMILA 1979; SMITH et al. 1981; EXLEY 1983; HEMMILA et 
al. 1984; SOINI and KOJOLA 1983). These can be divided into fluorescence immu
noassay (FIA), where labeled antigen is used, and immunofluorimetric assay 
(IFMA) using labeled antibodies. Each can be further subdivided into homoge
neous (nonseparation) (KOBAYASHI et al. 1979 a, b) and heterogeneous (separa
tion) procedures. 

b) Limitations to Fluoroimmunoassay 

Various factors present in biologic fluids can cause apparent enhancement or 
quenching of the fluorescent signal and include: (a) light scattering; (b) endoge
nous fluorophores; (c) internal filter effects, where part of the exciting or emitted 
light is absorbed by compounds present in the reaction mixture; and (d) quantum 
yield changes due to environmental effects. 
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3. Chemiluminescence Immunoassay 

a) Introduction 

371 

The use of chemiluminescent (CL) molecules in immunoassay is of recent appli
cation. Luminescence may be defined as the chemical production of light and, as 
in the case of fluorescence, involves the emission of photons from excited mole
cules on their return to the ground state. Luminescence can be applied to a wide 
variety of assays of biologic interest and more information on the characteristics 
of bioluminescent (BL) and CL reactions, instrumentation, and applications in 
immunoassay for steroids can be found in reviews by KOHEN et al. (1983) and 
PAZZAGLI et al. (1984). 

b) The Steroid-Chemiluminescent Tracer 

Several chemical compounds possess suitable CL characteristics for use as label
ing reagents (SCHROEDER and YEAGER 1978; WEEKS et al. 1983). In particular, 
some aminophthalhydrazides (i.e., luminol, isoluminol, and isoluminol deriva
tives) participate in simple oxidation reactions (such as the hydrogen peroxide
microperoxidase reaction in the pH range 8.6-13) to produce light with a rela
tively high quantum efficiency and thus they can be used as universal labeling ma
terial for both antigens and haptens. 

Following this approach, some isoluminol derivatives have been conjugated 
to steroid molecules and the resulting steroid-CL tracers have been investigated 
in terms of both the affinity for the homologous antibody and the CL character
istics. The results ofthis study have been reported by PAZZAGLI et al. (1983) and 
can be summarized as follows. 

The preparation of the steroid-CL tracer is a simple conjugation reaction, 
such as a carbodiimide reaction, and it is similar to the methods used in the syn
thesis of steroid-protein immunogens. The purification step can be performed on 
silica gel TLC plates and the identity of the final compound can be confirmed by 
mass spectrometry. An example of the structure of a steroid-CL tracer is shown 
in Fig. 4. 

The CL efficiency of steroid-CL tracers is mainly determined by the isolumi
nol derivative used and is not significantly affected by the steroid molecule. Some 
isoluminol derivatives (i.e., aminoethylethylisoluminol AEEI, or aminobutyleth
ylisoluminol ABEl) are more efficient and suitable than others - use of this kind 
of compound produces CL tracers detectable at the picomolar level (0.1-0.4 fmol 
per tube). 

The affinity of the steroid-CL tracer for the homologous antibody can be af
fected by the ability of the antibody to recognize both the steroid and the bridge 
between the steroid and the CL molecule (e.g., carboxymethyl oxime or hemisuc
cinate bridges). Consequently, the affinity can be higher, lower, or similar to the 
native steroid, and this can affect the sensitivity and the specificity of the assay, 
as already observed for iodinated steroids (PAZZAGLI et al. 1981 a,c). However, 
most steroid-CL tracers possess suitable affinity for LIA methods. 
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Fig. 4. Example of mass spectra data resulting from a steroid-CL tracer as obtained by the 
field desorption (FD) or fast atom bombardment (F AB) ionization techniques. (PAZZAGLI 
et al. 1983) 

c) Homogeneous Luminescence Immunoassay Methods 

As we have noted, the steroid-CL tracer emits light on oxidation by the hydrogen 
peroxide-microperoxidase system at pH values varying between 8.6 and 13.0. 
pH 8.6 is compatible with monitoring competitive protein-binding reactions in a 
homogeneous manner when the presence of the specific antibody influences the 
light yield of the steroid-CL tracer. 
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This is the case for progesterone (KOHEN et al. 1979), estriol (KOHEN et al. 
1980a), and cortisol (KOHEN et al. 1980b), but although homogeneous LIA 
methods are attractive procedures because they allow full automation of the assay 
at present they still have some disadvantages, mainly owing to incomplete knowl
edge of the mechanism of the antibody-enhanced chemiluminescence. In fact, we 
have already shown that several factors are involved in the enhancement phenom
enon, including the chemical structure of the tracer (PAZZAGLI et al. 1982 b; PATEL 
and CAMPBELL 1983) and the immunologic characteristics of the antibody. Con
sequently, it would appear that different procedures will have to be adopted for 
each antibody or labeled ligand used, and this is not practical in routine use. Only 
when well-standardized reagents are available (in particular, monoclonal anti
bodies), will the practical application of homogeneous LIA in the clinical chemis
try laboratory become possible. 

d) Heterogeneous Luminescence Immunoassay Methods 

In contrast to homogeneous LIA methods based on antibody-enhanced chemilu
minescence, heterogeneous LIAs do not utilize the light-enhancing properties of 
the specific antibody, but introduce a phase separation step into the procedure. 
Thus, heterogeneous LIAs are closely analogous to conventional RIAs, with the 
exception of the final stage for detection of chemiluminescence, and hence they 
are easily learned by technicians already familiar with RIA procedures (KOHEN 
et al. 1981; LINDSTROM et al. 1982; PAZZAGLI et al. 1981 b,d). 

e) Limitations to Luminescence Immunoassay Methods 

One of the major drawbacks of the use of CL labels is the measurement of the 
analytic signal which follows the oxidation reaction. As described by TOMMASI et 
al. (1984), in order to minimize errors due to the CL tracer measurement, the fol
lowing aspects should be optimized: 

1. Choice of the measurement parameter; the CL reaction, because of its kin
etics, can be quantified by several parameters which possess different character
istics in terms of counting time, reproducibility, linearity, signal:blank ratio, etc. 
The most suitable parameter should be selected for the measurement of the CL 
tracer and this depends on the kind of CL compound used and on the reaction 
conditions. 

2. Evaluation of CL kinetics; the reaction conditions (i.e., the pH of the reac
tion solution, buffers, the relative concentration of the oxidant and catalyst, and 
in particular the presence of material of biologic origin such as plasma or urine) 
can modify the kinetics and consequently the measured light output. Con
sequently, it seems necessary to have a criterion to evaluate the reaction ki
netics. 

C. The Adrenal Cortex 
I. Physiology 

The adrenal cortex secretes five types of steroids, classified according to their bio
logic action, i.e., glucocorticoids, mineralocorticoids, androgens, progestagens, 
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Fig. 5. Biosynthesis of progesterone and 17a-hydroxypregnenolone 

and estrogens (Figs. 5-8). However the first two classes are secreted by the adrenal 
gland solely, while the last three also come from the gonads. Mineralocorticoids, 
glucocorticoids, and progestagens are CZl steroids, the androgens C19 , and the 
estrogens C18 steroids. 

The glucocorticoids, which include cortisol, cortisone, and corticosterone, 
have an oxygen substituent at the C-ll position, either as a hydroxyl or an oxo 
group. They increase the production of glucose from proteins (gluconeogenesis), 
decrease the peripheral uptake of glucose, and increase the production of gly
cogen in the liver. In addition, they decrease the protein synthesis oflymphocytes, 
stimulate the production of red cells and leukocytes from the bone marrow, and 
maintain normal glomerular filtration (EDWARDS and LANDON 1976). Cortisol is 
the major glucocorticoid secreted by the gland in human, monkey, horse, and 
sheep, whereas corticosterone is the major glucocorticoid secreted in rat, rabbit, 
and other rodents. 

The mineralocorticoids, which include aldosterone, l1-deoxycorticosterone 
(DOC), and 18-hydroxydeoxycorticosterone, are important in the control of elec
trolyte metabolism. Aldosterone is the most important sodium-retaining steroid 
in humans. In the rat, however, l8-hydroxy-ll-deoxycorticosterone is probably 
more important. These steroids increase the entry of sodium into the cells of kid
ney collecting ducts and promote the loss of potassium (EDWARDS and LANDON 

1976; NOWACZYNSKI et al. 1977). 
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The human adrenal cortex secretes about 25 mg cortisol daily as compared 
with only 2 mg corticosterone and 200 ~g aldosterone. The large amount of cor
tisol provides the major glucocorticoid activity and also contributes to some ex
tent to mineralocorticoid activity. In contrast, the very small amount of aldoste
rone secreted has negligible glucocorticoid activity, but is the main mineralocor
ticoid. Corticosterone has both glucocorticoid and mineralocorticoid effects. 

There are many species differences in adrenal steroid secretion; therefore the 
animal model to be used in pharmacologic experiments must be well known as 
to its physiology and must be well selected before extrapolating the results to hu-
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mans. For instance, the dog is a very good model to study glucocorticoid and 
mineralocorticoid action. 

The secretion of progestogens and estrogens by the human adrenal gland is 
negligible in terms of a contribution to the biologic action of these hormones. On 
the contrary, the secretion of adrenal androgens in humans is quantitatively rel
evant, but their biologic action is very weak. In relation to this, the adrenal an
drogens are also called weak androgens or pre androgens because they act mainly 
as precursors of testosterone and 5il-dihydrotestosterone. 

II. Control Mechanisms for the Release of Cortisol 

There are three major mechanisms that control the secretion of corticotropin-re
leasing factor (CRF) and, thereby, of adrenocorticotropic hormone (ACTH) and 
cortisol (EDWARDS and LANDON 1976). 

1. Negative Feedback Control 

Adrenalectomized animals have high levels of ACTH which fall immediately after 
administration of corticosteroids. In contrast, it has been known for many years 
that administration of hydrocortisone or other glucocorticoids results in adrenal 
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atrophy. This modulating negative feedback operates via the hypothalamus and 
pituitary and is termed long feedback control. It is more important than the short 
feedback control system whereby ACTH itself can alter the secretion of CRF. 

2. Nyctohemeral Control 

Several animals show a marked rhythm of ACTH secretion during their sleep
wake cycle. The highest levels of ACTH, and thus cortisol or corticosterone, are 
found in blood samples taken early in the morning and the lowest levels in the 
evening. This rhythm relates to the sleep-wake cycle rather than the 24-h cycle 
and it is for this reason that the term nyctohemeral is preferred to circadian or 
diurnal. Several studies have shown that the secretion of ACTH is not continu
ous, but episodic during this cycle. 
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3. Stress Control 

This mechanism can override the other two and is brought into action by a wide 
variety of physiologic, pharmacologic, and psychologic situations, including hy
poglycemia, pyrogen administration, apprehension, pain, and fear. 

III. Control Mechanisms for the Release of Aldosterone 

The major control mechanism for aldosterone release is the renin-angiotensin 
system, which may be stimulated by many factors, including sodium deprivation 
or a change from a lying to a standing position. When plasma renin activity is 
suppressed, as in patients with primary hyperaldosteronism due to an adrenal tu
mor, ACTH becomes the dominant controlling factor. Aldosterone release may 
also be stimulated by hyperkalemia. In humans, there are two minor inhibitory 
mechanisms controlling aldosterone secretion acting directly at the adrenal level, 
i.e., dopamine and atriopeptins (secreted by the heart) and, in addition, there is 
a circadian rhythm (EDWARDS and LANDON 1976; WILLIAMS et al. 1972). Con
sequently, isolated values of plasma aldosterone that are unrelated to posture, 
sodium intake, or time are of minimal value. In contrast to aldosterone, the major 
control mechanism for sodium-retaining steroids such as deoxycorticosterone, 
18-hydroxy-11-deoxycorticosterone, and corticosterone are regulated by 
ACTH. 

IV. Biosynthesis of Adrenal Steroids 

An outline of the biosynthetic pathways for the corticosteroids, estrogens, and 
androgens is given in Figs. 5-8. Progesterone, 11-deoxycorticosterone, and corti
costerone are precursors for aldosterone biosynthesis within the zona glomeru
losa. The isolation of 18-hydroxycorticosterone suggested that this might be an 
intermediate in the synthesis of aldosterone from corticosterone. The role of 11-
dehydrocorticosterone in the biosynthesis of aldosterone by the human adrenal 
is unknown, although it can be converted to aldosterone by the rabbit adrenal. 

V. Metabolism of Adrenal Steroids 

1. Cortisol 

In humans, about 90% of the circulating cortisol is bound to plasma proteins, of 
which the most important is corticosteroid-binding globulin (CBG), also termed 
transcortin. There is also weak binding to albumin. Available evidence indicates 
that only the free fraction is biologically active, with the protein-bound fraction 
providing a reservoir. The transport proteins are species specific and there are 
many differences between animals. So the transport proteins are another impor
tant factor to be considered in the experimental model. 

In humans, when cortisol is injected into the circulation it disappears rapidly 
with a half-life of 70-110 min and normally only 1 % or less of the total amount 
of cortisol secreted by the adrenal is excreted unchanged in the urine. The cortisol 
filtered by the renal glomeruli and then excreted reflects the level of circulating 
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non-protein-bound cortisol, which explains the clinical value of urinary free cor
tisol determinations. 

The most important site for corticosteroid breakdown is the liver. Not surpris
ingly, liver dysfunction alters the rate of cortisol clearance. Enzyme-inducing 
drugs, such as phenobarbitone, increase the rate of cortisol clearance and, indeed, 
the production of metabolites such as 6-hydroxycortisol can be used as an index 
of enzyme induction. Cortisol clearance is also increased in thyrotoxicosis, de
creased in hypothyroidism, severe liver disease, malnutrition, and in patients re
ceiving orally active anabolic steroids. Because of the negative feedback control 
system of ACTH, these changes in the metabolism of cortisol do not normally 
alter the free cortisol concentration, but are, however, extremely important in pa
tients on cortisol replacement therapy. 

2. Aldosterone 

The metabolism of aldosterone differs from that of cortisol as the most important 
route for its excretion is usually via the kidney. In humans, after the injection of 
radioactive aldosterone, about 75% of the activity is excreted in the first 24 h with 
nearly 60% in the form of glucuronide-conjugated metabolites, of which the most 
important is tetrahydroaldosterone. Only about 0.2 % of the isotopically labeled 
aldosterone is excreted in urine unchanged. 

VI. Immunochemical Methods for Adrenal Steroids 

1. Cortisol 

Cortisol is present in human plasma in significantly higher concentrations than 
other C2l steroids and it is therefore possible to assay cortisol directly (i.e., with
out solvent extraction) and to obtain accurate results (CONNOLLY and VECSEI 
1978; FOSTER and DUNN 1974). The method of choice at present is probably to 
use antisera raised to a cortisol-3 derivative, probably cortisol-3-(O-carboxy
methyl)oxime (FAHMY et al. 1975), coupled to a solid-phase support, and to use 
an 125I-radioligand, because this will reduce running costs. Also, when using an 
125I-radioligand and one of the new generation gamma counters with multihead 
counting, results may be obtained from an immunoassay in less than 2 h. Most 
of the commercial immunoassay kits now available use methodology of this type, 
with differences confined to the nature of the solid-phase matrix and the pro
cedure used to deactivate CBG. Current assays using 125I-radioligands appear to 
have adequate sensitivity, specificity, and precision to measure circulating cortisol 
concentrations, and sufficient accuracy for clinical purposes, as judged by refer
ence to gas chromatography-mass spectrometry reference procedures (PATTER
SON et al. 1984). 

2. Corticosterone 

Corticosterone is the major corticosteroid of rats, mice, and birds, but only a 
minor constituent of normal human plasma, so an assay which is satisfactory for 
rat plasma (GOMEZ-SANCHEZ et al. 1975) obviously cannot be applied to human 
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plasma without extensive reevaluation; even in species such as ducks, whose cor
ticosterone is the predominant C21 steroid, a preas say chromatographic step has 
been required to ensure a reliable determination (EDWARDS and LANDON 1976). 
A more recent procedure (AL-DuJAILI et al. 1981) allows plasma samples from 
both rats and humans to be assayed directly, i.e., without extraction or chroma
tography. The procedure is analogous to that published for the assay of cortisol, 
using a histamine 1251 label. As in the case of the cortisol assay, the use of an anti
serum raised to a hapten coupled through the C-3 position gives a highly specific 
antiserum. 

3. 11-Deoxycortisol 

A simple direct assay for plasma 11-deoxycortisol (Reichstein's compound S) has 
been described (PERRY et al. 1982). The assay uses antisera raised to a 3-(O-car
boxymethyl)oxime conjugate and the homologous 1251-radioligand, deactivation 
of plasma-binding proteins being achieved by dilution (1 : 10) with a pH 4 buffer. 
The determination of 11-deoxycortisol is used with the determination of 17 a-hy
droxyprogesterone in the localization of the enzyme block in patients with con
genital adrenal hyperplasia. 

4. Plasma Free Cortisol 

Methods in routine use for determining plasma concentrations at this time invari
ably measure "total" steroid concentrations. Such assays therefore provide in
formation which may not be as clinically useful as that deriving from an assay 
of the "free," biologically active fraction in plasma. 

The principal techniques used for determining plasma "free" steroids are ul
trafiltration and equilibrium dialysis, but other procedures using electrophoresis 
on paper and starch, gel filtration, and indirect methods based on a binding index 
have also been employed. Regardless of the method of separating the protein
bound and free steroid, these procedures are of two main types: those depending 
on assay of cortisol in the free fraction, and those in which the distribution be
tween the bound and free fractions is assessed with a radioligand. Purity of the 
label in the latter procedures is critical, and trace impurities may invalidate the 
results. Binding of the steroid to membranes may require consideration in studies 
featuring equilibrium dialysis and ultrafiltration; the need for strict temperature 
control is a further restriction in ultrafiltration techniques (BAUMANN et al. 
1975). 

5. Urinary Free Cortisol 

The difficulties involved in clinical studies based on time-consuming plasma-sam
pling regimens have focused attention on urinary free cortisol as an indirect index 
of circulating free steroid concentrations. Problems of ensuring collection of com
plete 24-h urine samples, together with the marked dependence of urinary free 
cortisol levels on fluid intake and normal renal function, limit the usefulness of 
this technique. Despite these limitations, it has proven to be clinically useful to 
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distinguish between simple exogenous obesity and mild Cushing's syndrome 
(EDDY et al. 1973). 

6. Salivary Cortisol 

Determination of salivary cortisol may have an important role to play in future 
investigations of adrenocortical activity, as both adults and children find it easy 
to collect saliva by themselves. Salivation into small collection tubes is stress-free 
and avoids undue perturbation of the hypothalamo-pituitary-adrenal axis. De
velopment of simple nonextraction immunoassays requiring small sample vol
umes is facilitated by the relatively high cortisol concentrations in saliva and the 
absence of binding proteins. Cortisol concentration in saliva is independent of 
flow rate (WALKER et al. 1978) and is in good agreement (U MEDA et al. 1981) with 
the free fraction in plasma, even though the results are not superimposable. 

7. Mineralocorticoids 

As this chapter cannot deal with the analysis by RIA of all known mineralocor
ticoids, we shall report the RIAs of aldosterone, aldosterone metabolites, and the 
major aldosterone precursors: 18-hydroxycorticosterone, 18-hydroxydeoxycor
ticosterone, and 11-deoxycorticosterone. 

a) Plasma Aldosterone 

The techniques are divided into two groups - RIAs with or without a chromato
graphic separation step following solvent extraction. Results obtained from 
methods without the chromatographic step are usually well correlated with those 
obtained from methods involving chromatography (CONNOLLY et al. 1980; Jo
WETTand SLATER 1977; PRATT etal.1978; AL-DUJAILI and EDWARDS 1978). How
ever, many laboratories, such as our own, do not accept values as definite if they 
result from techiques without chromatography. Even though there are some 
atypical cases with altered steroidogenesis which might cause unexpected interfer
ence in the assay and thus misleading results, the great number of clinical samples, 
on the other hand, together with good practicability and low cost, support the use 
of simpler techniques. In the discussion for and against methods without chroma
tography, the specificity of the antibodies plays a key role. The specificity require
ments of the various aldosterone assays are stricter than is generally supposed. 
Numerous kits are available, including several using 125I-Iabeled aldosterone, but 
the performance of these procedures should be checked by using reference 
methods with both extraction of the sample and chromatography, especially 
when plasma of different species is to be analyzed. SIEKMANN (1979) has described 
an isotope dilution gas chromatographic-mass spectrometric method which may 
have some special applications as a reference method. 

b) Urinary Aldosterone 

The estimation of aldosterone-18-glucuronide (also known as urinary aldoste
rone) is subject to specificity problems (VECSEI et al. 1972; AL-DUJAILI and ED
WARDS 1981). The technique involves the pH 1 hydrolysis of aldosterone-18-gluc-
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uronide; this pH can transform other steroids and urinary metabolites into new 
compounds. The latter can interfere with anti-aldosterone antibodies to different 
degrees. A practicable multi-microcolumn system for chromatography of aldoste
rone on Sephadex LH-20 before RIA can be used (KACHEL and MENDELSOHN 
1979). Studies with radioactive steroids have shown that, in addition to aldoste
rone and tetrahydroaldosterone, 18-hydroxycorticosterone, tetrahydro-18-hy
droxycorticosterone, and 18-hydroxydeoxycorticosterone also undergo acidic 
transformation. 

Practical experience has confirmed the relevance of interfering factors. In 
about 5% of 854 samples, the method without chromatography produced clini
cally misleading values (VECSEI et al. 1982). Many urinary metabolites possibly 
causing interference are not commercially available, and consequently difficult to 
evaluate in the assay. Therefore, radioimmunochromatographic analysis seems 
necessary to reach satisfactory specificity. 

A useful approach would be the direct measurement of aldosterone-18-gluc
uronide or tetrahydroaldosterone glucuronide without hydrolysis by means of 
specific antibodies (anti-steroid glucuronides) as described by MATTOX and NEL
SON (1981) and JOWETT and SLATER (1981). 

c) Aldosterone Precursors 

F or the measurement of deoxycorticosterone, 18-hydroxy-11-deoxycorticos
terone, and 18-hydroxycorticosterone, the antisera have been obtained by means 
of 3-carboxymethyloxime conjugates. Owing to the presence of cross-reactions 
with several other steroids, these methods require a prepurification by paper 
chromatography of plasma extracts before RIA (VECSEI et al. 1983). The radio
active steroids to be used as internal standard are available from commercial 
sources. Taking such precautions, these methods can be used in experimental 
models and in differential clinical diagnosis of salt-wasting disorders of adrenal 
and renal origin (BIGLIERI and SCHAMBERLAN 1979; VECSEI et al. 1983). 

8. Adrenal Androgens 

a) Androstenediol 

This is the precursor of testosterone in the ,15 pathway of steroid biosynthesis. In 
men and women, about 50% of circulating values originates from direct adrenal 
secretion. Suitable antisera have been obtained using a carboxymethyl oxime 
(CMO) conjugate in position 16, however, a chromatographic step (paper or 
celite column) is needed before RIA (FORTI et al. 1978, 1985). 

b) Androstenedione 

Androstenedione is the direct precursor of testosterone in the pathway of adrenal 
and gonadal steroidogenesis. In women, it has a mixed origin (adrenal gland and 
ovary) and its secretion changes with the time of the cycle (maximum concentra
tions in the late follicular phase). In postmenopausal women, it originates almost 
entirely from the adrenal secretion. It is a weak androgen, but plays a very impor
tant role as the major substrate for aromatization processes, i.e., estrogen forma-
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tion in extraglandular tissue (central nervous system, skin, adipose tissue, etc.). 
The aromatization processes in the hypophyseal-hypothalamic system are in
volved in several biologic activities, such as sexual differentiation and the feed
back regulation of gonadotropin secretion. The aromatization in adipose tissue 
is deeply involved in the pathogenesis of the polycystic ovarian syndrome and of 
estrogen-related tumors (breast and uterus). 

Androstenedione measurement is useful in several clinical and experimental 
conditions. Several commercial kits are available which require only a simple 
plasma extraction in the procedure before the assay. Unfortunately, these 
methods can be affected by interfering substances of various origins which are 
able to alter the clinical and experimental value of the results. Celite and Sephadex 
LH-20 columns, and the more sophisticated HPLC procedures can be used after 
solvent extraction, in order to improve the reliability of the assay. 

c) Dehydroepiandrosterone 

Dehydroepiandrosterone (DHEA) is the major unconjugated androgen secreted 
by the adrenal as it originates almost entirely from this gland. In humans, its se
cretion rate varies between 6 and 10 mg/day. All methods described include a 
chromatographic step after solvent extraction. Celite column chromatography is 
the most suitable system as it allows the separation and measurement of several 
steroids at the same time (ABRAHAM et al. 1977). 

d) Dehydroepiandrosterone Sulfate 

The adrenal cortex also secretes some conjugated steroids (sulfates and glucuro
nides); among them the most important is dehydroepiandrosterone sulfate 
(DHEA-S). This steroid originates solely from adrenal secretion; its concentra
tion in human blood is very high and therefore its measurement is a reliable index 
of adrenal androgen secretion. DHEA-S can be measured as free DHEA after 
solvolysis of plasma, but the most practicable approach is the measurement in di
luted plasma by means of antisera to DHEA-3-hemisuccinate-BSA and radioac
tive DHEA-S or DHEA as tracers (CATTANEO et al. 1975; ABRAHAM et al. 
1977). 

9. Adrenal Progestagens 

The C21 steroids (pregnenolone, 17cx-hydroxypregnenolone, progesterone, and 
17cx-hydroxyprogesterone) are precursors of aldosterone and cortisol biosynthe
sis. Their clinical interest is limited to the diagnosis of congenital adrenal hyper
plasia in humans. Pregnenolone and 17cx-hydroxypregnenolone are increased in 
3fJ-hydrosteroidogenase defect; pregnenolone and progesterone are increased in 
17cx-hydroxylase defect. All these steroids must be measured after chromatogra
phy. However, in relation to the high incidence of the 21-hydroxylase defect in 
comparison with the other forms of congenital adrenal hyperplasia, the measure
ment of 17cx-hydroxyprogesterone is most important for diagnostic purposes and 
for assessing the response to the pharmacologic treatment (usually dexametha
sone or fluorocortisone) in this disease. The 21-hydroxylase defect in practice re-
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presents 98 % of all cases of congenital adrenal hyperplasia and therefore in some 
countries neonatal screening programs have been developed. A practical and 
rapid method for measuring 17a-hydroxyprogesterone in blood samples ab
sorbed on filter paper disks has been published (SOLYOM 1981). 

10. Alternative Immunoassays 

Several EIAs have been reported for the measurement of cortisol (COMOGLIO and 
CELADA 1976; HINDAWI et al. 1980; OGIHARA et al. 1977). A homogeneous FIA 
for cortisol in serum was described by KOBAYASHI et al. (1979 a) using the fluores
cence polarization technique. The nonspecific binding of fluorescent-labeled cor
tisol was successfully eliminated with sodium dodecylsulfate (KOBAYASHI et al. 
1979b). The sensitivity of the assay, however, was 0.1 ng cortisol per tube. 

A direct heterogeneous FIA has been developed for the measurement of cor
tisol in serum (POURFARZANEH et al. 1980). The method involved cortisol labeled 
at the 3 position with fluorescein, and antibodies to cortisol coupled to magnetiz
able cellulose-iron oxide particles. A FIA method for 17a-hydroxyprogesterone 
has been described by ARAKAWA et al. (1983), which uses dried blood samples on 
filter paper for the screening of congenital adrenal hyperplasia. 

In the case of LIA for cortisol, both homogeneous (KOHEN et al. 1980 b) and 
heterogeneous assays (PAZZAGLI et al. 1981 b; LINDSTROM et al. 1982) have been 
described. Finally, LIA methods have been developed for DHEA and its sulfate 
(ARAKAWA et al. 1981) and for 17 a-hydroxyprogesterone (ARAKAWA et al. 
1982). 

D. The Testis 

I. Physiology 

The testis can be functionally divided into Leydig cell and seminiferous tubular 
compartments, which are responsible respectively for the production of testoster
one and spermatozoa. The two compartments are regulated by the pituitary gland 
through gonadotropin secretion. Simultaneously, the testis regulates gonadotro
pin secretion by a negative feedback system: testosterone regulates LH secretion; 
inhibin regulates FSH secretion. 

The hypothalamus plays an important role in controlling testicular function 
by secreting gonadotropin-releasing hormone (LHRH) in a pulsatile manner; this 
serves as the link enabling the central nervous system to influence reproductive 
function (ISMAIL 1976; FRANCHIMONT 1976). By this mechanism, environmental 
causes may exert their influence on reproductive processes; seasonal control of re
production in many mammals presents an excellent example. In considering the 
details of the hormonal control of the testis, it is simpler to consider each com
partment and its function separately, but we should keep in mind that the two 
processes of spermatogenesis and steroidogenesis are closely linked. 

The testis secretes a variety of free and conjugated steroids (sulfates and gluc
uronides) which are synthesized from cholesterol. However, the principal secre-
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tory product in the majority of mammalian species is testosterone, a product of 
Leydig cells (Fig. 7). Although the testis secretes smaller amounts of androste
nedione and dehydroepiandrostenone, they are very weak androgens and mascu
linization is due principally to testosterone or its target organ metabolite, Set-di
hydro testosterone (Fig. 8). 

Testosterone secretion by Leydig cells is stimulated by luteinizing hormone 
(LH) and in the majority of mammals a rise in LH secretion is followed by a rise 
in testosterone. In fact, the secretion of both LH and testosterone is episodic, and 
hence considerable changes in the levels of these two hormones may be found in 
a 24-h period. The removal ofLH by hypophysectomy or neutralization of its ac
tivity by a specific antiserum leads to a cessation of testosterone production. Little 
is known of the way in which testosterone leaves the Leydig cell, but it is found 
in high concentration in spermatic venous blood, testicular lymph, and in the 
fluid within the seminiferous tubules. 

In many mammalian species, the testis also secretes estrogens and in some, 
such as stallion and bear, very large quantities are produced. The circulating es
tradiol partly derives from the peripheral conversion of testosterone, but in men 
studies of estradiol levels in spermatic venous blood indicate that approximately 
40%-SO% of the circulating estradiol is secreted by the testis. 

II. Transport of Testosterone in Blood 
and Its Action at the Target Level 

Testosterone secreted into the bloodstream exists mainly in two forms - approx
imately 99% is bound to plasma proteins and the rest circulates in an unbound 
form. At least three plasma proteins are involved in testosterone binding, all with 
different affinities. Thus, at or near physiologic levels, the hormone is largely 
bound to a low capacity, high affinity globulin, designated sex hormone-binding 
globulin (SHBG). A smaller fraction is bound to albumin and to transcortin. As 
in the case of transcortin, there are a lot of differences in SHBGs between animal 
species. Nevertheless, the binding of testosterone to SHBG is highly specific (the 
first competitive binding methods for measuring testosterone were in fact assessed 
using SHBG as binding protein). Thus, only testosterone and other closely related 
androgens such as androgenically active C19 steroids with an intact 17f3-hydroxyl 
group (in particular Set-dihydrotestosterone) show such strong binding. 

In addition, C 18 estrogenic steroids with a 17f3-hydroxyl group, such as 1713-
estradiol, are also capable of binding, although with a lower affinity than that of 
testosterone. Structural alterations in the steroid moiety, particularly at or near 
position 17, are associated with marked changes in the binding affinity. Oxidation 
of the 17f3-hydroxyl group to a ketone, as in androstenedione or estrone, mark
edly reduces binding to SHBG. 

Only the free testosterone is active at the cellular level. Free testosterone enters 
the target tissue by a passive diffusion process. Inside the cell, the testosterone is 
converted to dihydrotestosterone by Set-reductase (Fig. 8). Then dihydrotestos
terone is bound to the high affinity androgen receptor protein in the cytosol. 
Later on, the hormone-receptor complexes move into the nucleus, where they in
teract with the acceptor sites on the chromosome and increase transcription of 
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specific structural genes (ISMAIL 1976). In some target structures (such as prostate, 
hair follicle, prepuce), testosterone is inactive unless reduced to dihydrotestos
terone. Therefore, dihydrotestosterone is the most important tissue androgen. 

III. Immunochemical Methods for Androgens 

1. Testosterone 

Testosterone is the most important androgen. In men, it originates entirely from 
testicular secretion and its secretion rate reaches 7 mg/day. In male animals, its 
circulating levels are very high, but in females and in the prepubertal period they 
are generally very low. Many immunoassay methods for testosterone measure
ment have been published (FURUYAMA et al. 1970; FORTI et al. 1974). The majority 
are based on the use of antisera to testosterone-3-oxime. The others are based on 
the use of antisera to testosterone-71X-carboxymethylthioether. Both groups of an
tisera cross-react significantly with 51X-dihydrotestosterone. However, this cross
reactivity can be disregarded in male human blood as the ratio of testosterone to 
dihydrotestosterone in this fluid is 10: 1. Therefore, with these antisera, plasma 
testosterone in men can be measured after a simple solvent extraction. 

The situation is quite different at the target tissue level. In the human prostate 
for instance, the ratio of testosterone to dihydrotestosterone is 1 : 4. Therefore, a 
chromatographic purification of extracts is needed. The same need exists in fe
male plasma or serum, in children, or prepubertal animals. The preparation of 
antisera to testosterone-1-carboxymethyloxime with very low cross-reaction with 
dihydrotestosterone did not solve the problem because, when testosterone is pres
ent at low concentrations, nonspecific interference from biologic material can af
fect the accuracy of the results. Celite or Sephadex LH-20 chromatography can 
be used to improve the reliability of the assay. 

2. 5~-Dihydrotestosterone 

This steroid is the active metabolite of testosterone at the level of some androgenic 
target tissues such as prostate or hair follicle. Even though its concentrations in 
blood of humans and other species originate almost entirely from peripheral con
version of testosterone (PAZZAGLI et al. 1975), interest in this steroid has increased 
enormously during the last few years because it seems to be involved in the patho
genesis of prostatic hyperplasia and in the hormonal control of prostatic cancer. 
Therefore, its measurement in prostatic tissue of man, dog, and rat became wide
spread, as it is a very good marker of clinical and experimental endocrine manipu
lation. Antisera to dihydrotestosterone-3-carboxymethyloxime and to dihydro
testosterone-1-carboxymethyloxime have been used. However, as the typical an
tisera used to measure dihydrotestosterone have considerable cross-reaction with 
testosterone, the chromatographic separation of dihydrotestosterone from testos
terone is a prerequisite for precise determinations of dihydrotestosterone levels by 
RIA. A nonchromatographic method for dihydrotestosterone has been reported 
by PURl et al. (1981), based on treating ether extracts of biologic samples with po
tassium permanganate (KMn04). Such treatment selectively inactivates the en
dogenous testosterone whereas dihydrotestosterone remains unaltered. 
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3. 5~-Androstane-3~-17 P-Diol and Its Glucuronide 

These steroids are further tissue metabolites of testosterone which can be mea
sured in circulating blood and prostatic tissue after extraction and chromato
graphic purification. Recently, much interest has been concentrated on the gluc
uronic acid conjugate (3a-diol glucuronide) as this steroid has been demonstrated 
to be the most sensitive and specific chemical marker of hirsutism in women. In 
fact 3a-diol glucuronide originates directly from the intratissue metabolism of di
hydrotestosterone which is the active steroid at the hair follicle level. Unfortu
nately, 3a-diol glucuronide must be measured as free 3a-diol after enzymatic hy
drolysis of plasma. The concentrations of the enzyme and the reaction conditions 
must be carefully controlled to obtain good hydrolysis and hence acceptable ac
curacy (HORTON et al. 1984). 

4. Measurement of Free Testosterone 

The importance of measuring free testosterone originates from the hypothesis 
that the biologic effects of testosterone may be due to the small unbound fraction 
rather than the total concentration of the circulating hormone. Many methods 
have been described for the measurement of free testosterone, including equilib
rium dialysis, charcoal adsorption, and steady state gel filtration. The determina
tion of free testosterone was not very helpful in the diagnosis of hirsutism and its 
use is limited to particular experimental conditions. 

The measurement of testosterone in saliva has been proposed as an indirect 
index of the free testosterone fraction in serum since the salivary testosterone cor
relates well with the latter (BAXENDALE et al. 1981; WALKER et al. 1979; WANG et 
al. 1981). In spite of the determination of salivary testosterone being easier than 
the determination of the free fraction in blood, the clinical results were not im
proved by this technique. 

5. Alternative Immunoassay Methods 

Heterogeneous EIAs have been reported for the measurement of testosterone 
(BOSCH et al. 1978b; RAJKOWSKI et al. 1977; TURKES et al. 1979,1980) whereas 
YORDE et al. (1976) have described a competitive enzyme-linked immunoassay 
(CELIA) for the measurement of testosterone involving the use of a soluble en
zyme-antibody complex. 

EXLEY and EKEKE (1981) described an FIA method for 5a-dihydrotestos
terone in which 4-methylumbelliferyl-3-acetic acid was used as a fluorogenic la
bel. 3f3-Amino-5a-dihydrotestosterone was conjugated to the terminal carboxyl 
group of a POlY-L-lysine carrier which was labeled with 25 molecules of the fluoro
genic compound. The FIA, which involved a double-antibody precipitation tech
nique, achieved the sensitivity and specificity of RIA. Heterogeneous LIA 
methods have been reported for testosterone (PAZZAGLI et al. 1982 a) and testos
terone-17 f3-D-glucuronide (V ANNUCCHI et al. 1983). 
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E. The Ovary 

I. Physiology 

M. PAZZAGLI and M. SERIO 

The ovary is subdivided into a number of specialized compartments and struc
tures, each with its own precisely regulated microenvironment. Although it is 
often convenient to consider the oogenic and endocrine functions of the ovary 
separately, the two are strictly interconnected. An ovary devoid of oocytes cannot 
function normally as an endocrine gland. 

In mature animals, the structure and function of the ovary is continually 
changing during the reproductive cycle. Gonadotropins secreted by the anterior 
pituitary gland stimulate the growth of graafian follicles (folliculogenesis, ovula
tion, and the formation of corpora lute a) (BAIRD 1976; COOKE 1976). The time 
necessary for follicles and corpora lutea to develop differs from species to species. 

In many species, the length of the cycle is largely dependent on the life span 
of the follicle and corpus luteum, which determine the feedback effects of ovarian 
hormones on the hypothalamus and the anterior pituitary. Only a mature 
graafian follicle secretes sufficient estrogen to excite the hypothalamus-pituitary 
unit to discharge sufficient LH to cause follicular rupture and formation of the 
corpus luteum. For all species, the length of the luteal phase tends to be fairly con
stant; since the secretory products of the corpus luteum have an inhibitory effect 
on the secretion of pituitary gonadotropins, the corpus luteum in turn regulates 
the degree of follicular development. 

The essential feature of the ovary is that its changing anatomic compartments 
result in an unstable endocrine equilibrium, which is reflected in a succession of 
estrous or menstrual cycles if pregnancy does not occur. As a consequence, the 
levels of ovarian hormones are variable throughout the cycle and moreover their 
secretion is pulsatile. In women, the mature follicle secretes a large amount of an
drostenedione and estradiol; the corpus luteum secretes a large amount of proges
terone and to a lesser extent androstenedione and estradiol. 

II. Immunochemical Methods for Ovarian Steroids 

1. Progesterone 

The method most suited to measure progesterone in blood, on the basis of its ac
curacy, sensitivity, precision, and convenience, is immunoassay. The literature 
concerning progesterone assay techniques has been restricted almost entirely to 
immunoassays and has reflected the continuing importance of these techniques. 
In a typical progesterone immunoassay, plasma is extracted with a nonpolar sol
vent, usually hexane or petroleum ether, and an antiserum produced to an lla
hydroxyprogesterone hemisuccinate-protein immunogen is used with tritium-la
beled progesterone (ABRAHAM et al. 1971; MORGAN and COOKE 1972). The use of 
a nonpolar solvent, which selectively extracts nonpolar steroids, acts as a purifi
cation step and also enables high and consistent extraction of progesterone 
(DIGHE and HUNTER 1974). The need to measure the efficiency of extraction from 
individual samples can therefore be avoided. For most purposes, however, the ac
curate measurement oflow progesterone concentrations is not necessary as those 
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found in the follicular phase or in male plasma are often at or below the sensitivity 
limits of clinically useful methods. What is required is the accurate measurement 
of progesterone in plasma of females, either in the luteal phase in order to detect 
ovulation, or during pregnancy; nonchromatographic assays are suitable for 
these purposes. 

The use of solvent to extract progesterone from plasma and of liquid scintil
lation counting adds considerably to the complexity and cost of progesterone 
RIAs, and tends to restrict progesterone measurement to specialized laboratories 
which possess the requisite equipment. This is of particular importance because 
measurement of progesterone has become common practice in the investigation 
of infertility, and there is now a requirement for assay methods suited to the non
specialist laboratory. Most of the literature on progesterone assay techniques has 
therefore been concerned with simplified assays, in which the extraction step is 
avoided or simplified, or in which an alternative isotope e25I) is used (ALLEN and 
REDSHAW 1978; DIGHE and HUNTER 1974; KHADEMPOUR et al. 1978; SCARISBRICK 
and CAMERON 1975). 

There are two major obstacles to the successful immunoassay of plasma pro
gesterone without prior solvent extraction. First, the plasma proteins, particu
larly CBG, to which progesterone binds with high affinity, may decrease assay 
sensitivity. Second, in the absence of an extraction step, assay specificity is en
tirely dependent on the specificity of the antiserum. With specific antisera to 11 a
hydroxyprogesterone hemisuccinate, the cross-reactions of other steroids, to
gether with their concentrations in plasma, indicate that the direct assay of pro
gesterone in plasma is possible. 

Successful direct methods have also been described, and fully validated, for 
the measurement of progesterone in plasma of nonpregnant women. HAYNES et 
al. (1980) used an amount of cortisol which reduced to a minimum the binding 
of progesterone to plasma proteins, but which showed no cross-reaction in the 
RIA. With this amount of cortisol, standard curves in the presence or absence of 
plasma were almost identical. Without cortisol, addition of plasma to the stan
dards greatly decreased sensitivity. The method showed only an insignificant 
positive bias in external quality assessment schemes. In the method described by 
MCGINLEY and CASEY (1979), the synthetic steroid danazol was used as the block
ing agent; this abolished the effect of plasma on progesterone standard curves. 
The direct method gave values for the progesterone concentration of plasma from 
women at various stages in their menstrual cycle in good agreement with those 
from a method using the same antiserum and hexane extraction. 

2. Alternative Immunoassay Methods for Progesterone 

Immunoassays for progesterone have been described with several types of noniso
topic labels: enzymes (NAKANE 1980; JOYCE et al. 1977, 1981; DRAY et al. 1975; 
TALLON et al. 1984), a fluorophore (ALLMAN et al. 1981), and chemiluminescent 
molecules (KOHEN et al. 1979, 1981; PAZZAGLI et al. 1981 c,d; DE BOEVER et al. 
1984); all these methods have been applied to plasma, but differ in their suitability 
as routine techniques. In the EIAs described by NAKANE (1980), 11 a-hydroxypro
gesterone hemisuccinate was labeled with f)-galactosidase and used with a homol-
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ogous antiserum and second antibody separation. The method was applied to 
bovine plasma; it was precise and gave results in agreement with those by RIA. 
EIA can therefore give analytic performance as good as RIA. A disadvantage is 
that the measurement of enzyme activity is tedious and time-consuming. 

ALLMAN et al. (1981) have described methods for the FIA of progesterone, us
ing a label prepared by linking fluoresceinamine to progesterone-3-carboxymeth
yloxime. An antiserum to 11ct-hydroxyprogesterone hemisuccinate was used, and 
separation of the antibody-bound and free antigen was performed by adding am
monium sulfate. Plasma samples were extracted with hexane. The method showed 
good agreement with RIA. The disadvantages of FIA are that, measurement of 
the fluorescent label being relatively insensitive, large amounts (500 fmol) oflabel 
antigen have to be used; this decreases the sensitivity of the immunoassay and re
quires the use of larger quantities of antiserum. 

For the measurement of progesterone by CL immunoassay, derivatives of iso
luminol were linked to 11ct-hydroxyprogesterone hemisuccinate and the light 
emission measured when this labeled progesterone was oxidized by hydrogen per
oxide in a reaction catalyzed by microperoxidase. The first assay of this type, de
scribed by KOHEN et al. (1979), required no physical separation of the antibody
bound and free antigen because binding to antibody enhanced light emission 
from the label. The method was applied to plasma and appears promising on the 
basis of a limited comparison with RIA. 

The method described by PAZZAGLI et al. (1981 d), in which charcoal was used 
to adsorb free antigen, and delayed addition of the label was used to increase sen
sitivity of the homologous assay, also gave results for the measurement of plasma 
progesterone in agreement with those by RIA. The advantage of CL for immu
noassay is that it allows the measurement of very small quantities of labeled 
antigen with short reaction times and therefore, as for EIAs, the sensitivity ofim
munoassay is not limited by the sensitivity of this measurement. 

3. Unconjugated Estrogens 

RIA is the most widely used method for measuring the concentration of 17 fJ-es
tradiol in plasma (ABRAHAM and ODELL 1970; ABRAHAM et al.1971). The increas
ing application of this assay for clinical purposes [detection of ovulation for ar
tificial insemination, in vitro fertilization, gamete intrafallopian transfer (GIFT) 
etc.] pointed out the necessity of simpler methods to be used routinely. Several 
direct assays, solid-phase methods, and simple methods after ethyl ether extrac
tion of plasma have been proposed and stressed as reliable (BARNARD et al. 1975; 
JURJENS et al. 1975; LINDBERG and EDQUIST 1974). As a result, the apparent con
centration of estradiol in the same plasma sample as measured by RIA can differ 
considerably from one laboratory to another. To be honest, even today estradiol 
cannot be measured by RIA in male plasma, prepubertal children, or postmeno
pausal women without a previous chromatographic step. In ovulatory women, 
the rapid methods must be carefully controlled using mass spectrometry as refer
ence. 

The antisera to the 6-carboxymethyloxime conjugate are still the most widely 
used because they can easily discriminate between estradiol and estrone (Kuss 
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and GOEBEL 1972). Furthermore, as a consequence of the increasing alteration of 
the intratissue estrogen metabolism in breast and uterine cancer, estrone and es
tradiol have been measured in adipose, mammary, and uterine tissue. In fact, es
trone is poorly active on cellular proliferative processes while estradiol is very ac
tive. At the target levels, estrone can be easily converted into estradiol by the en
zyme 17 f3-hydroxysteroidodehydrogenase (Fig. 8). The activity of this two-direc
tion enzyme can be modified by hormonal or pharmacologic manipulation. For 
instance, progestagens decrease the rate of conversion of estrone into estradiol, 
while the androgens have an inverse action. 

Unfortunately, estrogen measurements at the tissue level are much more com
plicated than in plasma in relation to nonspecific interference from different types 
of tissues. For example, the cytosol and the nuclear fractions must be extracted 
separately and with different procedures. 

4. Conjugated Estrogens 

Plasma levels of estrone sulfate (which is in equilibrium with the pool of uncon
jugated estradiol) have been measured after enzyme or acid hydrolysis of the sul
fate moiety. Problems with unacceptably high assay blank values, caused by the 
use of a sulfatase enzyme preparation from Helix pomatia, have been overcome 
by treating the enzyme preparation with Amberlite XAD-2 or charcoal to ensure 
specificity (CARLSTROM and SKOLDEFORS 1977; ROBERTS et al. 1980). Some assay 
methods have incorporated a chromatographic step into the assay procedure with 
either thin layer chromatography (NOEL et al. 1981) or celite column chromatog
raphy (FRANZ et al. 1979). Sephadex LH-20 column chromatography has been 
used to separate estradiol from estrone after hydrolysis of sulfate conjugate (MY
KING et al. 1980). 

5. Free Estradiol in Blood 

Several methods for measuring free estradiol in blood have been described and 
reviewed by REED and MURRAY (1979). A very accurate technique has been de
scribed by HAMMOND et al. (1980) based on incubation of undiluted plasma with 
estradiol 3H and glucose 14C following ultrafiltration at 37°C. The percentage 
of unbound estradiol is calculated by comparing the ratio of estradiol 3H to glu
cose 14C in the ultrafiltrate with the ratio in serum retained by the membrane. 
Free estradiol is increased in obese women. The availability of higher free estra
diol concentrations at the tissue target levels represents an important risk factor 
for uterine and mammary cancer in women. 

6. Ovarian Hormones in Saliva and Urine 

Owing to the variability of hormonal secretion during the cycle and the pulsatility 
in blood of ovarian hormones, investigations have been made of the use of alter
native biologic fluids allowing the determination of ovarian hormones or their 
main metabolites as well as of a more practicable way of sample collection in com
parison with venipuncture, because daily blood sampling during the entire cycle 
is invasive, expensive, tedious, and interferes with the working activity of women. 
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Therefore, increasing attention has been focused on saliva and urine as alternative 
fluids for monitoring the endocrine function of the ovary and detecting the time 
of ovulation (WALKER et al. 1981; RIAD-F AHMY et al. 1982). Both fluids, however, 
have advantages and disadvantages. 

Saliva seems easy to collect. Women, in fact, can collect samples at home, 
store them in the refrigerator, and carry them to the laboratory at the end of the 
cycle. Unfortunately, the levels of estradiol and progesterone are much lower in 
saliva than in blood. They correlate with the free fraction of these hormones, but 
they are not superimposable. Furthermore, they reflect the pulsatile secretion of 
blood hormones and the assay methods are affected by nonspecific interference 
from different biologic materials. In practice, salivary measurements are limited 
to the determination of salivary progesterone for the diagnosis of luteal insuffi
ciency. Moreover, even such simple techniques have some as yet unexplained limi
tations as the differences between the salivary concentration of progesterone in 
the follicular and luteal phases are very small. In fact, this ratio in saliva is 1 : 3 
whereas in blood it is 1 : 20 or more. However, salivary progesterone is routinely 
used in several laboratories with satisfactory clinical results, but extraction of 
progesterone with petroleum ether or hexane is needed. 

For two reasons, the measurement of urinary glucuronide metabolites of 
ovarian hormones has not been widely used in the past for assessing ovarian func
tion: (a) determination of hormones in urine usually requires a 24-h urine collec
tion; and (b) available methods for urinary metabolites of ovarian hormones 
based on colorimetry or gas chromatography require previous enzymatic or acid 
hydrolysis of glucuronides and subsequent extraction of the free steroid. These 
steps are time-consuming and hydrolysis procedures are not always reliable 
(MESSERI et al. 1984 a). Moreover, the main urinary metabolites of 17 f3-estradiol 
and progesterone, estrone-3-glucuronide and pregnanediol-3-glucuronide, repre
sent only a fraction of the daily secretion of such hormones (15%--40%) (BAKER 
et al. 1978). 

Subsequent developments however, based on the pioneer work of KELLIE 
(1975), have improved the practical and methodological pro specs for the determi
nation of these compounds. The availability of specific monoclonal and polyclo
nal antibodies to glucuronide steroids has allowed the direct measurement of 
these metabolites, even in diluted urine (ESHHAR et al. 1981; KOHEN et al. 1980a; 
BAKER et al. 1978). 

RIA methods for pregnanediol-3ct-glucuronide (SAMARAJEEWA et al. 1979; 
STANCZYK et al. 1980), estrone-3ct-glucuronide (WRIGHT et al. 1978, 1979; STANC
ZYK et al. 1980), estriol-16ct-glucuronide (LEHTINEN and ADLERCREUTZ 1977; 
WRIGHT et al. 1979), and estradiol-17-glucuronide (WRIGHT et al. 1979) have al
ready been described. Furthermore, several investigations of ovarian function 
have demonstrated the adequacy of measuring the concentration of ovarian me
tabolites in early morning or overnight urine instead of 24-h urine (COLLINS et al. 
1979; DENARI et al. 1981). This approach increases the applicability of the tests 
by facilitating sample collection. In studying ovarian disorders and the response 
to pharmacologic manipulations (antiestrogens, gonadotropins, GnRH, etc.) we 
routinely use these methods, with important clinical results. Comparative 
methods performed in diluted urine with highly sophisticated mass spectrometric 
techniques gave superimposable results (MONETI et al. 1985). 
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7. Alternative Immunoassay Methods 

Several heterogeneous EIAs have been reported for the measurement of estrogens 
(VAN WEEMAN and SCHUURS 1975; BOSCH et al. 1978 a; NUMAZAWA et al. 1977; 
EXLEY and ABUKNESHA 1978). SHAH and JOSHI (1982) have reported a rapid, 
simple, and sensitive enzyme-linked immunosorbent assay for the estimation of 
estrone-3-glucuronide in diluted urine. The labeled antigen, estrone-3-glucuro
nide-penicillinase, was prepared by a carbodiimide reaction. SHAH et al. (1984) 
have also reported a heterogeneous FIA for pregnanediol-3et-glucuronide in di
luted urine. 

A homogeneous LIA method for estriol-16et-glucuronide (KOHEN et al. 1982) 
has been developed and the assay achieved sensitivity and specificity similar to 
that obtained by the conventional RIA. However, an extraction step of the bio
logic sample was introduced into the procedure to remove nonspecific com
pounds interfering with the CL reaction. We have developed a homogeneous LIA 
for total urinary estrogens in diluted hydrolyzed urine samples (MESSERI et al. 
1984 b); this direct assay was possible because just 0.5 j..ll of sample was used for 
the assay and such a quantity did not interfere with the CL reaction. 

Heterogeneous LIA methods have been described for estradiol in plasma (KIM 
et al. 1982; DE BOEVER et al. 1983) and for estriol-16et-glucuronide (BARNARD et 
al. 1981), estrone-4-glucuronide (LINDNER et al. 1981), and pregnanediol-3-gluc
uronide (ESHHAR et al. 1981). The solid-phase LIA methods for urinary steroid 
glucuronides appear likely to find a place in the clinical laboratory. In fact, the 
use of specific antibodies raised against urinary steroid metabolites, together with 
solid-phase techniques, can avoid both the hydrolysis and the purification of 
urine samples which are time-consuming and impractical methodological steps. 
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CHAPTER 16 

Radioimmunoassay of Thyroid Hormones 
L. BARTALENA, S. MARIOTTI, and A. PINCHERA 

A. Introduction 
The main role of the thyroid gland is to metabolize and to incorporate iodine into 
a variety of organic compounds, which include the metabolically active thyroid 
hormones, 3,5,3' ,5'-tetraiodothyronine or thyroxine (T 4) and 3,5,3'-triiodothyro
nine (T 3)' and several other precursors and degradation products, as summarized 
in Table 1 (for review see DEGROOT et al. 1984; INGBAR 1985). T 4 is the most im
portant secretory product of the gland; T 3 is also secreted by the thyroid, al
though it is mostly (about 80% of the daily production) formed by peripheral 
outer ring deiodination of T 4' Both T 4 and T 3 are synthesized within a large pro
tein, called thyroglobulin, representing the main constituent of the colloid stored 
in the follicular lumen. Proteolytic degradation of thyroglobulin releases T 4 and 
T 3 into the bloodstream, while only very small amounts of thyroglobulin enter 
the circulation. Minute quantities of diiodotyrosine (DIT) and monoiodotyrosine 
(MIT) are also secreted by the thyroid, whereas all other iodinated compounds 
circulating in the serum are almost exclusively produced by peripheral stepwise 
degradation of T 4 (Fig. 1). 

T 4 and T 3 are bound to a group of plasma proteins, including thyroxine-bind
ing globulin (TBG), thyroxine-binding prealbumin (TBPA), and albumin 

Table 1. Thyroid hormones and related precursors or de
gradation products 

Substance 

3,5,3',5'-Tetraiodothyronine 
(thyroxine) 

3,5,3' -Triiodothyronine 
3,3' ,5' -Triiodothyronine 

(reverse T 3) 
3,5-Diiodothyronine 
3,3'-Diiodothyronine 
3',5' -Diiodothyronine 
3'-Monoiodothyronine 
3-Monoiodothyronine 
3,5,3' ,5' -Tetraiodothyroacetic acid 
3,5,3' -Triiodothyroacetic acid 
3,5-Diiodotyrosine 
3-Monoiodotyrosine 
Thyroglobulin 

Common abbreviation 

3,5-T 2 

3,3'-T2 

3',5'-T2 

3'-T 1 

3-T 1 

TETRAC 
TRIAC 
DIT 
MIT 
Tg 
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Fig. I. Structural formulas of thyroid hormones and their metabolic derivatives; pathways 
of sequential monodeiodination of T 4 are also shown: plain arrows -> indicate 5-deiodina
tion; starred arrows indicate 5'-deiodination 
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(DEGROOT et al. 1984; DE NAYER and GUNOER 1985; INGBAR 1985; ROBBINS and 
BARTALENA' 1986). Only a very small fraction of thyroid hormones (0.03% for T 4; 
0.3% for T 3) is not bound to carrier proteins and circulates free in the blood. It 
is now widely accepted that free thyroid hormones represent the fraction metabo
lically active at the tissue level (ROBBINS and RALL 1983; DEGROOT et al. 1984; 
INGBAR 1985). Because specific tests to assess directly the metabolic action of thy
roid hormones at the peripheral level are not available, measurements of circulat
ing total and free T 4 and T 3 are used to assess thyroid status. Increased serum 
thyroid hormone concentrations are found in hyperthyroidism, whereas hypothy
roidism is associated with reduced thyroid hormone levels. 

For many years, methods based on iodine content determination have repre
sented the only techniques available for the estimation of total thyroid hormone 
concentrations in serum. Subsequently, simple, sensitive, and specific radioligand 
assays for thyroid hormones have replaced these chemical methods. For the pur
poses of this chapter, iodometric techniques will be only briefly summarized for 
their historical importance, whereas attention will be focused on radio ligand as
says. 

B. Iodometric Techniques 
The rationale for this group of techniques is the fact that iodine is the major com
ponent of the thyroid hormone molecule and that iodothyronines account for 
most naturally occurring serum iodine-containing compounds. The most impor
tant assays, which have been used in clinical routine, are the estimation of protein
bound iodine (PBI), butanol-extractable iodine (BEl), and thyroxine-iodine by 
column (T 4Ic). 

I. PBI 

This test was the mainstay of thyroid diagnosis for a long period. It estimates the 
amount of iodine which precipitates with serum proteins (BARKER 1948). Under 
normal circumstances and in the absence of iodine contamination by exogenous 
iodinated compounds, PBI reflects the concentration of total T 4, since less than 
10% of PBI derives from T 3 and other iodinated substances. Briefly, serum pro
teins are precipitated and then digested by perchloric acid. The liberated iodine 
is subsequently measured by a colorimetric technique based on its ability to cata
lyze the reduction of ceric sulfate by arsenious acid. Normal values for the iodine 
concentration are 4--8 llg/dl. 

II. BEl 

In this technique, T 3' T 4, iodotyrosines, and iodide are extracted by acidified bu
tanol, leaving iodoproteins in the residue. The extract is then submitted to reex
traction and washing by sodium hydroxide, leaving only T 3 and T 4 in the final 
residue, whose iodine content is evaluated colorimetrically as in the PBI assay 
(MAN et al. 1951; BENOTTI and PINTO 1966). This technique was devised to cir-
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cumvent the interference produced by exogenous iodinated compounds in the 
PBI test. Normal BEl values for the iodine concentration are slightly lower than 
PBI values, ranging between 3.5 and 6.5 I!g/dl. This is because PBI also measures 
iodinated proteins. Differences between PBI and BEl (usually referred to as bu
tanol-insoluble iodine, BII) greater than 20% occur in pathologic conditions as
sociated with excess release of thyroglobulin and other iodinated proteins. 

In this technique, iodinated compounds are bound to an anion exchange resin col
umn, and then eluted by stepwise acetic acid addition. In this way, iodothyronines 
can be collected as separate fractions, while iodide remains adsorbed on the col
umn (PILEGGI et al. 1961). Normal T41c values for the iodine concentration are 
2.9-6.4 I!g/dl. 

c. Radioligand Assays of Total T 4 (TT 4) and Total T 3 (TT 3) 

All the assays described in this section are based on the same principle, i.e., the 
competition of a substance to be determined with the same radio labeled molecule 
for binding to a specific protein, an antibody in the radioimmunoassays (RIAs), 
or a high affinity binding protein in the competitive protein-binding analysis 
(CPBA) methods. The general principles of these techniques, which are grouped 
under the name of "radio ligand assays," are reported in detail elsewhere in this 
volume (see Chap. 1) and will not be discussed here. 

I. TT 4 Assays 

1. CPBA 

The first radio ligand assay for TT 4 determination was the competitive protein
binding analysis (CPBA) method developed by MURPHY and PATTEE (1964). At 
variance with radioimmunoassay techniques, in CPBA the protein with high af
finity for T 4 is not an anti-T 4 antibody, but the major naturally occurring T 4-
binding protein, TBG. This procedure requires separation of serum T 4 from en
dogenous TBG before the assay. This can be obtained by denaturing the protein 
by enzymatic digestion (CHAN and CUMMINGS 1976), or by extracting T4 from 
serum with ethanol (LARSEN 1976) or strong alkaline solution (WONG 1975). The 
latter procedure was widely used in the past and will be exemplified in the tech
nique detailed here (BRAVERMAN et al. 1971). A 100-1!1 test sample with a trace 
amount of 1251-labeled T4 is added to a small strongly alkaline Sephadex G-25 
column. In these conditions, virtually all T 4 is extracted from serum and remains 
adsorbed to the column, together with 125I-Iabeled T 4' The column is then 
washed with 4 ml neutral buffer to lower the pH to 7.3 and to remove any free 
1251 and serum proteins. Subsequently, 1 ml TBG-containing solution is added 
to the column. After this step, equilibrium is established between the ligand, the 
Sephadex column, and TBG. The T 4 bound to TBG is then washed out by adding 
4 ml neutral buffer. The ratio of 125I-Iabeled T 4 bound to Sephadex after elution 
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to that bound initially is directly proportional to the concentration of TT 4 in the 
serum sample and is established by counting the column before and after elution. 
The concentration of T 4 in the test sample is determined by running a parallel 
curve carried out with increasing volumes (20-200 Ill) of a standard serum of 
known TT 4 content. 

Normal TT 4 values by this technique range between 4 and 11 Ilg/dl. The criti
cal steps in this procedure are represented by the extraction ofT 4 from serum and 
by the time of exposure of the TBG-125I-labeled T4 complex to Sephadex. With 
careful control of these variables, good precision and reproducibility of determi
nations can be obtained. However, owing to their higher sensitivity, accuracy, 
and speed, subsequently developed radioimmunoassays (RIAs) for TT4 have re
placed the CPBA methods. 

2. RIA 

The prerequisite for TT 4 RIA was the development of specific antibodies to the 
hormone. Since T 4 per se is poorly immunogenic, it was necessary to immunize 
animals with T 4 conjugated to carrier proteins, such as bovine serum albumin 
(MITSUMA et al. 1972), or with thyroglobulin, the thyroid protein naturally rich 
in iodothyronine residue (CHOPRA et al. 1971 a). As already mentioned for CPBA, 
another requirement for TT 4 RIA was the separation of the hormone from en
dogenous binding proteins. This was initially accomplished by T 4 extraction from 
sera as in the CPBA methods (O'CONNOR et al. 1974). A major improvement was 
represented by the possibility of measuring TT 4 by RIA directly in unextracted 
serum (CHOPRA 1972). This can be obtained by the use of substances able to com
pete with T 4 for binding to TBG, but not to the antiserum, such as 8-anilino-l
naphthalene sulfonic acid (ANS) (CHOPRA 1972), or salicylic acid (LARSEN et al. 
1973). 

The first TT4 RIA in unextracted serum was described by CHOPRA (1972). In 
this procedure, the following reagents are added in a final volume of 0.5 ml: 

300 III 0.075 M barbital buffer with 2% normal rabbit serum (NRS), 150 Ilg 
ANS, and about 10000 cpm 125I-labeled T4 

100 III graded amounts ofT4 (0.05-20 Ilg/dl) in T4-free serum (CHOPRA 1972; 
CHOPRA et al. 1972; LARSEN 1972) or 25 III test sera (+ 75 III 0.075 M barbital 
buffer with 2% NRS) 

100 III appropriately diluted anti-T 4 serum obtained from rabbits immunized 
with normal human thyroglobulin. 

After incubation for 1 h at room temperature and 5 min in a water bath at 
4°C, 40-50 III previously titered goat anti-rabbit y-globulin is added for 20 h at 
4°C. Separation of bound from free 125I-labeled T 4 is achieved by centrifugation 
at 2000 rpm for 30 min. A standard curve is constructed by plotting the counts 
obtained with the standards, expressed as a percentage of maximal binding, on 
the ordinate, and the concentrations of the standards on the abscissa. Knowing 
the percentage of bound radioactivity in the unknown samples, their serum TT 4 
concentration can be calculated from the abscissa. 

Several other TT 4 RIAs in unextracted serum have subsequently been devel
oped using different procedures for separation of bound from free T 4' These in-
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elude dextran-coated charcoal and polyethylene glycol precipitation (MITSUMA et 
al. 1972; LARSEN et al. 1973; WONG 1975; LARSEN 1976; REFETOFF 1976), which 
are more rapid than double-antibody precipitation, requiring only a short incu
bation at room temperature, but are associated with a higher nonspecific binding. 
Separation ofT 4 from the antibody complex has also been obtained by ascending 
column chromatography, in which the antibody-bound fraction of the hormone 
moves upward trough the resin, whereas the unbound fraction remains below 
(WAGNER et al. 1979; MONZANI et al. 1983). Other procedures involve the use of 
coated tubes in which anti-T 4 antibody is immobilized onto the lower inner wall 
of the tube (CATT 1969). The unknown samples, standards, controls and 1251_la_ 
beled T 4 are incubated within the coated tubes and separation of bound from free 
is carried out by aspirating or decanting. The major advantage of this procedure 
is the very short incubation time, since the total time required for the assay is 
about 60-90 min. Such a short duration of the test is also accomplished by 
methods employing sheep anti-T 4 serum immunologically bound to a donkey 
anti-sheep serum covalently linked to a cellulose matrix. This forms a stable, in
soluble immune complex. After addition of 100 III patient's serum or standards 
and 100 III tracer, 1 ml double-antibody suspension is added for only 30 min. 
After brief centrifugation, supernatant is discarded and the radioactivity in the 
pellet is counted. 

Recently, new TT 4 RIAs have been developed, which are almost completely 
automated, allowing high uniformity of operating conditions. One of these 
methods is the thyroxine 1251 RIA by Becton Dickinson Laboratory Systems us
ing the ARIA II system (REESE and JOHNSON 1978), currently employed in our 
laboratory. This procedure utilizes a specific anti-T 4 antibody covalently at
tached to a solid support. After separation ofT 4 from endogenous TBG by alkal
ization, the samples or standards flow over the immobilized antibody, followed 
by 125I-labeled T 4' which binds to the free T 4-binding sites left on the antibody. 
The unbound T 4 (including the free labeled T 4) enters a flow cell where it is 
counted by a y-detector. An eluting agent (glycine buffer-methanol solution, pH 
2.3-2.7) then passes over the immobilized antibody, releasing the bound T 4 which 
enters the flow cell where it is counted. A built-in computer compares each un
known sample with the previously calculated standard curve, using a weighted re
gression analysis. Normal values for serum TT 4 by RIA are generally between 4 
and 12 Ilgjdl. 

TT 4 RIA has been applied to the measurement of T 4 in small samples of dried 
blood on filter paper (BurST et al. 1975; MITCHELL 1976); this technique is pres
ently used in neonatal screening for congenital hypothyroidism (DUSSAULT 
1985). 

II. TT 3 Assays 

1. CPBA 
Prior to the development of sensitive and specific RIA techniques for TT 3, CPBA 
methods were devised. The first of these methods was developed by NAUMANN et 
1. (1967) and was based on extraction of T 4 and T 3 from serum by methanol
chloroform, followed by separation ofT 3 from T 4 by paper chromatography and 
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quantitation ofT 3 by a modification of the Murphy-Pattee technique. As pointed 
out by STERLING et al. (1969), this method yielded falsely high serum TT 3 values, 
owing to the interference ofT 4 methyl ester formed during extraction, which com
igrated with T 3 in the chromatogram. A modification of the technique was de
vised by STERLING et al. (1969), who employed an ion exchange resin column to 
separate T 3 from T 4. However, even with this modified technique, small but sig
nificant artifactual elevations of T 3 concentrations were observed (FISHER and 
DUSSAULT 1971; LARSEN 1972b). The likelihood of falsely elevated serum TT3 
values by CPBA in the presence of slight contamination by T 4 or its derivatives 
stems from the much lower (about 50 times) serum T 3 concentration associated 
with a lower affinity for TBG when compared with T4. For this reason, even a 
T 4 contamination as low as 0.5% can substantially affect T 3 determination by 
CPBA. Furthermore, even during an accurate chromatographic separation, 
about 0.3%-0.4% of T 4 undergoes deiodination to T 3 (LARSEN 1971). These ar
tifacts explain why serum TT 3 concentrations reported in early studies by CPBA 
are clearly higher than those subsequently estimated by RIA. Owing to these in
trinsic drawbacks, TT 3 CPBA has never attained such wide application as TT 4 
CPBA. 

2. RIA 

A major improvement in the accuracy of serum TT 3 determination was obtained 
by the development of sensitive and specific RIA methods. As is the case for TT 4, 
an absolute prerequisite for TT 3 RIA was the production of anti-T 3 antibodies 
to be used in the test. T3 , as well as T4, is not antigenic per se. To raise anti-T3 

antisera, the iodothyronine has therefore to be conjugated to some large mole
cule. To this purpose, different substances have been employed. BROWN et al. 
(1970) were the first to report successful production of anti-T 3 antibodies by the 
use of a succiny1ate polylysine-T 3 conjugate. This antiserum was not, however, 
highly specific, owing to significant (about 5%) cross-reactivity with T4. Sub
sequently, immunization has been carried out by T 3 conjugated to thyroglobulin 
(CHOPRA et al. 1971 b), human serum albumin (GHARIB et al. 1971), bovine serum 
albumin (LIEBLICH and UnGER 1972; MITSUMA et al. 1972), or hemocyanin 
(BURGER et al. 1975). Thyroglobulin alone has also been used for immunization 
(CHOPRA et al. 1971 a), but this procedure produces both anti-T 4 and anti-T 3 an
tibodies, and the titer of the latter is usually very low. 

In any case, the specificity of the antiserum employed should be carefully 
checked, especially against thyroxine and other naturally occurring iodoamino 
acids, because of the chemical similarity of these substances. The lack of any 
cross-reactivity with other compounds is, in fact, really crucial when the sub
stance to be assayed is, like T 3, present in the blood in very small amounts. 

Like T 4, T 3 should be stripped from its binding to serum proteins. This can 
be accomplished by extracting iodothyronines from serum (FANG and REFETOFF 
1974) or by inactivating TBG by heating at 56 DC for 1 h (STERLING and MILCH 
1974). Alternatively, and more simply, assay mixture can be added with sub
stances competing with T 3 for the binding to serum proteins, but not to the anti
serum. To this purpose, nonradioactive T4 (CHOPRA et al. 1971 b), ANS (CHOPRA 
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1972; CHOPRA et al. 1972), thimerosal (KIRKEGAARD et al. 1974), and tetrachloro
thyronine (MITSUMA et al. 1971) have been utilized. This has allowed the direct 
measurement of T 3 in unextracted serum, as first described by CHOPRA et al. 
(1971 b, 1972). According to his protocol, the following reagents are sequentially 
added: 

- Standards (10 pg-l0 ng T 3) in T3-free serum (CHOPRA 1972; CHOPRA et al. 
1972; LARSEN 1972 b) or unknown samples (200 Ill) 

- 2 mg/ml ANS (100 Ill) 
- Anti-T 3 rabbit antiserum diluted so as to bind 30%-50% of the tracer in the 

absence of nonradioactive T 3 (100 Ill) 
- 125I-labeled T 3 (about 0.1 ng T3, 10 000 cpm) in 0.075 M barbital buffer, 

pH 8.6, with 1 % NRS and 0.1 % sodium azide (100 Ill) 
- The same buffer to adjust to a final mixture volume of 1 ml. 

Each assay should include two tubes in which all reagents except nonradioac
tive T 3 are added (maximal binding or Bo). The tubes are mixed and incubated 
for 24 h at 4°C. A second antibody (goat anti-rabbit y-globulin, 50-100 Ill), pre
viously titered, is then added and reincubated. Separation of bound from free is 
achieved by centrifugation at 2000 rpm for 30 min. Supernatant is discarded and 
the radioactivity in the pellet is counted. Results are calculated from a standard 
curve, as described for T 4' 

In subsequently developed assays, separation of bound from free T 3 was 
achieved by the use of dextran-coated charcoal or polyethylene glycol (12%-
15%) (CHOPRA 1981), and by ascending column chromatography (WAGNER et al. 
1979; MONZANI et al. 1983). Some commercially available kits utilize the coated 
tubes system, in which anti-T 3 antibody is immobilized onto the lower inner wall 
of the tube (CATT 1969). Other methods employ sheep anti-T 3 serum immuno
logically bound to a donkey anti-sheep serum covalently linked to a cellulose ma
trix. All these methods are essentially the same as those described for T 4' The 
method currently used in our laboratory is the triiodothyronine 1251 RIA by Bec
ton Dickinson Laboratory Systems using the ARIA II system, identical to that 
described for T 4 RIA. Normal serum TT 3 values measured by RIA methods are 
usually between 100 and 200 ng/dl. 

III. Factors Affecting the Diagnostic Accuracy 
of Total Thyroid Hormone Det,ermination 

Total thyroid hormone measurements by RIA are usually in agreement with the 
thyroid status, increased or reduced serum concentrations being found in hyper
thyroidism and hypothyroidism, respectively. However, inappropriately low or 
high concentrations are found in a number of physiologic or pathologic condi
tions associated with changes of thyroid hormone-binding proteins, the presence 
of circulating anti-iodothyronine autoantibodies, or altered peripheral metabo
lism of thyroid hormones (Table 2). It should be noted that, in most of these 
cases, measurement of serum free thyroid hormone concentrations will allow a 
correct definition of thyroid status, as discussed in Sect. D .III. 



Radioimmunoassay of Thyroid Hormones 

Table 2. Conditions affecting the diagnostic accuracy of total 
thyroid hormone determination 

Abnormal TBG concentration 
Drugs affecting thyroid hormone binding to TBG and/or 

TBPA 
Abnormal circulating thyroid hormone-binding proteins 
Conditions associated with reduced peripheral conversion of 

T 4 to T 3 and severe nonthyroidal illness 
Anti-iodothyronine autoantibodies 

1. Abnormal TBG Concentration 

409 

Serum TT 4 and TT 3 concentrations almost exclusively reflect circulating hor
mones bound to carrier proteins. Because TBG is the major thyroid hormone
binding protein, its changes markedly affect total thyroid hormone concentra
tions. Elevated concentrations of serum TT 4 and, to a lesser extent, of serum TT 3 

are, in fact, found when TBG is increased, while the reverse occurs in conditions 
characterized by low serum TBG concentrations (Table 3). 

The most common cause of elevated serum TBG is excess estrogen (ROBBINS 
and NELSON 1958; DOWLING et al. 1960; HOLLANDER et al. 1963), leading to in
creased hepatic synthesis of TBG (GLINOER et al. 1977). The inherited X-linked 
increase in circulating TBG is also due to enhanced synthesis of the protein (RE
FETOFF et al. 1972 b; ROBBINS 1973). Similar changes may result from heroin, 

Table 3. Conditions associated with abnormal TBG concen
trations 

A. Increased TBG concentrations 
Inherited, X-linked 
Pregnancy and other hyperestrogenic conditions 
Drugs: 

Estrogens (contraceptive pill) 
Heroin 
Methadone 
Perphenazine 
Clofibrate 
5-Fluorouracil 

Hepatocellular damage 
Porphyria cutanea tarda 

B. Decreased TBG concentrations 
Inherited, X-linked 
Drugs: 

Androgens 
Anabolic steroids 
Glucocorticoids 
L-Asparaginase 

Protein--calorie malnutrition 
Nephrotic syndrome 
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methadone, and perphenazine administration (OLTMAN and FRIEDMAN 1963; 
WEBSTER et al. 1973) and from hepatocellular dysfunction (V ANNOTTI and 
BERAUD 1959; REFETOFF et al. 1972 b). 

Besides the X-linked inherited defect or absence of TBG (REFETOFF et al. 
1972 b; ROBBINS 1973), low serum TBG concentrations due to reduced hepatic 
synthesis of the protein are found during treatment with androgens (FEDERMAN 
et al. 1958), anabolic steroids (BARBOSA et al. 1971), large doses of corticosteroids 
(OPPENHEIMER and WERNER 1966) and L-asparaginase (GARNICK and LARSEN 
1979), and in protein-calorie malnutrition (INGENBLEEK et al. 1974). Urine and 
gastrointestinal losses are responsible for the low serum TBG levels of nephrotic 
syndrome (ROBBINS et al. 1957) and protein-losing enteropathy (HANSEN et al. 
1974), respectively. 

2. Drugs Affecting Thyroid Hormone Binding to TBG and/or TBPA 

Total thyroid hormone concentrations may also be influenced by drugs compet
ing with the hormone for its binding site on TBG and/or TBPA (Table 4), which 
in general cause a reduction of serum TT 4 and, to a lesser extent, of serum TT 3' 

The most studied drug acting on TBG is the anticonvulsant, diphenylhydan
toin (WOLFF et al. 1961). The anti-inflammatory drug, fendofenac, has a more 
profound effect on serum TT 4 and TT 3 concentrations, decreasing them to 30% 
--40% of normal (RATCLIFFE et al. 1980). The salicylates exert their major effect 
on TBPA, but they interfere with binding to TBG as well, reducing serum TT4 
and TT 3 to 70%-80% of normal (LARSEN 1972 a). Heparin mainly affects serum 
free thyroid hormone concentrations (HERSHMAN et al. 1972) and its effects will 
be discussed in Sect. D.III.5. Less information is available on other drugs listed 
in Table 4 (for review see CAVALIERI and PITT-RIVERS 1981). 

Table 4. Drugs affecting thyroid hormone binding to TBG 
and/or TBPA 

Drug 

Diphenylhydantoin 
Chlorpropamide 
Tolbutamide 
Clofibrate 
Diazepam 
Halofenate 
Fenclofenac 
Sulfobromophthalein 
Iopanoate 
Ipodate 
Heparin 
Salicylate 
Gentisic acid 
y-Resorcylic acid 
Penicillin 
2,4-Dinitrophenol 

TBG 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

TBPA 

+ 
+ 
+ 
+ 
+ 
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3. Abnormal Serum-Binding Proteins 

At least two conditions are presently known to be associated with abnormal thy
roid hormone-binding proteins. The first and better described condition is famil
ial dysalbuminemic hyperthyroxinemia (FDH), which is an inherited autosomal 
dominant syndrome characterized by the presence in the serum of an abnormal 
albumin which preferentially binds T 4 (HENNEMANN et al. 1979; LEE et al. 1979; 
BARLOW et al. 1982; RAJATANAVIN and BRAVERMAN 1983). The second condition 
is a very rare syndrome characterized by an abnormal T 4 binding to TBPA 
(MOSES et al. 1982). Both these conditions are associated with increased serum 
TT 4 and normal serum TT 3 concentrations; as discussed in Sect. D.III.2, serum 
free thyroid hormone concentrations are normal in these conditions. 

4. Conditions Associated with Reduced Peripheral Conversion of T 4 to T 3 

and Severe Nonthyroidal Illness 

A wide variety of physiologic and pathologic conditions are associated with an 
impaired peripheral conversion of T 4 to T 3 in the absence of any abnormality of 
the thyroid gland (low T 3 syndrome) (HESCH 1981; ENGLER and BURGER 1984). 
These include fetal life, acute or chronic caloric deprivation, chronic liver dis
eases, uncontrolled diabetes, myocardial infarction, and almost all acute or 
chronic systemic illness, trauma, and surgery. Low T 3 syndrome is also caused 
by a number of drugs, such as propranolol, large doses of glucocorticoids, pro
pylthiouracil, amiodarone, and other iodinated organic compounds. In all these 
conditions there is a reduced activity of 5' -monodeiodinase in liver and other tis
sues, leading to decreased serum T 3, normal or increased serum T 4, and increased 
serum reverse T 3 (rT 3) concentrations. It has been clearly shown that the latter 
phenomenon is not due to increased rT 3 production, but to a reduction of its met
abolic clearance rate (ENGLER and BURGER 1984). 

Beside low serum T 3 concentrations, patients with severe non thyroidal illness 
may also show reduced TT 4 levels (WARTOFSKY and BURMAN 1982). This appears 
to be due to several events, such as the failure of the normal negative feedback 
control of the pituitary-thyroid axis (W ARTOFSKY and BURMAN 1982; WEHMANN 
et al. 1985), and several abnormalities of thyroid hormone binding to plasma pro
teins (LUTZ et al. 1972; CHOPRA et al. 1979; OPPENHEIMER et al. 1982; WARTOFSKY 
and BURMAN 1982). 

5. Anti-Iodothyronine Autoantibodies 

Although their precise prevalence is still a matter of controversy and varies mark
edly in different series, anti-thyroid hormone autoantibodies are relatively fre
quent in patients with thyroid autoimmune disorders, and may be found in other 
thyroid diseases (SAKATA et al. 1985). These autoantibodies produce different 
types of interference in TT 4 and TT 3 RIAs, depending on the assay procedure 
(Table 5). When the assay is based on a single-antibody technique, using either 
y-globulin precipitation by PEG or free thyroid hormone absorption by dextran
coated charcoal, autoantibodies have exactly the same behavior as anti-T 4 or 
anti-T 3 antibodies of the kit. Therefore, an increased binding of the tracer occurs, 
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Table 5. Interference of anti-iodothyronine autoantibodies 
in TT 4 and TT 3 RIAs, in relation to the method employed 
for bound/free (B/F) separation 

B/F separation 

Charcoal absorption 
PEG precipitation 
Double-antibody pre-

cipitation 
Solid-phase antibody 

ARIA II 

Interference 

Falsely low values 
Falsely low values 
Falsely high values 

(occasionally falsely low)' 
Falsely high values 

(occasionally falsely low)' 
Falsely low values 

'Depending on autoantibody affinity and on absolute 
concentration of endogenous hormone. 

and inappropriately low levels of serum TT4 and TT 3 are determined (SAKATA et 
al. 1985). Conversely, when a double-antibody technique is employed, provided 
that the second antibody is strictly specific for the first antibody of the kit and 
does not react with the human autoantibody, a lower amount of the tracer is pre
cipitated, resulting in falsely elevated values (SAKATA et al. 1985). Finally, in the 
solid-phase technique, autoantibodies compete with coated anti-thyroid hormone 
antibodies for binding to tracer hormones. This results in spuriously elevated thy
roid hormone values, since low radioactivity is bound to coated antibodies 
(SAKATA et al. 1985). Occasionally, an apparent lack of interference or falsely low 
total thyroid hormone concentrations have been reported by double-antibody or 
solid-phase RIAs (BECK-PECCOZ et al. 1983). This phenomenon has been attrib
uted to the low binding capacity and slow dissociation rate of autoantibodies, as 
well as to the absolute concentration of the endogenous hormone. 

Thus, when serum thyroid hormone concentrations by RIA are discrepant 
with clinical findings, the possible interference of circulating anti-thyroid hor
mone autoantibodies should be taken into account and looked for. 

D. Free Thyroid Hormone Assays 
As mentioned before, thyroid hormones circulate in plasma mostly bound to 
transport proteins, principally to TBG, but unbound or free thyroid hormones 
represent the biologically active fraction available to tissues. At variance with to
tal thyroid hormones, circulating free thyroid hormones are unaffected by 
changes in plasma transport protein concentrations and, therefore, correlate bet
ter with the metabolic status (ROBBINS and RALL 1983; DEGROOT et al. 1984; ING
BAR 1985). Thus, serum free thyroid hormone determination can be considered 
one of the most important parameters for the initial assessment of thyroid func
tion. 

Several assays have been proposed for serum free thyroid hormone evalua
tion. As suggested by EKINS (1979), these methods can be divided into indirect 
and direct techniques, according to the following criteria: 
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1. Indirect methods. The free thyroid hormone concentration is derived from 
total thyroid hormone concentration and either: (a) the total or unbound serum
binding protein capacity; or (b) the fraction of serum free hormones, as deter
mined by equilibrium dialysis, ultrafiltration, or other methods. 

2. Direct methods. Serum free thyroid hormones are directly measured after 
being "sequestered" from binding proteins. 

Both indirect and direct methods can be further subdivided into dynamic and 
equilibrium techniques (EKINS 1979). The former include methods in which free 
thyroid hormone measurements are carried out on the basis of kinetic analysis of 
a particular phenomenon, whose rate is correlated to free thyroid hormone con
centration. In the equilibrium techniques, measurements are carried out at ther
modynamic equilibrium by determining either the distribution of total thyroid 
hormones between bound and free fractions, or the absolute quantity of free thy
roid hormones. Finally, all techniques can be further distinguished as absolute or 
comparative methods. The former measure the hormone concentration per se, 
while the latter rely on standardization against materials whose free hormone 
content has been previously established by an absolute method. 

I. Indirect Methods for the Estimation 
of Free Thyroid Hormone 
1. Methods Based on Equilibrium Dialysis 

The earlier techniques employed for free thyroid hormone determination were 
based on the indirect method of equilibrium dialysis, as originally proposed by 
STERLING and HEGEDUS (1962) for T 4. In these assays, the proportion offree/total 
T 4 or free/total T 3 is estimated by measuring the fraction which is able to diffuse 
through a dialysis membrane (dialyzable fraction DF). To this purpose, a sample 
of serum (generally 1 ml) is mixed with a trace amount of radioiodinated T 4 or 
T 3' which quickly equilibrates with the respective free and bound endogenous 
hormones. The sample is then dialyzed to equilibrium at 37°C for 18-24 h against 
9 ml phosphate buffer, pH 7.4, and the DF is calculated from the proportion of 
labeled hormone in the dialysate. Results are expressed as a percentage of the to
tal respective hormones (FT4 %, FT3 %). In euthyroid adults, values average 
0.02%-0.04% for FT 4 and 0.2%-0.45% for FT 3, in the absence of gross abnor
malities of serum-binding protein concentrations. Higher values are found in hy
perthyroidism and in TBG deficiency, while lower values are observed in hypo
thyroidism and in TBG excess. The absolute concentrations of FT 4 and FT 3 are 
calculated by multiplying DF by the total serum thyroid hormone concentration. 
By this technique, normal adult values range between 10 and 35 pg/ml for FT 4 
and between 2.5 and 6.5 pg/ml for FT 3. 

This procedure presents several methodological problems. First, it absolutely 
requires highly purified radioiodinated hormones, completely devoid of 
dialyzable radioactive impurities (e.g., radioiodide, labeled iodothyronines, or io
do thyronine breakdown products) affecting the tracer distribution between 
bound and free fractions. To circumvent this problem, radioiodinated T 4 and T 3 
can be prepurified by a variety of techniques, including chromatographic separa-



414 L. BARTALENA et al. 

tion and/or predialysis, or isolated from the dialysate by magnesium chloride pre
cipitation, anionic exchange adsorption, charcoal adsorption, or trichloroacetic 
acid precipitation (EKINS 1979). 

Furthermore, since free thyroid hormones represent only a minute proportion 
of total thyroid hormones, small experimental fluctuations may lead to marked 
errors in the free hormone fraction estimation. This pitfall can be prevented by 
increasing the ratio between the volume of the dialysate and that of the dialysant 
(OPPENHEIMER and SURKS 1964). 

Various modifications of the dialysis technique have been proposed, including 
separation by ultrafiltration (SCHUSSLER and PLAGER 1967) or gel filtration (LEE 
et al. 1964). Independently of the separation method employed, all these tech
niques for free thyroid hormone determination are cumbersome and technically 
demanding. They are not, therefore, suitable for use on a routine basis. Thus, be
fore the introduction of methods for direct measurement of FT 4 and FT 3 in 
serum, in most clinical laboratories free thyroid hormone indices have been used 
to estimate free hormone concentrations, as described in Sect. D.L2. 

2. Free T 4 and Free T 3 Indices (FT 41 and FT 31) 

FT 41 and FT 31 provide a reliable estimate of the absolute serum free thyroid hor
mone concentration. They are mathematically derived from determinations of 
serum total thyroid hormone concentrations and of total or unsaturated serum 
thyroid hormone-binding capacity. Determination of serum TBG concentrations 
is generally used to express total thyroid hormone-binding capacity. Serum TBG 
is commonly assayed by specific radioimmunoassays (GERSHENGORN et al. 1976), 
whose description is beyond the scope of this chapter. Unsaturated serum thyroid 
hormone-binding capacity is estimated by special tests called in vitro uptake 
tests. 

a) In Vitro Uptake Tests 

These tests are carried out by mixing the patient's serum with a trace amount of 
radioiodinated T4 or T 3. The mixture is then incubated with a solid-phase syn
thetic adsorbent, able to bind thyroid hormones and to compete with endogenous 
binding proteins. The amount of radioactivity adsorbed onto the solid phase is 
then determined and expressed as a percentage of total tracer amount. This value 
inversely correlates with the unsaturated binding sites on TBG. Since an ion ex
change resin is often utilized as the synthetic adsorbent (STERLING and T ABACH
NICK 1961), this test is commonly known as the resin T 3 or T 4 uptake test (R T 3 U 
or RT4U). Beside resin, other solid-phase matrices, such as red blood cells (used 
in the original test by HAMOLSKY et al. 1957), coated charcoal, Sephadex, talc, and 
antibody-coated tubes (BRAVERMAN et al. 1967; CAVALIERI et al. 1969; AZUK
IZAWA and PEKARY 1976) can be employed. 

Labeled T 3 is used much more commonly than labeled T 4 for the in vitro up
take test because of its weaker binding to serum proteins, which yields a higher 
counting rate for the adsorbing material, thus decreasing the counting time and 
the error. By appropriate modifications of the assay conditions, such as the reduc
tion of serum volume, the addition of a greater amount of tracer, or the use of 
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barbital buffer, the in vitro uptake test can also be conveniently performed with 
125I-Iabeled T4 (REFETOFF et al. 1972 a), but this procedure has not gained wide 
acceptance for routine use. For this purpose, a large number of commercial kits 
employing 125I-Iabeled T 3 as a tracer are presently available. Although their prin
ciple is basically the same, they differ in several details, including the amount of 
serum, the time and temperature of incubation, the specific activity and the 
amount of the tracer, the type and the amount of the adsorbing material. Owing 
to wide variations of normal T 3 uptake values obtained with the different assays 
(25%~55%), a convenient procedure is to express them as a fraction of the uptake 
value observed with a pool of normal sera run in the same assay. This "corrected" 
value is normally between 0.85 and 1.15 and is utilized to calculate FT 41 and FT 31 
(see Sect. D.L2.b). 

RT 3U is inversely related to the amount of unoccupied binding sites of serum 
TBG and is, therefore, decreased when the unsaturated sites are increased owing 
to the reduction of endogenous thyroid hormones or to the increase of serum 
TBG concentrations (see Table 3). Conversely, RT 3 U is increased when the 
amount of unsaturated TBG is decreased owing to an excess of endogenous thy
roid hormones or to a decrease of serum TBG levels (see Table 3). An increase 
of R T 3 U may also be the consequence of the interference of pharmacologic 
agents (see Table 4) competing with thyroid hormone binding to transport pro
teins, owing to structural similarities. 

b) Calculation of FT 41 and FT 31 

The mathematical derivation of FT 41 stems from the mass action equation; at 
equilibrium, the relationship between TT 4, FT 4, and unsaturated TBG (uTBG) 
can be expressed as follows 

K[FT4] = [TT4]/[uTBG]. (1) 

Since R T 3 U is inversely proportional to the available binding sites on binding 
proteins, it can be substituted in Eq.1 for 1/[uTBG], as follows 

K[FT4] = [TT4] RT3U, 

FT 41 is defined as equal to a constant K multiplied by FT 4; thus 

FT41 = [TT4] RT3U, 

(2) 

(3) 

Since, as mentioned before, the R T 3 U value used for the calculation of FT 41 is 
a normalized ratio, Eq. 3 can be rearranged as follows 

FT4I = [TT4] x patient's RT3U/mean normal sera RT3U, (4) 

A practical advantage of the FT 41 calculation according to Eq.4 is that FT 41 is 
expressed in numerical units in the same range as TT 4' being between 4 and 11 
in euthyroid subjects with normal serum TBG concentrations. 

A similar procedure can be employed for the calculation of the FT 31 from 
serum TT 3 and R T 3 U values, and in euthyroid subjects generally ranges between 
100 and 200. The theoretical assumptions on which the FT 41 calculation was 
based have been experimentally validated by the observation of an almost perfect 
correlation between these indices and the absolute FT 4 concentrations directly 
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measured in sera (ROBIN et al. 1971). Similar data on FT 31 are still limited 
(DEGROOT et al. 1984). 

Another method for indirect calculation of circulating FT 4 and FT 3 is the cal
culation of the ratio between TT 4 or TT 3 and TBG concentrations (GLINOER et 
al. 1978; BRA YERMAN et al. 1980). These ratios are calculated as: TT 4 (jig/dl)/TBG 
(Ilg/ml) x 10 and TT 3 (ng/dl)/TBG (jig/ml). These indices are directly propor
tional to the free thyroid hormone concentrations and range in euthyroid subjects 
between 2.2 and 5.8 for T 4 and 3.2 and 10.2 for T 3 (BRAVERMAN et al. 1980). 

c) Significance and Limits of FT 41 and FT 31 

The calculation of FT 41 and FT 31 still represents one of the most accurate, yet 
simple estimations of the thyroid functional status, since these indices are gener
ally elevated in hyperthyroidism and low in hypothyroidism, irrespective of serum 
TBG concentrations. Some technical limitations must, however, be taken into ac
count. In subjects with extreme TBG deficiency or excess (DEGROOT et al. 1984), 
R T 3 U does not adequately correct the abnormally reduced or increased serum to
tal thyroid hormone levels. This phenomenon is due to the lack of linear corre
lation between RT 3 U values and free thyroid hormone concentrations in these 
conditions (DEGROOT et al. 1984; INGBAR 1985). This also applies to a greater ex
tent to FT 41 and FT 31 calculated on the basis ofTT 4/TBG and TT 3/TBG, respec
tively. 

Other problems may arise from conditions affecting the overall binding affin
ity of serum-binding proteins for T 4 without influencing the affinity for T 3' One 
of these conditions is represented by the presence of circulating anti-T 4 autoan
tibodies, which cause an increase of serum TT 4' while the absolute concentration 
of FT 4 is unchanged. Provided that a reliable determination of the increased TT 4 
is available in this condition, calculation of FT 41 will result in a falsely elevated 
value, since the affinity of serum proteins for T 3, and hence the R T 3 U value, are 
unchanged. A similar situation is represented by FDH or by the rare condition 
of increased T 4 binding to TBPA (RAJA TANA VIN and BRAVERMAN 1983). In fact, 
in these syndromes the abnormality of serum thyroid hormone binding results in 
a greater affinity for T 4 as compared with T 3' Conversely, in patients with severe 
nonthyroidal illness, one or more still poorly defined serum factors may reduce 
the binding ofT 4 to transport proteins more than that ofT 3 (CHOPRA et al. 1979). 
This interference causes a reduction of serum TT 4' without affecting R T 3 U 
values; as a consequence, FT 41 will underestimate the actual FT 4 concentrations. 
In these conditions, the use of radioiodinated T 4 instead of T 3 in the in vitro up
take test has been suggested to overcome the interference (WHITE et al. 1980), but 
the validity of this approach in clinical practice needs further confirmation. 

II. Direct Methods for Free Thyroid Hormone Determination 

1. Absolute Methods 

a) Equilibrium Dialysis Followed by RIA 

This method, developed by ELLIS and EKINS (1973), is based on the direct mea
surement by very sensitive RIAs of the free thyroid hormone concentration in the 
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serum dialysate. The assay is generally carried out as follows: 200 III serum sample 
is dialyzed at 37°C for 18 h against 5 ml 0.01 M Hepes buffer, pH 7.4, 0.62% 
NaCl. The free hormones diffuse through the membrane into the dialysate and 
their concentration in the dialysant will be readjusted by a net dissociation of 
bound hormone. This process will continue until a new steady state is achieved 
with an equal concentration of free thyroid hormones in the dialysate and in the 
dialysant. After dialysis, the free thyroid hormone concentration is determined in 
the dialysate by RIA. This technique obviates all the problems due to tracer im
purities of the indirect method based on equilibrium dialysis. Furthermore, since 
it is a direct, absolute, equilibrium assay, it fulfills all the requirements for an 
"ideal" reference method of free thyroid hormone measurement. However, some 
methodological drawbacks limit its application on a routine basis. Dialysis is, in 
fact, a cumbersome procedure needing accurate standardization, mainly because 
of adsorption of free thyroid hormones on membranes and dialysis cells. Further
more, the RIA employed must have a high sensitivity and particular care is re
quired in the preparation of absolute thyroid hormone standards used for the cal
ibration curve. By this technique, normal adult values range between 7.5 and 
17 pg/ml for FT 4 and between 3.5 and 6.5 pg/ml for FT 3. 

b) Column Adsorption Chromatography Followed by RIA 

A modification of the equilibrium dialysis method has been subsequently pro
posed, based on the use of gel chromatography to separate free from bound hor
mones (ROMELLI et al. 1979). This technique is presently the only direct absolute 
method for measurement of free thyroid hormones commercially available. In 
this assay, a 0.5-ml serum sample is submitted to chromatographic adsorption on 
a Sephadex LH-20 column (150 mg) at 37°C. During this step, free thyroid hor
mones are adsorbed on the resin and their concentration is reestablished through 
dissociation of bound hormones. This adsorption-dissociation process continues 
until a steady state between the adsorbed hormone and the free hormone in so
lution is attained. The amount of adsorbed hormone HR is proportional to the 
free thyroid hormone concentration [H] according to the following equation 

HR = cp [H]. 

The proportionality constant cp is defined as the "adsorption factor," which cor
responds to the product of the adsorption constant Kads of the resin and the 
number of resin binding sites nR, as follows 

cp = KadsnR• 

Thus, if cp, which can be experimentally determined (ROMELLI et al. 1979), is 
known, the measurement of HR directly provides the free hormone concentra
tion. It should be noted that, since Kads increases with temperature, cp values are 
equally influenced by temperature variations, and, therefore, the chromato
graphic separation must be performed at constant temperature. Practically, after 
chromatographic adsorption, serum proteins are removed by two washes with 
2 ml 0.1 M Tris buffer, pH 7.4. Subsequently, T 3 and T 4 adsorbed onto the resin 
are eluted with 2 ml methanol and the organic solvent is then evaporated to dry
ness at 37°C. Dried samples are reconstituted with 4 ml 0.04 M phosphate buffer, 
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pH 7.4, and 0.3-ml reconstituted samples are assayed for T 3 and T 4 by RIA using 
known amounts of thyroid hormones diluted in buffer for the standard curve. 
Similarly to the technique described in the previous paragraph, this method can 
be considered as a direct, absolute, equilibrium technique and, hence, as a refer
ence method. Normal values range between 7.1 and 15.4 pg/ml for FT 4 and 2.4 
and 6.1 pg/ml for FT 3. Although simpler than the equilibrium dialysis method, 
this technique is still technically demanding, requiring accurate standardization 
of the chromatographic separation and of the recovery step. Relative to equilib
rium dialysis, the present assay does not require a highly sensitive RIA, since the 
thyroid hormone concentration in the final sample is much greater than the actual 
free hormone concentration in the initial sample (ROMELLI et al. 1979). 

This method has subsequently been modified to make it suitable for easy rou
tine measurements and it is presently commercially available in this modified ver
sion (Liso-phase FT3 and FT4 kits, Lepetit-Sclavo). Briefly, the assay is carried 
out at room temperature, the recovery of the adsorbed hormones is achieved by 
adding a protein solution (1 : 4 diluted bovine serum), and the recovered hormone 
is eluted directly in the RIA tubes. At variance with the original method, in this 
modified technique, the calibration curve for the RIA is made up with serum stan
dards submitted to the same chromatographic separation as the unknown 
samples. The actual free thyroid hormone concentrations of the standards are 
previously determined by an absolute reference method. It is evident that this 
modified technique is more correctly described as a direct equilibrium compara
tive method. 

2. Comparative Methods 

These methods are based on similar principles, involving separation of the serum 
free thyroid hormone fraction by specific antibody, generally bound to some kind 
of solid support. The antibodies used in these methods have low affinity for the 
ligand in order to minimize the antibody binding to free thyroid hormones and, 
consequently, to limit the dissociation of thyroid hormones from serum binding 
proteins. Furthermore, all these procedures are comparative, since they utilize 
standards whose free T 3 and free T 4 concentrations have been predetermined by 
absolute methods. The assays included in this group can be subdivided as follows 
(EKINS 1979, 1985): (a) methods based on "labeled hormone antibody uptake"; 
(b) "two-step/back-titration" methods; and (c) "one-step/analog" methods. 

a) Free Thyroid Hormone RIA Based on Labeled Hormone Antibody Uptake 

These methods are based on principles similar to those employed for the calcula
tion of FT 41 and FT 31. In fact. the concentrations of free thyroid hormones are 
calculated by multiplying the total thyroid hormone concentration in the sample 
by the hormone fraction bound by exogenous antibody. The most widely known 
assay of this group was originally developed by ODSTRCHEL (1982) and is pres
ently commercially available, after several modifications, as the Corning Immo
phase FT 3 and FT 4 kit. This method employs two parallel series of tubes called 
A and B. In each tube of the A series, 25 III (for FT 4 determination) or 50 III (for 
FT 3) of unknown or standard sera are incubated with 100 III of the corresponding 
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labeled hormone. In the B series tubes, the same amounts of sera and labeled hor
mone are incubated in the presence of a binding protein blocking agent (thi
merosal). After 20 min incubation at room temperature, 0.8 ml anti-T 4 or anti-T 3 

antibody coupled to glass particles is added and incubated for 30 min (FT 4) or 
60 min (FT 3) at room temperature. The solid phase is then separated by centrif
ugation and the radioactivity bound to the pellet is counted. In its original ver
sion, the ratio of counts recovered in A and B tubes (A/ B) was plotted against the 
free thyroid hormone concentrations of the standard sera previously determined 
by equilibrium dialysis. The A/ B ratio was in fact believed to represent the relative 
rate of the reaction between the free hormone and the solid-phase antibody, di
rectly related to the free hormone concentration. This method was claimed to be 
direct; it was also considered a dynamic technique, since it was based on the sep
aration of radio labeled hormone onto the solid phase before achieving thermody
namic equilibrium. The theoretical basis for this interpretation has been ques
tioned, however, because it relies on several theoretical assumptions and approxi
mations which distort the results, especially in sera with marked abnormalities of 
TBG concentrations (EKINS 1985). This problem has been subsequently rectified 
with consequent correction of most abnormal results (Ross and BENRAAD 1984). 

b) Two-Step/Back -Titration Methods 

In this approach, serum samples are incubated with a thyroid hormone antibody 
immobilized on a solid phase to immunoextract free thyroid hormones (step 1). 
Serum components unbound to solid-phase antibody are washed away and a 
trace amount of radiolabeled T 4 and T 3 is then added (step 2). Since the labeled 
hormone will bind to unoccupied sites of the solid-phase antibody, the amount 
of radioactivity bound to the solid phase will be inversely related to the free thy
roid hormone concentration in the test sample. 

The "two-step" sequential incubation procedure is needed to avoid the inter
action of serum proteins with radiolabeled thyroid hormones. The first method 
based on this principle was developed by EKINS (1983) employing Sephadex or 
cellulose-coupled antibody. Presently, the most widely used commercial version 
of this technique is the Clinical Assay Gammacoat two-step kit (Clinical Assays, 
Cambridge, Massachusetts, United States), which utilizes antibodies coated on 
plastic tubes. In this assay, 50-Ill serum samples are incubated within tubes coated 
with anti-T 4 or anti-T 3 antibodies; after addition of 1 ml Tris-buffered saline, the 
mixture is incubated for 20 min at 37°C in a water bath. The tubes are then as
pirated or decanted and washed with 1 ml incubation buffer. Then 1 ml tracer 
hormone in Tris-buffered saline is added and incubated for 60 min at room tem
perature. The tubes are finally aspirated or decanted and their radioactivity deter
mined. Free thyroid hormone concentrations in the unknown samples are deter
mined by the use of standard sera whose FT 4 and FT 3 levels have been previously 
measured by an absolute method. Normal values range between 6 and 16 pg/ml 
for FT4 and 2.1 and 5.8 pg/ml for FT 3' 

c) One-Step/Analog Methods 

These methods utilize a radioiodinated thyroid hormone analog, which, in the
ory, should not react with serum proteins, while maintaining its reactivity against 
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antibody to the native hormone. This approach obviates the need of the two-step 
incubation required by back-titration methods. The most widely studied method 
employing analogs is the Amersham Amerlex method (Amersham International 
Ltd., Amersham, Bucks, United Kingdom) (MIDGLEY and WILKINS 1982), but 
several commercial kits based on the same principle are presently available. The 
exact nature of the thyroid hormone analog has not been revealed so far, although 
it is supposed to be a T 4 or T 3-protein conjugate (WITHERSPOON et al. 1984). In 
the Amerlex assay, 100-I.d unknown samples are incubated with 500 III 125I_la_ 
beled analog and 500 III anti-T 3 or anti-T 4 antibody coupled to latex particles. In
cubation is carried out at 37°C for 1 h (FT 4) or 2 h (FT 3), the solid phase is sep
arated by centrifugation, supernatant is discarded, and pellet radioactivity is 
counted. A calibration curve is run using standard sera whose free thyroid hor
mone concentrations have been determined by equilibrium dialysis. 

The analog methods, because of their simplicity, are more convenient than the 
two-step techniques and, therefore, more suitable for routine use. However, the 
major drawback of these assays is interaction between the analog and endogenous 
serum proteins, such as albumin (AMINO et al. 1983) or anti-iodothyronine 
autoantibodies (BECK-PECCOZ et al. 1984). The relevance of these interactions to 
the estimation of free thyroid hormone concentrations will be detailed in Sect. 
D.III.3. 

III. Factors Affecting the Diagnostic Accuracy 
of Free Thyroid Hormone Measurements 

Several physiologic and pathologic conditions may interfere with free thyroid 
hormone determination by virtually all the available methods discussed so far. 
Each assay possesses inherent advantages and disadvantages, depending upon the 
methodological approach. However, it must be pointed out that the diagnostic 

Table 6. Factors affecting the diagnostic accuracy of FT 4 measurement 

FT4 assay Increased Decreased Preg- FDH Anti-T4 NT! Heparin 
nancy Ab 

TBO 

ED+RIA N N ! (N) N N N i 
Direct 
Absolute 

Liso-phase N N ! (N) N N N i 
Two-step N N ! (N) N N N i 

Corning i ! ! (N) N i ! 
Immophase 

Kinetic 
Mallinckrodt N N ! (N) N N N 

SPAC-ET 
Analog N N ! i i t t 

N = no interference; t inappropriately high values; i inappropriately low values; ED + RIA 
equilibrium dialysis followed by RIA. 
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accuracy of some methods, such as column adsorption chromatography followed 
by RIA (Liso-phase, Lepetit-Sclavo) is almost the same as the "gold standard" 
equilibrium dialysis techniques. Similar results are generally achieved by two-step 
back-titration methods (e.g., Clinical Assay Gammacoat) and by the Mal
linckrodt SPAC-ET kit. Conversely, other techniques, and in particular the ana
log methods, appear to be grossly affected in several conditions. It should be 
noted that not all the tests have been fully evaluated in all clinical situations. Fur
thermore, the majority of the available data concern FT 4 determination, al
though it is conceivable that a similar interference in FT 3 measurements could be 
observed. Thus, in this chapter, attention will be focused on FT 4 methods 
(Table 6). The main factors interfering in FT 4 measurement will be discussed in 
Sects. D.III.1-5; to this purpose, the results obtained by equilibrium dialysis fol
lowed by RIA (direct, absolute methods) will be considered as the reference 
values. 

1. Pregnancy and Other Conditions of Abnormal TBG Concentrations 

Most assays give FT 4 values in the normal range in the presence of both TBG 
excess and deficiency. Exceptions to this rule are methods based on the labeled 
hormone antibody uptake, which generally provide inappropriately high or low 
FT 4 values in the presence of TBG excess or deficiency (HELENIUS and LIEWEN
DAHL 1983; WITHERSPOON et al. 1980). This problem has recently been overcome 
by the modification of this kind of assay adopted in the Mallinckrodt SPAC-ET 
FT 4 kit. 

Both normal and slightly reduced serum free thyroid hormone concentrations 
have been reported by different methods (ROMELLI et al. 1979; OBREGON et al. 
1981; TUTTLEBEE 1982; HELENIUS and LIEWENDAHL 1983; HOPTON et al. 1983; 
PACCHIAROTTI et al. 1986). These discrepancies appear to be at least partially due 
to the different criteria of patient selection. Recently, it has been demonstrated 
in our laboratory, using two different methods, that a progressive reduction of 
FT 4 and FT 3 concentrations occurs throughout pregnancy and is associated with 
small, but significant increases of serum thyrotropin concentrations (PAC
CHIAROTTI et al. 1986). 

2. Familial Dysalbuminemic Hyperthyroxinemia (FDH) 

As previously described, this condition, due to abnormal binding of T 4 to albu
min, is characterized by elevated serum TT 4 and normal TT 3 concentrations 
without thyrotoxicosis (RAJATANA VIN and BRAVERMAN 1983). Direct absolute as
says, back-titration methods, and labeled hormone antibody uptake tests cor
rectly classify subjects with FDH, giving normal FT 4 values (SPENCER 1985). In 
contrast, all the currently available methods, based on the use of "analogs," give 
inappropriately high FT 4 concentrations (RAJATANA VIN et al. 1982; STOCKIGT et 
al. 1982; DE NAYER et al. 1984). This is due to the previously mentioned interac
tion of the analog tracer with the abnormal albumin. 
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3. Anti-Iodothyronine Autoantibodies 

As discussed before, anti-thyroid hormone autoantibodies strongly interfere in 
TT 4 and TT 3 measurement by RIA. In contrast, most methods for free thyroid 
hormone determination are believed to be substantially unaffected by anti-iodo
thyronine autoantibodies. However, anti-thyroxine autoantibodies strongly in
terfere with all FT 4 analog RIAs, giving falsely elevated results, since, similarly 
to the abnormal albumin of FDH, they are able to bind the tracer analog (BECK
PEccoz et al. 1984, 1985; SPENCER 1985). Inappropriately high FT 4 concentra
tions are also obtained by the Corning Immophase kit (BECK-PECCOZ et al. 1984, 
1985; SPENCER 1985). All other methods are unaffected by anti-T 4 autoanti
bodies. 

4. Severe Nonthyroidallllness (NTI) 

Low serum TT 4 concentrations are frequently observed in patients with severe 
NTI (W ARTOFSKY and BURMAN 1982). Several factors appear to be responsible 
for such phenomena, including dampening of the pituitary-thyroid axis (W AR
TOFSKY and BURMAN 1982; WEHMANN et al. 1985), presence of abnormal TBG 
(W ARTOFSKY and BURMAN 1982), and presence of a still poorly defined thyroid 
hormone-binding inhibitor (THBI) (LUTZ et al. 1972; CHOPRA et al. 1979; OPPEN
HEIMER et al. 1982). Inappropriately low FT 4 levels are commonly seen in NTI, 
when analog assays are used (STOCKIGT et al. 1981; TUTTLEBEE 1982; HELENIUS 
and LIEWENDAHL 1983; DEADMAN and EVANS 1984). This is probably due in part 
to the decreased albumin levels (LIEWENDAHL et al. 1984) and to increased nones
terified fatty acids (HELENIUS and LIEWENDAHL 1979). As a consequence, there is 
a reduced binding of the analog to serum albumin and, therefore, an increased 
availability of the tracer for the reaction with solid-phase antibody, thus causing 
falsely low FT 4 values. Inappropriately reduced FT 4 concentrations are also 
found by the Corning method (HELENIUS and LIEWENDAHL 1979; WOOD et al. 
1980; KAPTEIN et al. 1981; SLAG et al. 1981; TUTTLEBEE 1982; HELENIUS and LIE
WENDAHL 1983). Other available RIAs, including equilibrium dialysis followed by 
RIA, Liso-phase, and Gammacoat kits, usually result in normal values. 

5. Heparin 

Heparin interferes with thyroid hormone binding to TBG by altering the steric 
configuration of the binding site and lowering the affinity ofTBG for thyroid hor
mones (HOLLANDER et al. 1967). This interference results in an acute elevation of 
serum FT 4 and FT 3 concentrations during intravenous heparin therapy, with re
ciprocal changes of serum TSH (HERSHMAN et al. 1972), leading to the establish
ment of a new steady state in which free thyroid hormone concentrations are fi
nally normalized (REFEToFF 1979). These changes of free thyroid hormone con
centrations are correctly classified by equilibrium dialysis and column adsorption 
chromatography methods. On the contrary, heparin causes falsely low FT 4 values 
by the analog methods; this phenomenon probably reflects the presence of a 
THBI (possibly nonesterified fatty acids) induced by the drug. The consequent in
terference in the assay would therefore be similar to that described for NT!. 
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In conclusion, the analysis of factors affecting free thyroid hormone determi
nations suggests that, in the presence of circulating interfering substances, valid 
measurements of FT 4 and FT 3 can only be achieved by methods that physically 
separate the fraction of free thyroid hormone from binding proteins before the 
assay procedure. 

E. Radioimmunoassay of Other Iodothyronines, Iodotyrosines, 
and Products of Thyroid Hormone Degradation 
Several iodinated compounds, either of thyroidal origin or peripherally produced 
from thyroid hormone degradation, have recently been detected and quantitated 
in serum by specific RIAs. These substances (see Table 1) are virtually devoid of 
metabolic activity, but their measurement may be helpful in particular clinical 
conditions associated with abnormalities of thyroid hormone metabolism. Fur
thermore, precise measurement of these compounds in serum and in tissues has 
provided important information on the peripheral metabolism of thyroid hor
mones. Reverse T 3 (rT 3) is the most widely studied among these substances and 
its RIA will be discussed in detail; brief mention will also be made of available 
RIAs of other iodoamino acids. 

I. rT3 RIA 

Reverse T 3 is the product of inner ring monodeiodination ofT 4. Its measurement 
in serum was first accomplished by CHOPRA (1974), who developed a specific 
RIA. Anti-rT 3 antiserum was raised by immunizing rabbits with rT 3 conjugated 
to human serum albumin. This antiserum proved to be highly specific, since even 
T 3' with a molecular structure very similar to that of rT 3' showed less than 0.1 % 
cross-reactivity. rT 3 RIA originally implied extraction of sera by ethanol. Sub
sequently, other methods have been proposed that, like TT 3 RIA, utilize sub
stances inhibiting rT 3 binding to serum proteins (NICOD et al. 1976). 

The protocol for rT 3 RIA, as proposed by CHOPRA (1974), is as follows: test 
sera are extracted by mixing 0.5 ml serum with 1 ml 95% ethanol, followed by 
centrifugation and collection of supernatants; ethanol extracts of hormone-free 
serum in the standard tubes or unknown serum samples (300 Ill) are added; rT 3 

graded amounts (5 pg-3 ng) are then added, together with anti-rT 3 serum appro
priately diluted (100 Ill) and 125I-labeled rT 3 (10000 cpm, 100 Ill) in assay buffer 
(0.075 M barbital buffer, pH 8.6, containing 1 % NRS and 0.01 % sodium azide). 
After incubation for 24 hat 4°C, a second antibody (goat anti-rabbit y-globulin), 
previously titered, is pipetted. After incubation, separation of bound from free is 
achieved by the procedure already described for T 3. 

Other RIAs for rT 3 have been subsequently developed and some of them are 
commercially available. The mean normal serum rT 3 concentrations range from 
18 to 60 ng/dl, though different values have been reported by different authors, 
possibly owing to technical problems, such as the purity of rT 3 standards (CHO
PRA et al. 1981). As mentioned previously, increased rT 3 values are found in non
thyroidal illness (WARTOFSKY and BURMAN 1982). 
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II. RIA of Diiodothyronines 

Diiodothyronines (T2) include 3,S-Tz, 3,3'-T2 , and 3',S'-T2. As shown in Fig. 1, 
these compounds are produced through peripheral deiodination of T 3 and rT 3' 
In particular, 3,S-T 2 derives from S'-deiodination ofT 3, 3,3'-T 2 is the product ei
ther of T 3 S-deiodination or of rT 3 S'-deiodination; 3' ,S'-T 2 is produced through 
inner ring deiodination of rT 3' Early RIAs for T 2S showed marked variations in 
serum concentrations of these substances, owing to the lack of antisera specificity 
and to divergent techniques used in the various laboratories (Wu et al. 1976; BUR
MAN et al. 1977, 1978; CHOPRA et al. 1978; MACIEL et al. 1979; PANGARO et al. 
1980). More recently, specific and sensitive assays have been developed using un
extracted serum, highly specific antibodies, and labeled T 2S of high specific activ
ity (FABER et al. 1979, 1981; ENGLER et al. 1984). By these methods, values were 
0.20-0.7S ng/dl for 3,S-T2' 1-3 ng/dl for 3,3'-Tz, and 1-4 ng/dl for 3',S'-T2. Sup
port for the validity of these values also came from turnover studies carried out 
with labeled T 3 and rT 3 (FABER et al. 1981). 

III. RIA of Monoiodothyronines 

Monoiodothyronines (T I) comprise 3'-T 1 and 3-T I, derived from deiodination of 
T 2S (see Fig. 1). Serum concentrations of 3'-T 1 by RIA range from 0.6 to 6.7 ng/dl 
in different reports (CHOPRA 1980; KIRKEGAARD et al. 1981). The major drawback 
of this assay is the interference produced by the two precursors of 3'-T 1, i.e., 3,3'
T 2 and 3',S'-T 2' Data on serum 3-T 1 concentrations are very limited. In a recent 
report using 3H-Iabeled 3-T 1 as a tracer, values ranging from <0.66 to 7.S ng/dl 
were reported (CORCORAN and EASTMAN 1983). 

IV. RIA of Tetraiodothyroacetic Acid (TETRAC) 
and Triiodothyroacetic Acid (TRIAC) 

TETRAC and TRIAC are the products of the oxidative deamination (or trans
amination) and decarboxylation of T 4 and T 3' RIAs have been developed for 
these substances, giving mean serum concentrations in euthyroid subjects of 1.6-
3.0 ng/dl for TRIAC (GAVIN et al. 1980) and < 8-60 ng/dl for TETRAC (MAXON 
et al. 1982). 

v. RIA of Iodotyrosines (MIT and DIT) 

DIT and MIT derive from intrathyroidal proteolysis of thyroglobulin and are 
mostly enzymatically deiodinated within the gland (DEGROOT et al. 1984; INGBAR 
1985). However, a small fraction of these iodotyrosines escape deiodination and 
enter the bloodstream (DEGROOT et al. 1984; INGBAR 1985). MIT also derives 
from peripheral deiodination of DIT. Measurement of MIT and DIT is a rela
tively new field, whose methodology is still developing. This concept is supported 
by the marked differences of serum mean DIT values reported using different 
RIAs (NELSON et al. 1974; MEINHOLD et al. 1981), ranging from 1 to 432 ng/dl in 
euthyroid subjects. The latter surprisingly high concentrations of DIT are likely 
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due to cross-reactivity ofT 4 with DIT antisera. The same problem probably exists 
for MIT RIA, since the available normal range of serum concentrations of this 
compound (90-390 ngjdl) (NELSON and LEWIS 1979) appears to be an overestima
tion. 
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CHAPTER 17 

Radioimmunoassay of Catecholamines 
E. KNOLL and H. WISSER 

A. Introduction 

Even nowadays, the determination of catecholamines in biologic samples, espe
cially in plasma and cerebrospinal fluid, is beset with great difficulties. For a long 
time, fluorometry (particularly the trihydroxyindole method) has been the most 
widely used method for the determination of catecholamines (WEIL-MALHERBE 
1968; RENZINI et al. 1970; WISSER 1970; MIURA et al. 1977). The sensitivity of this 
method is certainly sufficient for the analysis of urine and brain tissue, but not 
for the determination of un conjugated epinephrine and dopamine in plasma. Gas 
chromatography, using either flame ionization detection (LOVELADY and FOSTER 
1975) or electron capture detection (IMAI et al. 1973; WONG et al. 1973; LHU
GUENOT and MAUME 1974) has also been introduced to determine catecholamines, 
but it has not found widespread application. Gas chromatography combined with 
mass spectrometry (referred to as mass fragmentography) shows high specificity, 
but requires expensive equipment (KAROUM et al. 1972; KOSLOW et al. 1972; LHU
GUENOT and MAUME 1974; EHRHARDT and SCHWARTZ 1978). Moreover, its sen
sitivity is not as high as that of the radio enzymatic methods. 

The double-isotope derivative technique (ENGELMAN and PORTNOY 1970) was 
a very interesting innovation, but proved to be extremely laborious and too insen
sitive. A modification of this technique, the radioenzymatic single-isotope deriv
ative method, represented an essential improvement in practicability and sensitiv
ity. The separation of the enzymatically methylated catecholamines was carried 
out by thin layer chromatography (PASSON and PEULER 1973; DA PRADA and 
ZUERCHER 1976; PEULER and JOHNSON 1977; BOSAK et al. 1980) or by high pres
sure liquid chromatography (ENDERT 1979; RATGE et al. 1983). An improved dou
ble-isotope technique for enzymatic assay of catecholamines permitted high pre
cision, sensitivity, and plasma sample capacity (BROWN and JENNER 1981). Dur
ing the last 6 years, liquid chromatography with electrochemical detection has in
creasingly been used for the estimation of the catecholamines in biologic spec
imens (HJEMDAHL et al. 1979; GOLDSTEIN et al. 1981; CAUSON et al. 1983; HAM
MOND and JOHNSTON 1984). At present, this method cannot reach the sensitivity 
of the radio enzymatic procedure. However, after instrumental difficulties have 
been overcome, it may become the method of choice, because it is less laborious 
and needs no radioactive material. 

It might seem surprising that radioimmunoassay, which has found widespread 
application in clinical chemistry and endocrinology during the last 10-15 years, 
has scarcely been used for the determination of catecholamines. A radioimmuno-
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logic approach, using specific antibodies of high avidity, seems on theoretical 
grounds to meet all requirements for the measurement of catecholamines in small 
quantities of plasma. However, no suitable antibodies have yet been produced. 
This chapter surveys experiments on the production of antibodies to the catechol
amines and some of their metabolites. 

B. Radioimmunoassay of Catecholamines and Their Metabolites 

I. Antibodies to Catecholamines 

There is only a small number of papers dealing with the production of antibodies 
to catecholamines. However, the number of scientists who have struggled with 
this problem in vain, without publishing any results, may well be much higher. 

The first report on the development of antibodies against catecholamines orig
inates from SPECTOR et al. (1973). They synthesized an immunogen of dopamine 
by binding f3-(3,4-dimethoxyphenyl)ethylamine (I) to the i-carboxyl group of the 
L-glutamic acid of a copolymer of lysine and glutamic acid and, by subsequent 
treatment with BBr 3' removing the two O-methyl groups of I. After immuniza
tion of rabbits, the authors demonstrated the presence of antibodies by their neu
tralizing capacity on some of the biologic activities of catecholamines. However, 
when unlabeled norepinephrine or epinephrine was incubated with the antibody, 
it became apparent that the determinant group which the antibody recognized 
was the catechol nucleus as it bound the latter as well as dopamine. No details 
were given on the titer of the antiserum, but it can be assumed that it was very 
low, owing to the use of 1ole-Iabeled dopamine with a very low specific activity. 
After this initial success in the production of antibodies to catecholamines, no im
provements were published by these authors. 

VERHOFSTAD et al. (1980) reported on the production of antibodies to epineph
rine and norepinephrine and their applicability in immunohistochemistry. Rab
bits and sheep were injected with immunogens, which were simply synthesized by 
coupling epinephrine or norepinephrine to bovine serum albumin, using formal
dehyde as a coupling reagent. The authors demonstrated that, after appropriate 
fixation, immunohistochemical staining of epinephrine- or norepinephrine-con
taining cells could be effected by their antisera. No detailed characterization of 
the antisera was given with respect to a radioimmunologic application. 

Some years later, GEFFARD et al. (1984a-c) were able to raise antibodies 
against dopamine andp-tyramine in rabbits by dopamine (or p-tyramine) conju
gated to albumin either via formaldehyde or via glutaraldehyde in a similar man
ner to that described by VERHOFSTAD et al. (1980). They also used the two anti
bodies for immunohistochemical studies; it was possible to visualize dopamine 
specifically in glutaraldehyde-fixed rat brains. In addition, GEFFARD et al. inves
tigated the specificity of the antibodies by equilibrium dialysis competition ex
periments, using an immunoreactive tritiated derivative synthesized by coupling 
dopamine or p-tyramine to N-:x-acetyl-L-lysine N-methylamide with glutaralde
hyde. Hence, these radio labeled ligands mimicked the antigenic determinant of 
conjugated immunogens. The anti-dopamine antibodies recognized dopamine~ 
glutaraldehyde, but not p-tyramine~glutaraldehyde; the opposite occurred for the 
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anti-p-tyramine antibodies. The cross-reactivity ratios between the glutaralde
hyde derivatives of dopamine and norepinephrine on the one hand, and the cor
responding derivatives of p-tyramine and 1-(p-hydroxyphenyl)-2-aminoethanol 
(octopamine) on the other hand, were of the same order. This can be explained 
by the same structural difference between dopamine and norepinephrine and be
tween p-tyramine and octopamine: There is a hydroxyl group on the side chain 
of norepinephrine and octopamine. 

The antibody recognition site was markedly concentrated on the ring struc
ture and much less on the linear part of the molecule. Thus, this simple approach 
of GEFFARD et al. is unsuited to obtaining antibodies which can differentiate be
tween epinephrine and norepinephrine. 

The only genuine description of the development of antibodies to catechol
amines which could be used for a radioimmunoassay was given by MIW A et al. 
(1976, 1977, 1978 a, b) and by YOSHIOKA et al. (1978). In a series of papers, they 
reported on the synthesis of antigens of catecholamines as well as on the produc
tion and characterization of antibodies. Preparation of the various antigens is 
schematically represented in Fig.1. 

The amino group of the side chain was tentatively protected by a maleyl group 
to avoid possible cyclization. The coupling of the N-maleyl-haptens to bovine 
serum albumin was carried out by a Mannich reaction. The authors demonstrated 
that the site of attachment to catecholamines in the conjugates was the 6 position 
(ortho to the aminoethyl side chain) and not the 5 position (ortho to the hydroxyl 
group) which is predominant in aminomethylation by the Mannich reaction of 
phenols (MIWA et al. 1978a). The maleyl group was removed before immuniza
tion. 

Antibodies to catecholamines were prepared by immunization of rabbits with 
these conjugates. Separation of bound and free antigen was carried out by use of 
a microfiltration method. The antiserum to L-epinephrine showed a B/Tvalue of 
0.5 at antiserum dilutions of 1: 500-1: 1000. Addition of ascorbic acid (10 mmol/ 
I) as antioxidant in the incubation mixture proved to be necessary. 

o 
Maleic anhydride 

• 

II ",0 
H°lVrCH-CH2-N-C-CH=CH-C;'-O I I 'OH 
HO R, R2 

R, R2 
Epinephrine OH CH] 
Norepinephrine OH H 
Dopamine H H 
BSA Bovine serum albumin 

Fig. I. Preparation of antigens of catecholamines according to MIWA et al. (1976, 1977) 
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The antiserum to epinephrine showed a very high specificity. Only meta
nephrine and synephrine, having the same side chain as epinephrine, had slight 
cross-reactivity (1.25%). Norepinephrine and dopamine showed a cross-reactiv
ity of < 0.1 %. The high specificity of the antisera might be due to the structure 
of the antigens in which all functional groups are left intact. The coupling to the 
carrier protein was carried out by means of an additional methylene bridge. The 
standard curve of epinephrine, obtained by drawing a logit-log plot, showed 
linearity in the range 0.1-10 pmol (20-2000 pg) epinephrine. As can be concluded 
from the sensitivity of this standard curve and from epinephrine concentrations 
in plasma measured radioenzymatically, about 1 ml plasma would be needed for 
a radioimmunologic epinephrine determination. Thus, a radioimmunoassay of 
epinephrine, using this antiserum, would be considerably less sensitive than the 
radioenzymatic single-isotope derivative methods, which allow the simultaneous 
determination of the three catecholamines in only 50 III plasma (DA PRADA and 
ZUERCHER 1976; BOSAK et al. 1980; ENDERT 1979; RATGE et al. 1983). YOSHIOKA 
et al. (1978) developed an antiserum to epinephrine with higher sensitivity 
(0.05 pmol = 10 pg) and specificity, but they have not so far published the use of 
this method in a clinical context, i.e., the measurement of the catecholamines in 
biologic specimens. 

The development of antibodies to the catecholamines has also been intensively 
investigated in the laboratories of the present authors. Various alternatives in the 
synthesis of immunogens were tested: 

1. By analogy with the preparation of antibodies to 3,4-dimethoxyphenylethyl
amine (WISSER et al. 1978) two antigens of dopamine were synthesized (KNOLL 
et al. 1979). The course of synthesis is outlined in Fig. 2. In view of the suscep
tibility to oxidation of the catechol structure, dopamine was reacted with ace
tone to form an isopropylidene derivative. Antigen A was synthesized by cou
pling 3,4-dimethoxyphenylethylamine to the carrier protein by means of suc
cinic anhydride, and subsequent removal of the isopropylidene group by hy
drolysis with diluted hydrochloric acid. Synthesis of antigen B was started by 
introducing the nitro group in ring position 6 of 3.4-dimethoxyphenylethyl-

H)C ,C ..... 0yjrCH2-CH2-NH2 
HJC ..... 'O~N02 

n 

Binding to protein ~ Cleavoge of the isopropylidene group 
ond t - butoxycorbonyl group 

Fig. 2. Preparation of an antigen of dopamine according to KNOLL et al. (1979) 
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amine. Then the amino group of the aliphatic side chain was protected with 
a t-butoxycarbonyl group (t-BOC), followed by reduction of the nitro group 
to the amino group by hydrogen and Raney nickel. Finally, the amino group 
was coupled to the carrier protein and the protecting groups were removed by 
hydrochloric acid. 

2. An antigen of dopamine was prepared according to the method of MIW A et 
al. (1976). 

3. To circumvent the susceptibility to oxidation of the catecholamines, antigens 
were converted to structurally similar compounds lacking the catechol struc
ture. The aim of these experiments was to produce antibodies to these com
pounds and to develop a radioimmunoassay using the cross-reactivity of the 
antibodies to the catecholamines. Three groups of compounds were used for 
this investigation: (a) mono-4-hydroxyphenylethylamines; (b) compounds 
whose 3-hydroxyl groups were replaced by substituents of similar size, e.g., 3-
fluorotyramine; and (c) compounds in which both phenolic hydroxyl groups 
were replaced by substituents of similar size, e.g., 3,4-dichlorophenylethyl
amme. 

Preparation of antigens of the compounds of group 3(b) and 3( c) is exempli
fied by 3,4-dichlorophenylethylamine, as shown in Fig. 3. The hapten was synthe
sized by Tolkachev's method for the synthesis of fj-(3,4-dimethoxy-5-bromophe
nyl)ethylamine (ToLKAcHEv et al. 1964). 3,4-Dichlorobenzaldehyde was reacted 
with nitromethane to result in 3,4-dichloro-w-nitrostyrene which was reduced 
with ZnjHCl. 3-Fluorotyramine was similarly prepared, starting with 3-fluoro-4-
methoxybenzaldehyde. Antigens of both haptens were synthesized by coupling 
the amino group of the side chain to the carrier protein with succinic anhydride. 
3-Fluorotyramine was also conjugated through the ring by the Mannich reac
tion. 

With the exception of the antigens of the monohydroxyphenylethylamines 
(described in Sect. B.II.2), no antibody to catecholamines could be detected after 
attempted immunization with the prepared antigens. Different immunization 

o 
Cl-{jrC~ 
Cl~ H 

CH)- N02 CCll-{jrCH=CH-NOz 
OW/CH)OH" ~ 

---.. -~) 

CCll-{jrCH2-CH2-NH2 _s_u.,.-cc_in-:-ic,--__ 
~ onhydride 

o 0 

Reduction Zn / HCl 

o 
II 

Cl-{jrCH2-CHz-NH-C-CHz-CH2-COzH 

Cl~ ~ 

Binding to protein 

II II 
~~=©rCH2-CHz-NH-C-CH2-CH2-C- NH - Protein 

Fig. 3. Synthesis of an antigen of 3,4-dichlorophenylethylamine according to DIENER et al. 
(1981) 
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schedules and animal species (rabbit, sheep) were used, and tritiated dopamine 
was used as tracer. After immunization with the antigen prepared according to 
MIWA et al. (1976), detectable antibodies were still absent. Various techniques for 
the separation of bound from free hapten were used, such as dextran-coated char
coal, ammonium sulfate precipitation, the protein A method (YING and GUIL
LEMIN 1979), and the microfiltration method of MIW A et al. (1978 b). 

Variation in the pH value of the incubation medium (pH 4.8-7.4) and the in
cubation time (2-120 h) did not improve the results. The antisera were pretreated 
with charcoal to remove any endogenous catecholamines that may have been oc
cupying binding sites, but there was still no significant binding of catecholamines 
after this treatment. One possible explanation for the failure to obtain antibodies 
specific for catecholamines is that the immunogen might become oxidatively de
graded in the tissue after injection. Oxidation of the antigen in the course of syn
thesis could be excluded by the introduction of the protective isopropylidene 
group, by working under a nitrogen atmosphere, and by the presence of an anti
oxidant. 

II. Antibodies to Metabolites of Catecholamines 

In contrast to the failure to raise antibodies to the catecholamines themselves, a 
series of authors have described methods for the production of antibodies to me
tabolites of the catecholamines. The reason for this difference might be the lesser 
susceptibility to oxidation of these compounds in which one or both phenolic hy
droxyl groups are methylated. 

1. 3,4-Dimethoxyphenylethylamine 

VAN VUNAKIS et al. (1969) and RICEBERG and VAN VUNAKIS (1975), as well as 
KNOLL and WISSER (1973), first described the production of antibodies to 3,4-di
methoxyphenylethylamine. Owing to its stability, this compound proved to be 
suitable for investigations of the interdependence of the structure of the antigen 
and the specificity of the antibody. Antigens were prepared by succinylation of 
3,4-dimethoxyphenylethylamine and subsequent coupling to POIY-L-Iysine (RICE
BERG and VAN VUNAKIS 1975), or bovine },-globulin (KNOLL and WISSER 1973). 

Although 125 I-labeled tracer with a very high specific activity was used, the 
antiserum produced by RICEBERG and VAN VUNAKIS (1975) had a titer of only 
1: 50 and the detection level for 3,4-dimethoxyphenylethylamine was 100 pg. Us
ing tritiated 3,4-dimethoxyphenylethylamine as tracer, KNOLL and WISSER (1973) 
obtained an antiserum with a titer of 1: 16400 which allowed the detection of as 
little as 15 pg 3,4-dimethoxyphenylethylamine. As could be expected from the 
structure of the antigens, both antisera had a high specificity for the dimethoxy
phenyl nucleus, whereas structural changes in the ethylamine side chain were not 
so well recognized. Therefore, we synthesized an additional antigen of 3,4-di
methoxyphenylethylamine by introducing an amino group to the benzene ring 
and by linking this group with the carrier protein as demonstrated in Fig. 2 (WIS
SER et al. 1978). Table 1 contains a comparison of the specificities of various an
tisera to 3,4-dimethoxyphenylethylamine. 
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Table 1. Specificity of various antisera to 3,4-dimethoxyphenylethylamine 

Compound Cross-reactivity (%) 

Hapten coupled Hapten coupled Hapten coupled 
via the side via the side through the 
chain (RICEBERG chain (KNOLL ring (KNOLL 

and VAN VUNA- and WISSER and WISSER 
KIS 1975) 1973) 1976) 

3,4-Dimethoxyphenylethylamine 100 100 100 
3,4-Dimethoxybenzyl alcohol 47 0.1 
3,4-Dimethoxycinnamic acid 52 0.1 
3,4-Dimethoxyphenylacetic acid 0.8 15 0.1 
3,4-Dimethoxybenzoic acid 0.9 7.5 0.1 
3,4-Dimethoxybenzylamine 36 
3,4-Dimethoxyaniline 90 
3,4,5-Trimethoxyphenylethylamine 0.9 < 0.1 < 0.8 

(mescaline) 
3,5-Dimethoxyphenylethylamine < 0.1 < 0.1 < 0.1 
4-Methoxyphenylethylamine < 0.1 < 0.1 < 0.1 
4-H ydroxyphenylethylamine < 0.1 < 0.1 < 0.1 

(tyramine) 
3,4-Dihydroxyphenylethylamine < 0.1 < 0.1 

(dopamine) 
Epinephrine < 0.1 < 0.1 
Norepinephrine < 0.1 < 0.1 
Metanephrine < 0.1 < 0.1 < 0.1 
N ormetanephrine < 0.1 < 0.1 < 0.1 
3-Methoxy-4-hydroxybenzoic acid < 0.1 < 0.1 < 0.1 

(vanillic acid) 
3-Methoxy-4-hydroxyphenylacetic < 0.1 < 0.1 

acid (homo vanillic acid) 
3-Methoxy-4-hydroxymandelic acid < 0.1 < 0.1 < 0.1 

(vanillylmandelic acid) 

The higher specificity of the antiserum produced from the hapten bound 
through the ring, is very apparent. This antiserum recognizes structural changes 
not only of ring substituents, but also of the aminoethyl side chain. Thus, the four 
compounds with the 3,4-dimethoxyphenyl structure: 3,4-dimethoxybenzyl alco
hol, 3,4-dimethoxycinnamic acid, 3,4-dimethoxyphenylacetic acid, and 3,4-di
methoxybenzoic acid show cross-reactivities of only 0.1 %. 

A radioimmunoassay for the determination of 3,4-dimethoxyphenylethyl
amine in urine was developed using this antiserum (KNOLL and WISSER 1976). In 
a comparative study, the 3,4-dimethoxyphenylethylamine excretion of healthy 
volunteers, of patients with schizophrenic psychoses, and of psychiatric patients 
without schizophrenia was measured (KNOLL et al. 1978). No significant differ
ences were observed between these three groups. The previous claim by FRIED

HOFF and VAN WINKLE (1962), using insensitive and nonspecific methods, that 3,4-
dimethoxyphenylethylamine is an abnormal metabolite in schizophrenics, was 
thereby clearly refuted. 
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2. 3-0-Methylcatecholamines 

a) 3-0-Methyldopamine (3-Methoxytyramine) 

FARAJ et al. (1977) produced an antiserum to 3-0-Methyldopamine. The synthe
sis of the antigen is shown in Fig. 4. The carboxyl group of p-aminohippuric acid 
was coupled to hemocyanin with the aid of carbodiimide. After diazotizing the 
amino group of the p-aminohippuric acid-hemocyanin conjugate, the latter was 
introduced in position 5 of 3-0-methyldopamine by an azo coupling reaction. 
After immunization of rabbits, an antiserum to 3-0-methyldopamine was ob
tained with a titer of 1: 1000. A concentration of 5 /lgjl (0.5 ngjO.1 ml) of 3-0-
methyldopamine could be detected with this antiserum. Cross-reactivities of 3,4-
dimethoxyphenylethylamine and 3,4-dimethoxy-N-methylphenylethylamine 
were 30% and 15%, respectively. All other tested analogs of 3-0-methyldop
amine had cross-reactivities of less than 0.3%. This antiserum was used to de
velop a radioimmunoassay for the quantitation of 3-0-methyldopamine in urine 
and plasma. The values for 3-0-methyldopamine (3-methoxytyramine) in urine 
(determined by radioimmunoassay) were similar to those obtained with other 
methods. The sensitivity of the radioimmunologic method (detection limit 5 /lgjl) 
allowed direct analysis in urine without prior extraction, but the low levels of 3-
O-methyldopamine in plasma necessitated a preliminary extraction with ethyl 
acetate: 2 ml plasma was usually used for the extraction. F ARAJ et al. (1978) also 
applied this antiserum for the radioimmunologic determination of DOPA and 
dopamine in urine and plasma. This enzyme radioimmunoassay was based on the 

o 
II 
C-NH-CH2-COOH 

¢ + Hemocyanin 

NH2 

+ Carbodiimide 

o 0 
II II ¢"" -,",-' -'" ~ ",mo",""'" 

NH2 

~ 3-0-Methyldopamine 

H)CO 

o 0 HO b CH2-CH2-NH2 

II 11-0- ~ 
HemOcyanin~HN-C-CH2-HN-C~N=N 

Fig.4. Synthesis of an antigen of 3-0-methyldopamine according to F ARAJ et al. (1977) 
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incubation of urine or plasma in the presence of catechol-O-methyltransferase 
(EC 2.1.1.6), aromatic L-amino acid decarboxylase (EC 4.1.1.28), and S
adenosylmethionine to convert dopa and dopamine into 3-0-methyldopamine. 

Their results for the excretion of dopamine in 24-h urine were in agreement 
with those of other workers. However, the determination of endogenous plasma 
levels of dopamine (10 ml blood, deproteinization and alumina separation) re
sulted in values which were approximately four times higher than those obtained 
by other authors (WEISE and KOPIN 1976; BOSAK et aI. 1980) using radioenzymatic 
methods. The sensitivity of the assay was 0.5 ng dopamine per 1.1 ml incubation 
mixture. The results ofFARAJ et aI. (1978) indicated that the average plasma level 
of dopamine was 211 ± 52 ng/I. This is astonishing in that less than 2 ml plasma, 
equivalent to approximately 400 pg dopamine, was used for the assay. Taking 
into consideration the detection limit of 500 pg, it must be seriously questioned 
whether dopamine plasma levels of healthy normal volunteers could be measured 
with this assay. In a recent paper (F ARAJ et al. 1981), this method was applied to 
the determination of the excretion of DOPA, dopamine, and 3-0-methyldo
pamine in patients with melanoma. However, fluorometric methods also proved 
adequate for this investigation with regard to both specificity and sensitivity. 

b) 3-0-Methylnorepinephrine (N ormetanephrine) 

PESKAR et aI. (1972) described the production of antibodies to 3-0-methylnorepi
nephrine (normetanephrine). In a one-step reaction, they linked the amino group 
of normetanephrine to the amino groups of the carrier macromolecules poly 
(Tyr4°Glu60), using glutaraldehyde. KNOLL et aI. (1979) and DIENER et al. (1981) 
also developed antibodies to normetanephrine using a similar technique. They used 
the succinyl group to couple normetanephrine to bovine y-globulin. A compari
son between the specificities of two antisera to normetanephrine can be seen in 
Table 2. Specificity, especially of antiserum I, was predictable from the antigen 
structure; i.e., a high specificity for ring substituents. N-Methylnormetanephrine 
(metanephrine), on the other hand, had a higher affinity to the antibody than nor-

Table 2. Specificity of two antisera to normetanephrine. 
Antiserum I according to PESKAR et al. (1972); antiserum II 
according to KNOLL et al. (1979) 

Compound 

Normetanephrine 
Metanephrine 
3-Methoxytyramine 
3-Methoxy-4-hydroxy-

phenylglycol 
Norepinephrine 
Epinephrine 
Dopamine 
Vanillylmandelic acid 
Homovanillic acid 

Cross-reactivity (%) 

Antiserum I Antiserum II 

100 
120 
65.5 
15 

< 7 

< 7 

100 
153 

0.6 

< 0.1 
< 0.1 
< 0.1 
< 0.1 
< 0.1 
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HO 

H)C- HN-H2C-Ht-Q-0H +H20 

CH2-NH-Protein Fig. 5. Mannich reaction with synephrine 

metanephrine. This is an expression of the greater structural similarity of nor
metanephrine to the immunogen of normetanephrine. Additionally, antiserum II 
had a high specificity for the side chain, i.e., less cross-reactivity to 3-methoxyty
ramine (0.6%), which has the same ring substituents as normetanephrine, but 
lacks the hydroxyl group of the side chain. 

c) 3-0-Methylepinephrine (Metanephrine) 

GROTA and BROWN (1976) were the first to produce antibodies to 3-0-methylepi
nephrine (metanephrine). For the preparation of the antigen they used the corre
sponding monohydroxyphenylethylamine, synephrine. This compound was con
jugated to bovine serum albumin by the formaldehyde condensation Mannich 
reaction (Fig. 5). 

This principle was first applied by these authors to couple the indoles, seroto
nin and melatonin, to a carrier protein (GROTA and BROWN 1974). Synephrine, 
containing a phenolic hydroxyl group, was attached to the carrier by means of 
a methylene bridge artha to the phenolic hydroxyl substituent. After immuniza
tion of rabbits with this antigen, the authors were able to detect antibodies whose 
specificity and sensitivity were investigated utilizing 3H-labeled metanephrine as 
tracer. An antibody dilution of 1: 1000 bound approximately 34% of the tracer. 
The standard curve for metanephrine indicated a minimum sensitivity of 0.1-
0.5 pmol (20-100 pg). Subsequently, several workers reported the production of 
antibodies by the technique of GROTA and BROWN (1976). LAM et al. (1977) de
veloped a radioimmunoassay for the measurement of free and conjugated meta
nephrine in urine with 3H-labeled metanephrine as tracer. The antiserum was pro
duced by immunization of rabbits with a synephrine-bovine serum albumin con
jugate (GROTA and BROWN 1976). Using this antiserum, LAM et al. (1977) devel
oped a specific radioimmunoassay which allowed urine samples to be measured 
directly. The detection limit of the assay was 40 pg metanephrine. 

Human amniotic fluid was also investigated for free metanephrine. After 30 
weeks' gestation, there was a positive correlation of free metanephrine concentra
tions in amniotic fluid with gestational age (ARTAL et al. 1979). RAUM and 
SWERDLOFF (1977, 1981 a) utilized a synephrine antiserum which had been pre
pared in the same way, but involving an 1251 ligand. Specificity and sensitivity of 
their urinary metanephrine radioimmunoassay were comparable to the assay of 
LAM et al. (1977). Therefore, it is peculiar that the values of the metanephrine ex
cretion of normal volunteers reported by RAUM and SWERDLOFF (1981 a) are three 
times higher than those reported by LAM et al. (1977). Aside from this discrep
ancy, both methods had the disadvantage that only metanephrine, not normeta-
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nephrine, could be measured. RAUM and SWERDLOFF (1981 b) and RAUM (1984) 
described a radioimmunoassay for epinephrine and norepinephrine in tissues and 
plasma. Tracer and anti-metanephrine antiserum were identical with those of the 
method of RAUM and SWERDLOFF (1981 a). However, by analogy to the DOPA 
and dopamine assay of FA RAJ et al. (1978, 1981), epinephrine and norepinephrine 
had to be converted to metanephrine with the enzymes catechol-O-methyltrans
ferase and phenylethanolamine-N-methyltransferase prior to the radioimmu
noassay. The specified plasma volume for one measurement of the two catechol
amines is incomprehensible. The authors speak of "less than 500 III of normal hu
man plasma" for their radioimmunoassay, but for the alumina extraction of the 
deproteinized plasma (30 11160% HCI04 per milliliter plasma) they need 1-3 ml 
perchloric acid-extracted plasma. In comparison, only 50 III plasma is sufficient 
for a simultaneous measurement of epinephrine, norepinephrine, and dopamine 
with the radio enzymatic assay. The standard curves of epinephrine and norepi
nephrine had fairly gentle slopes which might contribute to the high coefficients 
of variation both within and between assays (up to 36.4% for norepinephrine and 
33.4% for epinephrine at 80% B/BO). The statement of the authors that 100-200 
samples could easily be processed per day by the radioimmunoassay seems to be 
too optimistic. In our opinion, taking all the data into consideration, the radioim
munoassay is no alternative to the radio enzymatic assay which represents the 
present state of the art in the measurement of catecholamines. 

KNOLL et al. (1979) and DIENER et al. (1981) also produced antibodies to meta
nephrine following the procedure of GROTA and BROWN (1976). The aim of this 
study was to develop a radioimmunoassay for epinephrine utilizing the cross
reaction of the metanephrine antiserum to epinephrine. An antiserum with a titer 
of 1: 13000 was obtained using 3H-Iabeled metanephrine as tracer. Table 3 repre
sents a comparison of the specificities of various antisera to metanephrine. 

Table 3. Specificity of three antisera to metanephrine 

Compound 

Metanephrine 
Synephrine 
Epinephrine 
N ormetanephrine 
Norepinephrine 
3-Methoxytyramine 
p-Tyramine 
Dopamine 
Octopamine 
Vanillylmandelic acid 

Cross-reactivity (%) 

Antiserum I 
GROTA and 
BROWN 1976) 

nephrine 3H 

800 
100 
60 
0.08 
0.01 

0.08 

< 
< 
< 

< 

< 

Antiserum II 
(KNOLL et al. 1979; 
DIENER et al. 1981) 

Tracer: meta
nephrine 3H 

78.6 
100 

2.0 
0.2 
0.2 
0.2 

0.2 

0.2 

< 
< 
< 
< 
< 
< 
< 

Tracer: meta
nephrine 3H 

250 
360 
100 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

Antiserum III 
(RAUM and 
SWERDLOFF 
1981 b) 

Tracer: 3-iodo
synephrine 1251 

100 
20 
12.8 
4.8 x 10- 3 

9.7 X 10- 4 

10- 5 

10- 5 

10- 5 

10- 5 

10- 5 
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Antiserum I and III show very similar specificities. Both antisera have a higher 
affinity to metanephrine than to synephrine. The reason for this is that meta
nephrine resembles the structure of the immunogen more closely than that of 
synephrine. Epinephrine, having a 3-hydroxy group instead of a 3-methoxy 
group, shows 60% cross-reactivity (compared with synephrine) with both anti
sera. Antiserum II, with 3H-labeled metanephrine as tracer, shows different be
havior. Metanephrine has a cross-reactivity of78.6%1 (synephrine taken as 100%) 
and in epinephrine cross-reactivity is reduced to 2%. If additional alterations are 
made to the side chain, as in normetanephrine and 3-methoxytyramine, the cross
reactivity decreases strongly in all antisera. Antiserum II was also investigated, 
using 3H-Iabeled epinephrine as tracer, to test the possibility of a radioimmunoas
say for epinephrine. However, the sensitivity of the antiserum was not sufficient 
for a promising application. 

GRaTA and BROWN (1976) and later on DIENER et al. (1981) applied the form
aldehyde condensation reaction to tyramine and octopamine, the mono hydroxy 
derivatives of dopamine and norepinephrine. Only the antiserum raised against 
the tyramine conjugates had a titer which was high enough for further character
ization. Both antisera showed a specificity which was similar to that of the 
synephrine conjugates outlined in Table 3. 

3. 3-Methoxy-4-hydroxyphenylethyleneglycol 

KEETON et al. (1978, 1981) produced antibodies to 3-methoxy-4-hydroxyphenyl
ethyleneglycol, the major terminal metabolite of norepinephrine in the central 
nervous system of humans and rats. In order to obtain a derivative of3-methoxy-
4-hydroxyphenylethyleneglycol that possessed a free carboxyl group, 6-bromo
hexanoic acid was reacted with 3-methoxy-4-hydroxyphenylethyleneglycol to 
form 3-methoxy-4-(5-carboxypentoxy)phenylethyleneglycol (Fig. 6). 

H2C-HClQr0-CH3 
I I 

HO HO ~o O-CHz -CHz-CHz- CHz-CHz- C 
'OH 

Fig. 6. Structural formula of 3-
methoxy-4-(5-carboxypentoxy) 
phenylethyleneglycol 

After immunization of rabbits with the thyroglobulin conjugate of the 3-
methoxy-4-hydroxyphenylethyleneglycol derivative, antibodies to 3-methoxy-4-
hydroxyphenylethyleneglycol could be raised and characterized using 3H-labeled 
3-methoxy-4-hydroxyphenylethyleneglycol as tracer. The specificity of the anti
serum was very high. In spite of the low final dilution of the antiserum (1 : 180), 
a radioimmunoassay for 3-methoxy-4-hydroxyphenylethyleneglycol in brain tis
sue was developed. The sensitivity of the assay was sufficient to determine 3-meth
oxy-4-hydroxyphenylethyleneglycol in discrete brain regions. Comparison of the 
values for the total 3-methoxy-4-hydroxyphenylethyleneglycol concentration of 
different brain regions of rats determined by radioimmunoassay and by gas chro
matography-mass spectrometry showed good agreement of the two methods. 
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c. Summary 

This chapter describes experiments to produce antibodies to the catecholamines 
and some catecholamine metabolites with the intention of developing radioim
munologic methods. First, attempts to produce antibodies to the catecholamines 
themselves are described. In the course of synthesis of immunogens of catechol
amines it is necessary to exercise special care, e.g., the introduction of protecting 
groups, owing to the great susceptibility of the catechol structure to oxidation. 
Despite many efforts, only one working group (MIWA et al. 1976, 1977, 1978 a, b) 
has reported the successful production of antibodies to catecholamines, but they 
did not develop a radioimmunoassay. In contrast, antibodies to some metabolites 
of the catecholamines, such as 3,4-dimethoxyphenylethylamine, the 3-0-methyl
ated catecholamines (normetanephrine, metanephrine, and 3-methoxytyramine), 
as well as 3-methoxy-4-hydroxyphenylethyleneglycol, could be produced whose 
avidity and specificity were high enough to permit the development of sensitive 
radioimmunoassays. 
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CHAPTER 18 

Radioimmunoassay of Prostaglandins 
and Other Cyclooxygenase Products 
of Arachidonate Metabolism 
B. A. PESKAR, TH. SIMMET, and B. M. PESKAR 

A. Introduction 
Since the first description of radioimmunoassays for prostaglandins (PG) of the 
E (LEVINE and VAN VUNAKIS 1970; JAFFE et al. 1971), B (LEVINE et al. 1971), A 
(JAFFE et al. 1971), and F series (LEVINE and VAN VUNAKIS 1970; CALDWELL et al. 
1971; LEVINE et al. 1971), immunologic methods have been extensively used for 
quantitative determination of PG and related compounds. The first critical com
parative evaluation of radioimmunoassays for the determination of PG in bio
logic material was reported by SAMUELSSON et al. (1973). Seven laboratories had 
analyzed four human plasma samples containing different amounts of PGF2a" 
Large variations in the results were observed for all four samples. No obvious ex
planation could be given for the large differences between the radioimmunoassay 
results obtained by some of the laboratories. Furthermore, a considerable dis
crepancy was observed between the measured basal plasma levels of PGF 2~ and 
those expected on the basis of production rate. The lowest basal value reported 
in this study was obtained by gas chromatography-mass spectrometry (GC-MS). 
From these results, it had been concluded that radioimmunoassay results are less 
reliable than data obtained by GC-MS. It should be pointed out, however, that 
a similar study comparing results obtained in different laboratories by GC-MS 
has not been published. Since then, considerable efforts have been made to im
prove the validity of PG radioimmunoassay results by clearly defining validation 
criteria (see Sects. D and E). 

B. Biosynthesis and Metabolism of Prostaglandins 
and Thromboxanes 
The cyclooxygenase products of arachidonic acid metabolism comprise a family 
of closely related compounds. These are illustrated in Fig. 1. The primary prod
ucts of arachidonic acid metabolism formed via the enzyme fatty acid cyclooxy
genase are the PG endoperoxides PGG2 and PGH2. These can be converted en
zymatically or nonenzymatically to PGE2, PGD2, and PGF 2a" In various organs 
and cells, the PG endoperoxides are metabolized to thromboxane A2 (TXA2) 

(HAMBERG et al. 1975) or PGI2 (MONCADA et al. 1976). The chemically labile 
TXA2 and PGIz are rapidly converted to the stable, biologically inactive degra
dation products TXB2 and 6-keto-PGF1~' respectively (Fig. 1). The enzyme TX
synthetase metabolizes PG endoperoxides not only to TXA2, but also to 12-L-hy-
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Fig. I. Metabolism of arachidonic acid via the cyclooxygenase pathway 

droxy-5,8,10-heptadecatrienoic acid (HHT) and malondialdehyde (HAMMAR
STROM 1982). From the fact that both compounds lack groups with predictable 
immunodominance one can assume that the production of specific antibodies is 
either impossible or at least extremely difficult (GRANSTROM and KINDAHL 1978). 
In fact, while radioimmunoassays for all other stable products of arachidonic acid 
metabolism have been developed, immunoassays for HHT or malondialdehyde 
have never been described. The number of closely related compounds occurring 
in biologic material is further increased by the fact that, besides arachidonic acid, 
other polyunsaturated fatty acids such as dihomo-y-linolenic acid and 
5,8,11,14,17-eicosapentaenoic acid are also substrates for the enzyme fatty acid 
cyclooxygenase, resulting in the formation of PG of the 1 series, like PGE1 and 
PGF 1tx and PG of the 3 series, like PGI3 • 

PGE2 and PGF 21X are inactivated (Fig. 2) by the enzymes 15-hydroxy-PG-de
hydrogenase and PG-L1 13-reductase (SAMUELSSON et al. 1975). These enzymes are 
widely distributed in the bodies of animals and humans (ANGGARn 1971; SA
MUELSSON et al. 1975) with an especially high activity in lung tissue. The pulmo
nary enzymes are mainly responsible for the short half-life of E- and F-type PG 
in the circulation, with more than 90% inactivation during one single passage 
through the lung (FERREIRA and VANE 1967). The biologically inactive 15-keto-
13,14-dihydro metabolites ofPG have a longer half-life (about 8-10 min) in the 
circulation than the primary PG (SAMUELSSON et al. 1975; BOTHWELL et al. 1982). 
Consequently, their plasma levels reflect PG biosynthesis more accurately than 
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levels of primary PG. Determination of 15-keto-13,14-dihydro metabolites of PG 
in blood has been considered a useful method for the quantification of arachi
donic acid metabolism in vivo (SAMUELSSON et al. 1975). The 15-keto-13,14-dihy
dro-PG are further metabolized by fJ- and w-oxidation (SAMUELSSON et al. 1975). 
These compounds have a much longer half-life (of the order of several hours) in 
the circulation than the 15-keto-13,14-dihydro metabolites ofPG (GRANSTROM et 
al. 1982; GRANSTROM and KINDAHL 1982) and are finally excreted in the urine (SA
MUELSSON et al. 1975). Determination of the urinary metabolites in plasma is par
ticularly advantageous if blood samples cannot be collected in short intervals. 
Quantitative determination of 15-keto-13,14-dihydro metabolites ofPG and their 
main urinary metabolites in plasma has the additional advantage that these com
pounds, contrary to primary PG and TX, are not formed as artifacts during blood 
sampling. 

Exogenous TXB2 , PGI 2 , and 6-keto-PGF la have also been shown to be me
tabolized via the 15-hydroxy-PG-dehydrogenase-PG-,113-reductase pathway 
(ROBERTS et al. 1978, 1981; ROSENKRANZ et al. 1980; BRASH et al. 1983 a). How
ever, with exogenous substrates, ketodihydro metabolites comprise only a minor 
portion of the total metabolites formed. The metabolism of endogenous PGI2 

and TXA2 might, however, differ from that of exogenous substrates and deserves 
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further investigation. Major urinary metabolites of exogenous TXB2 and PGI 2 
are 2,3-dinor-TXB2 and 2,3-dinor-6-keto-PGF k MS assays for these com
pounds have been used as an index of in vivo production of TXB2 and PGI2, re
spectively (ROBERTS et al. 1981; OATES et al. 1981; BRASH et al. 1983a). The dinor 
metabolites differ from the parent compounds only in the length of the carboxyl 
side chain. Development of highly specific radioimmunoassays for these metab
olites seems, therefore, to be very difficult. Only recently, PA TRONO et al. (1985) 
have developed an assay for urinary 2,3-dinor-TXB2. However, the relative cross
reaction of un metabolized TXB2 was 51 %. 

From Figs. 1 and 2, it becomes evident that assay specificity is a major require
ment for any method used for quantitative PG and TX determination. The 
methods employed should recognize even slight differences in the ring structure 
and the side chain configuration of the prostanoid molecule. Furthermore, con
centrations of prostanoids in tissues and body fluids are generally very low. Ad
ditional important requirements for assay methods used to measure these com
pounds in biologic material are, therefore, high sensitivity with detection limits 
in the low picogram range as well as high precision and accuracy. 

C. Development of Radioimmunoassays for Prostaglandins 
and Thromboxanes 

I. Preparation of Immunogens 

Since PG and related compounds are small molecules that are not immunogenic 
by themselves, they have to be coupled to macromolecular carriers in order to 
elicit an immune response. Although PG have several reactive groups, which 
could be used for coupling procedures, PG immunogens have been synthesized 
exclusively by chemical reactions with the single carboxyl group. The advantage 
of this method is that the ring structure and the 15-hydroxyl group remain unaf
fected and thus retain their immunodominance. Three methods have been mainly 
used to couple the carboxyl group of prostanoids to amino groups of a protein 
carrier, usually bovine serum albumin. A simple and very effective method is the 
use of water-soluble carbodiimides (GOODFRIEND et al. 1964). In fact, most 
authors seem to have used these coupling reagents, particularly 1-ethyl-3-(3-di
methylaminopropyl)carbodiimide, for the synthesis ofprostanoid-protein conju
gates. The only disadvantage of this method is dehydration, which easily occurs 
in the presence of carbodiimides. Such dehydration seems to be responsible for 
the production of anti-PGA2 and anti-PG B2 antibodies after immunization with 
PGE2-protein conjugates prepared by the use of carbodiimides (LEVINE et al. 
1971; JOBKE et al. 1973; GRANSTROM and KINDAHL 1978). Similarly, dehydration 
of 15-keto-13,14-dihydro-PGE2 was observed when 1-ethyl-3-(3-dimethylamino
propyl)carbodiimide was the coupling reagent for synthesis of the immunogen 
(PESKAR et al. 1974). Another method for the preparation of prostanoid-protein 
conjugates is the use of N,N -carbonyldiimidazole for the coupling reaction 
(AXEN 1974). This method has been successfully applied for the preparation ofim
munogens for the production of antibodies against TXB2 (GRANSTROM et al. 
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1976b; ANHuTet al. 1977) and PGD 2 (ANHuTet al. 1978c). N,N'-Carbonyldiim
idazole is a milder coupling reagent than the carbodiimides and dehydration of 
PGE2 to PGA2 was not observed (AXEN 1974). A further method for coupling 
prostanoids to proteins, which is, however, only rarely used, is the mixed anhy
dride method (ERLANGER 1973). This method requires an incubation step at alka
line pH and is, therefore, not suitable for PG and related compounds which are 
not stable under such conditions (LANGE and PESKAR 1984). 

As to macromolecular carriers, bovine serum albumin is the most widely used 
backbone molecule. However, some authors have observed a more specific im
mune response with thyroglobulin (RAZ et al. 1975). LEVINE and VAN VUNAKIS 
(1970) have used polY-L-lysine as a synthetic polypeptide carrier. This molecule 
has the theoretical advantage of containing many free amino groups which could 
be bound covalently to the carboxyl group ofprostanoids. However, no superior 
immune response seems to have been obtained with this type of conjugate. 

Only a few authors have calculated the molar ratio of hapten to carrier of the 
immunogenic prostanoid conjugates. Successful immunizations have been de
scribed for conjugates with molar ratios as low as 1.5: 1 (JAFFE et al. 1971) and 
as high as 40: 1 (DRAY et al. 1972). For prostanoids, the optimal number of 
hapten molecules coupled to one carrier molecule has never been determined. The 
work of LANDSTEINER (1945) has demonstrated that conjugation of too many or 
too few hapten molecules to one carrier molecule may result in a suboptimal anti
hapten immune response. 

II. Immunization 

For immunization, usually rabbits, rarely guinea pigs or goats, are used. Inocu
lation with the immunogen is routinely done by subcutaneous injection, in either 
the back or the footpads. The latter method is painful for the animals, and, there
fore, many scientists prefer injection in the back. Immunization by other routes 
such as intravenous or intramuscular injection is only rarely performed (GRAN
STROM and KINDAHL 1978). For maximal immune response, the hapten--carrier 
conjugate is dissolved in distilled water and emulsified with complete Freund's 
adjuvant. Injections are repeated at intervals which should be long enough (sev
eral weeks to months) to avoid the induction of tolerance. Blood should be taken 
1-2 weeks after booster injections. During blood collection, it is advisable to in
hibit generation of endogenous eicosanoids, which could occupy antibody-bind
ing sites. Therefore, the blood is collected into a mixture of a cyc\ooxygenase in
hibitor such as aspirin or indomethacin with an anticoagulant such as ETDA. 
Then the anti plasma is separated from blood cells by immediate centrifugation 
at 4°C. 

III. Labeled Ligands 

Tritium-labeled PG, PG metabolites, and TXB2 of sufficiently high specific activ
ity for use in sensitive radioimmunoassays are commercially available. Other la
beled ligands can be prepared from the corresponding labeled precursor by 
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chemical or biosynthetic methods. A convenient method for preparing tritium
labeled methyl esters of eicosanoids is methylation with eH]methyl iodide 
(MOONEN et al. 1985). Furthermore, tritium-labeled amino acid conjugates of PG 
and TX have been employed in radioimmunoassays (SAUTEBIN et al. 1985; PA
TRONO et al. 1985). Tritiated urinary metabolites ofPG can be extracted from the 
urine of various species after intravenous injection of tritiated PG (GRANSTROM 
and KINDAHL 1978). In order to obtain radioactive tracers with very high specific 
activities, biosynthesis of endogenous PG should be suppressed by the adminis
tration of a cyclooxygenase inhibitor such as aspirin or indomethacin. Stable tri
tiated degradation products of 15-keto-t3,14-dihydro-PGE2 and PGD2 can be 
prepared by in vitro incubation of the parent compounds at alkaline pH (BoTH
WELL et al. 1982; LANGE and PESKAR 1984). Labeled ligands with even higher spe
cific activity can be prepared by iodination with '251. For this purpose, the pros
tanoid has to be coupled covalently to histamine or tyramine. These conjugates 
can be iodinated, e.g., by the chloramine-T method (GREENWOOD et al. 1963). 
This approach has been used by MACLOUF et al. (1976) and SORS et al. (t 977) for 
the preparation of labeled ligands with very high specific activity for radioimmu
no assays of PGE" PGE2 , PGF2a, and 15-keto-t3,14-dihydro-PGFla' Similarly, 
iodinated ligands for radioimmunoassays of TXB2 (SORS et al. 1978; KOH et al. 
1978) and 15-keto-t3,14-dihydro-TXB2 (PESKAR and HOLLAND 1979) have been 
synthesized. OHKI et al. (1974) prepared iodinated ligands for radioimmunoas
says of PGF 2a and its main urinary metabolite using conjugates of these com
pounds with tyrosine methylester amide. Some authors (LEVINE and VAN VUNAKIS 
1970; ANHUT et al. 1978 b) have used polyvalent iodinated tracers. In these experi
ments, the advantage of the high specific activity of iodinated tracers is balanced 
by the fact that several hapten molecules are linked to one iodinated carrier mol
ecule, e.g., bovine serum albumin. As a consequence, radioimmunoassays using 
such labeled ligands are relatively insensitive (LEVINE and VAN VUNAKIS 1970; VAN 
VUNAKIS et al. 1972: ANHUT et al. 1978b). Nevertheless. such assays have been 
successfully used to determine haptens like prostanoids in biologic material. 

Chemical identity of the radioactive ligand and the compound to be measured 
is not essential for a valid radioimmunoassay (Y ALOW 1973 a; GRANSTROM and 
KINDAHL 1978). Thus, heterologous tracers have often been used in prostanoid 
radioimmunoassays (GRANSTROM and KINDAHL 1978), especially when homolo
gous tracers were not available and the use of a heterologous tracer did not 
seriously limit the sensitivity and specificity of the assay. 

More recent developments in the field ofprostanoid immunoassays are the use 
of chemiluminescence (WEERASEKERA et al. 1983; LANGE et al. 1985) and enzyme 
tracers (HAYASHI et al. 1981, 1983; YANO et al. 1981; YAMAMOTO et al. 1983; 
SAWADA et al. 1985; PRADELLES et al. 1985). These assays have the advantage of 
avoiding the use of radioactive material. Furthermore. such assays are often con
siderably more sensitive than conventional radioimmunoassays (LANGE et al. 
1985). An excellent review on chemiluminescence and bioluminescence immu
noassays has recently been published (KOHEN et al. 1985). 
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IV. Separation of Antibody-Bound and Free Fractions of Ligands 

Numerous methods for separation of the antibody-bound and free fractions of 
ligands have been described for various radioimmunoassays (YALOw 1973 a, b). 
In the PG field, the method most frequently used is adsorption of the free ligand 
fraction by charcoal, either coated with dextran (HERBERT et al. 1965) or uncoated 
(PALMIERI et al. 1971). These methods, although technically simple, may easily 
lead to erroneous results. Especially for the analysis of protein-rich samples, the 
charcoal method may be unsuitable. A more generally applicable method for the 
separation of antibody-bound and free fractions ofligands is the double-antibody 
method (MORGAN and LAZAROW 1962; HALES and RANDLE 1963). This method 
has the advantage that it can be adjusted to work satisfactorily even in the pres
ence of higher concentrations of proteins, although the protein content should 
not differ between the samples analyzed. The method is, however, influenced by 
nonspecific factors such as the presence or absence of EDT A or various cations. 
Furthermore, one has to consider that the low dilutions of the second antiserum, 
usually necessary for complete precipitation, might contain significant amounts 
of PG and TXB2 which interfere specifically with the radioimmunoassays. In 
order to avoid this problem, one should use dialyzed samples of the second anti
serum or antiplasma that was obtained in the presence of a cyclooxygenase inhibi
tor. A further method to separate free and antibody-bound fractions of the li
gand, often used for the radioimmunologic analysis of cyclooxygenase products 
of arachidonate metabolism in plasma or serum, is precipitation of the immuno
globulin fraction of the antiserum by polyethyleneglycol (DESBUQUOIS and AUR
BACH 1971; VAN ORDEN and FARLEY 1973; GRANSTROM et al. 1976b; BOTHWELL 
et al. 1982). An additional method is the use of nitrocellulose membranes, which 
adsorb proteins such as the antibody molecules (GERSHMAN et al. 1972). Further
more, gel filtration separation of antibody-bound and free antigen has been de
scribed for a radioimmunoassay of PGF 2a (DEHENY et al. 1981). Solid-phase im
munoassays have only rarely been developed for PG and related compounds 
(DIGHE et al. 1975; FITZPATRICK and WYNALDA 1976). LEVINE et al. (1979) have 
used immobilized ligands and protein A 1251 for the immunoassay of various PG 
and TXB2 . In this procedure, the iodinated protein A binds specifically to the Fc 
region of rabbit IgG without inhibiting the ability of the rabbit antibody to bind 
antigen. Antibody-coated polystyrene tubes have been used in chemilumi
nescence immunoassays for 15-keto-13,14-dihydro-PGE2 and a stable degrada
tion product of PGD2 (LANGE et al. 1985). 

D. Validation of Radioimmunoassays 
for Cyclooxygenase Products of Arachidonic Acid Metabolism 
A minimum requirement for a valid radioimmunoassay is parallelism between 
standards and unknowns determined at various dilutions (Y ALOW 1973 a, b). 
However, although necessary, fulfillment of just this requirement is not a suffi
cient validation of the radioimmunoassay (Y ALOW 1973 a, b). Parallelism of the 
dilution curves demonstrates that the antibody used cannot discriminate between 
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the immunoreactivity of standards and unknowns. This does not completely ex
clude the possibility that the immunoreactive material in biologic samples is het
erogeneous (CrABATTONI et al. 1979). Further validation criteria for radioimmu
noassays of low molecular weight compounds like cyclic nucleotides or PG have 
been defined by LANDS et a1. (1976). Thus, particularly in the early stages of the 
development of such radioimmunoassays, the validity of data obtained should be 
tested by the use of independent assay methods like bioassay or combined GC
MS. A similar method, which is, however, less reliable, is the use of several anti
sera with different specificities (CrABATTONI et al. 1979). A valid radioimmunoas
say procedure should give identical results for biologic samples. The accuracy of 
a radioimmunoassay has to be tested by the addition of various amounts of ex
ogenous standard compound to the biologic sample, which should produce the 
expected increment in inhibition of binding of label to the antibody. The endog
enous level of the compound measured in the biologic material should then be 
represented by the intercept of the y-axis and the regression line. An important 
further requirement for the validity of radioimmunoassay results is that the im
munoreactivity found in biologic material cochromatographs with the corre
sponding standard compound, preferably in several solvent systems. For PG and 
TX, such experiments have usually been performed using thin layer chromatog
raphy (ANHUT et a1. 1978a; SALMON 1978; CrABATTONI et a1. 1979; PATRONO et 
a1. 1982). More recently, high pressure liquid chromatography has been used to 
separate the compound to be measured from related compounds, which could in
terfere in the radioimmunoassay (LEVINE and ALAM 1979; ALAM et al. 1979). Such 
a procedure might be particularly important if small amounts of a PG are mea
sured in the presence of much larger amounts of closely related compounds. A 
typical example is the effect of a TX-synthetase inhibitor on the generation of 6-
keto-PGF 1~ by whole blood during clotting (PEDERSEN et a1. 1983: CERLETTI et al. 
1984). An additional validation, which is only rarely used in the PG field, is the 
decrease in immunoreactivity upon addition of an enzyme capable of destroying 
the compound to be measured (LANDS et al. 1976). Such a procedure has been 
used for PGF12 found in serum and metabolized by 15-hydroxy-PG-dehydroge
nase (KIRTON et a1. 1972). The most important prerequisite for a valid radioim
munoassay is, however, identical physicochemical composition such as pH, tem
perature, and ionic strength of buffer in standard and unknown samples (Y ALOW 
1973a,b). 

E. Factors that Affect the Validity of Prostaglandin 
and Thromboxane Radioimmunoassay Results 

I. Extraction and Purification Procedures 

Only rarely are the concentrations of PG and TX in biologic material sufficiently 
high to be measured correctly at various dilutions by radioimmunoassay. Ex
amples are the determination of TXB1 in serum after clotting (PATRONO et a1. 
1980) or the levels of the main metabolite of PG F l~' 5::x,7::x-dihydroxy-11-ketote
tranorprosta-1 ,16-dioic acid, in urine (OHKI et a1. 1975, 1976; GRANSTROM and 
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KINDAHL 1976). On the other hand, for determination of the primary PGE2 and 
PGF 2a, human urine samples have to be extracted at acidic pH before radioim
munologic analysis (SCHERER et al. 1978; CrABATTONI et al. 1979). Extractions are 
performed in order to concentrate the compounds to be measured and to remove 
nonspecifically interfering substances present in urine. The same reasons are valid 
for the extraction of PG from gastric juice (PESKAR et al. 1974). For extraction, 
several organic solvents have been used. While chloroform and diethyl ether are 
suitable for the extraction of the less polar PG of the A and E series, ethyl acetate 
is more suitable for the extraction of PG of the F series (GRANSTROM and KIN
DAHL 1978). For the determination of recovery rates, tritium-labeled PGs are 
added and carried through the procedure. An aliquot of each sample of extract 
has then to be used for quantification of radioactivity (JAFFE et al. 1973). It is im
portant to note, however, that extraction of PG and related compounds into or
ganic solvents not only removes material which might interfere in radioimmu
noassays, but also introduces new sources of error. Thus, residues of organic sol
vents have been shown to affect the antigen-antibody binding reaction nonspe
cifically. It has been suggested that addition of excess rabbit immunoglobulin 
could prevent this undesirable effect (LEYENDECKER et al. 1972). However, usually 
the solvent residue effect is not completely abolished by addition of immunoglob
ulin. Further problems arise if the extract is not washed and therefore contains 
traces of acid. The acid is concentrated during evaporation of the organic solvent 
and can affect both the stability of PGs such as those of the E series and the 
antigen-antibody binding reaction. The rapid dehydration ofPGE during extrac
tion from human plasma had resulted in the assumption that significant concen
trations ofPGA occur in the circulation (for review see GRANSTROM and KINDAHL 
1978). Finally, one has to remember that extraction into organic solvents at acidic 
pH is not specific for PG. In this context, arachidonic acid may present a partic
ular problem. While in biologic material like plasma arachidonic acid is bound 
to proteins such as albumin, and, therefore, its interference in radioimmunoas
says for PG is low or absent, free arachidonic acid after extraction can interfere 
to a much greater extent. This interference can be so marked that radioimmu
noassay of extracted prostanoids may be impossible and a further separation step 
to eliminate arachidonic acid has to be introduced. In view of this complication, 
radioimmunoassay of prostanoids in unextracted plasma has been favored by a 
number of authors (PATRONO 1973; GRANSTROM and KINDAHL 1978; PESKAR et 
al. 1979; MORRIS et al. 1981; STRICKLAND et al. 1982). Alternatively, extraction 
followed by group separation ofPG and related compounds by column chroma
tography, e.g., on silicic acid (JAFFE et al. 1973) or by celite partition chromatog
raphy (MELDRUM and ABRAHAM 1976) have been used. Other purification and 
separation methods employ ion exchange resins (FRETLAND 1974), Sephadex LH-
20 (CHRISTENSEN and LEYSSAC 1976), Sephadex G-25 (THOMAS et al. 1978), acid
washed florisil (BANSCHBACH and LOVE 1979), or high pressure liquid chromatog
raphy (LEVINE and ALAM 1979; ALAM et al. 1979). 
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II. The Blank Problem 

If an extraction step precedes radioimmunologic prostanoid analysis, the prepa
ration of correct procedure blank samples is especially important. These pro
cedure blanks should contain all the possibly interfering material originating in 
the extraction and chromatography procedure, such as solvent residues. Further
more, procedure blank samples should be used for the generation of standard 
curves in order to account for nonspecifically interfering material, the effects of 
which might add to the inhibitory effect of standard amounts of prostanoids on 
the antigen-antibody reaction. A more difficult problem in the PG field is the cor
rect preparation of sample blanks. For example, in many cases it will be difficult 
to obtain completely prostanoid-free plasma samples. Attempts have been made 
to use charcoal-adsorbed plasma for such purposes. If this type of blank is used, 
one should remember that charcoal adsorption removes not only prostanoids 
from the plasma, but also other low molecular weight compounds, including fatty 
acids like arachidonic acid. Therefore, such a procedure can introduce more er
rors into the radioimmunoassay than it removes. Similar problems with biologic 
blanks occur with other material such as gastric juice or various tissue incubates. 
Better biologic blanks would be plasma or other biologic material from patients 
treated chronically with high doses of nonsteroidal anti-inflammatory drugs. 

III. Problems Associated with the Determination of Tissue 
and Plasma Concentrations of Prostanoids 

Many groups have determined tissue concentrations of PG and related com
pounds (for references see GRANSTROM 1978). Since PG are not stored in the tis
sues, but are newly synthesized upon stimulation, it is not advisable to determine 
tissue concentrations. These concentrations mostly reflect PG and TX formed 
during preparation and homogenization of the tissue samples. Such values, there
fore, mainly represent artifacts and no valid conclusions can be drawn from these 
results. GRANSTROM (1978) has suggested determining the synthetic capacity of a 
tissue rather than tissue concentrations of prostanoids. In fact, determination of 
the synthetic capacity for PG has given valid results, e.g., for human gastrointes
tinal tissue (PESKAR et al. 1980 b). Similarly, PG-inactivating enzyme activity in 
a tissue can be determined rather than tissue concentrations of PG metabolites 
(PESKAR and PESKAR 1976). 

A special problem is the artifactual generation ofTXB1 and PG during blood 
sampling. In order to prevent the synthesis of these compounds by platelets in vi
tro, a cyciooxygenase inhibitor such as aspirin or indomethacin is drawn into a 
syringe together with an anticoagulant. For the latter purpose, sodium-EDT A 
has been found to be superior to heparin (MORRIS et al. 1981; SIN ZINGER et al. 
1985). However, even with these precautions, plasma levels ofTXB1 are generally 
highly variable and their determination cannot be recommended. Similarly, arti
factual generation of 6-keto-PGF 1~ might. occur during blood sampling (RITTER 
et al. 1983). Contrary to TXB1 and the primary PGs, 15-keto-13,14-dihydro me
tabolites of PGE1 and PGF l~ and their urinary metabolites are not formed by 
blood cells. Their determination is, therefore, not influenced by artifacts during 
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blood sampling. On the other hand, determination of primary PG in plasma may 
be useful, if the venous drainage of an organ is analyzed (GRANSTROM 1978). 

Storage conditions are only rarely reported for biologic samples obtained for 
PG and TXB2 determination. The most reliable radioimmunoassay results seem 
to be obtained if plasma is analyzed immediately after sampling. If plasma has 
to be stored, freezing at - 70°C (SIN ZINGER et al. 1985) or - 80°C (VIERHAPPER 
et al. 1985) is recommended. With storage at - 20°C time-dependent increases 
in PG-like immunoreactivity have been observed if the storage time exceeds sev
eral weeks (JUBIZ and FRAILEY 1974; METZ et al. 1979; SINZINGER et al. 1985; 
VIERHAPPER et al. 1985). Thus, prolonged storage or repeated freezing and thaw
ing (WAITZMANN and LAW 1975; SIN ZINGER et al. 1985) should be avoided. 

F. Radioimmunoassay for Various Prostaglandins 
and Thromboxanes 

I. Prostaglandin F 2" 

Since the first description ofradioimmunoassays for PG of the F series by LEVINE 
and VAN VUNAKIS (1970) and CALDWELL et al. (1971) a great number ofradioim
munoassays for this particular prostanoid has been described. Since PGF 2a is 
generally stable in biologic material, radioimmunoassays for this compound pres
ent less problems than radioimmunoassays for PGD2 or PGE2 . In most assays, 
PGF 1a is the only related PG interfering significantly with the binding of PGF 2a 

to the antibodies. However, owing to the generally low amounts of the precursor 
fatty acid dihomo-y-linolenic acid in biologic material, concentrations of PGF la 

can be assumed to be very low. Serologic differentiation ofPGF 2a and PGF la can 
be achieved by the simultaneous use of two antisera of different specificity 
(LEVINE et al. 1971; RAFFEL et al. 1976). The antibodies are generally specific for 
the hydroxyl configuration at C-9 in the cyclopentane ring of the PG molecule. 
Thus, by the use of both anti-PGF 2a and anti-PGF 2P antibodies it could be dem
onstrated that the product of reduction of PGE2 by chicken heart 9-keto-reduc
tase is PGF2a (LEVINE et al. 1975). Several nonradioactive labels have been syn
thesized for immunoassays for PGF 2a' Thus, Y ANO et al. (1981) have described 
a sensitive and specific enzyme immunoassay for PGF 2a' in which the hapten was 
labeled with f3-galactosidase. The detection limit and specificity of the enzyme im
munoassay were comparable to that of a radioimmunoassay for PGF 2a" DRAY et 
al. (1972) developed a method for the immunochemical detection ofPGF2a with 
PG-coated bacteriophage T 4' These authors demonstrated that this nonradioac
tive method compared favorably with radioimmunoassay. 

II. 15-Keto-13,14-dihydro-prostaglandin F 2" 

Since the first description of a radioimmunoassay for the PG F 2a metabolite 15-
keto-13,14-dihydro-PGF2a by GRANSTROM and SAMUELSSON (1972), a great 
number of immunoassays for this compound has been developed (LEVINE and 
GUTIERREZ-CERNOSEK 1973; STYLOS et al. 1973; CORNETTE et al. 1974; LIEBIG et 
al. 1974; FAIRCLOUGH and PAYNE 1975; MITCHELL et al. 1976; SORS et al. 1977; 
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HANING et al. 1977; YOUSSEFNEJADIAN et al. 1978). The 15-keto group and the re
duced LJ13doubie bond are generally immunodominant, resulting in antibodies 
which discriminate quite well between the metabolite and unmetabolized PGFh . 

Owing to the stability of 15-keto-13,14-dihydro-PGF 2~ in biologic material, 
radioimmunoassays for this compound are generally precise and accurate. Such 
assays have often been used to determine the level of the circulating PGF 2~ me
tabolite as an indicator of endogenous PGF 2~ biosynthesis (GRANSTROM 1979). 
Interestingly, the major metabolites of exogenous PGD2 formed during infusion 
were identified as 15-keto-13, 14-dihydro-PGF 2>: and 15-keto-PGF 2x (BARROW et 
al. 1984). Thus, quantitative determination of these metabolites may prove useful 
not only in studies on the biosynthesis and metabolism of PG F 2>:' but also of 
PGD2 • 

III. Prostaglandin E2 

The production of specific antibodies against E series PGs seems to be very dif
ficult (LEVINE et al. 1971; Yu and BURK 1972; ZUSMAN et al. 1972; JOBKE et al. 
1973; BAUMINGER et al. 1973; RITZI and STY LOS 1974; RAZ et al. 1975). PGE1 and 
PGE2 are easily dehydrated at the 11-hydroxyl position, resulting in the forma
tion of A and B series PG. This reaction can occur during the preparation of the 
immunogen as well as by reaction of the injected conjugate with plasma enzymes 
(HORTON et al. 1971; Po LET and LEVINE 1975) in the immunized animals. It has 
been suggested (LEVINE et al. 1971) that the production of anti-PGE2 antibodies 
may be so difficult that PGE2 should rather be measured after quantitative con
version to the stable PGB2 . Alternatively, LINDGREN et al. (1974) measured PGE2 

by a method based on NaBH4 reduction of samples, followed by radioimmunoas
say ofPGF2>: and PGF 2P ' Several laboratories, however, have demonstrated that 
the production of rather specific anti-PGE 2 antibodies in rabbits is possible 
(DRAY et al. 1975; CHRISTENSEN and LEYSSAC 1976), the reason for their success 
being unknown. The most elegant strategy for producing specific polyclonal anti
PGE2 antibodies is the use of a stable hapten mimic instead of the unstable PGE2 

for the preparation of an immunogenic conjugate (FITZPATRICK and BUNDY 
1978). A more recent successful approach is the production of specific monoclo
nal anti-PGE 2 antibodies (BRUNE et al. 1985; DAVID et al. 1985; TANAKA et al. 
1985). 

IV. 15-Keto-13,14-dihydro-prostaglandin E2 

Although the 15-keto-13,14-dihydro metabolites ofPGE2 and PGF2 >: in plasma 
reflect PG biosynthesis more accurately than levels of the primary PG (SA
MUELSSON et al. 1975; LEVINE 1977), there are only a few reports on the develop
ment and use of radioimmunoassays for 15-keto-13,14-dihydro-PGE2 (B.A. 
PESKAR et al. 1974; LEVINE 1977). The reliability of these assays is considerably 
lower than the reliability of radioimmunoassays of the corresponding PGF 2>: me
tabolite (MITCHELL et al. 1977; GRANSTROM 1979; METZ et al. 1979). The low as
say accuracy seems to be a consequence of the chemical instability of 15-keto-
13,14-dihydro-PGE2 , which is rapidly dehydrated to 15-keto-13,14-dihydro
PGA 2 . This compound can bind to albumin and further, e.g., at alkaline pH, re-
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arrange to the stable bicyclic degradation end product 11-deoxy-15-keto-13,14-
dihydro-11 fJ-16c; -cyclo-PG E 2 (GRANSTROM 1979; FITZPATRICK et al. 1980; GRAN
STROM et al. 1980). Several radioimmunoassays for this nonenzymatic degrada
tion product of 15-keto-13,14-dihydro-PGE2 have been described (GRANSTROM 
and KINDAHL 1979; PESKAR et al. 1980a; BOTHWELL et al. 1982; MITCHELL et al. 
1982; DEMERS et al. 1983). Contrary to direct radioimmunoassays for 15-keto-
13,14-dihydro-PGE2 , the radioimmunoassays for 11-deoxy-15-keto-13,14-dihy
dro-11fJ,16c;-cyclo-PGE2 , which require complete conversion of15-keto-13,14-di
hydro-PGE 2 to the degradation end product before quantitative determination, 
have been shown to be generally highly specific, sensitive, and precise. Further
more, a high accuracy of such assays has been repeatedly demonstrated (BOTH
WELL et al. 1982; STARCZEWSKI et al. 1984). Finally, it should be pointed out that 
the bicyclic degradation product of the PGE2 metabolite is a racemic mixture of 
two C-16 epimers. It has been demonstrated that the two epimers differ slightly 
in their activity to displace a racemic tritiated ligand from antibody (BOTHWELL 
et al. 1982). The difference is, however, not important for practical purposes, 
since the two epimers are formed in a highly reproducible ratio at pH 10-11 
(BOTHWELL et al. 1982). The only compound cross-reacting significantly in this 
radioimmunoassay is the corresponding metabolite ofPGE t . This is no limitation 
of the assay, since basal levels of 15-keto-13,14-dihydro-PGE1 can be assumed to 
be about as low as the normal levels of PGE 1 (BOTHWELL et al. 1982). On the 
other hand, owing to the extensive cross-reaction, the assay permits studies on the 
pharmacokinetic disposition of exogenous PGE 1 as well as ofPGE2 (BOTHWELL 
et al. 1982). 

v. Prostaglandin El 

Since, contrary to arachidonic acid, dihomo-y-linolenic acid, the precursor of the 
1 series of PG, occurs only in trace amounts in mammalian tissues, endogenous 
levels of PGE 1 should be much lower than levels of PGE2 . However, PGE 1 has 
interesting biologic effects, which differ from those of PGE2 (KARIM 1976). 
Highly variable results have been obtained when plasma or serum levels ofPGE l 

were determined radioimmunologically and compared with levels ofPGE2 (RITZI 
and STYLOS 1974; RAZ et al. 1975; DRAyet al. 1975; VANORDEN et al. 1977). Gen
erally, antibodies directed against PGE 1 also recognize PGE2 to a significant ex
tent. It is, therefore, difficult to measure PGE 1 specifically in the presence of 
PGE2 . It has been possible to differentiate PGE 1 and PGE2 to a certain extent 
by the simultaneous use of anti-PGE 1 and anti-PGE2 antibodies (RAZ et al. 1975; 
DIEKMANN et al. 1977). VAN ORDEN et al. (1977) using an anti-PGE 1 antiserum 
which recognizes mainly PGE 1 with 28% relative cross-reaction of PGE2 , tried 
to increase the specificity for PGE 1 by adding absorbing amounts ofPGE2 . This 
approach was successful to a limited extent only. It requires selection of absorbing 
amounts of PGE2 which produce the greatest shift of the PGE2 standard curve 
to the right with the least perturbation of the PGE 1 standard curve. The study 
revealed that the antiserum did not contain two distinct populations of antibodies 
directed against PGE 1 and PGE2 , respectively, but rather contained antibody 
molecules reacting with equal capacity for both haptens and differing only in their 
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avidity for PGE 1 and PGEz. MACLOUF et al. (1975) raised antibodies with high 
affinity for PGE 1 in a sheep, while rabbits immunized with the same immunogen 
and the same schedule of immunization produced antibodies with much lower af
finity and poor specificity. Consequently, analysis of human plasma samples by 
radioimmunoassay for PGE 1 resulted in considerably lower levels with the sheep 
antiserum than with the rabbit antiserum. 

VI. Prostaglandin Dz 
Only few radioimmunoassays for PGDz have been described so far (ANHUT et al. 
1978 c; LEVINE et al. 1979; NARUMIYA et al. 1982). The first two of these assays 
have been found to lack the sensitivity and accuracy generally achieved for 
radioimmunoassays of other cyclooxygenase products of arachidonic acid metab
olism. The reason for the low assay reliability may be the fact that PGDz is un
stable under various conditions (GRANSTROM and KINDAHL 1978; LEVINE et al. 
1979; FITZPATRICK and WYNALDA 1983; KIKAWA et al. 1984). It has been demon
strated that alkaline treatment of biologic samples containing PGDz by the 
method used for the conversion of 15-keto-13,14-dihydro-PGEz to its stable bi
cyclic degradation product (BOTHWELL et al. 1982) results in the formation of one 
or more stable degradation products of PGDz (LANGE and PESKAR 1984). The 
degradation products ofPGDz formed under alkaline conditions have, however, 
not been formally identified so far. Only recently, a new radioimmunoassay for 
PGDz has been developed using an antiserum against the stabilized 11-meth
oxime derivative ofPGDz (MACLOUF et al. 1986). The procedure requires the im
mediate derivatization of the PGDz contained in biologic samples into 11-meth
oxime-PGDz, thus avoiding the instability problems inherent in the parent com
pound. 

Interest in the physiologic and pathophysiologic role of PGDz has consider
ably increased, since it has been demonstrated that PGDz is the predominant ara
chidonic acid metabolite in mast cells (LEWIS et al. 1982). Patients with mastocy
tosis have been shown to excrete large amounts of a PGDz metabolite, 9a-hy
droxy-11,15-dioxo-2,3,18,19-tetranorprost-5-ene-1,20-dioic acid (ROBERTS et al. 
1980). This metabolite has been measured by a stable isotope dilution mass spec
trometric assay. Unfortunately, a radioimmunoassay for this PGDz metabolite 
is not available so far. 

VII. Indirect Determination of Prostaglandin Endoperoxides 
and Thromboxane Az 
The PG endoperoxides PGGz and PGHz, as well as TXAz, are highly unstable 
under physiologic conditions. Antibodies which recognize and bind PG endoper
oxides have been raised in rabbits immunized with a bovine serum albumin con
jugate of the stable hapten mimic 9,11-azo-15-hydroxy-prosta-5,13-dienoic acid. 
These antibodies were successfully used to study the role of PG endoperoxides in 
platelet aggregation (FITZPATRICK et al. 1978). However, owing to instability of 
PG endoperoxides, such antibodies cannot be used for quantitative determina
tion of these compounds by radioimmunoassay procedures. PG endoperoxides 
are instead determined by bioassay methods. For indirect radioimmunologic de-
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termination of PG endoperoxides, it has been proposed (GREEN et al. 1976; 
GRANSTROM and KINDAHL 1978) to convert them to PGF2a by treatment with 
stannous chloride or triphenylphosphine (HAMBERG et al. 1976). The difference 
in PGF 2a content in treated and untreated samples is then a measure of the 
amount of PG endoperoxides present. This method for PG endoperoxide deter
mination has, however, only rarely been used. 

For the radioimmunologic determination ofTXA2 , GRANSTROM et al. (1976a) 
have developed an elegant indirect method. They converted TXA2 to mono-O
methyl-TXB2 by addition of methanol (HAMBERG et al. 1975). This treatment re
sults in the formation of two epimers of mono-O-methyl-TXB 2 , the methoxy 
group being attached to C-3 of the propyl side chain in TXB2 . GRANSTROM et al. 
(1976 a) have used the major, less polar, epimer for the development of a radioim
munoassay. The antibodies obtained after immunization of a rabbit were highly 
specific for the major epimer of mono-O-methyl-TXB2 with little cross-reaction 
by the minor epimer and TXB2 itself. Cross-reaction of various PGs, including 
PGD 1 and PGD2 , was less than 0.1 %. The negligible cross-reaction ofPG of the 
D series as compared with the cross-reaction in radioimmunoassays for TXB2 

(GRANSTROM et al. 1976b; ANHUT et al. 1977) can be explained by the fact that 
the ring structure in the TXB2 derivative is stable and an open form cannot occur. 
Using this radioimmunoassay, kinetic studies on the formation of TXA2 by ag
gregating platelets were performed. It was demonstrated (as expected) that the 
kinetics of TXA2 formation by stimulated platelets differ considerably from the 
time course of TXB2 formation. Furthermore, the half-life of TXA2 under vari
ous conditions could be determined exactly by the radioimmunoassay for mono
O-methyl-TXB2 (GRANSTROM et al. 1976a). 

VIII. Thromboxane B2 and Il-Dehydro-thromboxane B2 
Contrary to its mono-O-methyl derivative, TXB2 can exist in an open and a 
closed ring form. Usually, PGD2 is the compound interfering most strongly in 
radioimmunoassays for TXB2 (GRANSTROM et al. 1976b; ANHUT et al. 1977; 
FITZPATRICK et al. 1977). It has been suggested that this cross-reaction is due to 
the fact that the hemiacetal structure of TXB 2 is in equilibrium with the corre
sponding acyclic aldehyde-alcohol, the chemical structure of which resembles to 
a certain extent that ofPGD2 (GRANSTROM et al. 1976b). 

Even if a radioimmunoassay for TXB2 is correctly performed, results may 
give misleading information about TX production if a protein-rich environment 
is used. An example has been described by FITZPATRICK and GORMAN (1977) who 
studied the production of immunoreactive TXB2 from PGH2 in platelet-rich 
plasma. These authors demonstrated that, under certain experimental conditions, 
the intermediate TXA2 binds covalently to proteins and is not rapidly hydrolyzed 
to TXB2 • 

Correct determinations ofTXB2 in plasma samples are extremely difficult. As 
discussed in Sect. F, rapid and extensive artifactual generation of TXB2 may oc
cur during blood sampling, resulting in falsely high plasma levels. Nevertheless, 
a few radioimmunoassays for the determination of TXB2 in plasma have been 
published (VIINIKKA and YLIKORKALA 1980; MCCANN et al. 1981; KUZUYA et al. 
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1985). GRANSTROM et al. (1985) have investigated the metabolism ofTXBz in dif
ferent species in order to find degradation products that might serve as better pa
rameters of TX production in vivo. Such a metabolite was identified as 11-dehy
dro-TXB l . The dehydrogenase catalyzing the formation of this product was not 
detected in blood cells. The authors developed a radioimmunoassay for this com
pound and measured formation of 11-dehydro-TXB z after induction of platelet 
aggregation in rabbits. It was concluded that measurement of 11-dehydro-TXB z 
in blood and urine reflected TX synthesis far better than measurement of TXB z. 
This conclusion is further supported by a recent study in humans by the same 
group of investigators (WESTLUND et al. 1986). 

IX. 15-Keto-13,14-dihydro-thromboxane B2 

Exogenous TXB l remains in the circulation as such for a considerable length of 
time after intravenous injection. Contrary to PGEz and PGF Za' it is not converted 
into a 15-keto-13,14-dihydro derivative in the cynomolgus monkey (KINDAHL 
1977; ROBERTS et al. 1978) and humans (ROBERTS et al. 1981). However, the me
tabolism of endogenous TX may differ in this respect. Thus, GC-MS analysis has 
shown that 15-keto-13,14-dihydro-TXBz is by far the major cyclooxygenase 
product of arachidonic acid metabolism released from isolated perfused anaphy
lactic guinea pig lungs (DAWSON et al. 1976; BOOT et al. 1978; ROBINSON et al. 
1984). Using a radioimmunoassay for 15-keto-13, 14-dihydro-TXB z, ANHUT et al. 
(1978 b) obtained results on the concentrations of the TX metabolite in anaphy
lactic guinea pig lung perfusates, which were essentially in agreement with the 
GC-MS data. The radioimmunoassay was performed with either a polyvalent 
(ANHUT et al. 1978 b) or a monovalent (PESKAR and HOLLAND 1979) iodinated 
tracer. With the monovalent ligand, considerable concentrations of 15-keto-
13, 14-dihydro-TXB2 could be detected in the circulation of anesthetized ovalbu
min-sensitized guinea pigs after, but not before, antigenic challenge (PESKAR and 
HOLLAND 1979). Interestingly, the TX metabolite has recently also been detected 
in human lung (DAHLEN et al. 1983). However, nothing is known about its pos
sible occurrence in the human circulation. 

X. 6-Keto-prostaglandin F h 

6-Keto-PGF la is the stable degradation product of the biologically active, but un
stable PGI2 (JOHNSON et al. 1976). Antibodies recognizing and binding PGIz have 
been raised by immunization of rabbits with the stable 5,6-dihydro-PGI 2 (FITZ
PATRICK and GORMAN 1978; LEVINE et al. 1979). These antibodies have been used 
to inhibit biologic effects ofPGlz such as inhibition of platelet aggregation (FITZ
PATRICK and GORMAN 1978) or to trap PGI l in the circulation (PACE-AsCIAK et 
al. 1980). However, owing to the instability of PGlz, such antibodies cannot be 
used for its quantitative determination by radioimmunoassay procedures. 

The first radioimmunoassay for 6-keto-PGF 1'1 was described by SALMON 
(1978). The antibodies were raised in rabbits by immunization with a 6-keto
PGF la-bovine serum albumin conjugate prepared by the carbodiimide method 
(GOODFRIEND et a!. 1964). The antibodies exhibited marked cross-reaction with 
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several PGs and their metabolites. This cross-reaction necessitated a purification 
step prior to immunoassay. The thin layer chromatographic method used clearly 
separated 6-keto-PGF 1~ from related cross-reacting compounds, but the low re
covery reduced the assay sensitivity considerably. Since then, a great number of 
radioimmunoassays for 6-keto-PGF 1~ has been developed in various laboratories 
(DIGHE et al. 1978; DRAY et al. 1978; BULT et al. 1978; MITCHELL 1978; PESKAR 
et al. 1979; LEVINE et al. 1979; DEMERS and DERCK 1980; MORRIS et al. 1981; Yu
KORKALA and VUNIKKA 1981). Although most of these radioimmunoassays are 
rather specific for the homologous hapten, some of them have measured surpris
ingly high basal plasma levels of 6-keto-PGF k In view of the calculated produc
tion rate (OATES et al. 1981) and the low levels of circulating 6-keto-PGF 1~ mea
sured by GC-MS (BLAIR et al. 1982; RITTER et al. 1983), a reevaluation of several 
of the radioimmunoassay data seems necessary. 

6-Keto-PGF l~ exists in an open form and a hemiketal form (JOHNSON et al. 
1976). It is not known if one form prevails under radioimmunoassay conditions 
or if antibodies are produced predominantly against one of the two forms. 
SALMON (1978) has stressed the importance of using standard incubation condi
tions for all samples analyzed, ensuring that a consistent equilibrium between the 
two forms is maintained. HENSBY et al. (1979) have explained the fact that 
radioimmunoassay gave lower values for circulating 6-keto-PGF l~ than their 
GC-MS method by the possibility that immunoassay measures only one of the 
isomers of 6-keto-PGF k In order to avoid problems arising from the two forms 
of 6-keto-PGF l~ and to develop a radioimmunoassay for this compound with in
creased specificity, Ouw (1980) utilized an antiserum against 6-methoxime
PGF k This assay requires quantitative conversion ofPGI2 and 6-keto-PGF l~ to 
the methoxime derivative before assay. Owing to the three-dimensional structure 
of the nitrogen ligands, the derivative may exist as two isomers. Nevertheless, the 
assay was specific and sensitive, and radioimmunoassay results obtained with 
these antibodies were in excellent agreement with GC-MS data. 

If an extraction step is used before immunoassay, correct quantitative deter
mination of 6-keto-PGF l~ is additionally complicated by the fact that this com
pound is not completely stable under such conditions. Up to five radioactive 
peaks, all binding anti-6-keto-PGF l~ antiserum to a highly variable degree, were 
observed when 6-keto-PGF l~ 3H was subjected to thin layer chromatography 
after extraction (MITCHELL et al. 1981). 

XI. Metabolites of Prostaglandin 12 and 6-Keto-prostaglandin FIt. 

Only a few radioimmunoassa ys for 6, 15-diketo-PG F fa and 6, 15-diketo-13, 14-di
hydro-PGF1~ have been described (PESKAR et al. 1980c; MACHLEIDT et al. 1981; 
MYATT et al. 1981). It was found that brief incubation of rat vascular tissue in
duced the release of significant amounts of both 6,15-diketo-13,14-dihydro
PGF fa and 6,15-diketo-PGF 1~ (PESKAR et al. 1980c). After intravenous adminis
tration ofPGIz to healthy volunteers, 6,15-diketo-PGF1~ remained undetectable 
in the plasma throughout the infusion. On the other hand, levels of immunoreac
tive 6,15-diketo-13,14-dihydro-PGF 1~ showed a similar, though delayed, increase 
as the nonenzymatic PGIz breakdown product 6-keto-PGF 1a" The metabolite, 



466 B. A. PESKAR et al. 

however, disappeared with an appreciably longer half-life (PATRONO et al. 1981). 
Qualitatively similar results were obtained by MYATT et al. (1981) when they in
fused either PGIz or 6-keto-PGF 12 into healthy volunteers. The results of these 
authors differed from those of PATRONO et al. (1981) by the much longer half-life 
of 6-keto-PGF la' and the 15-keto-13,14-dihydro metabolite in plasma, and by the 
fact that a basal circulating level of both compounds was detected. Similar basal 
levels were determined by MACHLEIDT et al. (1981) in the anesthetized cat. After 
administration of PGl z, a significant increase in the plasma levels of 6-keto
PGF ta and 6,15-diketo-13,14-dihydro-PGF h was observed in this species 
(MACHLEIDT et al. 1981) as in humans (PATRONO et al. 1981; MYATT et al. 1981). 
From these studies, it could be concluded that not only chemical instability, but 
also enzymatic degradation is a major determinant of the fate of PGI 2 in the cir
culation. This result is remarkable since, in contrast to PGE 2 and PGF 22' pulmo
nary enzymatic PGI2 inactivation seems to be of only minor importance (ARM
STRONG et al. 1978). However, it has been demonstrated that a substantial part 
of PGI 2 is metabolized via the 15-hydroxy-PG-dehydrogenase/ ,113 -reductase 
pathway in other organs in vitro (WONG et al. 1978, 1979) and in vivo (SUN and 
TAYLOR 1978). In this context it is of great interest that EDLUND et al. (1982) 
found release of not only immunoreactive 6-keto-PGF la' but also of 6,15-diketo-
13,14-dihydro-PGF 12 from the heart of patients during cardioplegia. 

In some organs, e.g., rabbit liver, 6-keto-PGE 1 can be generated from either 
PGI 2 or 6-keto-PGF h (WONG et al. 1981). 6-Keto-PGE t has biologic effects on 
platelets, blood pressure, and vascular resistance similar to PGI 2 (WONG et al. 
1981). A radioimmunoassay for this interesting compound has been developed 
(CHANG and TAl 1982). In human urine, however, no PGI 2 metabolites with the 
6-keto-PGE 1 structure could be detected after infusion of tritiated PGI 2 (BRASH 
et al. 1983 b). 

XII. Main Urinary Metabolites of Prostaglandin F 2" 

and Prostaglandin E2 

The main urinary metabolites of PGF2a and PGEz are 1,16-dioic acids (see 
Fig. 2). Normal coupling procedures, e.g., by the carbodiimide method (GOOD
FRIEND et al. 1964), result in heterogeneous immunogens, since conjugation can 
be expected to occur randomly at either carboxyl group (GRANSTROM and KIN
DAHL 1978). For the main urinary metabolite of PGF Za' 5ex,7ex-dihydroxy-11-ke
totetranorprosta-l ,16-dioic acid, the problem has been solved by formation of a 
J-Iactone between the carboxyl group in the upper side chain and the 5ex-hydroxyl 
group at acidic pH. Coupling then occurs specifically at the wend of the molecule 
and, in fact, a specific radioimmunoassay for this compound has been developed 
(GRANSTROM and KINDAHL 1976). The antisera produced recognized the tetranor 
side chain, but did not distinguish the wend of the molecule. As pointed out by 
the authors, the assay is, however, not specific for the lactone form of 5ex,7ex-di
hydroxy-11-ketotetranorprosta-1,16-dioic acid. It can be expected that an equi
librium between the lactone form and the open form is reestablished as soon as 
the compound is dissolved in water or after injection of the immunogenic conju
gate into an animal. Thus, antibodies against both forms are most probably pro-
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duced. Since an equilibrium between both forms also occurs in the material to be 
analyzed, this antibody heterogeneity may be an advantage rather than a draw
back of the immunoassay. ORKI et al. (1974-1976) and CORNETTE et al. (1975) 
took no special precautions as to the site of coupling during the preparation of 
their immunogens. However, ORKI et al. (1976) compared the levels of the main 
urinary metabolite of PGF2a in untreated human urine and after incubation at 
pH 10 to hydrolyze the b-Iactone. They did not observe significant differences and 
concluded that the main urinary metabolite ofPGF 2a exists predominantly as the 
1,16-dioic acid in the urine. 

GRANSTROM et al. (1982) and GRANSTROM and KINDARL (1982) have pointed 
out that, after intravenous administration of PG F 2a to various species, including 
humans, 15-keto-13,14-dihydro-PGF2a was the dominant circulating metabolite 
during the first few minutes only. Later, the metabolic pattern in the circulation 
resembled more and more the urinary pattern of products. From these studies it 
was concluded that measurement of the later metabolites may give more reliable 
results on PG biosynthesis, since these compounds are detectable in the circula
tion for longer periods. This is particularly important if blood samples cannot be 
obtained frequently and thus short bursts of PG release may be overlooked 
(GRANSTROM et al. 1982). 

INAGA WA et al. (1983) have described a rather specific radioimmunoassay and 
enzyme immunoassay for the determination of the main urinary metabolite of 
PGE1 and PGE2, 7a-hydroxy-5,11-diketotetranorprosta-1,16-dioic acid, in hu
mans. Similar to the measurement of 15-keto-13, 14-dihydro-PG E2 (BOTHWELL et 
al. 1982), the method involves formation of a bicyclic degradation product by 
alkali treatment before assay. The radioimmunoassay was shown to be highly 
specific and precise, and an excellent agreement of data obtained with radioim
munoassay and enzyme immunoassay was observed. 

G. Comparison of Radioimmunoassay with Other Methods 
for Quantitative Determination of Cyclooxygenase Products 
of Arachidonic Acid Metabolism 

Three methods have been proven useful for the determination of cyclooxygenase 
products of arachidonate metabolism in biologic material, bioassay, combined 
GC-MS, and radioimmunoassay. These methods differ with respect to sensitiv
ity, specificity, precision, and speed. MS is the only method that permits formal 
identification of a compound. In addition to its high specificity, this method is 
generally characterized by high precision. It has to be mentioned, however, that 
variable results have been obtained with combined GC-MS. An example is the 
level of 6-keto-PGF la in human blood. Circulating concentrations in humans 
have been reported as 189 ± 9 pg/ml (HENSBY et al. 1979) and < 0.50-2.49 pg/ml 
(BLAIR et al. 1982) by the same laboratory. The discrepancy has been explained 
by variable and poor recovery of 6-keto-PGF la and an interfering peak derived 
from the internal standard in one of the channels used for quantitation. However, 
these problems could not fully account for the large discrepancy in the results ob-
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tained (BLAIR et al. 1982). Furthermore, even interference by nonprostanoid com
pounds is not completely excluded by the use of MS profiling. Thus, CATTABENI 
et al. (1979) found that mass fragmentographic analysis of PGE2 was severely 
hampered by the presence of interfering compounds in the biologic material to 
be analyzed. The interfering compounds were assumed to be phthalic acid esters 
used as plasticizers. The recent development of GC-MS profiling with negative 
ion chemical ionization detection now permits the determination of several 
cyclooxygenase-derived products of arachidonic acid metabolism at the same 
time and in the same sample, with detection limits comparable to those of 
radioimmunoassays (PACE-AsCIAK and MICALLEF 1984; ROBINSON et al. 1984; 
SCHWEER et al. 1985). Major disadvantages of GC-MS methods for the determi
nation ofPG and related compounds are the high costs and the long time required 
for analysis. 

Bioassay is considered to have only limited specificity and precision. Further
more, less samples can be analyzed per day than by radioimmunoassay. An ad
vantage of bioassay is the detection of biologically active compounds, including 
those which are highly unstable. In fact, TXA2 (PIPER and VANE 1969; HAMBERG 
et al. 1975) and PGI2 (MONCADA et al. 1976) were discovered by the use ofbioas
say methods. Furthermore, bioassay permits continuous monitoring of PG and 
TXA2 release from organs and tissues and the results are obtained immediately. 
In order to increase specificity, bioassay ofprostanoids in various smooth muscle 
preparations is performed in the presence of receptor antagonists such as mepyr
amine, phenoxybenzamine, propranolol, and atropine which block responses to 
other mediators like histamine, adrenaline, and acetylcholine (MONCADA et al. 
1978). The bioassay superfusion technique (GADDUM 1953; VANE 1964) has been 
modified (FERREIRA and DE SOUZA COSTA 1976) by a laminar superfusion tech
nique, in which baseline stability of the assay organs is increased by bathing the 
tissues in mineral oil. Furthermore, this modification resulted in a significant in
crease in sensitivity of the bioassay into the picogram range. Various biologic sys
tems have been used for the detection and quantification of the different PG and 
TXA2 . Thus, PGE2 can be measured by its contractile effect on the rat stomach 
strip and PGF 2a is specifically active on the rat colon. PGI 2 is determined by re
laxation of the bovine coronary artery or by its inhibitory action on platelet ag
gregation (MONCADA et al. 1978). The biologic activity of rabbit aorta-contract
ing substance has been identified as a mixture of mainly TXA2 with smaller 
amounts of PG endoperoxides (SAMUELSSON 1976). 

Radioimmunoassay is generally considered to be highly sensitive and suffi
ciently specific to permit reliable determination of picogram amounts of 
cyclooxygenase products of arachidonate metabolism in biologic material. It 
should be pointed out, however, that radioimmunoassay does not formally iden
tify a compound, but, in principle, determines inhibition of binding of a label to 
antibodies. Such inhibition of binding can be caused by specific and/or nonspe
cific factors. The strict observance of various validation criteria, as discussed in 
Sects. D and E, is thus necessary for the correct radioimmunologic determination 
of PG and TX. Advantages of radioimmunoassay are that large numbers of 
samples can be analyzed per day and that, in contrast to bioassay, biologically 
inactive compounds such as PG metabolites can be measured. Furthermore, ow-
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ing to the high sensitivity of the method, small amounts of tissues or biologic 
fluids are usually sufficient for analysis, a fact that is especially important in clini
cal research. In this field, sample size and frequency of collection may be limited. 

H. Radioimmunoassay of Cyclooxygenase Products 
of Arachidonic Acid Metabolism in Basic 
and Clinical Pharmacology 
The radioimmunoassay technique has been used for quantitation of cyclooxyge
nase products of arachidonic acid metabolism in an immense number of investi
gations in basic as well as clinical pharmacology. In the following paragraphs, 
several examples are given. 

In basic pharmacology, isolated perfused organs such as the heart, lung, or 
spleen of various species have frequently been employed as models to study gen
eration of eicosanoids and their pharmacologic modification. In general, the per
fusates from isolated organs can readily be assayed for prostanoids, since inter
ference by blood contents with the radioimmunoassay is minimized. Similar ad
vantages are offered by incubation of tissue pieces (e.g., from the gastrointestinal 
tract, lung, or brain) in buffer solutions, even though this method is hampered 
by the fact that the mechanical stimulation of cutting or chopping the tissue in
duces an artifactual release of prostanoids. Nevertheless, the method seems suit
able to estimate the total synthetic capacity of a tissue for various prostanoids. 
In many instances, such a method is to be preferred instead of attempting to mea
sure the tissue content ofprostanoids (see Sect. E.III). However, the synthetic ca
pacity does not necessarily correlate with the actual rate of biosynthesis in vivo. 
For example, although surgical specimens of atherosclerotic vessels have a lower 
capacity to synthesize 6-keto-POF la than healthy vascular tissues in vitro (D' AN
GELO et al. 1978; SINZINGER et al. 1979), endogenous POIz biosynthesis, moni
tored as urinary excretion of a POIz metabolite, was found to be enhanced in pa
tients with severe atherosclerosis (FITZGERALD et al. 1984). Tissue culture is an
other commonly employed experimental setup, offering the opportunity to inves
tigate prostanoid release from cell populations and homogeneous cell lines under 
well-defined conditions. However, in contrast to organ perfusates or tissue incu
bation buffers, the radioimmunologic determination of prostanoids in cell culture 
supernatants is complicated by proteins or fatty acids usually present in the me
dia. In addition, cell culture media may contain significant amounts of exogenous 
prostanoids derived from sera with which the media are supplemented (SMETH
URST and WILLIAMS 1977). Therefore, it is absolutely necessary to establish correct 
blank and binding values, i.e., in the presence of blank media (see Sects. Band 
E.I1). 

In clinical pharmacology, there is a considerable need for analytic procedures 
for prostanoid determination. Unfortunately, in this field which actually requires 
the most rigid validation of radioimmunoassay, this is often insufficiently per
formed or even neglected. In numerous studies, plasma levels of prostanoids such 
as 6-keto-POF la and TXB z have been determined. However, these data should 
be interpreted with great caution since physiologic concentrations of these com-



470 B. A. PESKAR et al. 

pounds are extremely low and inappropriate sample handling rapidly stimulates 
synthesis ofTX (FITZGERALD et al. 1983 a; see Sect. E.III). In studies on PGI2 and 
TXA2 production in the human coronary circulation, samples are usually ob
tained after insertion of catheters. Although it has been claimed that blood sam
pling through catheters is reliable with respect to TX concentrations (HIRSH et al. 
1982), others have reported PGI2 biosynthesis to be stimulated by cardiac cath
eterization and angiography (RoY et al. 1985). 

Owing to the inherent problems of plasma determination of prostanoids, at
tempts have been made to establish more specific indexes of tissue-related pros
tanoid release. Thus, TXB2 formation in clotting blood (PATRONO et al. 1980; PA
TRIGNANI et al. 1982) or in stimulated platelet-rich plasma (FITZGERALD et al. 
1983 b) represent elegant ex vivo methods of studying the effect of drugs on plate
let TX production. In order to investigate human gastric mucosal PG generation 
and metabolism, levels of primary PG and the 15-keto-13,14-dihydro metabolites 
in gastric juice have been determined (BENNETT et al. 1973; B. M. PESKAR et al. 
1974; TONNESEN et al. 1974; PESKAR et al. 1980b). By such methods it has been 
possible to demonstrate that the PG synthesizing and metabolizing enzyme sys
tems are targets for drugs acting on the gastric mucosa such as carbenoxolone or 
aspirin (CHILD et al. 1976; RASK-MADSEN et al. 1983). Another example is the at
tempt to correlate cerebral vasospasm induced by subarachnoid hemorrhage with 
intracranial prostanoid production. In these investigations, radioimmunoassays 
have been used for the determination of PG in cerebrospinal fluid (LA TORRE et 
al. 1974; WALKER et al. 1983). 

Under physiologic conditions, urinary 6-keto-PGF ia and TXB2 as well as 
PGE2 and PGF 2a have been said to reflect predominantly renal biosynthesis 
(FROUCH et al. 1975; PATRONO et al. 1982, 1983; FITZGERALD et al. 1983a; CIA
BATTONI et al. 1984; PATRONO and CIABATTONI 1985). On the other hand, mea
surements of urinary metabolites of primary prostanoids represent the only non
invasive approach to quantitation of systemic prostanoid biosynthesis. Thus, uri
nary levels of 2,3-dinor-6-keto-PGF ia and 2,3 dinor-TXB2 have been used to 
quantify the effects of nonsteroidal anti-inflammatory drugs on systemic PGI2 

and TXA2 synthesis in humans (FITZGERALD et al. 1983 b). Furthermore, by 
parallel radioimmunologic determination of primary prostanoids as well as the 
metabolite 2,3 dinor-TXB2 in urine, the functional significance of renal PGI2 and 
TXA2 production in patients with systemic lupus erythematosus has been demon
strated (PATRONO et al. 1985). 

J. Concluding Remarks 
Radioimmunoassay has been the most widely used method for quantitative deter
mination of PG and related compounds in biologic material. The method is tech
nically simple, permits the analysis of a great number of samples per day, is gen
erally sensitive and precise, and can be adapted to the measurement of eicosa
noids in various experimental and clinical materials. However, highly variable re
sults may be obtained if validation criteria are not considered. Future develop
ments in this rapidly growing field will include better validation of immunoassay 
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methods, attempts to improve the reproducibility of immunoassay results, e.g., 
by the use of monoclonal antibodies, and the replacement of radioactive by non
radioactive tracers such as chemiluminescence and enzyme labels. 
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CHAPTER 19 

Radioimmunoassay of Leukotrienes and 
Other Lipoxygenase Products of Arachidonate 
H.J. ZWEERINK, G.A. LIMJUCO, and E.C. HAYES 

A. Introduction 
Arachidonic acid is the precursor of a number of important mediators in the reg
ulation of the microenvironment. It is released by the action of phospholipases 
on membrane phospholipids and then modified by enzymes of the cyclooxyge
nase pathway to produce prostaglandins, thromboxanes, and prostacyclin, or by 
enzymes of the lip oxygenase pathway to produce leukotrienes and hydroxyeico
satetraenoic acids. Prostaglandins, identified in 1963 by BERGSTROM et al. have 
been shown to possess a wide spectrum of biologic activities, most notably as me
diators in inflammation. 

Leukotrienes, identified only 10 years ago (BORGEAT et al. 1976; BORGEAT and 
SAMUELSSON 1979a, b; MURPHY et al. 1979) were initially isolated in very small 
quantities from biologic fluids (for example, from extracts of polymorphonuclear 
cells that were stimulated with the ionophore A23187) and the unavailability of 
materials made the definition of their precise biologic function very difficult. 
More recently, stereospecific chemical synthesis (COREY et al. 1980a, b, 1981; 
ROKACH et al. 1980; GUINDON et al. 1982) has provided substantial quantities of 
many of the leukotrienes and rapid progress has been made in our understanding 
of their diverse biologic activities. Chemical synthesis has also provided leuko
trienes for the preparation of leukotriene-protein conjugates for the production 
of leukotriene-specific antisera, and radio labeled leukotrienes that are essential 
for the development of sensitive and convenient radioimmunoassays. These 
radioimmunoassays have been used in conjunction with reverse-phase high pres
sure liquid chromatography (RP-HPLC) and biologic assays to measure leuko
trienes in vitro in complex reaction mixtures or ex vivo in clinical samples drawn 
from humans and experimental animals. 

The purpose of this chapter is to review radioimmunoassays for lipoxygenase 
products that have been reported in the literature, to discuss their applications, 
and to assess problems that may be encountered in their use. Other important 
areas in the field of leukotriene research such as the biosynthesis and metabolism 
of lipoxygenase products and their mode of action will be touched on only to the 
extent that they constitute relevant background for the discussion on radioimmu
noassays. A number of excellent reviews provide more detailed information on 
these topics (LEWIS and AUSTEN 1981, 1984; SAMUELSSON 1983; PIPER 1983, 1984; 
MALMSTEN 1984; STENSON and PARKER 1984; FORD-HUTCHINSON 1985; BORGEAT 
et al. 1985). 
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B. Biosynthesis and Metabolism of Lipoxygenase Products 
Figure 1 shows that some of the leukotrienes are end products in the lip oxygenase 
pathway whereas others are substrates for the synthesis of other leukotrienes. In 
contrast to the wide distribution of cyclooxygenase, the enzyme that initiates the 
conversion of arachidonic acid to prostaglandins, lipoxygenase activity has been 
found in a limited number of cell types (neutrophils, monocytes, macrophages, 
eosinophils, and granulocytes). Furthermore, cell types differ in enzyme specific
ity in regard to the addition of the hydroperoxy group to arachidonic acid. Li
poxygenase in platelets adds this group at the C-12 position (HAMBERG and SA
MUELSSON 1974) to form 12-hydroperoxy-6,8,11,14-eicosatetraenoic acid (12-
HPETE); the major lip oxygenase in neutrophils generates 5-HPETE (BORGEAT 
et al. 1976); and a third form of the enzyme generates 15-HPETE (FORD-HUTCH
INSON 1985). Figure 1 shows that 5-HPETE is the precursor of a number of prod-
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Table 1. Catabolism of the biologically active leukotrienes 

Leukotriene Catabolite 

\ 

Corresponding diastereoisomeric 
sulfoxides of peptidoleukotriene 

LTC4(LTD4, LTE4) ------+ 
6-trans-LTB4 
6-trans-12-epi-LTB4 

LTB4 ----> 20-0H-LTB4 ----> 20-COOH-LTB4 
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ucts with a wide spectrum of biologic activities. It is converted either into a stable 
product, 5-HETE, or an unstable epoxide intermediate leukotriene A4 (LTA4) 
which is metabolized to generate LTB4 or LTC4. The formation ofLTC4 involves 
the addition of glutathione via the sulfur linkage at the C-6 position and requires 
the enzyme glutathione-S-transferase. Formation of the next two compounds in 
the pathway (LTD 4 and L TE4) requires the sequential removal of glutamic acid 
and glycine, respectively. LTC4, LTD4, and LTE4 are also known as sulfidopep
tidoleukotrienes or slow reacting substance of anaphylaxis (SRS-A). More re
cently, it has been shown in vitro that LTE4 can be the substrate for y-glutamyl
transferase and that this results in the incorporation of a glutamic acid residue 
and the formation of LTF 4 (ANDERSON et al. 1982; DENIS et al. 1982). 

In vitro studies have shown that the half-life oflipoxygenase products in cells 
or tissue is short. Part of this is due to the fact that they are intermediates in the 
lipoxygenase pathway and to catabolic inactivation where the sulfidopeptide leu
kotrienes L TC4, LTD 4, and L TE4 are converted to their S-diastereoisomeric sulf
oxides and to biologically inactive 6-trans-L TB4 and 6-trans-12-epi-L TB4 
(Table 1). This conversion is mediated by hypochlorous acid that is released from 
activated neutrophils (LEE et al. 1982, 1983 b; WELLER et al. 1983; LEWIS and 
AUSTEN 1984). Synthetic leukotriene-derived sulfones have strong biologic activ
ities (DENIS et al. 1982; JONES et al. 1982), but their metabolic relation to the cor
responding sulfoxides has not been established. LTB4 is metabolized in neutro
phils by w-oxidation to 20-hydroxy- and 20-carboxy-L TB4 (HANSSON et al. 1981) 
which have some of the biologic activities that are associated with LTB4 (FORD
HUTCHINSON 1983). 

c. Biologic Activities of Lipoxygenase Products 

The biologic activities of the lip oxygenase products have been summarized and 
generalized in Table 2. These activities had to be generalized because variations 
exist between compounds within each broad class, the tissue-specific response 
varies among different animal species and various tissues within the same animal 
species may also respond differently. For details readers are referred to a number 
of reviews (MALMSTEN 1984; HAMMARSTROM 1983; PIPER 1984; STENSON and 
PARKER 1984; PETERS 1985). 
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Table 2. Major biologic activities of lip oxygenase products 

1. HETEs and HPETEs 
a) Stimulate chemotaxis, chemokinesis, and aggregation of neutrophils 
b) Increase neutrophil degranulation 
c) Stimulate chemotaxis and chemokinesis in eosinophils 
d) Inhibit synthesis of other Jipoxygenase and cyclooxygenase products 
e) Stimulate mucus secretion 
f) Increase Ca2+ uptake 
g) Stimulate the release of mediators from basophils 

2. L TB4 and w-oxidation products 
a) Stimulate chemotaxis, chemokinesis, aggregation, and adherence of neutrophils 
b) Stimulate contraction of human bronchus and guinea pig parenchyma 
c) Stimulate plasma exudation and vascular permeability 
d) Stimulate degranulation of neutrophils 
e) Stimulate eosinophil chemotaxis 
f) Stimulate Ca2+ flux 

3. Sulfidopeptidoleukotrienes (LTC4, LTD4, LTE4, LTF4, and their sulfones) 
a) Stimulate smooth muscle contraction 
b) Stimulate bronchoconstriction 
c) Stimulate vaso- and arteriolar constriction 
d) Stimulate mucus secretion 
e) Stimulate increase in vascular permeability and induce edema 
f) Induce wheal-and-flare reaction in skin 

D. Biologic Assays to Measure Lipoxygenase Products 
The most commonly used biologic assay is based on one of the properties of the 
lip oxygenase products, namely the stimulation of the contraction of smooth 
muscle by SRS-A (BROCKLEHURST 1962; DRAZEN et al. 1980). In the guinea pig 
ileal smooth muscle assay, strips of tissue are suspended in an oxygenated bath 
while attached to a transducer to determine the force of muscle contraction. Re
sults are standardized in comparison with the contraction induced by known con
centrations of histamine and leukotrienes (PARKER et al. 1982). 

To establish that contraction is leukotriene mediated, the experimental sample 
is assayed in the presence of compounds that inhibit the action of histamine and 
acetylcholine (e.g., pyrilamine maleate and atropine sulfate). The specificity of the 
SRS-A reaction can be established further with FPL-55712, an SRS-A antagonist 
(AUGSTEIN et al. 1973; DRAZEN et al. 1980; PONG and DEHAVEN 1983) and with 
indomethacin, an inhibitor of prostaglandin synthesis (VANE 1971). Allieuko
trienes are active in the assay, but the relative potency of LTD 4, L TC4, LTE4, 
and L TF 4 differs (1 : 7 : 170: 280, respectively on a molar basis; LORD et al. 1985). 
Because specific antagonists for each one of these compounds that are required 
to establish specificity in mixed samples are not available, it is necessary to frac
tionate prior to analysis, for example by HPLC (see Sects. E and H). Partial puri
fication may also be necessary to eliminate substances that interfere with the assay 
or that will degrade the leukotrienes. Although the guinea pig ileum assay is very 
sensitive (detection thresholds for LTD4 , LTC4, and LTE4 are 0.1, 0.2, and 
2 pmol, respectively; PARKER et al. 1982) it is quite laborious and lacks specificity. 
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Biologic assays for L TB4 utilize its ability to induce smooth muscle contrac
tion, neutrophil aggregation, and vascular permeability. LTB4 is measured in the 
guinea pig ileum strip assays under conditions that antagonize SRS-A (FORD
HUTCHINSON et al. 1983). Neutrophil aggregation utilizes peritoneal cells from 
sodium caseinate-stimulated rats and the aggregation on exposure to L TB4 is 
evaluated by nephelometry (FORD-HuTCHINSON et al. 1983). An in vivo assay for 
LTB4 has been described (FORD-HUTCHINSON 1983) that measures local 
extravasation of radio labeled human serum albumin after the intradermal injec
tion ofLTB4 and PGE2 . These assays are specific for LTB4 and some of its met
abolic products, with sensitivities of 1, 20, and 40 pmol for the neutrophil aggre
gation, smooth muscle contraction, and vascular permeability assays, respec
tively. 

E. Physicochemical Separation and Identification 
of Lipoxygenase Products 
High pressure liquid chromatography (HPLC) is very effective in separating and 
identifying lip oxygenase products. Conjugated double bonds absorb in the ul
traviolet region and this allows for detection and quantitation within the pi
comole range (1-10 ng). Minimal sample preparation is required (see Sects. G and 
H) and the lip oxygenase products need not be modified chemically. Although 
straight-phase silica gel HPLC will separate the less polar compounds (e.g., 
HETES and LTB4), reverse-phase HPLC (RP-HPLC), with an octadecylsilyl sta
tionary phase on a silica support, is used to separate more polar leukotrienes. 
Chromatography conditions are dictated to some degree by the lip oxygenase 
products that are present in the sample (PETERS et al. 1983). Details are discussed 
in two reviews (HAMMARSTROM 1983; MURPHY 1985). 

More recently, chromatography-mass spectrometry, electron impact and neg
ative ion chemical ionization techniques, and fast atom bombardment mass spec
trometry have been employed. Although the usefulness of latter technique for 
quantitative analysis is limited by its requirements for sample sizes of several 
nanomoles, the spectral data generated are extremely useful in determining struc
tures, and in monitoring the metabolism and degradation ofleukotrienes (MUR
PHY 1985; TAYLOR et al. 1983). 

F. Radioimmunoassays for Lipoxygenase Products 

I. Introduction 
The eicosatetraenoic acid moieties of the various lip oxygenase products differ in 
the position of the double bonds: at positions 6, 8, 11, and 14 in 5-HETE, posi
tions 6, 8, 10, and 14 in LTB4, and positions 7, 9,11, and 14 in LTA4, LTC4, 
LTD 4, L TE4, and L TF 4 (see Fig. 1). In addition cis-trans arrangements differ 
and side chains range from simple hydroxy groups for the HETEs and L TB4 to 
more complex glutathione for LTC4. These differences suggest sufficient anti
genic variability to obtain immune sera that are specifically reactive with individ-



486 H.1. ZWEERINK et al. 

uallipoxygenase products, and thus are useful reagents for specific radioimmu
noassays. 

Because of their low molecular weight, lipoxygenase products must be 
coupled to high molecular weight carrier molecules such as bovine serum albumin 
(BSA) or keyhole limpet hemocyanin (KLH) to be immunogenic. Such coupling 
is possible because all lip oxygenase products contain at least one carboxyl group 
for coupling and some (LTC4, LTD 4, LTE4, or LTF 4) contain additional 
carboxyl groups and an amino group. These haptens can be coupled directly to 
carrier proteins, but the use of inters pacing conjugating reagents with a few car
bon atoms is generally preferred. This approach will often lead to the generation 
of immunoglobulins that are specific for the hapten rather than antigenic regions 
that are shared between the hapten and the carrier molecule (PINCKARD 1978). 
The site on the hapten that is used for coupling and the spacer arm will determine 
the hapten's orientation in relation to the carrier protein, and its subsequent rec
ognition by antibody-producing cells. This may have a profound effect on the 
antibody responses against the various antigenic determinants on the molecule. 
Immune sera have been prepared against five different lip oxygenase products: 
LTC4, LTD4, LTB4, 12-HETE, and 15-HETE. The preparation of each serum 
and its use will be discussed separately. 

II. Radioimmunoassays to Measure LTC4 

1. Preparation of Immunogens 

A number of laboratories have published L TC4 -specific radioimmunoassays 
(AEHRINGHAUS et al. 1982; LINDGREN et al. 1983; HAYES et al. 1983; WYNALDA et 
al. 1984) and each used a different method of coupling the antigen to carrier pro
tein. AEHRINGHAUS et al. (1982) conjugated LTC4 to BSA via the free amino 
group, using glutaraldehyde as the coupling reagent. The advantages of this 
method are convenience and efficiency, and the fact that glutaraldehyde provides 
a 6-carbon spacer; the disadvantage is the formation of multimolecular heteroge
neous aggregates. LINDGREN et al. (1983) blocked the free amino group on the 
LTC4 molecule with acetic anhydride and coupled this acetylated hapten to poly
amino-bovine serum albumin (PABSA) with the conjugating reagent 1-ethyl-3(3-
dimethylaminopropyl)carbodiimide. (PABSA was prepared by derivatizing BSA 
with triethylenetetramine.) Any of the three carboxylic acid groups on the acetyl
ated LTC4 could have been reacted to form amide bonds. HAYES et al. (1983) uti
lized LTC4 coupled via its free amino group to KLH with the bifunctional cou
pling agent 6-N-maleimidohexanoic acid chloride to yield a homogeneous conju
gate (Fig. 2 a; YOUNG et al. 1982). First, the 6-N-maleimidohexanoic acid amide 
of LTC4 was prepared and this was reacted with KLH that had been thiolated 
with S-acetylmercaptosuccinic anhydride. As will be discussed in Sect. F.II.4, the 
sera raised against these conjugates exhibited some degree of cross-reactivity with 
LTD4 and LTE4. In an attempt to circumvent this, WYNALDA et al. (1984) used 
a structural analog of LTC4, 7-cis-9,10,11,12,14,15-hexahydroleukotriene C4, 
and coupled this via the free amino group to thiolated KLH through 6-N-mal
eimidohexanoic acid. The hapten is structurally identical to L TC4 except that it 
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COOH 0 

S~NHCOCH2CH)H-NH~N-'J.-ySyCONHTKLH 
CONHCH2COOH 0 ),-J ~COOH 

= COOH 0 X 
OH 

LTC 4 conjugate 

H H 0?:r N-N~N SlCONHTKLH 

o 0 COOH o X HO 

L TB4 conjugate 

Fig.2a,b. Structures of LTCcKLH and LTBcKLH immunogens. a LTCc (6-N-mal
eimidohexanoic acid)-KLH (HAYES et al. 1983), b LTBc (6-N-maleimidohexanoic acid)
KLH (ROKACH et al. 1984) 

differs in the number of double bonds and their geometry. It was felt that the 
hexahydroleukotriene C4 would be less susceptible to metabolic degradation and 
therefore would increase the specificity of the antiserum. 

2. Immunizations 

The immunization protocols that were used by the various investigators were very 
similar. The immunogen was injected with complete Freund's adjuvant (CF A) 
into rabbits at multiple sites followed by boosting immunizations in incomplete 
Freund's adjuvant (IF A) or in CF A at various times thereafter. Animals were 
bled 7-9 days after the boosts. Multiple injections were required to induce accept
able antibody titers (Table 3). It has been our experience and that of others (HER
BERT 1978) that, if there is sufficient time between booster immunizations, one ob
tains sera with both high antibody titers and high affinities. For example, when 
rabbits that had been immunized as described in Table 3 were rested for 26 weeks 
after the second booster immunization, a third boost with LTCcKLH in IF A in
creased the antibody titer from 1280 to 10240. 

3. Details of Assay Conditions 

Radiolabeled LTC4 3H with high specific activity is available commercially and 
sensitive liquid phase radioimmunoassays have been developed. Generally LTC4 

3H is mixed first with varying antibody concentrations to establish binding 
curves. Next, an antibody concentration is chosen that results in 50%-80% bind
ing of LTC4 3H and the reactions are then carried out in the presence of different 
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Table 3. LTC4-specific antibody titers in rabbits after im
munization with LTCcKLH (HAYES et al. 1983) 

Week Immunization Antibody titer a 

o 
3 
5 

14 
23 
27 
29 
32 
35 
44 

200llg LTC4-KLH b 

200llg LTCcKLHd 

Rabbit 1 

ND C 

ND 
20 
32 
22 

ND 
1280 

320 
240 
240 

Rabbit 2 

ND 
ND 

28 
8 
8 

ND 
1280 

640 
320 
320 

a Determined by double-antibody RIA and expressed as 
reciprocal of the dilution of sera in the assay to precipitate 
50% of the LTC4 3H. 
b Antigen emulsified in 1 : 1 PBS-CF A. 
C Titer not determined. 
d Antigen emulsified in 1 : 1 PBS-IF A. 

amounts of the experimental sample. The antibody concentration which is higher 
than what is used generally (35-50%) was chosen because some of the LTC4 3H 
preparations, especially those obtained during the early stages of the work, were 
impure and unstable. Standard inhibition curves are established by adding known 
concentrations of LTC4 to the mixture of LTC4 3H and antibody. Inhibition of 
the formation of complexes of L TC4 3H and antibody is in relation to the LTC4 

concentrations as determined from standard curves. A typical protocol described 
by HAYES et al. (1983) is the following: 25 III LTC4 3H (approximately 20000 dpm 
in 5 x 10 -13 mol L TC4 ) was incubated for 1 h at 22°C with 25 III appropriately 
diluted immune rabbit serum raised against L TCcKLH (in this particular sys
tem, a dilution of 1: 1000-1: 2000 resulted in binding of 50% ofLTC4 3H), 100 III 
competing ligand diluted in phosphate-buffered saline (PBS, pH 7.2), and 100 III 
normal rabbit serum (diluted 1 : 25 in PBS). LTC4-antibody complexes were pre
cipitated for 18 h at 4 °C with commercially obtained goat anti-rabbit immuno
globulin (800 III 1 : 8 dilution in PBS; this dilution should be determined experi
mentally to assure complete precipitation). Next, the precipitates were pelleted by 
centrifugation at 12000 g for 3 min and washed and pelleted twice in PBS. The 
pellet was dissolved in 500 III sodium dodecylsulfate (0.1 %) and radioactivity de
termined in a liquid scintillation counting solution. 

HAYES et al. (1983) also investigated the use of dextran-coated charcoal for the 
separation offree LTC4 from LTC4 bound to antibody. Components of the reac
tion mixture (LTC4 3H, antibody, and competing ligands) were identical to those 
already described, except that 2511120% horse serum was used instead of the nor
mal rabbit serum. This mixture was incubated for 18 h at 4 °C after which 1 ml 
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(HAYES et al. 1983) 

of a suspension (1.5%) of dextran-coated charcoal was added. The preparation 
of the charcoal suspension has been described by HAYES et al. (1983) and by 
HUMES (1982). After 5 min at 22 DC, charcoal was pelleted by centrifugation at 
10000 g for 1 min. Radioactivity in the supernatant represents 3H-Iabeled LTC4-
antibody complexes and radioactivity in the pellet represents LTC4 3H not bound 
to antibody. A comparison of the two methods to separate free L TC4 3H from 
L TC4 3H bound to antibody shows that the double-antibody method is to be pre
ferred since L TC4 3H binding was observed at much higher serum dilutions 
(Fig. 3). This probably reflects the tendency of charcoal to "strip" antigen from 
antigen-antibody complexes (HUNTER 1978). 

To determine LTC4 concentrations in experimental samples, a standard in
hibition curve with nonradioactive LTC4 was prepared and it was observed that 
0.70 x 10- 12 mol unlabeled LTC4 reduced binding of LTC4 3H to antibody by 
50% (Fig. 4). Similar inhibition curves were obtained for other leukotrienes to de
termine the extent of their reactivity with this serum. For example, LTD 4 and 
LTE4 reduced the binding of LTC4 3H with the antibody to 50% at concentra
tions of 1.25 x 10- 12 and 10.05 x 10 -12 mol, respectively (Fig. 4). Cross-reactiv
ity was defined as (0.70/1.25) x 100% = 56% for LTD4 and (0.70/10.05) x 100% 
=6.9% for LTE4. (Values of 43% and 6% were obtained with serum from an
other rabbit that had been immunized with the same LTCcKLH conjugate.) A 
number of other compounds were tested for their ability to inhibit 3H-Iabeled 
LTC4-antibody complexes. None, including LTB4, HETES, arachidonic acid, 
prostaglandins, or glutathione, showed significant inhibition (Table 4). 

If the use of radio labeled LTC4 is not feasible, a solid-phase immunoassay can 
be developed which requires the binding of the antigen to surfaces, generally poly
styrene or polyvinylchloride, although other supports such as nitrocellulose may 
be considered (ENGVALL and PERLMAN 1971; HAWKES et al. 1982). High molecu-
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Fig. 4. Inhibition of the binding of 
LTC4 3H to rabbit anti-LTC4 
serum by LTC4 (full circles); 
LTD4 (open circles); and LTE4 
(full trangles). The concentration 
of each leukotriene that inhibits 
binding by 50% is indicated by an 
arrow on the x-axis. (HAYES et al. 
1983) 

lar weight proteins and carbohydrates generally bind readily to such surfaces. 
However, low molecular weight compounds such as leukotrienes may require spe
cial treatment of the surface, or they need to be coupled covalently to high mo
lecular weight polymers that themselves bind well. LEVINE et al. (1980) and MOR
GAN and LEVINE (1982) described a method for the covalent coupling of 12-HETE 
to beads and MILLER et al. (1985) described the use of LTC4-BSA conjugates for 
noncovalent adsorption. Conjugates used for attachment must differ from those 

Table 4. Properties of LTC4-specific antisera 

AEHRINGHAUS HAYES LINDGREN WYNALDA 
et al. (1982) et al. (1983) et al. (1983) et al. (1984) 

Sensitivity (pmol) 0.25 0.10 0.05 0.15 
Serum dilution 1: 75 1: 10000 1: 1 000 1: 100 

for 50% precipitation 
Specific immunoglobulin NR' 1200 NR NR 

per milliliter serum (Ilg) 
K.(M- 1) NR 2.1 x 109 NR NR 

Reactivity (%)b with: 
LTC4 100 100 100 100 
Il-trans-LTC4 NR NR 100 0.6 
LTD4 16 43 0.08 1.6 
ll-trans-L TD 4 NR 39 NR 0.4 
LTE4 NR 8.3 0.07 0.66 
LTB4 NR <0.2 <0.01 <0.1 
HETEs NR <0.025 <0.01 <0.05 

• NR not reported. b Determined as described in the text. 
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used for immunization both in regard to the carrier protein and the spacer mol
ecule since leukotriene-specific sera will contain antibodies that react with these 
molecules. Therefore, YOUNG et al. (1982) prepared L TC4-( 1 ,5-difluoro-2,4-dini
trobenzene)-BSA as an antigen for solid-phase radioimmunoassays. (The KLH
maleimidohexanoic acid-L TC4 conjugate described in Sect. F .II.l was used for 
immunization.) The reaction between immunoglobulin and immobilized LTC4 is 
determined with probes such as protein A or anti-rabbit immunoglobulin that are 
radiolabeled. Alternatively, an enzyme-linked immunosorbent assay (ELISA) 
can be employed (ENGVAL and PERLMAN 1971) with an enzyme that is coupled 
to the probe. Binding of the probe is detected with a chromogenic or fluorogenic 
substrate. 

In a liquid immunoassay, both the radioactive and competing ligands are in 
solution and therefore recognized equally by the L TC4-specific immunoglobulin 
whereas in a solid-phase assay, antibody and competing ligand are in solution and 
the primary antigen is linked to the surface. If the antibody-binding sites on the 
latter are sequestered owing to its surface attachment, then binding of the anti
body may be impaired significantly. Attachment to a solid surface may also lead 
to closely spaced antibody-binding sites and this may result in very strong biva
lent binding of the antibody and the competition by soluble antigen in the ex
perimental sample may then be less efficient. In view of these considerations, it 
is of interest that MILLER et al. (1985), who developed LTC4- and LTB4-specific 
solid-phase ELISA, found that the LTB4-specific radioimmunoassay was signifi
cantly more sensitive than the LTB4-specific ELISA, whereas both assays were 
equally sensitive for LTC4. 

4. Comparison of LTC 4-Specific Antisera 

Table 4 compares some of the properties of L TC4-specific sera that have been 
published by various investigators. These sera were used under experimental con
ditions unique for each laboratory and therefore some of the parameters (serum 
dilution for 50% precipitation and sensitivity of the assay) do not necessarily re
flect properties of the immunoglobulin preparations. However, others (affinity, 
antibody concentration, and cross-reactivity with other lip oxygenase products) 
do reflect properties of the LTC4-specific immunoglobulin. All sera appear to be 
very similar in their ability to measure L TC4. The most potent serum seems that 
developed by HAYES et al. (1983), but this serum reacts significantly with LTD 4 
and L TE4. Serum described by LINDGREN et al. (1983) exhibits the greatest degree 
of specificity in that very little reactivity was observed with LTD4 or LTE4. None 
of these sera exhibit any reactivity with compounds such as prostaglandins, ara
chidonic acid, or glutathione. 

III. Radioimmunoassays to Measure LTD 4 

The approaches toward the generation ofLTD4-specific immunoglobulin and ex
perimental details for the radioimmunoassay are very similar to those described 
for LTC4. Therefore, this section will only highlight those points that are unique 
to the LTD 4 -specific assays. 
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Table 5. Properties of LTD 4 -specific sera 

LEVINE 
et al. (1981) 

Sensitivity (pmol) 0.5 
Serum dilution for 50% precipitation 1 :40 
Specific immunoglobulin 0.32 

per milliliter serum (Ilg) 
K, (M- 1) 2.8 x 109 

Reactivity (%)" with: 
LTD4 100 
ll-trans-LTD4 300 
LTC4 200 
ll-trans-LTC4 170 
LTE4 92 
ll-trans-LTB4 161 
LTB4 < 0.1 < 

'Immunized with LTDcthyroglobulin and LTDcKLH. 
b Immunized with LTDcKLH only. 
c Approximate values. 
d NR not reported. 
e Determined as described in the text. 

H.J. ZWEERINK et al. 

BEAUBIEN BEAUBIEN 
et al. (1984)' et al. (1984)b 

1 x 10- 3 9xl0- 3 

1: 5000 c 1:5000" 
NR d NR 

1.1 X 1010 1 X 109 

100 100 
NR NR 

7 8 
NR NR 

17 48 
NR NR 

0.1 < 0.1 

LEVINE et al. (1981, 1982) conjugated LTD4 to BSA via the carboxyl group 
on the eicosatetraenoic acid using the C-1 monoacid of the dimethylester of N
trifluoroacetyl-L TD 4 as the starting material. Other reactive groups on the mol
ecule were protected to obtain a specific LTD4-BSA conjugate without a spacer 
arm. LTD4-thyroglobulin and LTD4-KLH immunogens were prepared by 
BEAUBIEN et al. (1984) using glutaraldehyde as a cross-linking reagent. The latter 
authors used two immunization protocols: rabbits were immunized twice with 
LTD 4-thyroglobulin, after which they received multiple booster immunizations 
with LTDcKLH; or they were immunized and boosted with LTDcKLH only. 

The radioimmunoassays employed by both groups differed in that LEVINE et 
al. (1981) used LTC4 3H as the radiolabeled ligand and goat anti-rabbit IgG for 
the precipitation of the antigen-antibody complexes, whereas BEAUBIEN et al. 
(1984) used LTD4 3H and dextran-coated charcoal. The results in Table 5 show 
that rabbit serum obtained after combined immunization with LTD4-thyro
globulin and LTD4-KLH is very effective in detecting LTD4 (10- 3 pmol); and 
that the sera show various degrees of reactivity with LTC4 and LTE4, but they 
do not react significantly with LTB4. Interestingly, the serum described by LEVINE 
et al. (1981), although raised against LTDcBSA, is more reactive with LTC4 
than with LTD4. 

IV. Radioimmunoassays to Measure LTB4 

Three groups have reported on LTB4-specific radioimmunoassays. SALMON et al. 
(1982) prepared an immunogen by first synthesizing a mixed anhydride of the car
boxyl group on LTB4 and the isobutyl ester of carbonic acid. This material was 
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Table 6. Properties of L TB4 -specific sera 

LEWIS ROKACH SALMON 
et al. (1982) et al. (1984) et al. (1982) 

Sensitivity (pmol) 0.3 0.1 0.01 
Serum dilution for 50% precipitation >1 :25 1 :2000 1:4000 
Specific immunoglobulin 0.37 38 NRa 

per milliliter serum (Jlg) 
Ka (M- i ) 3.2 x 109 5.8 X 108 NR 

Reactivity (%)b with: 
LTB4 100 100 100 
5-S-12S-6-trans-8-cis-L TB4 ~ 30 6 NR 
5-S-12-epi-6-trans-8-cis-L TB4 < 3 0 NR 
LTC4 < 5 0.02 0.03 
LTD4 NR 0.04 0.03 
LTE4 NR 0.15 NR 
5-HETE 0 0.2 0.03 
5,12-di-HETE NR < 7 0.14 

a NR not reported. b Determined as described in the text. 

reacted with BSA to generate amide bonds (without spacer molecules) with free 
amino groups on the carrier protein. YOUNG et al. (1983) converted the carboxyl 
group on LTB4 to the OJ-lactone by treatment with dicyclohexylcarbodiimide 
which in turn was reacted with hydrazine to generate L TBchydrazide. This was 
coupled to thiolated KLH with 6-N-maleimidohexanoic acid chloride, thus pro
viding a spacer between LTB4 and KLH (see Fig. 2 b). In contrast, LEWIS et al. 
(1982) used the 12-oxy group on the LTB4 molecule for coupling to BSA. LTB4 
was activated by reacting the 5-benzoate of the LTB4 methyl ester with p-nitro
phenylchloroformate, and the resulting 12-p-nitrophenoxycarbonyl derivative 
was reacted with BSA to generate a conjugate with a single spacer carbon atom. 

LTB4 3H can be obtained commercially, but initially it was generated by in
cubating polymorphonuclear cells and arachidonic acid 3H in the presence of the 
calcium ionophore A23187. It was then purified after methanol-ether extraction 
by chromatography with silicic acid and HPLC (SALMON et al. 1982). Conditions 
for the radioimmunoassays reported in the literature are similar to those de
scribed for LTC4 and experimental results are summarized in Table 6. The assay 
is quite specific in that very little reactivity is observed with LTC4, LTD 4, and 
LTE4; and it is sensitive to 0.01 pmol. 

An ELISA was described by MILLER et al. (1985) that used LTB4 coupled to 
BSA without a spacer arm and serum from rabbits immunized with L TB4-KLH 
(YOUNG et al. 1983; the same serum was used in radioimmunoassays by ROKACH 
et al. 1984). It was as specific as the radioimmunoassay, but less sensitive (a de
tection limit of 8 pmol/ml). 

V. Radioimmunoassays to Measure 12-HETE 

Rabbit serum was raised against 12-HETE after immunization with a conjugate 
of 12-HETE and human serum albumin (HSA). The conjugate was prepared in 
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a two-step procedure as described originally by BAUMINGER et al. (1973) for the 
generation of conjugates of prostaglandins and proteins. First 12-HETE, N-hy
droxysuccinimide, and N,N -dicyclohexylcarbodiimide were reacted to generate 
the hydroxysuccinimide ester with the carboxyl group on 12-HETE. This active 
ester was purified and conjugated via the free amino acid groups on HSA. The 
conjugate was injected with CF A into rabbits, followed by booster immuniza
tions 3 and 6 months later with the antigen in CF A. Two radioimmunoassays 
with this serum were reported. Initially unlabeled 12-L-HETE was covalently 
coupled to a solid support and antibody binding was measured with I25I-labeled 
protein A (LEVINE et al. 1980). Under these conditions, approximately 0.4 pmol 
12-L-HETE could be detected. With the exception of the methyl ester of 12-HETE 
(approximately 20% cross-reactive) very little, if any, reactivity was found with 
a number of compounds, including 5-HETE, arachidonic acid, and prostaglan
dins. ESKRA et al. (1980) and, more recently, MORGAN and LEVINE (1982) have re
ported the use of 12-L-HETE 3H in a liquid radioimmunoassay with the sensitiv
ity of the assay being approximately 1 pmol. 

VI. Radioimmunoassays to Measure IS-HETE 

15-HETE was coupled without a spacer arm to BSA using 1-ethyl-3(3-dimethyl
aminopropyl)carbodiimide as the coupling agent (GRANSTROM et al. 1976). It was 
injected into rabbits in the presence of CF A with five booster immunizations at 
monthly intervals (BRYANT and HWANG 1983). The resulting antiserum bound 
40% of 15-HETE 3H when diluted 1 : 600 and deteced 15-HETE at approximately 
0.1 pmol. No reactivity was found with other monohydroxyeicosatetraenoic 
acids, prostaglandins, or arachidonic acid, but there was significant reactivity 
with various 15-hydroxy di- and mono-HETEs and related 15-hydroxyeicosa
noids. 

G. Sample Preparation for Radioimmunoassays 

Experimental samples may contain substances that interfere with the radioimmu
no assays (for example, salts or enzymes that metabolize leukotrienes). The pres
ence of such substances can be evaluated by determining the recovery of exoge
nously added lip oxygenase products from the experimental sample. Preferably, 
the recovery of both radio labeled (for example by RP-HPLC) and unlabeled ma
terial (by RIA) should be determined. Removal of interfering substances is ac
complished most conveniently by extraction with organic solvents (PARKER et al. 
1982; ROUZER et al. 1982; METZ et al. 1982; PETERS et al. 1983). Proteins are pre
cipitated or inactivated whereas the lip oxygenase products remain in solution. 
Solvents are evaporated prior to the assay and the sample can be concentrated 
severalfold by redissolving it in a small volume of buffer. Alternatively, leuko
trienes in aqueous samples can be adsorbed to small octadecylsilyl-silica columns 
(Sep-Pak CIS) and eluted with organic solvents (MORRIS et al. 1983; CRETICOS et 
al. 1984). If necessary, further purification can be accomplished by chromatogra
phy on Sephadex LH-20 or Amberlite XAD-7 columns (PARKER et al. 1982). The 
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efficacy of extraction and purification should be evaluated by determining the re
covery of exogenously added lipoxygenase products. 

H. Combination of Radioimmunoassays 
with Physicochemical Separation Methods 
As has been discussed, many of the radioimmunoassays for lip oxygenase prod
ucts, although sensitive and convenient, lack absolute specificity. Therefore, 
samples that contain or are suspected of containing multiple lip oxygenase prod
ucts have been analyzed by combining radioimmunoassays with RP-HPLC. As 
described in Sect. G, lip oxygenase products in aqueous samples are extracted with 
organic solvents and concentrated prior to RP-HPLC (ROUZER et al. 1982; METZ 
et al. 1982; PETERS et al. 1983; MORRIS et al. 1983). Alternatively, aqueous samples 
are diluted in water, applied to the Sep-Pak C18 column, and eluted with organic 
solvents (G.A. LIMJUCO, D.L. LOMBARDO, H.J. ZWEER.INK, and E.C. HAYES 
1984, unpublished work). The presence of lip oxygenase products in each HPLC 
fraction is then determined by RIA. Because of the sensitivity of the RIA, it is 
often possible to assay fractions after dilution which will adjust the pH and lower 
the concentrations of organic solvents below inhibitory levels. 

An analysis was carried out to determine leukotriene levels in synovial fluids 
and the results are shown in Figs. 5 and 6. A Bondapak C18 analytic RP-HPLC 
column was calibrated with a number of leukotrienes and PGBz as an internal 
standard (Fig. 5). Synovial fluid was diluted with water, concentrated on a Sep
Pak C18 column, eluted with methanol, and fractionated on an RP-HPLC col
umn under the conditions described in Fig. 5. The same synovial fluid sample was 
also fractionated after the addition of 100 ng LTC4 and LTB4 . After each HPLC 

0.005 

0.004 
E 
c 

0 
OJ 
C\J 0.003 
-0 
Q) 
u 
C 
0 0.002 ..0 
L-
0 
(/) 

..0 
<! 

0.001 

20:0H 
PGB2 LTB4 

LTB4 

6-Trans LTE4 LTB4 

~LTD4 
LTC 4 

'-J~ '" \j \ 
10 20 30 40 

Retention Time (Min) 

50 

Fig. 5. Separation of leukotrienes 
and PGB2 by RP-HPLC. A 
mixture containing 200 ng PGB2 

and 50 ng each of L TC4 , L TB4 , 

LTD4 , LTE4 , 20-0H-LTB4' and 
6-trans-LTB4 was resolved on a 
Bondapak CIS column using 
methanol, water, acetic acid, and 
ammonium hydroxide (67/33/0.08/ 
0.04, v/v, pH 5.45) at a flow rate 
of 0.8 ml/min 



496 H.J. ZWEERINK et al. 

20 50 • 
~ :2 
::3 ::3 

Li: [i: 

c • C 40 
.;; 15 .g 
0 c c 
>- >-

(J) • (J) 30 
E 10 

\ 
~ ...... 

v v 
u m 20 
~ ~ 
CI 5 CI 
c c 

10 

~I 
\ 

~--'---~~ 
10 20 30 40 50 10 20 30 40 50 

Retention Time(Min) Retention Time (Min) 

Fig. 6 a, b. LTC4 and LTB4 in synovial fluid samples. a LTC4-specific RIA of the RP
HPLC fractions (see Fig. 5) of synovial fluid (open squares) and synovial fluid with 100 ng 
LTC4 (full circles) added to it prior to analysis. Arrow indicates the position where LTC4 
3H eluted in a separate run, b LTB4-specific RIA of the RP-HPLC fractions of synovial 
fluid (open squares) and synovial fluid with 100 ng LTB4 (full circles) added to it prior to 
analysis. Arrow indicates the position where L TB4 3H eluted in a separate run 

run, all fractions were assayed by LTC4- and LTB4-specific radioimmunoassays. 
DAVIDSON et al. (1983) used a combination of HPLC and biological assays to 
measure L TB4 in synovial fluid samples from patients with active rheumatoid ar
thritis. Most of these samples contained LTB4 at very low levels (less than 
0.25 ng/mI). 

Figure 6 a and b show that HPLC fractions of synovial fluid (see Fig. 5) with
out the addition of LTC4 or LTB4 contained very little immunoreactive LTC4 or 
LTB4. After the addition of 100 ng LTC4, immunoreactive material eluted as a 
single peak with a recovery of 35% with the appropriate retention time for LTC4. 
The recovery of immunoreactive L TB4 was greater than 90% and this material 
was present in a single peak with the appropriate retention time for L TB4. A simi
lar approach was taken by BEAUBIEN et al. (1984) to measure LTC4, LTD4, and 
L TE4 in plasma of human volunteers. 

J. Conclusions 
This chapter demonstrates the utility of radioimmunoassays for rapid, conve
nient, and sensitive (in the range of much less than 1 pmol) measurements of li
poxygenase products. These compounds share an eicosatetraenoic acid moiety, 
but differ in the position of the double bonds and their cis-trans arrangements; 
and in the nature of side chains. Each one of these differences appears to contrib-
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ute to the antigenic uniqueness of the molecules. For example, LTB4 differs from 
the sulfidopeptido eicosatetraenoic acids (LTC4, LTD4, and LTE4), in the config
uration of the eicosatetraenoic acid, and the absence of the glutathione side chain. 
The failure ofLTB4 to react with LTC4- and LTD4-specific immunoglobulin as 
well as the unreactivity of L TC4- and LTD 4-specific immunoglobulin with L TB4 
illustrates the importance of the eicosatetraenoic acid configuration in conferring 
antigen specificity. The sulfidopeptido side chain also contributed to antigen 
specificity, but less so than the rest of the molecule. This is suggested by the fact 
that several of the LTC4-specific sera show incomplete, but often significant reac
tivity with LTD 4 and L TE4 and that the same is true for the reactivity of LTD 4-
specific sera with LTC4 and L TE4. However, the role of the sulfidopeptido chain 
is difficult to evaluate because glutamic acid and glycine may have been removed 
from the glutathione moiety after immunization. Furthermore, it is not obvious 
how the position of the hapten relative to the carrier protein in the immunogen 
affects the specificity of the antibody response in the case of the compounds 
within the SRS-A group. 

Immune sera prepared by various investigators against LTC4 and LTD4 differ 
in the degree of specificity (see Table 4). Radioimmunoassays employing sera that 
exhibit significant reactivity with other lipoxygenase products need to be carried 
out in conjunction with fractionation methods such as RP-HPLC, unless it is es
tablished that the experimental sample does not contain any of the cross-reactive 
compounds. In the case of LTC4-specific sera, those reported by LINDGREN et al. 
(1983) and WYNALDA et al. (1984) appear to be quite specific. This suggests that 
they can be used without fractionation of the sample prior to the radioimmunoas
says. However, it should be kept in mind that the apparent lack of cross-reactivity 
of these sera needs to be verified rigorously. Inhibition studies were done in well
defined buffers and not in biologic samples that may contain substances that af
fect the recognition between antigen and antibody. 
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CHAPTER 20 

Radioimmunoassay of Cyclic Nucleotides 
C.W. PARKER 

A. Introduction 

Adenosine 3',S'-cyclic monophosphate (cAMP) mediates a remarkable array of 
physiologic responses, fulfilling the role of a second messenger in virtually every 
cell type and tissue through its ability to stimulate protein kinases (ROBISON et al. 
1968). Cyclic 3',S'-guanosine monophosphate (cGMP), like cAMP, is very widely 
distributed, although its physiologic function remains uncertain despite clear-cut 
changes in a few tissues in response to physiologic stimuli. Both of these cyclic 
nucleotides are present in mammalian tissues at extremely low concentrations 
(cAMP 0.2-1.5 J..lmol/kg; cGMP 0.008-0.06 J..lmol/kg) and their measurement has 
therefore been very difficult (STEINER et al. 1970). In the mid-1960s, a number of 
enzymatic procedures were developed for measuring cyclic nucleotides, all of 
which required large amounts of tissue and extensive chromatographic purifica
tion before analysis, making it impossible to conduct measurements in large 
numbers of tissue samples. In the late 1960s, competitive binding assays were de
veloped for the measurement of cAMP, involving either the use of anti-2' -O-suc
cinyl cAMP antibodies (STEINER et al. 1969, 1972) or naturally occurring cAMP
binding proteins (GILMAN 1970). The radioimmunoassay was both highly specific 
for cAMP and sensitive to 1-2 pmol, permitting rapid measurements of large 
numbers of samples in as little as 10 mg tissue (STEINER et al. 1969, 1972). 

The immunoassay was considerably improved in sensitivity by Cailla, Dela
age, and their colleagues (CAILLA et al. 1973) by reacting the cAMP in tissue 
samples with succinic anhydride. The resulting 2' -O-succinyl cAMP more closely 
resembles the original immunogen than unmodified cAMP and was bound with 
a higher affinity by the antibody to cAMP, accounting for the increase in sensi
tivity. HARPER and BROOKER (1975) modified the original succinylation procedure 
of Cailla and Delaage to a more reproducible and equally sensitive acetylation 
procedure which permits the routine measurement of cGMP and cAMP in ex
tremely small amounts without purification or concentration of the sample. A 
similar acetylation procedure has also been developed for cGMP, also permitting 
its measurement in small amounts of tissue despite its presence at very low con
centrations. This chapter will review the radioimmunoassays for cAMP and 
cGMP, covering such aspects as the preparation of the immunogen, method of 
immunization, preparation of radioactive markers, possible methods for tissue 
extraction, application of the assays to enzyme measurements, routine immu
noassay procedures, validation of the assay, and possible problems in interpreta
tion. For previous reviews of cyclic nucleotide immunoassays see STEINER et al. 
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(1970) and BROOKER et al. (1979). For general reviews of immunoassay pro
cedures see O'DELL and DAUGHADAY (1971), PARKER (1976), and GILMAN 
(1970). 

B. Preparation of the Immunogen 
The cyclic nucleotides are rendered immunogenic by conjugating their succinyl
ated derivatives to a high molecular weight protein carrier. The cyclic nucleotides 
can be succinylated at the 2'-0 position with succinic anhydride in anhydrous 
pyridine (Fig. 1; STEINER et al. 1969). Substitution at this position leaves the por
tions of the molecule most important for immunologic discrimination unaltered 
(PARKER 1976). The method of succinylation is a modification of the method of 
F ALBRIARD et al. (1967). In the preparation of succinyl cAMP (SCAMP), N,N'
dicyclohexylcarboxyamidine (0.76 mmol) (4'-morpholine or triethylamine may 
be used instead) is dissolved in 7.5 ml hot anhydrous pyridine and 0.7 mmol 
cAMP (free acid) is added slowly over the following 30-60 min. After cooling, 
10 mmol succinic anhydride is added and the suspension is stirred at room tem-

SCAMP 

Succinic anhydride 

in pyridine 

~ / :~~.5 

SCAMP-Protein 

Fig. 1. Synthesis of 2'-O-succinyl cyclic nucleotide and of cyclic nucleotide immunogen. 
SCAMP succinyl cAMP; EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide. (STEINER 
et al. 1970) 
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perature for 18 h. Unreacted succinic anhydride is hydrolyzed by the addition of 
3.75 ml water and allowing the reaction mixture to stand for an additional 2 h at 
4°C. At this stage, thin layer chromatography (TLC) of the reaction mixture on 
cellulose, developing with butanol-acetic acid-water 12: 3: 5 (v/v) demonstrates 
a new spot absorbing under short-wavelength ultraviolet light with an RJ of 0.42 
(unmodified cAMP has an RJ of 0.3). The pyridine is removed by repeated rota
tory evaporation under vacuum at 40°C or below. The residue is dissolved in 3 ml 
water and, after adjusting the pH to 4.5, the product is purified by chromatogra
phy on a 1.5 x 44 cm Dowex 50 (H+form) column using distilled water at a flow 
rate of 30 ml/h for elution; 8-ml fractions are collected and read at 258 nm. A sin
gle peak containing the SCAMP is obtained at or near fractions 30-45. (Cyclic 
AMP elutes later at or near fractions 50-65.) The fractions containing SCAMP 
are pooled, lyophilized, and evaluated by TLC. If necessary, the SCAMP can be 
further purified by precipitation as the barium salt. The yield of SCAMP ranges 
from 45% to 60%. 

Succinyl cGMP (SCGMP) is prepared similarly (STEINER et al. 1969,1972) but 
using trioctylammonium hydroxide for solubilization instead of N,N' -dicyclohex
ylcarboxyamidine. Since the cGMP is incompletely solubilized, the yield of 
SCGMP is lower than for SCAMP. The SCGMP is usually purified by TLC on 
cellulose using the solvent system described. The SCGMP has the same RJ as the 
cAMP derivative in this system. SCAMP and SCGMP and their tyrosine methyl 
esters (TME) are now available commercially from the Sigma Chemical Com
pany or Boehringer Mannheim at reasonable cost. 

In preparing the immunogen, the succinylated cyclic nucleotides are coupled 
to protein through their free carboxylate groups using a water-soluble car
bodiimide for activation (Fig. 1; STEINER et al. 1970, 1969; PARKER 1976). Either 
SCAMP or SCGMP (10 mg) and solid protein (20 mg) - usually either human 
serum albumin (HSA) or keyhole limpet hemocyanin (KLH) - are dissolved in 
2 ml water. The pH is adjusted to 5.5, then 10 mg 1-ethyl-3-(3-dimethylaminopro
pyl)carbodiimide-HCI (EDC) is added, and the pH is readjusted to 5.5 (avoiding 
extreme swings of pH). The reaction mixture is gently stirred in the dark for 18-
24 h at room temperature and then dialyzed against phosphate-buffered saline 
(PBS, 0.15 M NaCI-O.Ol M sodium phosphate, pH 7.4) at 4°C with frequent 
changes of the dialyzing solution. The conjugate is analyzed by UV spectroscopy 
reading from 250 to 280 nm. The dialyzed conjugate exhibits absorption maxima 
at or near 258 nm (nucleotide) and 280 nm (protein). SCAMP has an extinction 
coefficient of 15000 at 258 nm, whereas cGMP has a value of 13100 at 255 nm. 
Typical conjugates have approximately 5 or 6 cyclic nucleotide residues per HSA 
molecule (based on a molecular weight of 67000 for the protein) or 60-70 residues 
per KLH molecule (based on a molecular weight of approximately 106 for the he
mocyanin monomer). The dialyzed cyclic nucleotide-protein conjugate is prefer
ably stored in aliquots in a lyophilized form since slow hydrolysis of the ester 
bond linking the nucleotide to the succinyl group may occur even when solutions 
are stored frozen. An aliquot of conjugate is reconstituted to isotonicity with dis
tilled water or PBS (depending on the final dialysis solution) on the day of use. 
Use of diacid phosphate (pH '" 5.75) for buffering the PBS is desirable if conju
gates are stored in solution for extended periods. 
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c. Immunization 
Rabbits, goats, and rats have all provided polyclonal antisera of good quality 
(STEINER et al. 1970; BROOKER et al. 1979) and monoclonal antibodies have been 
produced in mice (O'HARA et al. 1982). For the immunization of rabbits 0.25 mg 
immunogen is emulsified in complete Freund's adjuvant and injected into each 
footpad (STEINER et al. 1970; BROOKER et al. 1979). Booster injections with 0.2-
0.4 mg cyclic nucleotide-protein conjugate are given into two footpads at 4- to 
6-week intervals and the animals are bled 10-14 days after each boost. Booster 
injections may also be given into the back if inflammation of the foodpads be
comes a problem. Antisera of good titer are usually present after a single booster 
injection, but later sera may be better. Blood is preferably obtained by arterial ear 
puncture. Cardiac puncture may also be used, but is associated with a significant 
mortality rate. 

D. Preparation of the Radioindicator Molecule 
Radioindicator molecules of very high specific activities are prepared by conju
gating the succinylated cyclic nucleotides to tyrosine and iodinating with 1251 
(Fig. 2; STEINER et al. 1969) which is similar to the radioimmunoassay for digi
toxin described earlier by OLIVER et al. (1968). In the original method, the agly
cone of digitoxin was succinylated, attached to TME, and iodinated. This marker 
could be used to measure serum levels of digitoxin despite their very low levels, 
thus providing the first practical radioimmunoassay for a drug present at low 
concentrations in body fluids. Radioiodinated haptens have subsequently been 
used in measurements of cAMP, cGMP, testosterone, and a variety of other li
gands, indicating the broad applicability of this approach (PARKER 1976). Be
cause of the presence of radioiodine in these markers, specific activities in excess 
of 150 Ci/mmol can be easily obtained. 

While it might be assumed that the introduction of an iodinated benzene ring 
not present in the original immunogen would interfere with antibody binding, this 
has not been a problem, apparently because the attachment to protein and to 
tyrosine is made at the same position on the hapten. The conjugation of succinyl 
cyclic nucleotide to tyrosine involves a mixed carboxylic--carbonic acid anhydride 
reaction using ethylchloroformate for activation of the succinyl carboxyl group 
of SCAMP or SCGMP (STEINER et al. 1972). If the cAMP derivative is in the form 
of the barium salt, it is dissolved in dimethylformamide (DMF) and chromato
graphed on Dowex 50 (H + form) to remove the barium. Succinylated cyclic nu
cleotide (5 /lmol) is dissolved (SCAMP) or suspended (SCGMP) in 100 /ll DMF 
containing 15 /lmol trioctylamine at 0 °C and 5 /lmol ethylchloroformate in 25 /ll 
DMF is added. After 15 min at 0 °C, 10 /lmol TME hydrochloride and 10 /lmol 
triethylamine are added in 100 /ll DMF. The reaction mixture is maintained for 
3 h at room temperature with continuous stirring. The tyrosine derivatives of the 
succinylated cyclic nucleotides migrate with Rf values of 0.57 in the cellulose thin 
layer system already described and can be obtained essentially pure by prepara
tive TLC. The presence of tyrosine in the product can be verified by nitrosonaph
thol staining (HAIS and MACEK 1963). The yield is 40%-55%. 
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Fig. 2. Synthesis and 
iodination of cAMP ligand 
(SCAMP-TME). The 
coupling agent is a mixed 
carboxylic acid--carbonic acid 
anhydride. (STEINER et al. 
1970) 

For later immunoassay use, the TME derivatives can be distributed in ali
quots containing 2 ~g per tube in 50 ~15 mM sodium acetate, pH 4.75 (BROOKER 
et al. 1979). The cyclic nucleotide concentrations in these solutions can be verified 
by UV absorption spectrometry using molar absorption coefficients of 14100 at 
258 nm for cAMP and 12950 at 254 nm for cGMP. 

For iodination, 1 mCi carrier-free sodium 1251 at a level of 100-500 mCi/ml 
without reducing agent is placed in a pointed minireaction vial; 20 ~l 0.5 M po
tassium phosphate, pH 7, and 20 ~l TME of the appropriate cyclic nucleotide 
(SCAMP-TME and SCGMP-TME) containing approximately 800 ng are added 
followed by 5 ~l freshly dissolved chloramine-T, 1 mg/ml, in 0.05 M potassium 
phosphate, pH 7.2 (BROOKER et al. 1979). After 45 s at room temperature, excess 
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sodium metabisulfite is added in a volume of 50 Ill. The iodination is performed 
in a well-ventilated fume hood with all the usual precautions used in working with 
radioactive iodine. The radioactive cAMP-TME conjugate is readily purified by 
column chromatography on Sephadex 0-10 (STEINER et al. 1969, 1972) or TLC 
on cellulose or polyethylimine- (PEI)-impregnated cellulose plates (SCHMIDT and 
BAER 1984). Probably the most convenient procedure is TLC on PEl cellulose. 
Sheets of PEl cellulose are cut to 20 x 10 cm squares and washed ahead of time 
with water. The iodination mixture is applied and the sheets are developed with 
1 M LiCl. The radioactive spots are located by radioautography, cut out with 
scissors, and extracted twice with 1 ml 0.1 MNaCl. SCHMIDT and BAER (1984) 
have shown that TLC on PEl separates both iodinated SCAMP-TME and 
SCOMP-TME, each into two fractions, presumably corresponding to the mono
and diiodinated products. The slower band is apparently the diiodo product and 
provides somewhat higher immunoassay sensitivity than the faster monoiodo 
product, because of its greater specific activity. The iodinated cyclic nucleotide 
derivatives can also be purified by chromatography on Sephadex 0-10 previously 
primed with PBS containing 1 m13% HSA and washed with PBS (STEINER et al. 
1972). When the column is eluted with PBS, three distinct peaks of radioactivity 
are obtained. The iodinated TME elutes last after the main iodine peak on this 
column because of adherence of the tyrosine moiety to the column (Fig. 3). 

After dilution with 0.02 M sodium acetate, pH 5.0, the iodinated cyclic nu
cleotides are stored in small aliquots at - 20°C. Iodinated preparations of 
SCAMP and SCOMP can be stored for as long as 2 months with no detectable 
loss of immunoreactivity, provided they are kept at - 20°C and not subjected to 
repeated freezing and thawing (BROOKER et al. 1979). 
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Fig. 3. Elution pattern of 125I_SCAMP_ TME from a Sephadex G-10 column (0.9 x 16 cm) 
using 0.15 M PBS as the eluent. Fraction I 125I-TME; fraction II 1251; fraction III 1251_ 
SCAMP-TME. (STEINER et al. 1969) 
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E. Evaluation of Antisera 
and Routine Immunoassay Procedures 
Antisera are screened using the 125I-labeled TME derivatives as radioindicator 
molecules. Standard curves are constructed with various nucleotides and nucleo
sides present in tissue samples as well as with the cyclic nucleotides themselves 
(Figs. 4 and 5; STEINER et al. 1970; BROOKER et al. 1979). Comparisons are made 
both with acetylated and unacetylated standards (Fig. 6). In preparing standard 
solutions, the extinction coefficients already given can be used to determine the 
precise concentrations of concentrated standards. Concentrated standards may 
be stored frozen at - 70°C for as long as 1 year (BROOKER et al. 1979). Diluted 
solutions of the standards can be stored for a few days at 4 dc. The assay is per
formed in 0.05 M acetate buffer which is used for all dilutions of standards or 
samples as well. Acetate buffer at pH 6.2 was utilized initially, but more recently 
pH 5.0 buffer, which provides a greater neutralization capacity following acety
lation, has been used. The acetylated cyclic nucleotide standards are added in 
50 Ill, delivering 0, 3, 10, 30, 100, 300, and 1000 fmol per tube (BROOKER et al. 
1979). For other nucleotides, much higher concentrations may and should be 
used. Evaluation of cross-reactivity of the acetylated nucleotides is of particular 
importance. With careful screening, antisera which are l06-fold more sensitive to 
cAMP than to other nucleotides have been identified (STEINER et al. 1970). 
Screening of the anti-cG MP antibodies must be done with even greater care since 
cAMP cross-reacts quite significantly with cGMP with most antisera. Moreover, 
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concentrations of cAMP in tissues exceed those of cGMP by 10- to 100-fold, so 
greater sensitivity is needed in the cGMP assay. 

Assays are performed in nonsiliconized disposable glass culture tubes 
(10 x 75 mm). Tubes contain (in order of addition): 50-100111 cyclic nucleotide 
standard, unknown solution, or buffer; 100 111 diluted antibody in buffer contain
ing 5 mg/ml bovine serum albumin (usually the dilution of antibody is in the 
range 1: 1000 to 1: 10000, sufficient to bind 30%-50% of the radio labeled li
gand); 100 111 125I-labeled ligand (approximately 10000 cpm) in buffer containing 
5 mg/ml bovine serum albumin; and sufficient buffer to bring the final volume to 
500 111 (BROOKER et al. 1979). The bovine albumin present with the radioactive 
marker and antiserum provide a final concentration of 2 mg/ml albumin in the 
final immunoassay mixture. After mixing, the incubation is allowed to proceed 
3-24 h at 4 dc. Depending on the method of separating bound from free radio
active ligand, other additions may be made early in the assay. 

I. Double-Antibody Procedure 

In the double-antibody procedure, the second antibody (directed against the IgG 
of the animal species used for preparing the anti-cyclic nucleotide antibody) is 
added, either at the beginning of the assay or at some later time in the first 6 h 
and then the incubation is continued for another 18 hat 4 DC (PARKER 1976). An 
amount of second antibody sufficient to precipitate all of the first antibody must 
be used. The following day, the precipitate is sedimented by centrifugation, 
washed twice with PBS containing 2 mg/ml bovine serum albumin, and 
counted. 

II. Ammonium Sulfate Precipitation 

Carrier IgG, 200 I1g per tube, preferably from the species of animal used in pre
paring the anti-cyclic nucleotide antibody, is included in the incubation mixture 
at the beginning of the assay. The antibody-ligand complex is precipitated by the 
addition of2.5 ml cold 60% ammonium sulfate, mixing each tube individually on 
a vibrator as the ammonium sulfate solution is added. After incubation at 4 DC 
for 30 min, the precipitated protein is isolated by centrifugation. If desired, an ad
ditional wash with cold 50% ammonium sulfate may be included. 

III. Charcoal 

After 3 h or more at 4°C, 1 ml of a cold suspension of charcoal (2 mg/ml in 
100 mM potassium phosphate, pH 6.3, containing 2 mg/ml bovine albumin) is 
added (BROOKER et al. 1979). After another 20 min at 4 DC, the tubes are centri
fuged at 1500 g at 4 DC for 10 min and the supernate or pellet is counted. When 
the charcoal immunoassay procedure is used, charcoal-albumin-buffer mixtures 
need to be made up every few days and centrifuged to remove fines on the day 
of the assay. With screening it is possible to identify antisera which permit mea
surements of cGMP in the presence of considerably higher concentrations of 
cAMP. 
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F. Tissue Extraction 
Radioimmunoassays for cyclic nucleotides are generally performed on crude tis
sue extracts, although in working with a new tissue it is important to show that 
similar values are obtained with highly purified samples. The most frequent ex
traction method involves using trichloracetic acid (TCA) or perchloric acid 
(PCA) as a protein and tissue denaturant (STEINER et al. 1970; BROOKER et al. 
1979). However, the acid that is added must be removed or neutralized before ace
tylation or succinylation and if it is neutralized the salt content of the sample will 
be increased. To extract a tissue with TCA, the samples ar either chilled to 4 °C 
in buffer or frozen and concentrated TCA is added to a final concentration of 5% 
or 10%. The tissue is homogenized with a Dounce or Polytron homogenizer or 
sonicated, and precipitated protein is removed by centrifugation. The TCA is re
moved from the supernate by extraction at least three times with five volumes di
ethyl ether saturated with water. Residual ether is removed by heating to 70°C 
for 2 min and the aqueous phase is either sampled directly or the residue is dried 
under a stream of nitrogen and immediately or later eluted with buffer. PCA can 
also be used for tissue extraction, but the methods for its removal are generally 
less satisfactory than the ether extraction procedure for TCA. Use of diluted HCl 
(0.1-0.5 M, depending on the volume and concentration of buffer present with 
the tissue) may also be advantageous for processing tissue samples since hydro
chloric acid is also a protein denaturant as well as being volatile. Still another 
method of tissue extraction which is suitable for some tissues involves taking 20-
200 mg frozen tissue and boiling it for 10 min in the buffer used in the immunoas
say. However, the main virtue of this procedure is its simplicity and it is primarily 
of value for samples that are not going to be acetylated or succinylated. A prob
lem has been observed with cAMP measurements in human plasma where a pro
tein (probably albumin) interferes with detectability of the cyclic nucleotide 
(EASTMAN and AURBACH 1982). A relatively efficient procedure for circumventing 
this problem is to prepare ultrafiltrates of plasma samples using a Gamme-Flo 
system and then to perform cAMP measurements in the filtrates. 

G. Derivatization of Tissue Samples 

To improve the sensitivity of the assay, the cyclic nucleotides present in tissue 
samples may be succinylated (CAILLA et al. 1973) or acetylated (HARPER and 
BROOKER 1975; BROOKER et al. 1979) to increase their reactivity with antibody. 
Since the two procedures produce comparable increases in assay sensitivity and 
acetylation occurs more readily and is more reproducible, acetylation is probably 
preferable. Acetylation of tissue samples improves assay sensitivity approxi
mately 50- 100-fold. Samples for acetylation include 500 Ilg tissue sample, 10 III 
undiluted triethylamine, and 5 III undiluted acetic anhydride. The triethylamine 
is added with an Eppendorf pipette positioned with its tip just above the surface 
of the fluid. The acetic anhydride is most reproducibly added as a small bead at 
the bottom of the tube (BROOKER et al. 1979). The contents of the tube are mixed 
on a vibrator immediately after adding the acetic anhydride to avoid its loss by 
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hydrolysis before the reaction with cyclic nucleotide is completed. Over-acetyla
tion with reaction at the N-6 position of cGMP must be avoided since cGMP de
rivatized at this position shows considerably reduced immunologic reactivity 
(STEINER et al. 1970). At very high ratios of acetic anhydride to cGMP, an addi
tional over-acetylation product is formed. Acetylated tissue samples must be ad
justed without delay back to the pH at which the assay will be performed to maxi
mize assay sensitivity and to minimize hydrolysis of the acetate ester bond in the 
acetylated cyclic nucleotide on standing. Even at an acidic pH, samples are stable 
for a maximum of 6 h, although frozen samples may retain full immunoreactivity 
for up to 3 days (BROOKER et al. 1979). When 0.05 M acetate, pH 5.0, is used as 
the immunoassay buffer and acetylated tissue samples are small, the adjustment 
in pH is not normally a problem (BROOKER et al. 1979). 

Individual samples of acetylated cAMP and cGMP can be separated by high 
pressure liquid chromatography or TLC to verify that the immunoreactivity is 
present in these fractions and to compare different acetylation procedures. After 
acetylation, the immunoassay curve is linear between 5 and 100 fmol of either ace
tylated cAMP or cGMP. The increase in immunoassay sensitivity for cAMP or 
cGMP is usually as great with acetylation as with succinylation, presumably be
cause the charge on the carboxylate group of the succinylated cyclic nucleotide 
is not present after conjugation to protein in the immunogen. 

H. Pitfalls in Immunoassay Measurements 

There are a number of important potential pitfalls in the performance of radioim
munoassays for cyclic nucleotides, some of which are problems for immunoassays 
in general and some of which are related to cyclic nucleotide assays per se 
(STEINER et al. 1970; BROOKER et al. 1979; PARKER 1976): 

1. Rapid processing of samples is necessary to be sure that the levels of cyclic 
nucleotide present when the experiment is completed do not change as the tissue 
is being extracted (PARKER 1976). Depending on the tissue, significant losses of 
cAMP can occur within a period of time as short as 1 s. Nor can it be assumed 
that extraction methods that are satisfactory in one tissue are necessarily ad
equate for another. Rapid freezing in liquid nitrogen, boiling, or homogenization 
in TCA while still frozen may be necessary to avoid breakdown of cyclic nucleo
tides. 

2. Considerable experience would indicate that crude tissue samples contain
ing cyclic nucleotides for later measurements should be stored at - 70°C or be
low. Otherwise significant losses may occur. 

3. Standards for acetylated tissue samples should be acetylated on the day of 
the assay because of slow deacetylation during storage, even at an acidic pH. 

4. Triethylamine must be added before acetic anhydride during acetylation to 
ensure that the pH is high enough for the reaction to occur. Once the acetic an
hydride is added, immediate mixing is necessary. 

5. Once the acetylation is completed, failure to acidify the tissue samples rap
idly is likely to result in accelerated hydrolysis of the newly introduced ester link
age. 
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6. Large aliquots of tissue samples should generally be avoided in the immu
noassay because of possible alterations in ionic strength or pH which may inter
fere with the antigen-antibody reaction. High concentrations of bovine serum al
bumin seem to reduce interference from large amounts of salt or buffer in the im
munoassay, but problems may nonetheless arise. 

7. As in all immunoassays, the standards and blanks should be as comparable 
to the unknown tissue samples as possible. Therefore, any further dilutions of tis
sue samples should be performed in mock acetylation mixtures containing the 
amounts of triethylamine and acetic anhydride which are used in the standard 
acetylation procedure so that these components remain constant in the radioim
munoassay. 

8. The reactivity of anti-cAMP antibodies may be affected by the divalent cat
ion content of the medium (STEINER et al. 1970; VOLKER et al. 1985), probably be
cause of complexing of the phosphate moiety of the cyclic nucleotide with cations 
such as magnesium and calcium ions or nonspecific effects in the immunoassay 
system. Antisera differ in their sensitivity to these effects, but certainly when mea
surements are performed on tissue samples containing chelating agents for diva
lent cations, consideration has to be given to possible nonspecific alterations in 
cyclic nucleotide measurements. 

9. The amount of measured cyclic nucleotide should be directly proportional 
to the amount of tissue extract used in the assay. 

10. Regardless of the procedure that is used to separate free and antibody
bound radioindicator molecules, the total processing time and temperature 
should be maintained as constant as possible between samples and standards. 

11. Every immunoassay that is performed must be performed with a standard 
curve to ensure that the sensitivity and specificity of the assay are as expected. The 
standard curve with marker should detect unexpected problems in labeling of the 
radioactive marker or loss of its immunoreactivity due to deterioration. It will 
also detect problems associated with improper storage or dilution of the anti
body. 

12. Where a later bleeding from an immunized animal is used, new bleedings 
have to be assessed for possible changes in the titer, sensitivity, or specificity of 
the antibody (PARKER 1976). Antisera suitable for immunoassay purposes are 
available from a number of commercial sources. However, even when the previ
ous experience has been favorable, the individual laboratory must recheck the im
munoassay system from time to time. 

J. Validation of the Immunoassay 

Apart from the standard curve per se and a detailed analysis of the immunoassay 
system with a series of dilutions of possible cross-reacting nucleotides and nucleo
sides, a number of procedures can be used to help validate immunoassay re
sults: 

1. The addition of known amounts of cyclic nucleotide to tissue samples at 
the time the tissue is extracted (or even in some instances as the tissue is in its final 
stages of incubation) should give the expected increase in cyclic nucleotide con-
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centration in the immunoassay. This helps verify that no interfering substance is 
present and that the added cyclic nucleotide is being recovered. 

2. If 3H-Iabeled cAMP or cGMP of high enough specific activity is available, 
the radioactive cyclic nucleotide may be added as an internal standard to permit 
the recovery of radioactivity as well as of immunoreactivity to be measured. 
Samples with or without added radioactive standard can be processed by high 
pressure liquid chromatography or some other fractionation system to determine 
if the immunoreactivity is recovered in the expected place and in the amounts ex
pected from the column. Of course, where chromatographic procedures are being 
used for partial purification of a cyclic nucleotide, parallel column elutions with
out cyclic nucleotide in the sample should also be evaluated for possible reactivity 
in the immunoassay. This will help identify problems due to salt or buffer in the 
column fractions altering the ionic strength or pH in the immunoassay and in
terfering with the antigen-antibody reaction. 

3. It is also frequently possible to add known amounts of a partially purified 
cyclic nucleotide phosphodiesterase to samples and show that the immunoreac
tivity is destroyed (STEINER et al. 1969). This procedure is more satisfactory in 
some types of tissue samples than others, perhaps because of variable amounts 
of divalent cations which may affect the activity of the enzyme. 

4. In the initial radioimmunoassay measurements of a cyclic nucleotide in a 
laboratory, it may be helpful to study a tissue which has already been well char
acterized in terms of its cyclic nucleotide responses. Pharmacologic stimuli affect
ing cyclic nucleotide concentrations, such as PGE2 or f3-adrenergic catechol
amines for cAMP, or azide or nitroprusside for cGMP, may be used to verify that 
the expected large cyclic nucleotide response can be readily detected in the immu
noassay. Phosphodiesterase inhibitors may also produce substantial increases in 
cyclic nucleotides, although caution is needed because methylxanthines may in
terfere nonspecifically in the immunoassay. 

5. In some instances, blank tissue samples may also be obtained where low 
levels of immunoreactivity are expected. For example, plasma that has been prop
erly treated with charcoal should have a low cAMP content (EASTMAN and AUR
BACH 1982). 

K. Special Applications of the Immunoassays 

The radioimmunoassay for cAMP can be applied to the measurement of adenyl
ate and guanylate cyclases (STEINER et al. 1970; BROOKER et al. 1979; VOLKER et 
al. 1985). Tissues containing these enzyme activities are incubated in the usual 
way with ATP or GTP (typically 1 mM ATP and 0.6 mM Mg2+ for adenylate 
cyclase or 1 mM GTP and 10 mM Mn2+ for guanylate cyclase). Theophylline or 
methylisobutylxanthine is present in both instances to inhibit cyclic nucleotide 
phosphodiesterase. In some tissues, it may be desirable to have an ATP-generat
ing system present and 12 mM creatine phosphate and 1 mg/ml creatine phos
phokinase may be used in combination for this purpose. The use of a radioimmu
noassay to measure adenyl ate cyclase activity avoids expensive 32P-containing as
says and the use of column chromatography and barium zinc precipitations, or 
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in fact any purification procedure to separate the cAMP before it is measured. 
In performing the cAMP measurements, controls are needed for possible effects 
of ADP, AMP, or adenosine hydrolyzed from ATP in the immunoassay (VOLKER 

et al. 1985). In addition, artifactual formation of cAMP from ATP-Mg2+ com
plexes under the alkaline conditions used for succinylation or acetylation is pos
sible. EDT A can be used to complex the Mg2 + , avoiding this complication, but 
then consideration has to be given to the possible effect of removal of Mg2 + (or 
other divalent cations) on the reactivity of anti-cyclic nucleotide antibodies. 
Cross-reactivity from unhydrolyzed ATP in the immunoassay also has to be con
sidered, which may necessitate the absorption of the ATP or oxidized ATP on 
alumina. In some instances, this has not been necessary owing to exceptionally 
low cross-reactivity between ATP and cAMP with the particular anti-cAMP an
tibodies available (STEINER et al. 1970). Another procedure that can be used is 
periodic acid oxidation of samples prior to succinylation which prevents the for
mation of cAMP, even in the presence of MgCl2 (VOLKER et al. 1985). Once the 
cyclization problem is controlled, the radioimmunoassay can be as sensitive or 
more sensitive than methods in which a_ 32p ATP is used as a substrate. 
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CHAPTER 21 

Radioimmunoassay of Platelet Proteins 
D.S. PEPPER 

A. Introduction 

The platelets, formed by fragmentation from the megakaryocytes in the bone 
marrow, circulate in the blood and playa significant role in normal haemostasis 
as well as in pathological processes such as thrombosis, atherosclerosis, inflam
mation and immune rejection. Within the platelet are secretory storage vesicles 
of both dense and rJ. granules containing respectively lower and higher molecular 
weight species. The contents of the rJ. granules are largely proteins and include not 
only the familiar plasma proteins such as albumin and fibrinogen, but also a large 
proportion of unique proteins that have been referred to as platelet-specific gran
ule proteins. Since normal plasma contains only low levels of these latter proteins, 
their assay measurement in plasma ex vivo constitutes a valuable method of 
measuring platelet activation and secretion as it occurs in vivo. 

It has been known for a long time (for review see W ALZ 1984) that both human 
and animal platelets contain a platelet-specific protein, platelet factor 4 or PF4, 
that could be detected by its ability to neutralise heparin (NIEWIAROWSKI et al. 
1968). Subsequently, during purification of this molecule (MOORE et al. 1975 a) 
another physically similar molecule termed fJ-thromboglobulin or fJ-TO was iso
lated, but it lacked anti-heparin activity (MOORE et al. 1975 b). These molecules 
have been purified to homogeneity by a number of groups and their primary 
amino acid sequences are known (BEGG et al. 1978). Both proteins are basic, heat 
stable, acid soluble, have low contents of aromatic amino acids, no carbohydrate 
and are of rather low molecular weight. fJ-TO has a polypeptide subunit of 81 res
idues giving a subunit molecular weight of 8851, but under normal conditions 
these associate noncovalently to form a reversible tetramer structure of molecular 
weight 36000 (BOCK et al. 1982). 

By contrast PF4 has 70 residues giving a polypeptide molecular weight of 7780 
which also associates to form a tetramer of molecular weight 30000. However, 
unlike f3-TG, PF4 is not readily soluble under physiological conditions, but is 
stored and secreted as a complex of 8 molecules of PF4 tetramer ionically com
plexed to a chondroitin-4-S0 4 proteoglycan carrier of molecular weight 110000 
(BARBER et al. 1972) giving a total molecular weight of 350000 under physiolog
ical conditions. In the presence of highly sulphated molecules like heparin and he
paran sulphate, PF4 can reversibly dissociate from its carrier and bind more 
strongly to the presumed target molecules (LUSCOMBE et al. 1981). Both PF4 and 
f3-TG contain conserved amino acid residues giving a homology of 50%~60% 
and having similar secondary structures comprising a double loop in the form of 
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a butterfly with both the NH2 and COOH termini free (LAWLER 1981). This struc
ture is stabilised by a pair of closely opposed disulphide bonds. At the COOH ter
minus of PF 4 there exists a sequence of pairs of basic lysine residues alternating 
with pairs of hydrophobic residues whilst in [3-TG this sequence is broken up by 
the insertion of acidic and hydrophilic residues. These structures are the basis of 
the heparin-binding site in PF4 and [3-TG and explain the difference in magnitude 
of binding to heparin (PF4 > > [3-TG). Fortunately for the purposes of radioim
munoassay, both molecules contain a single tyrosine residue which is amenable 
to radioiodination by any of the well-known methods. 

A third protein thrombospondin (TSP) which is quite unrelated to the two al
ready mentioned was first thought to be a thrombin-sensitive membrane glyco
protein (BAENZIGER et al. 1971), but was subsequently shown to be an ex granule 
glycoprotein of molecular weight 450 000 (LAWLER et al. 1978) composed of three 
disulphide-bonded polypeptide subunits of molecular weight 150000. This glyco
protein has calcium-binding sites, which induce conformational changes and is a 
substrate for thrombin. It binds to the platelet surface and can, under appropriate 
conditions, act as a "lectin", agglutinating cells in the presence of fibrinogen and 
may be involved in platelet-platelet or platelet-subendothelium interactions 
(PHILLIPS et al. 1980; MARGOSSIAN et al. 1981; JAFFE et al. 1982). 

All three platelet proteins, [3-TG, PF4 and TSP, have been purified, radiola
belled and made the basis of RIAs in several laboratories. Significant amounts 
of data have been accumulated on their concentrations and behaviour in bodily 
fluids (Table 1). More recently, the platelet-derived growth factor (PDGF), which 
is responsible for much of the cell growth stimulatory action of serum, has been 
purified in a number of laboratories and a radioimmunoassay (HELDIN et al. 
1981) as well as a ligand-binding assay (BoWENPoPE and Ross 1985) have been 
described. Unfortunately the amounts of PDGF in plasma and serum are very 

Table 1. Platelet protein content of various bodily fluids in Homo sapiens' 

Fluid [3-TO (ng/ml) PF4 (ng/ml) TSP (ng/m!) PDOF (ng/ml) 

Mean SD Mean SD Mean SD Mean SD 

Plasma 37.2± 10.9 14.7±10.1 105±31 < 0.2 
Serum 18100±3650 14800± 3900 17500±5500 17.5 ± 3.1 
Whole blood 10900± 1860 10890±2470 18000±3400 
Urine 0.14± 0.09 0.43±0.2 < 2-25 
Amniotic fluid b 48.9 ± 35 5.6±6.1 
Synovial fluid b 56.5 ± 19.8 8.8±6.2 
Cerebrospinal fluid b 1.08± 0.47 < 0.5 
Saliva 0.3 ± 0.2 136±24 
Colostrum 65000± 10700 
Milk 3975±780 

Intraplatelet content 55900± 1200 63700±4350 89000 ± 28 300 42±9 
(ng per/l09 platelets) 

• Data were taken from various publications and are therefore prone to standardisation 
errors. 
b Some samples were necessarily pathological specimens. 
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small and the presence of interfering substances in plasma rules out the use of 
PDGF as a marker of platelet activation. However, the available data have been 
included in Table 1 for completeness (BOWENPOPE et al. 1984). 

Despite the apparent close homology between PF4 and [3-TG, the polyclonal 
animal sera raised in a variety of species have never shown any significant cross
reactivity ( < 1 %) so presumably the surface epitopes are very different despite the 
primary sequence homology, which must reside in the core of the molecule 
(LAWLER 1981). 

More recently (KAPLAN and NIEWIAROWSKI 1985), precursor forms of [3-TG 
have been found which contain increasing numbers ofNH2 terminal residue ad
ditions, 4 in the case of "low affinity PF4" (LAPF4) and 13 in the case of "platelet 
basic protein" (PBP). A further possible candidate in this group is "connective 
tissue activating protein" (CTAP). Fortunately, none of these precursor forms is 
distinguishable by RIA with polyclonal antisera used in existing assay though 
DAVIS et al. (1985) have prepared an antiserum to a synthetic NH2 terminus with 
the 4 residue additions of LAPF4. In practice, endogenous proteases in the body 
will degrade both PBP and LAPF4 to the stable end product [3-TG. At present 
the only satisfactory way of quantitating these various homologues is by isoelec
tric focusing prior to RIA (the respective isoelectric points of PBP, LAPF4 and 
[3-TG are ",9.0,8.0, and 7.0). 

For the purposes of laboratory investigation and pharmaceutical testing, it 
would be highly desirable if the common laboratory animals (mice, rats, guinea 
pigs, rabbits) had assayable levels of platelet-specific proteins. Whilst it is true 
that all vertebrate species tested do indeed express a heparin-neutralising activity 
in platelet-rich blood serum and this can likely be associated with the animal ana
logues of human PF4, it is unfortunate that no species cross-reactivity of any use
ful degree exists except in the higher primates (DAWES et al. 1983). Thus if such 
a test is needed it is necessary for most laboratory workers to start out with the 
purification of the animal protein and to prepare new tracers and antibodies. The 
smaller the animal the more difficult this becomes and so far only rabbit PF4 
(GINSBERG et al. 1979) and porcine PF4 radioimmunoassays (RUCINSKI et al. 
1983) have been described in the literature. 

The situation with [3-TG is even less clear, for no obvious biological activity 
has been associated with it, although a report exists of inhibition ofPGI2 synthe
sis in cultured cells (HOPE et al. 1979) and more recently of a partly homologous 
mRNA transcript in y-interferon-stimulated monocytes (LUSTER et al. 1985) both 
pointing to a possible role in inflammation. Since no satisfactory bioassay exists 
for [3-TG and since, with the exception of higher primates, the human RIA does 
not cross-react, it has not been easy to purify the small animal analogues of hu
man [3-TG. 

However, based on physicochemical properties alone, MUGGU et al. (1981) 
have been able to isolate from rabbit platelets, by means of gel filtration and hep
arin affinity chromatography, a protein or mixture which has the appropriate mo
lecular weight, solubility, isoelectric point, etc. of an anticipated [3-TG analogue, 
there is as yet little published data on how sensitive their RIA might be for platelet 
activation in the rabbit. A possibly homologous bovine [3-TG has been isolated 
in impure form by CIAGLOWSKI et al. (1981). 
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In the case of TSP, however, the situation is quite different. DAWES et al. 
(1983) have shown that in higher primates no cross-reacting material can be de
tected, yet in bovine, ovine, caprine, porcine and canine species a considerable de
gree of cross-reaction is evident with samples of animal serum. In the case of 
bovine and foetal bovine serum an independent report confirms this (MCPHERSON 
et al. 1981). The cross-reactivity with canine platelet TSP, although not as com
plete as bovine TSP, is nevertheless sufficient to be useful, e.g. in a dog model of 
coronary thrombosis (KORDENAT et al. 1983). Unfortunately, TSP is also secreted 
by several other cells (WIGHT et al. 1985) including endothelial cells, at least in 
culture, so the possible contribution of these to plasma TSP levels is presently un
known. 

The usefulness of anyone of these three markers is dependent on a number 
of factors which cannot be predicted from simple in vitro measurements. Thus 
simple measurements of the serum:plasma ratio show a decreasing series PF4 > 
f3-TG > TSP (actual values are respectively 1000: 1, 500: 1, 170: 1), but the mea
sured equilibrium levels in normal subjects are TSP > f3-TG > PF4 (actual 
values are respectively 100, 30,10 ng/ml) and finally the half-lives of the markers 
are respectively 9 h, 1.5 hand < 10 min for TSP, f3-TG and PF 4. Another com
plicating matter is the catabolic route of each marker, which being different are 
also differently influenced in pathological conditions. It has been proposed 
(DAWES et al. 1978) that f3-TG is cleared via the kidneys and thence tubular re
sorption, whilst PF4 is cleared via endothelial cell heparan sulphate (and second
arily via liver and/or kidneys) whilst TSP is cleared via the liver (LANE et al. 1984). 
It has been clearly shown that deteriorating kidney function results in abnormal 
elevation of f3-TG (> 60 ng/ml) (ANDRASSY et al. 1980) even in the absence of any 
platelet activation; thus, false positives can be generated simply by poor kidney 
function. To some extent this can be corrected for by calibrating the elevated f3-
TG against the observed creatinine levels. 

Over the previous decade, the development of platelet-specific protein RIAs 
has made a significant impact on research and clinical studies of platelet function. 
However, the assays so developed have also provided additional useful informa
tion on the fundamental nature of the markers themselves. Progress in this area 
has been reviewed by DEBOER et al. (1982, 1983) and KAPLAN and OWEN (1981, 
1982). 

B. Sample Collection and Processing 
The development of sensitive tests for in vivo platelet activation carries with it the 
need for an equally rigorous sample collection and processing system which will 
reliably prevent spurious activation of blood samples in vitro (LEVINE et al. 
1981 a). Experience over the last decade has shown that it is this area, rather than 
RIA methodology per se, which has caused the majority of technical problems. 

There is no absolute way of knowing what the "true" normal levels of f3-TG 
and PF4 are in human plasma. Rather, an empirical, iterative approach is used 
whereby successive modifications in anticoagulants and procedures are tested 
against previous "best" systems until no further lowering in observed levels is 
seen. In our laboratories, for f3-TG, this is in the range 20-30 ng/ml. However, 
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Table 2. Composition of different anticoagulants useful in platelet RIAs' 

Name Anti- Antiplatelet drugs Other References 
coagulant additives 

ETP (Edinburgh 78mM 10 mM theophylline, LUDLAM and 
cocktail) EDTA 0.33Ilg/ml PGE 1 CASH (1976) 

ET (Amersham 78mM 10 mM theophylline 
f3-TG kit) EDTA 

Thrombotect 2.5% w/v 0.025% 2-chloro- 7% w/v 
(Abbott) EDTA adenosine procaine 

CAPE 113mM 150 mM aspirin, 550mM FILES et al. 
citrate 51lM PGE 1 ethanol (1981) 

CTAD 110mM 3.7 mM adenosine, CONTANT 
(Stago) citrate 15 mM theophylline, et al. (1983) 

0.2 mM dipyridamole 

• All anticoagulants are used in the ratio of 1 volume anticoagulant to 9 volumes whole 
blood except CAPE which is 1 volume to 4 volumes. Blood samples collected into anyone 
of these anticoagulants are suitable for use in all three platelet protein RIAs, i.e. for f3- TG, 
PF4 and TSP assays. 

this approach has one serious disadvantage, for when comparing lowest numeri
cal values from different laboratories, differences due to assays and standards will 
not readily be estimated, thus comparison of such empirical iteration is best 
limited to studies within a particular laboratory. 

Early studies by LUDLAM and CASH (1976) established the need for cooling to 
o °C during both sample collection and centrifuging and the need to use EDT A 
as anticoagulant together with a pair of complementary platelet-inhibiting drugs 
such as theophylline and prostaglandin E1, now widely known as ETP or the 
"Edinburgh cocktail". In our hands, this combination has not been bettered, but 
a number of alternatives exist (Table 2) which have other useful features. Thus, 
Abbott Laboratories have developed an anticoagulant which can be stored and 
used at room temperature. This anticoagulant (Thrombotect, Abbott catalogue 
720301) contains EDT A as anticoagulant, 2-chloroadenosine as an anti-platelet 
inhibitor and the local anaesthetic procaine as a membrane-stabilising agent. In 
principle, this allows the blood samples to be processed without refrigerated cen
trifuges, but in practice it is difficult to keep blood below the 30°C limit specified, 
especially using nonrefrigerated centrifuges in summer. In an attempt to improve 
room temperature processing, citrate has been used in place of EDT A as antico
agulant and platelet inhibitors of theophylline, adenosine and dipyridamole have 
been proposed by CONTANT et al. (1983) and this will be available commercially 
from Stago. The disadvantages of the "Edinburgh cocktail" ETP include the need 
to store unused anticoagulant at - 40°C before use because of the instability of 
PGE1 in aqueous solution, and its nonavailability predispensed from commercial 
sources. However, the Amersham f3-TG RIA kit (IM-88) does include a stable 
version ofETP from which the prostaglandin E1 has been omitted. One disadvan
tage of the Abbott Thrombotect anticoagulant is that it is packaged in Vacu
tainers which cause unnecessary trauma to the blood sample and may result in 
enhanced in vitro activation. 
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Studies by LUDLAM and CASH (1976), FILES et al. (1981), and FABRIS et al. 
(1985) show that if the plasma samples obtained from suitable anticoagulants are 
diluted (to reduce their density) and further centrifuged at 50000 g for 1 h, a sig
nificant reduction in f3-TG levels can be obtained. This probably reflects the re
moval of small and/or light, empty micro vesicles of platelet-derived membrane 
structures with platelet protein either entrapped within or bound to their surface. 
Unfortunately, this technique is rather time-consuming and requires an ultracen
trifuge, not normally available in the majority of hospital or coagulation labora
tories. 

An observation by RASI (1979) showed that even in low speed spinning 
( '" 1 000 g) a proportion of light (i.e., empty or lipid-bound) platelet vesicles will 
accumulate in the meniscus layer of plasma, often associated with a visible pellicle 
of turbid, white, lipid material, probably chylomicrons. It is desirable, in the in
terests of assay reproducibility, to avoid this layer when pipetting off aliquots and 
to sample once only from the middle third of the plasma layer, avoiding distur
bance to both the buffy coat and meniscus layers. 

It sometimes happens that heparin is included in the sample, either as an in 
vitro experimental addition or from a previously heparinised patient. Since PF4 
is not itself very soluble under physiological conditions, it tends to bind to neg
atively charged surfaces such as red cell and platelet membrane. At low (i.e. nor
mal) levels of plasma PF4, a significant amount of PF4 will co sediment with the 
cell and if heparin is included in the sample prior to separation a higher (approx
imately twofold) level of PF4 may be found in the plasma owing to its preferential 
removal by heparin from the cell surface. This should not be confused with the 
platelet activation, or the heparin-induced release which occurs in vivo (see 
Sect. F). 

Another source of artifactual platelet activation which should not be over
looked is the indwelling catheter. Studies have shown that 30--45 min after inser
tion of short, venous catheters, reliable, normal values of 13-TG and PF4 can no 
longer be obtained. If at all possible, catheters should be avoided, but if this is 
not possible, e.g. in cardiac catheterisation, some form of antiplatelet drug should 
be present within the lumen either by slow perfusion between sampling or by the 
use of a double-lumen catheter, whereby anticoagulant is mixed with blood at the 
catheter tip (MANT et al. 1984). 

The basic sampling procedure operated in the author's laboratory is as fol
lows: 5 ml venous blood is taken with minimal trauma into a polypropylene 
syringe with a 19-9auge needle. The volume collected can be in the range 5-50 ml, 
but the entire sampling time should not exceed 60 s. With the needle still in place 
on the end of the syringe, 2.7 ml blood is dispensed into the bottom of a silico
nised 12 x 75 mm glass tube, held upright in crushed moist ice with a premarked 
calibration to show the correct fill volume. The tubes already contain 0.3 ml ETP 
anticoagulant (see Table 2) and have been marked with the patient's name, etc. 
in waterproof pen. A glass tube is superior to a plastic one since the rate of cooling 
is much faster. The needle is kept on so that blood never contacts the upper 
(warm) half of the tube nor the rubber stopper area. After dispensing the blood 
sample (or samples) the tubes are capped and pushed down further into the ice 
mixture for 60 s to cool the entire tube and then gently shaken by tapping to mix 
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the ETP anticoagulant and blood, yet without allowing any blood to contact the 
stopper or the upper half of the tube where it may warm up during subsequent 
processing. The tubes are then (within 2 h) transferred to a precooled swing-out 
centrifuge fitted with rubber adaptors to carry the entire set of experimental 
samples (e.g. 24) at one time, and the samples are spun at 1000 g for 45 min at 
o DC. It is always worthwhile to check the temperature calibration of the centri
fuge at the end of a run, e.g. with a thermocouple inserted into one spare sample, 
or a small crystal ( "" 5 mm 3) of wet ice, placed on top of the cap of one tube. At 
the end of the run, the ice crystals should still be present and wet. Experience has 
shown that cooling is more important than anticoagulation and should take pre
cedence in any sequence of handling events. 

The spun samples are carefully transferred without any shaking to a rack 
where the stoppers are gently removed and a disposable pipette capable of sam
pling 0.7 ml is inserted gently through the meniscus region until the tip is in the 
central third volume of plasma, when the sample is aspirated slowly and smoothly 
without mixing either the meniscus region or the buffy coat. The sample is then 
dispensed into 2-ml plastic tubes (prelabelled with patient's name) either as a sin
gle sample of 0.7 ml or as two aliquots of "" 0.35 ml. It is not permissible to re
sample a second time from the same plasma volume on the red cells as mixing of 
meniscus lipid and/or buffy coat are more likely. The same sample of plasma can 
be used for both [3-TG and PF 4 assays. The samples after spinning and separation 
are remarkably stable as regards the two antigens and can be stored at - 40 DC 
for several years without noticeable loss. 

It often happens that [3-TG and PF4 assays are required at the same time as 
other RIAs (e.g. fibrinopeptide A) or clotting assays (e.g. activated partial throm
boplastin time). It is thus desirable that if a large volume syringe is filled (e.g. 
50 ml) the first sample to be dispensed should be the [3-TG/PF4 sample followed 
by progressively less labile samples into their appropriate anticoagulants. It is 
often possible to perform other assays on the sample collected into ETP, as the 
EDTA, etc. do not interfere in the assay. For those assays where interference is 
expected, it may be possible to use one of the citrate-based anticoagulants (see 
Table 2) e.g. CT AD (Stago), or more simply, a separate citrated sample tube. 

Many alternative membrane-stabilising drugs apart from procaine have been 
described which can prevent !Y. granule release (PROWSE et al. 1982) and the anti
malarials are particularly active, the best being hydroxychloroquine. Being stable 
for prolonged periods in aqueous solution, these represent a useful basis when 
combined with citrate for "nonrefrigerated" sample collection systems. However, 
it should be stressed that they have not yet given normal ranges as low as ETP 
at 0 DC and further work is still required. 

A totally different approach to the problem of obtaining artifact-free samples 
is to use a body fluid other than blood which contains equilibrium levels of 
marker protein, but is devoid of platelets. In this respect [3-TG is better than PF4 
or TSP because it circulates freely in a low molecular weight form and should pass 
readily through semipermeable membranes into various bodily fluids (see 
Table 1). Significant data have only been obtained so far with urine (DEBOER et 
al. 1981; VAN OOST et al. 1983) and to a lesser extent with saliva (COOKE et al. 
1981) when some correlation with deep venous thrombosis has been claimed. A 
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problem with both these approaches is knowing how to allow for various secre
tion rates of the respective fluids. Despite this, they represent a valuable alterna
tive to blood sampling, especially in situations such as mass screening where sin
gle samples must be obtained with the least risk offalse positives. Unfortunately, 
this reliability is gained at the expense of sensitivity (i.e. more false negatives will 
occur) since there appears to be a threshold level of /3-TG in plasma at about 
80 ng/ml (significantly elevated) at which normal urine values can still be ob
tained (J. DAWES, J. ANDERTON and C. V. RUCKLEY 1981, unpublished work). 

c. Assay of P-Thromboglobulin 

The method of BOLTON et al. (1976a) is the basis of many "in-house" assays and 
is performed as follows. Purified /3-TG is obtained from fresh platelet concen
trates by the method of MOORE et al. (1975b) and 10 Ilg is iodinated to a specific 
activity of 50-80 IlCi/llg by the chloramine-T method. No problems are normally 
encountered with this reagent, which can be stored frozen in liquid nitrogen 
(-196°C) for several months after adding 30% w/v sucrose. 

Specific antibody to /3-TG can be "in-house", or a suitable sheep antibody (SA 
1140) can be obtained from the Scottish Antibody Production Unit, Law Hospi
tal, Carluke, Lanarkshire, Scotland. A solid-phase second antibody, e.g. commer
cially available donkey anti-sheep, is coupled to cyanogen bromide-activated Se
pharose 4B in the ratio of, say, 5 ml whole serum to 35 ml hydrated activated 
gel. 

After determining the dilution of primary antiserum needed to bind 50% of 
the tracer, appropriate dilutions of samples (20-50 Ill) were mixed with 50 III 
tracer (diluted to contain about 1 ng/ml /3-TG and giving 10 000 counts in 
< 100 s) and 50 III diluted antibody and incubated together at room temperature 
for", 18 hat 20°C in disposable polystyrene 12 x 75 mm tubes. All dilutions were 
made in an assay buffer composed of 0.05 M phosphate, pH 7.4 and 2% v/v nor
mal horse serum. After overnight incubation, the bound and free tracer were sep
arated with the solid-phase antibody as follows. A slurry of solid phase ( '" 20% 
v/v beads in dilution buffer) was constantly agitated with a magnetic stirrer bar 
and 100-1l1 volumes of slurry were dispensed via a disposable pipette whose tip 
had been cut off to increase the available lumen diameter and avoid clogging by 
beads. The assay tubes with solid phase were shaken on a horizontal rotary shaker 
at 1000 rpm for 1 h and then bound and free tracer were separated by injecting 
1.8 m110% w/v sucrose as an underlayer below the samples and beads were si
multaneously washed and separated by sedimentation through the sucrose layer 
at unit gravity, which normally is complete in 20 min (HUNTER 1977). Super
natant fluid was aspirated via a vacuum line leaving only the bound tracer at
tached to the solid-phase pellet in ",0.3 ml. Both the sucrose addition (under
layering) and supernatant removal (vacuum aspiration) were conveniently per
formed with a pair of eight-way manifolds constructed to the same spacing as the 
test tube rack. Nonspecific binding in this assay is routinely less than 2% and the 
assay calibration curve (Fig. 1) is sensitive down to < 0.2 ng tube ( == 3 ng/ml for 
a 50-Ill sample). 



Radioimmunoassay of Platelet Proteins 525 

so 

--I 
'0 

30 

20 

10 

0+---1 
o 

f-~1'~~, 
""~~ 

"" 

_ f3TG 

---- PF' 

~~-- ---I)'- ~ 
v _____ ~;~ " 

xl~

NSB __ 4: 
I~/ __ --,,----------,,--------~, 

01 1·0 10·0 
ngltube 

Fig. I. Standard assay curves for the radioimmunoassay of f1-TO (full curve) and PF4 
(broken curve) using simultaneous addition of sample and tracer with 18 h first-stage incu
bation followed by 45 min second antibody separation. See Sects. C and D for experimental 
details. Lower sensitivity limits are shown by full and broken right angles for f1-TO and PF4, 
respectively, and nonspecific binding (NSB) by full and broken horizontal lines, respectively 

Two alternative forms of the assay have also been described (BOLTON et al. 
1976 a; BROWN et al. 1980) a more sensitive version (down to '" 0.05 ng/ml) using 
delayed addition of tracer and taking 48 h to complete, and a rapid assay com
pleted in 90 min, in which primary antibody is coupled to solid-phase Sepharose 
4B and the bound tracer is separated rapidly before any drift of percentage bind
ing in the sample batch can be detected. This constraint limits both the sample 
numbers and the precision. 

For those laboratories which do not have prior experience of developing and 
running their own RIAs, the commercial kit for f3-TG assay from Amersham 
(f3-TG kit 1M -88) is a satisfactory alternative. The kit contains anticoagulant, 
sample tubes, antibody at the appropriate dilution, tracer, ammonium sulphate 
separation reagent and a complete set of standards to construct a calibration 
curve from 10 to 225 ng/m!. The kit will perform 48 assays in about 90 min which, 
allowing for 5 standards in duplicate corresponds to 19 unknown samples in 
duplicate. Where unusual samples are present (e.g. serum or other artificially el
evated plasma samples) it is sometimes necessary to predilute the sample to obtain 
values within the normal range (i.e. < 225 ng/ml). It is essential that this be done 
with a reagent that contains the same amount of protein as the sample, but is de
void of cross-reacting f3-TG antigen. Such a suitable diluent is 20%-100% v /v 
normal horse serum; under no circumstances must the sample be diluted in 
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buffered salt solutions devoid of protein; even washed platelet pellets must be 
resuspended in horse serum prior to assay to avoid incomplete precipitation of 
bound tracer at the final ammonium sulphate separation step. This rapid assay 
kit can also be used with the same reagents as a slower (6 h), but more sensitive 
(> 0.6 ng/ml) assay for the detection of 13-TG in urine. The assay is simply 
operated in the delayed addition of tracer mode and full details can be obtained 
from Amersham on their information sheet for 13-TG urine assays or in the 
publication of VAN OOST et al. (1983). 

Even for those laboratories which do operate their own assays the commercial 
kits represent an alternative source of quality controlled tracer and assigned stan
dards which are invaluable for "troubleshooting" when an "in-house" assay goes 
inoperative for whatever reason. An interlaboratory study on assay performance 
with the 13-TG and/or PF4 assay as performed in different laboratories has been 
published (KERRY and CURTIS 1985). 

D. Assay of Platelet Factor 4 

The method of BOLTON et al. (1976b) as modified by DAWES et al. (1978) is the 
basis of several "in-house" assays for PF4. The modification of the original 
method is necessary when PF4 is prepared from outdated rather than fresh plate
let concentrates, as proteolysis of the protein can produce a spectrum of tracer 
molecules that do not bind to heparin or antibody. Other published RIA methods 
include those of LEVINE and KRENTZ (1977), LEVINE et al. (1981 b), and HANDIN 
et al. (1978). 

The assay buffer and tubes are similar to those described for f3-TG, as are the 
solid-phase second antibody and fluid-dispensing manifolds for the final separa
tion, except that 1 M NaCl is added to the assay buffer to improve the solubility 
of PF4. Tracer is prepared from 10 Ilg PF4 dissolved in 101111 M NaCl and io
dinated by the chloramine-T method. Labelled protein is separated from free io
dide by gel filtration on a column of Sephadex G-50 swollen and washed in 
0.05 M phosphate buffer, pH 7.4, containing 2% v/v normal horse serum and 
1 M NaCl. A specific activity of 30-50 IlCi/llg is so obtained. When the tracer is 
prepared from PF4 that is purified from fresh platelet concentrates, this is nor
mally sufficient, but when the PF 4 is purified from outdated platelet concentrates, 
an alternative immunopurification or affinity purification step is desirable. 

Affinity purification on heparin-Sepharose (Pharmacia) is possible, the intact 
PF4 eluting as the last peak, between 1.0 and 1.5 M NaCl. However, some of 
these molecules may still be antigenically deficient and a better method is immu
nopurification on a column of solid-phase low affinity polyclonal antibody to 
PF4. In this method, 5 ml whole antiserum is coupled to 35 ml CNBr-activated 
Sepharose 4B gel and 2 ml of this gel is packed into a disposable polypropylene 
chromatographic column (Amicon-Wright) and eluted with a sequence of: 0.1 M 
acetate buffer, pH 4.7; 0.1 M borate buffer, pH 9.0; and finally 3 M KSCN. The 
precycled column is then washed with starting buffer (phosphate-horse serum-
1 M NaCl) and a suitable quantity of PF4 tracer applied. After washing out un
bound tracer with starting buffer, the immunologically bound PF4 is eluted with 
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3 M KSCN, pooled and diluted in starting buffer. Tracers were stable at 4°C for 
up to 4 weeks and after adding 30% w /v sucrose, could be frozen as aliquots in 
liquid nitrogen and remained stable for several months, as judged by the maxi
mum binding remaining above 90%. 

The appropriate dilution of anti-PF4 serum is chosen so as to give approxi
mately 50% binding and the assay is performed with 20- to 50-I.ti volumes of 
samples and standards in duplicate to which are added 50-~1 volumes of tracer 
( '" 0.5 ng) containing sufficient radiolabel to give 10000 counts in less than 100 s. 
The antiserum samples and tracer are all diluted in assay buffer consisting of 
0.05 M phosphate, pH 7.4+ 1 M NaCl+2% v/v normal horse serum and incu
bated overnight for 18 h at 20°C without agitation. 

Separation is obtained exactly as described in the f3-TG assay, i.e. a slurry of 
excess second antibody solid phase is added, shaken for 45 min and sedimented 
through a sucrose underlayer prior to aspiration of unbound counts and counting 
of the pellet. This assay normally has a nonspecific binding (NSB) of < 5% and 
a sensitivity of < 0.2 ng per tube ( == 3 ng/ml for a 50-~1 sample; see Fig. 1). 

For those laboratories not wishing to set up their own assays, a commercially 
available kit is obtainable from Abbott and also separately, the anticoagulant 
Thrombotect. This kit contains all the reagents for the assay of 100 samples and 
standards in the range 2.5-100 ng/ml in 2 h; thus, after allowing for 5 standards 
in duplicate, this means a maximum of 45 unknown samples in duplicate. As with 
the 13-TG kit it is essential to carry out any predilutions of "off-scale" samples 
with the kit diluent provided or 20%-100% v/v horse serum to prevent inad
equate precipitation of antigen-tracer antibody complexes in the final separation 
step. The presence of normal ( < 50 units/ml) concentrations of heparin does not 
interfere with this assay, probably because the ammonium sulphate concentration 
used is of sufficiently high ionic strength to dissociate the noncovalent heparin
PF4 complex. But with "in-house" assays where polyethylene glycol is used as a 
separation step (WOODHAMS and KERNOFF 1983) PEG should not be used for PF4 
assay in the presence of heparin. The Abbott kit's lowest standard for PF4 is 
10 ng/ml and values below 2.5 ng/ml are unreliable, thus the practice of extrapo
lating the standard curve below 2 ng/ml by means of the zero standard is not rec
ommended; instead, values should be reported as < 2.5 ng/ml. It is not known if 
these same reagents can be used in a delayed addition of tracer mode to enhance 
sensitivity, but in any case, such an assay is not needed for plasma and in the case 
of urine, the measurement of PF4 is not useful. 

A fast assay of PF4 has also been described in the literature (BROWN et al. 
1980). Again, as with the 13-TG kit, the PF 4 kit represents a source of quality con
trolled tracer PF4 and preassigned standards which are useful not only for those 
troubleshooting their own assays, but also for nonimmunological binding studies 
where phenomena such as 125I-Iabelled PF4 binding to heparin columns or cell 
surfaces are being studied. The presence of heparin in the commercial tracer prep
aration should be made known to the experimenter concerned in these applica
tions as it may interfere with binding. 

Suitable supplies of high affinity sheep antibody to human PF 4 are available 
as item SA1145 from the Scottish Antibody Production Unit, Law Hospital, Car
luke, Lanarkshire, Scotland. Another source of goat anti-human PF4 is Atlantic 
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Antibodies, Bar Harbor, Maine, United States, but the author has not evaluated 
this source for use as either an immunopurification or immunoassay reagent. 

E. Assay of Other Platelet Proteins 
Only two other platelet proteins apart from [3-TG and PF4 have had RIAs de
scribed for them in the literature, namely thrombospondin (TSP) and platelet-de
rived growth factor (PDGF), but since so little is published about the latter assay 
(HELDIN et al. 1981) only the former will be described in any detail. 

The method used in this laboratory is that of DAWES et al. (1983). Two other 
assays have been described in the literature by MOSHER et al. (1982) and SAGLIO 
and SLAYTER (1982). Purified TSP is obtained most easily by a two-step sequential 
chromatographic process on heparin agarose followed by HPLC on the Pharma
cia ion exchanger Mono Q (CLEZARDIN et al. 1984) using the thrombin-released 
products of fresh washed human platelets. Recently, large quantities (> 1 mg/ml) 
of a cross-reacting TSP-like antigen have been found in bovine and caprine col
ostrum (DAWES et al. 1985) and this may be a valuable alternative source. A 20-llg 
sample of the purified TSP is iodinated by the chloramine-T method, separated 
from free iodide on Sephadex G-50 in 0.05 MNaHz P04 , pH 7.4+2% v/v horse 
serum + 1 % v/v Tween 20 and after adding 30% w/v sucrose can be stored as 
frozen aliquots in liquid nitrogen. Specific activities of20-30 IlCi/llg are routinely 
obtained and 85%-90% of counts can be bound to excess antibody. Suitable spe
cific antibodies to TSP can easily be raised in rabbits (LAWLER et al. 1978) and 
do not appear to present any problems as far as RIA is concerned, though none 
of the antibodies appears to be precipitating. No commercial source of antibody 
to TSP is known. 

The assay diluent is 0.05 M P04 pH 7.4+2% v/v horse serum + 1 % v/v 
Tween 20. To each assay tube is dispensed 50 III of a suitable dilution of anti
serum, 50 III of tracer dilution (equivalent to 0.5 ng TSP protein tracer and giving 
10000 counts in < 100 s) and 50 III standard or sample plus 100 III assay diluent 
to give a final volume of250 Ill. The assay tubes are incubated overnight at 20°C 
without agitation, and then separated as in the [3-TG and PF4 assays by the ad
dition of 100 III of a slurry of solid-phase donkey anti-rabbit IgG second antibody 
on Sepharose 4B. After shaking for 45 min, the bound and free tracer were sep
arated by sedimentation at unit gravity through an underlayer of 10% w/v su
crose as described by HUNTER (1977). This assay has a nonspecific binding of 
1.0%-1.5% and a sensitivity of 0.5 ng/tube (equivalent to 10 ng/ml with a 50-Ill 
sample), the working range of the assay was 10-250 ng/ml. By using delayed ad
dition of tracer, the assay sensitivity can be increased threefold, though time of 
assay increases from 24 to 48 h. Purified TSP tends to precipitate easily on freeze
thawing so pure antigen standards and tracer should be stored at 4 °C or snap
frozen in 30% w/v sucrose solution in liquid nitrogen with subsequent rapid 
thawing and no repeated freeze-thaw cycles. In our hands, frozen plasma samples 
have stable TSP antigen levels over several years' storage at - 20°C, but some 
instability has been reported by SAGLIO and SLAYTER (1982). 



Radioimmunoassay of Platelet Proteins 

F. Applications of Platelet-Specific 
Protein Radioimmunoassays 

529 

In a review of this length it is not possible to detail specific studies, instead general 
points can be highlighted and recent publications which mention pharmacologi
cal intervention together with /3-TG, PF4 and TSP studies are summarised in 
Table 3 together with the relevant references and pathology. Several reviews 
should be consulted for a more detailed discussion of the past literature (KAPLAN 
and OWEN 1981, 1982; DEBOER et al. 1982, 1983; MESSMORE et al. 1984; WALZ 
1984; BOWENPOPE et al. 1984). 

Because of the ephemeral nature of coagulation markers, it is essential that 
single assays of platelet markers be treated with the greatest caution, bearing in 
mind that artifactual in vitro activation is always a possibility and that a single 
assay may miss an important event because of its short duration and the half-life 
of the marker substance. As a general rule two or three samples should be taken 
to determine a baseline value for any individual before and after an event. When 
this is done with normal persons, it is found that the markers are remarkably 
stable for that individual, but different individuals show wide ranges (typically 
10-50 ng/ml for /3-TG). So far as is known, these markers show no sex-, race- or 
age-related differences except that several reports note an increase in "normal" 
persons over 60 years of age. However, this is difficult to separate from occult pa
thology in the older person. Platelet count will obviously be a variable influencing 
marker level, so this should be performed at the same time as an RIA. If the plate
let count is in the normal range (200-400 x 109 jl) then no correction is necessary, 
but if platelet counts well below or above this range are found, correction to the 
norm is necessary. There is one report of /3-TG /PF 4 varying during the menstrual 
cycle (MOTOMIYA and YAMAZAKI 1981). 

Where the underlying pathological process is of a chronic nature (diabetes, 
hypertension, etc.) or where the stimulation applied is chronic (cardiac valve pros
theses) then estimation of markers and their interpretation is generally quite re
liable, repeat assays giving good consistency. On the other hand, where the event 
is acute (myocardial infarction, transient ischaemic attacks) then it is very diffi
cult to know how to interpret a single abnormal value, unless this is consistently 
raised on subsequent sampling or the event is repeated during sampling. Another 
category of importance in studies of platelet markers is where the event may be 
precipitated by the experimenter or subject at will (migraine, asthma, emotional 
stress) or where a drug is to be administered. The latter is a particularly useful 
type of experiment since the usual pre/post-baseline, crossover, placebo and 
washout all give useful information when repetitive sampling can be carried out. 

Frequently, the experimenter will have available both /3-TG and PF4 assays 
(as well as other coagulation RIAs such as fibrinopeptide A) and the more assays 
that are performed together as a group, the more useful the study becomes for 
each assay, especially when sampling is repeated at regular intervals. In this way, 
it is possible to gain some insight into what is a normal, abnormal or artifactual 
value. For instance, if both the /3-TG and PF4 values are raised and the ratio is 
close to 1 : 1 in mass concentration terms, then the possibility of an in vitro artifact 
should be considered. On the other hand if both are elevated, but the mass ratio 
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Table 3. Recent clinical reports on the levels of f3-TG, PF4 and TSP and their response to 
treatment by a variety of drugs' 

Condition Markers Drug(s) References b 

Angina f3-TG/PF4 SOBEL et al. (1981) 
Arterial disease f3-TG Aspirin KAPLAN et al. (1978) 
Atherosclerosis f3-TGfPF4 Thromboxane RIESS et al. (1984) 

antagonist 
Cardiac catheterisation f3-TG/PF4 Antiplatelet MANT et al. (1984) 
Cardiomyopathy f3-TG LONGO et al. (1984) 
Charcoal haemo- f3-TG/PF4 P0I2 CORDOPATRI et al. 

perfusion (1982) 
Coronary artery f3-TG Aspirin, Sulphin- STEELE (1980) 

disease pyrazone, f3-blocker 
f3-TG Coumarin + MUHLHAUSER et al. 

f3-blockers (1981) 
PF4 Propranolol LEVINE et al. (1984) 
f3-TG/PF4 Aspirin + ALMONDHIRY et al. 

sulphinpyrazone (1985) 
Coronary bypass f3-TG/PF4 POll WALKER et al. (1981) 

surgery f3-TG/PF4 Aspirin + dipyridamole SALTER et al. (1982) 
f3-TG/PF4 P0I2 AREN et al. (1983) 
f3-TG/PF4 P0I2 DITTER et al. (1983) 

Crohn's disease PF4 SIMI et al. (1982) 
Deep vein thrombosis f3-TG DEBoER et al. (1981) 

(DVT) f3-TG WOJCIECHOWSKI et al. 
(1983) 

f3-TG Stanozolol DOUGLAS et al. (1985) 
Diabetes f3-TG Dipyridamole SCHERNTHANER et al. 

(1979) 
f3-TG/PF4 PGE1 MUHLHAUSER et al. 

(1980) 
f.!-TG/PF4 Ticlopidine BAELE et al. (1982) 
f3-TG VAN OOST et al. (1983) 
f3-TG JANKA et al. (1983) 
f3-TG PORTA et al. (1983) 
f3-TG BORSEY et al. (1984) 
f.!-TG/PF4 Insulin HOLAN et al. 1984) 
f3-TG/PF4/TSP LANE et al. (1984) 
f.!-TG/PF4 REYNDERS et al. (1984) 
f3-TG/PF4 ROSOVE et al. (1984) 

Eclampsia f3-TG/PF4 AROCHA-PINANGO et al. 
(1985) 

Grafted artery f3-TG/PF4 Sulphinpyrazone CADE et al. (1982) 
Hip replacement f3- TG /PF 4/TSP LANE et al. (1984) 
Hyperlipidaemia f3-TG/PF4 STRANO and DAVI 

(1982) 
Hypertension f3-TGfPF4 P0I2 BUGIARDINI et al. (1982) 

f3-TG KJELDSEN et al. (1983) 
f3-TG Sulphinpyrazone DAVI et al. (1984) 
f3-TG Prazosin IKEDA et al. (1985) 

Ischaemic heart f3-TG Dipyridamole SANO et al. (1980) 
disease f.!-TG/PF4 Unsaturated lipids HAY et al. (1982) 

Leukaemia and f3- TG /PF 4/TSP LANE et al. (1984) 
polycythaemia f3-TG/PF4 Ticlopidine NAJEAN and POIRIER 
rubra vera (1984) 

f.!-TG/PF4 VIERO et al. (1984) 
Liver disease f3-TG /PF 4/TSP LANE et al. (1984) 
Menstrual cycle f3-TG/PF4 Oestrogen MOTOMIYA and 

irregularities YAMAZAKI (1981) 
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Table 3 (continued) 

Condition Markers Drug(s) References b 

Migraine f3-TG Aspirin D'ANDREA et al. (1983) 
f3-TG MANNOTTI et al. (1983) 
f3-TG VIOLI et al. (1984) 

Mitral valve f3-TG Suloctidil TURPIE et al. (1984) 
replacement 

Moya-moya disease f3-TG Aspirin, dipyridamole, TAOMOTO et al. (1983) 
ticlopidine, 
bencyclane 

f3-TG/PF4 Aspirin ALBALA and Levine 
(1984) 

Myocardial infarction f3-TG VAN HULSTEIJN et al. 
(1984) 

Peripheral vascular f3-TG/PF4 PGI2 BLATTLER et al. (1981) 
disease f3-TG/PF4 PGI2 SINZINGER et al. (1983) 

f3-TG/PF4 BLATTLER et al. (1984) 
Prosthetic heart valves f3-TG Aspirin + dipyridamole CHESEBRO et al. (1981) 

f3-TG Sulphinpyrazone LUDLAM et al. (1981) 
Psoriasis f3-TG BERRETINI et al. (1985) 
Raynaud's disease f3-TG Prostacyclin analogue BELCH et al. (1985) 
Renal dialysis f3-TG/PF4 Indobufen, heparin BUCCIANTI et al. (1982) 

f3-TG/PF4 Indobufen, heparin POGLIANI et al. (1982) 
PF4 Heparin FLICKER et al. (1982) 

Renal disease PF4 S ulphinpyrazone BERN and GREEN (1982) 
13-TG /PF 4/TSP LANE et al. (1984) 

Scleroderma f3-TG Dipyridamole KAHALEH et al. (1982) 
Sickle cell disease f3-TG/PF4 Ticlopidine SEMPLE et al. (1984) 
Smoking f3-TG Oral contraceptives DUNCAN et al. (1981) 

f3-TGjPF4 DAVIS et al. (1983) 
f3-TG LONGENECKER et al. 

(1984) 
f3-TGjPF4 SCHMIDT and 

RASMUSSEN (1984) 
Stress PF4 Catecholamines, LEVINE et al. (1979) 

f3-blockers 
PF4 Catecholamines, LEVINE et al. (1982) 

f3-blockers 
PF4 Epinephrine SUAREZ et al. (1982) 
f3-TG Catecholamines FITCHETT et al. (1983) 
PF4 Catecholamines, LEVINE et al. (1985) 

f3-blockers 
Stroke f3-TG Antiplatelet TAOMOTO et al. (1983) 
Thrombocytosis f3-TG FABRIS et al. (1984) 
Transient ischaemic f3-TG Aspirin + dipyridamole AUSHRI et al. (1983) 

attacks f3-TG/PF4 Aspirin + dipyridamole FABRIS et al. (1983) 
f3-TG Antiplatelet TAOMOTO et al. (1983) 

Normal PF4 Histamine BRINDLEY et al. (1983) 
PF4 Histamine GOETZL et al. (1983) 
TSP Trifluoperazine GARTNER and WALZ 

(1983) 
f3-TG/PF4 Membrane stabilisers PROWSE et al. (1982) 
f3-TG Unsaturated lipids VALLES et al. (1982) 

a The majority of these studies are in vivo. 
b References given usually report a response (lowering) of the platelet RIA marker to the 
drug. There are many other reports of no response to drugs. 
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is 2: 1, then a genuine in vivo activation can be anticipated. If f3-TG values are 
elevated, but PF4 is normal, kidney failure should be considered as a contributory 
cause, whilst elevated PF 4 levels in the presence of normal f3-TG values are nor
mally seen following heparin infusion. A study of individual f3-TG:PF4 ratios in 
obstetric patients has been described (AROCHA-PINANGO et al. 1985) and in mye
loproliferative diseases (VIERO et al. 1984), and for single samples from one indi
vidual it is clear that the f3-TG:PF4 ratio has little value, though this may improve 
when linear studies are carried out in an individual. 

One of the more unexpected findings which arose from the availability of 
RIAs for platelet proteins was the discovery of the "heparin effect" on PF4leveis 
in vivo (DAWES et al. 1982). When heparin (or other highly sulphated polymers) 
are infused to humans in the total dose range 500-10000 units, a rapid increase 
in the circulating plasma level of PF4 is seen without any change in the levels of 
f3-TG or TSP, i.e. it is not due to direct release from the platelets and no such in
crease is seen when heparin is added to whole blood in vitro. This PF4 effect was 
shown to have two important features: 
1. It came from a strictly limited reservoir, which was readily exhausted by doses 

of heparin above 5000 units. 
2. The half-life refill time of this pool was about 24 h, i.e. no subsequent response 

was obtained if heparin was reinfused a short time (e.g. 90 min) after the first 
dose. 
From other experiments with tissue-cultured endothelial cells (BUSCH et al. 

1980) it was shown that endothelial cells are the most likely source of this reser
voir, and the PF4 is probably derived from the normal platelet background ac
tivation in blood and then cleared rapidly to the endothelial cell surface where he
paran sulphate acts as a receptor, and heparin is capable of displacing the PF4 
back into the circulation by virtue of its higher affinity complex with PF4 (BARBER 
et al. 1972; LUSCOMBE et al. 1981). An unexpected conclusion of this work is that 
although the biological activity of heparin disappears from the plasma with a 
half-life of about 90 min, the "immobilised anticoagulant" in the form of hepar an 
sulphate newly exposed on the endothelium disappears (or is neutralised) with a 
half-life of about 24 h, i.e. although the drug cannot be detected in the blood, it 
may well have a persistent anticoagulant (or antithrombotic) effect. 

As can be seen from Table 3, a remarkably wide application of RIAs for plate
let proteins has been seen in diverse clinical studies over the last decade. This is 
largely due to the commercial availability of simple kits for f3-TG and PF4. 
Ideally, both assays should be performed whenever possible as they tend to vali
date each other. Where this is not possible, backup samples of plasma can be kept 
for assay of the second marker when results of the first marker are considered in
teresting. Finally, if only one marker is to be studied, the author prefers f3-TG be
cause in most situations it appears to be the most sensitive to changes in the hae
mostatic/thrombotic mechanisms. 

The consensus of opinion of clinical studies over the last decade is that al
though with appropriate control groups, significant differences between patient 
and control groups are readily found, the degree of overlap between individuals 
often prevents the appropriate clinical management of a particular patient on the 
basis of a single RIA measurement of a plasma platelet marker level. 
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Despite this, there are particular circumstances where effective management 
is possible, particularly where, for example, the effect of a particular drug is being 
investigated, then the dose and time period to achieve a response are readily ob
tained via objective measurements. Interestingly these studies sometimes show 
that drugs (e.g. antiplatelet drugs) do produce a normalisation of the platelet ac
tivation marker and yet the clinical symptoms do not subside. Evidently in these 
cases the platelet activation is either caused by some other disease or is indepen
dent of it. More rarely, the disease responds to therapy, but yet the markers re
main elevated long after objective clinical improvement. In these cases perhaps, 
the markers are evidence of an underlying chronic stimulation which is a neces
sary, but not sufficient cause without another precipitating event. More com
monly, both the clinical symptoms and the platelet markers either respond or do 
not respond to treatment together. 

Complicating factors abound which are themselves capable of modulating [3-
TG and PF4 levels and thus blurring the correlation between marker levels and 
the presence of disease. These include emotional stress (LEVINE et al. 1982, 1985), 
septicaemia (VAN HULSTEIN et al. 1982) and hospitalisation itself (SMITH et al. 
1978). Smoking (DUNCAN et al. 1981; DAvIsetal.1983; LONGENECKER et al. 1984) 
and oral contraceptives have also been implicated (DUNCAN et al. 1981) but the 
evidence is still conflicting. 

A number of workers (O'BRIEN et al. 1984) have used the intraplatelet content 
of [3-TG and/or PF4 as an indicator of activation of the release reaction on the 
grounds that a circulating, depleted platelet will have a half-life similar to other 
platelets ('" 6 days) and this persistence might overcome the artifacts of plasma 
sampling. However, the technical problems of platelet isolation and counting as 
well as the small decrease measured against a large background tend to cancel out 
any theoretical advantage of this approach. 

G. Discussion 
Over the previous decade, the radioimmunoassay of platelet proteins has moved 
out of the research laboratory into the clinic where the availability of good reli
able and simple home-made or commercial assays has played an important role. 
During the next few years we can anticipate an ever widening clinical application 
of these tests, but it is important to bear in mind that their intelligent deployment 
requires a clear understanding of their strengths and weaknesses by both the RIA 
service laboratory and the clinician. 

The assays themselves, though technically excellent, will be severely compro
mised if good sample collection technique is not taught and maintained. In the 
design of studies, as many other assays as possible should be performed to back 
up or validate the RIA markers, at least until the persons concerned have confi
dence that they can be dispensed with. Such markers might include platelet count, 
both [3-TG and PF4 assays, complete coagulation screens and whole blood hae
matology, fibrin degradation products, fibrinopeptide A RIA, etc. Finally, inter
pretation of results is still as much an art as a science, requiring experience on the 
part of those involved, preferably under local conditions and with the particular 
patient-disease-drug combination. As a first step in this direction, the normal 
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range of the local population should be determined by the investigating team, e.g. 
both in blood donors and in the hospital population devoid of haemostatic/ 
thrombotic abnormality. Interlaboratory training schemes for both technical and 
clinical staff are a convenient way to acquire initial skills, and such a scheme has 
been operated by the European Economic Community under the auspices of the 
ECAT programme whereby various blood tests are being subjected to trials of 
their predictive value in large patient subgroups suffering either angina or deep 
venous thrombosis. As with all RIAs, international standardisation is an impor
tant goal, and the recent establishment of satisfactory technical material (KERRY 
and CURTIS 1985) opens the way for a future ICTH/WHO international standard 
for both /3-TG and PF4. 

In planning studies with the various platelet marker RIAs, an understanding 
of their various unique properties is desirable and these are conveniently summar
ised as follows: in higher primates /3-TG and PF4 can be assayed with the same 
reagents as used for humans, but TSP cannot; however, in contrast TSP can be 
assayed in several domestic animals (see Table 2 in DAWES et al. 1983 for details). 
Heparin administered intravenously rapidly raises PF4, but is without effect on 
/3-TG and TSP. Both urine and saliva samples may be useful for /3-TG assays, but 
are probably not useful for PF4 and TSP assays. Kidney function which is im
paired will raise /3-TG levels artifactually by virtue of reduced clearance whereas 
this has little effect on PF4 and TSP. In contrast, poor liver function may result 
in raised TSP levels for similar reasons. There appear to be no significant sex, race 
or age differences for any of the three markers except a tendency to rise above 
the age of 60 years. Platelet counts within the normal range do not require any 
correction to the observed values of markers. All three proteins appear to be 
stored in the same granule compartment and released simultaneously from the 
platelet. The half-lives of the markers decrease in the series TSP > > /3-TG > > 
PF4. 

Thus, in conclusion, the radioimmunoassay of platelet-specific proteins has 
proven to be an excellent way of monitoring platelet activation in vivo. In con
trast to earlier methods such as aggregometry, which has been the major tool used 
in the evaluation of anti platelet drugs, the RIAs are capable of working with 
samples which have been subjected to physiological conditions such as haemato
crit, oxygen tension, shear rate and ionised calcium concentration. Also, in con
trast to aggregometry, no choice of agonist is necessary. Thus, for the first time 
it has been possible to monitor the effects of therapeutic intervention with drugs 
upon the platelet release reaction in vivo. It seems reasonable to equate the release 
reaction in vivo with activation in vivo, though the stimuli necessarily remain un
known. Nevertheless, the fact that a significant number of the compounds men
tioned in Table 3 are indeed capable of reducing platelet activation in vivo and 
that this effect can be measured objectively is a major step forward in our under
standing of platelet pharmacology. Two important goals remain to be achieved 
however, the establishment of nonhuman animal models for the evaluation of 
newer compounds in vivo and the longer-term goal of proving in the clinical set
ting the relevance or otherwise of platelet activation per se to the clinical outcome 
of a particular disease. In this respect, the availability of accurate, reliable and 
specific radioimmunoassays has a central role. 
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CHAPTER 22 

A Competitive Binding Assay for Heparin, 
Heparan Sulphates, 
and Other Sulphated Polymers 
J. DAWES and D. S. PEPPER 

A. Introduction 

Heparin and heparan sulphate are sulphated polysaccharides present in connec
tive tissue and on cell surfaces, either as the free carbohydrate (glycosaminogly
can) chain, or covalently bonded to protein as proteoglycans. They consist of al
ternating uronic acid and glucosamine residues, and are sulphated both at the 0 
and N positions. Heparan sulphate contains less iduronic acid and has a lower 
sulphate content than heparin, but they should in fact be considered as a single 
class of glycosaminoglycan, including a continuous spectrum of molecules of dif
fering uronic acid composition and degree of sulphation. Their structures are re
viewed by LINDAHL and HOOK (1978), HASCALL and HASCALL (1981) and HOOK 
et al. (1984). 

These glycosaminoglycans fulfil a range of biological functions. They are in
timately involved in maintenance of the electro negativity of cell surfaces and con
tribute to tissue viscoelasticity (WIGHT 1980). They act as receptors for many bi
ological macromolecules and may have a role in the control of cell growth. How
ever, their most obvious pharmacological function is as anticoagulants. Heparin 
has been used therapeutically as an anticoagulant for many years, and it is becom
ing increasingly clear that heparan sulphate (THOMAS et al. 1981) and another gly
cosaminoglycan, derma tan sulphate (TEIEN et al. 1976 a), may exert anticoagulant 
effects under normal physiological conditions. 

However, the selection of appropriate assays for heparin and related carbohy
drates is controversial. Most of the sensitive techniques available are based either 
on overall anticoagulant activity (LEE and WHITE 1913; THOMSON 1970; ANDERS
SON et al. 1976) or on more specific properties such as the inactivation of thrombin 
(EIKA et al. 1972) or factor Xa (YIN et al. 1973; TEIEN et al. 1976 b). 

Unfortunately, such assays are affected by factors other than the concentra
tion of heparin present; they are subject to interference from clotting factors and 
inhibitors of coagulation (YIN et al. 1973; GODAL 1975) and there is considerable 
variation in the detection of different preparations of heparin by the different as
says (TEIEN and LIE 1975). Moreover, it is not possible to predict the in vivo effects 
of a heparin preparation with confidence on the basis of in vitro assays, particu
larly for the low molecular weight heparins and synthetic and semisynthetic he
parinoids which are being increasingly used clinically. Although these compounds 
have anti thrombotic activity in vivo, the apparent discrepancies between their 
properties ex vivo and in vitro are in some cases very marked (LANE et al. 1977; 
FISCHER et al. 1982; THOMAS and MERTON 1982; TORNGREN et al. 1983). 
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The interpretation of these observations can be greatly facilitated by measure
ments of the actual mass concentrations of glycosaminoglycan, without any as
sumptions as to its biological activity. These could then be related to the results 
of the biological assays. However, the classical chemical methods such as the 
uronic acid-carbazole reaction (BITTER and MUIR 1962) or the metachromatic in
teraction of heparin with azure A (JAQUES et al. 1947) and toluidine blue (JAQUES 
and WOLLIN 1967) are relatively insensitive and often only qualitative when ap
plied to impure substrates. Sensitivity has been greatly improved by the applica
tion of l03Ru-labelled ruthenium red as a detection system on cellulose acetate 
electrophoretograms (CARLSON 1982), but the method is too cumbersome for rou
tine use. 

Wu and COHEN (1984) have reported a different type of assay based on the 
ability of glycosaminoglycans to form precipitates when incubated with serum 
and zinc acetate. Heparin, heparan sulphate and chondroitin sulphates competed 
with radio labelled heparan sulphate for binding in a dose-dependent manner, but 
concentrations less than 10 J,!g/ml could not be detected. 

We have developed a sensitive competitive binding assay which can be applied 
to therapeutic heparins and heparinoids, and to endogenous heparin-like glycos
aminoglycans (DAWES and PEPPER 1982; MACGREGOR et al. 1985; DAWES et al. 
1985 a, b). The technique is based on the same principle as radioimmunoassays, 
but, as it has not yet proved possible to raise antibodies against unmodified hep
arin, the binding agent is not an antibody but Polybrene, poly (N,N,N' ,N' -tetra
methyl-N-trimethylenehexamethylenediammonium bromide), a highly positively 
charged synthetic polymer. The methodology employed and the results it has 
yielded to date are described in this chapter. 

B. Radiolabelling of Glycosaminoglycans 

Glycosaminoglycans are not amenable to radiolabelling with isotopes of iodine 
by the standard techniques, as they contain neither hydroxylated aromatic rings 
nor significant numbers offree amino groups. However, 1251 remains the isotope 
of choice for assays; it is a y-emitter of useful half-life (80 days) and can be de
tected easily, accurately and with high sensitivity, without any of the interfering 
factors experienced in fJ-counting. We have therefore developed techniques for 
derivatising glycosaminoglycans so that the overall chemical and biological prop
erties of the molecule are unaltered, but new groups are incorporated which can 
be radioiodinated. 

I. Derivatisation 

Most naturally occurring glycosaminoglycans contain a few unsubstituted amino 
groups, which will react with an excess of unlabelled N-succinimidyl-3-(4-hy
droxyphenyl)propionate (SHPP). Heparin can be successfully derivatised by this 
method (DAWES and PEPPER 1979). Sodium heparin (10 mg; Sigma catalogue 
H3125) was reacted with 10 mg SHPP (Pierce 27710) in 5 ml 0.05 M sodium bor
ate (pH 9.2) at 4 °C for 20 h. Unreacted ester and its hydrolysis products were 
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removed by gel filtration in water on Sephadex G-25 (Pharmacia), and the mate
rial eluting in the void volume was chroma to graphed on protamine-agarose (PEP
PER and DAWES 1977) to isolate the biologically active heparin derivatives. Hep
arin was detected in the fractions by means of the azure A metachromatic assay 
(JAQUES et al. 1947), and the incorporated hydroxyphenyl group was identified by 
its absorption at 280 nm. The derivative is finally dialysed in 3000 molecular 
weight cut-off tubing (Spectrapor 3) against water and freeze-dried, and has an 
indefinite (> 5 years) shelf life. 

The same chemistry has recently been used to prepare an SHPP conjugate of 
the therapeutic heparinoid Org 10172, a mixture of glycosaminoglycans from ani
mal intestinal mucosa. The reagent concentration was increased to 25 mg/ml and 
the reaction time to 72 h, and the product was chromatographed by fast protein 
liquid chromatography (Pharmacia) using an anion exchange Mono Q column 
and a 0-2 MNaCI gradient rather than protamine-agarose; alternatively DEAE
Sepharose (Pharmacia) can be used. 12sI-labelled heparin was added as a marker, 
and material eluting in front of the heparin peak was pooled, dialysed and freeze
dried. 

However, other sulphated polysaccharides do not contain any amino groups 
and require a different approach, which is illustrated by the derivatisation of 
pentosan polysulphate (SP54) described by MACGREGOR et al. (1984). SP54 was 
converted from the sodium to the tetra butyl ammonium salt, freeze-dried and dis
solved in dimethylsulphoxide (DMSO) at a concentration of 40 mg/ml. Then, 
20 mg was reacted with 14 mg carbonyldiimidazole (Aldrich catalogue 11,553-3) 
at 56°C for 45 min, after which 36 mg tyrosylhydrazide (Aldrich, catalogue 
13,804-5) was added and allowed to react overnight at 20°C. Excess sodium chlo
ride (1 M in water) was then added to convert the derivative to the Na + salt, 
which was gel filtered on Sephadex LH-20 (Pharmacia) in distilled water, and 
freeze-dried. Tyrosyl incorporation was determined using a molar extinction 
coefficient ef8c~ of 4.55 x 103, and was typically 0.5 mol for 1 mol SP54. 

II. Iodination 

These derivatives are readily iodinated by the chloramine-T method of GREEN
WOOD et al. (1963). Iodination of lO!lg with 18500 kBq carrier-free Nal2sI 
(Amersham) yielded products with specific activities in the range 20-2000 kBq/ 

Table 1. Properties of radio iodinated glycosaminoglycans 

Glycosaminoglycan Source Derivative Specific activity 
(kBq/!lg) 

Unfractionated heparin Sigma SHPP 1000-2000 
SP54 (pentosan poly sulphate) Benechemie, Tyrosylhydrazide 30-80 

Munich 
Org 10172 (mainly hepar an Organon, Oss SHPP 200-250 

sulphate) 
HS I (heparan sulphate) E. A. Johnson, SHPP 300-400 

NIBSAC 
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Ilg. Heparins from different commercial sources apparently varied widely in their 
content of unsubstituted amino groups and that supplied by Sigma was selected 
for use in the assay as it routinely yielded radio labelled tracer of specific activity 
1000-2000 kBq/llg. The properties of the tracers currently in use in this labora
tory are detailed in Table 1. 

C. Synthesis of Binding Reagent 
This assay was originally developed using protamine linked to Sepharose as the 
binding reagent (DAWES and PEPPER 1982). However, the protamine was unstable 
on storage and susceptible to proteolysis during the assay, and has been replaced 
by Polybrene. Polybrene (Aldrich catalogue 10,768-9) is reacted with Epoxy-Se
pharose (Pharmacia) at a loading of 12 Ilg Polybrene per milliliter slurry at pH 12 
for 16 h at 37°C, a process which is subject to United Kingdom Patent Applica
tion 8516570. 

D. Assay for Therapeutic Heparins and Heparinoids 

I. Method 

The assay mixture contains: 
50 III Polybrene-Sepharose suspension 
50 III 125I-labelled glycosaminoglycan (10 ng/ml) 
50 III standard glycosaminoglycan or sample 
50 III assay buffer (0.05 M phosphatell % v Iv Tween 20/10% v Iv normal hu
man serum) 
200 III DMSO 

Tubes are shaken for 2 h at room temperature, and Sepharose-bound material 
is separated from that remaining in the liquid phase either by centrifugation and 
washing or by sedimentation through assay buffer containing 10% sucrose, and 
removal of the supernatant by aspiration (HUNTER 1977). 

The concentration of Polybrene-Sepharose which bound 35%-50% of the 
tracer under these assay conditions in the absence of unlabelled glycosaminogly
can was used. At a Polybrene loading of 12 Ilg/ml this was usually a dilution of 
1: 10-1: 50, which gave good reproducibility. At higher dilutions reproducibility 
was poor, presumably because of the difficulty of dispensing low numbers of Se
pharose beads with accuracy, and it was also compromised by omission of serum 
from the buffer. 

The technique described was developed from that of DAWES and PEPPER 
(1982) specifically to measure the concentration of administered heparin or he
parinoid in biological fluids, without interference from endogenous glycosamino
glycans. This was achieved by carrying out the assay in the presence of 50% 
DMSO. Under these conditions no endogenous glycosaminoglycan was detected 
in the plasma and serum of ten healthy volunteers, and urine could be reliably as
sayed at a dilution of 1 : 5. Plasma proteins did not interfere in the assay, which 
was unaffected by pretreatment of plasma and serum samples with pronase. 
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Moreover, platelet factor 4 (PF4) and antithrombin III, which have high affinities 
for heparin, did not affect the assay at concentrations present in plasma. It was 
insensitive to pH over the range 6.0-8.5, but was affected by ionic strengths above 
0.4; samples containing high salt concentrations must therefore be dialysed or di
luted. 

II. Sensitivity 

The sensitivity of this type of assay is limited by the affinity of the ligand for the 
binding reagent. DMSO reduces the affinity of binding, but it is still possible to 
measure heparin at concentrations as low as 60 ng/ml. The affinities of different 
glycosaminoglycans for Polybrene are determined both by their degree of sulpha
tion and their molecular weight, though charge density appears to be a more im
portant determining factor than size. Thus larger, more highly sulphated mole
cules can be assayed with higher sensitivity than smaller molecules of lower 
charge density. 

As all gycosaminoglycan preparations encompass a spectrum of different car
bohydrate chains, this necessarily implies some discrimination within the sample, 
but in most cases this is not of practical importance. The different affinities of dif
ferent glycosaminoglycans can, however, be exploited to increase the sensitivity 
of some assays by using a tracer of lower affinity than the glycosaminoglycan in 
the sample. Thus, in the assay of SP54 the sensitivity can be improved from 
150 ng/ml to 40 ng/ml by substituting 125I-Iabelled heparin - a less highly sul
phated molecule - for 125I-Iabelled SP54. This effect is illustrated in the standard 
curves shown in Fig. 1, where the use of 125I-Iabelled heparin gives a sensitive as
say for SP54, but a relatively insensitive test for a low molecular weight heparin 

125'_heparin 
°/. bound 

10 100 1.000 10,000 
GAGng/ml 

Fig. I. Competitive binding assay: dilution curves of ~entosan polysulphate (SP54), heparin 
and low molecular weight heparin (CY 216) using 1 51-labelled heparin as tracer 
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Table 2. Assay characteristics for different heparins and heparinoids 

Analyte Source Mean S04 Tracer Sensi- Range 
molecular (% w/w) tivity (ng/ml) 
weight (ng/m!) 

Heparin Sigma 12000 31 Heparin 1251 60 60-600 
SP54 (pen to- Benechemie, 6000 48 SP54 1251 150 150-1500 

san poly- Munich Heparin 1251 40 40-150 
sulphate 

Heparin 1251 PK 10169 Pharmuka, 5000 30 300 300-30000 
Gennevilliers 

CY 216 Choay, Paris 4500 29 Heparin 1251 300 300-50000 
CY 222 Choay, Paris 2500 29 Heparin 1251 1000 1 000-1 00 000 

of the same degree of sUlphation but smaller size than the tracer. The assay char
acteristics and properties of different heparins and heparinoids are given in 
Table 2. 

III. Specificity 

It is probably clear already to readers of this chapter that the competitive binding 
assay described is not specific for anyone glycosaminoglycan. However, it has 
been designed to give maximum specificity under defined conditions, reflecting 
not absolute specificity, but relative sensitivity to different glycosaminoglycans. 
This is illustrated in Fig. 2. All sulphated glycosaminoglycans (hyaluronic acid is 

125 
I-heparin 

% bound 

501 

'"~''''' 
30 "" 

'~, 
~XHepa"n 

10 

20 

am 01 10 10 100 1.000 10.000 
GAG /-,g/ml 

Fig. 2. Competitive binding assay with different glycosaminoglycans (GAGs) in the pres
ence of 50% DMSO, and using 125I-labelled heparin as tracer. DS dermatan sulphate 
(E. A. Johnson, NIBSAC); HS heparan sulphate (Opocrin); CS chondroitin 4-sulphate 
(Sigma) 
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not sulphated) are detectable by the binding assay, but in the presence of 50% 
DMSO the concentrations of chondroitin, derma tan and heparan sulphates pres
ent in normal plasma (CALATRONI et al. 1969) are not detectable and as a result 
only heparin and highly sulphated heparinoids are measured. 

The specificity is thus artificially imposed by the assay conditions rather than 
intrinsic. It is no less real for that, but care must be taken when using the assay 
under different circumstances to bear this constraint in mind. Thus, urine samples 
can contain enough endogenous glycosaminoglycans to interfere with the mea
surement of heparin, and to avoid this problem they must either be pretreated 
with chondroitinase ABC or assayed at a dilution of 1 : 5. Other types of sample, 
such as tissue homogenates, may present similar difficulties. 

IV. Studies in Human Volunteers 

This assay has been applied to studies of the pharmacokinetics of heparin, low 
molecular weight heparins and pentosan polysulphate in healthy human subjects. 
After intravenous bolus injections covering a wide dose range, both heparin and 
SP54 were cleared with apparent first-order kinetics at all doses. However the 
half-life, which did not differ significantly between volunteers, was strongly dose 
dependent (Fig. 3); it ranged from 45 min after administration of 5000 units hep-

\'x 
hope"n "-x 
ng/ml 

1,000 

o 

100;u 1,000 ;u 

X 
5,000;u 

lO4-------,------,-------r-
o 50 100 150 

time min 

Fig. 3. Clearance of heparin 
following intravenous bolus 
injection in healthy volunteers 
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Fig.4. Plasma levels of heparin following subcutaneous injection of75 mg in four healthy 
volunteers 

arin to 3 min after 100 units, and from 55 min after administration of 100 mg 
SP54 to 7 min after 1 mg. It is noteworthy that half-lives can be measured after 
such low doses with this technique. No other method except the injection of radio
labelled heparin offers this potential. 

The response of healthy volunteers to subcutaneous injections of unfraction
ated heparin varied widely (Fig. 4; DAWES et al. 1985 a, b), although the peak 
plasma level always occurred 2-3 h after injection. The intravenous studies had 
shown that this was not due to differences in clearance rate; rather, it reflects in
dividual variation in the rate and extent of absorption of heparin from the sub
cutaneous injection site. This characteristic was reproducible, but could not be 
correlated with any other obvious physical characteristic including age, sex, 
weight or skin fold thickness. Subcutaneous injection is a preferred route for ther
apeutic and prophylactic use of heparin, and the variation in absorption ef
ficiency is so great that it is clearly a major contributor to the overall variation 
which makes patient response to heparin so unpredictable. The significance of ab
sorption could only be unequivocally demonstrated using an assay such as the 
one described here, where concentration is measured independently of biological 
activity and variable contributions from plasma proteins can be ruled out. 

Measurement of plasma levels after subcutaneous injection of low molecular 
weight heparins (CY 216, CY 222; see Tables 2 and 3) and pentosan polysulphate 
revealed that the efficiency of absorption increased markedly as the molecular 
weight was reduced (Fig. 5). As there was no increase in clearance except for the 
smallest heparin fraction, CY 222, the bioavailability of these products was con
siderably greater than that of un fractionated heparin. This provides at least a par
tial explanation of the greater response to low molecular weight heparin than to 
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Fig. 5. Plasma levels of therapeutic glycosaminoglycans in a healthy volunteer after subcu
taneous injection of 75 mg: effect of molecular weight 

unfractionated heparin reported by several groups (KAKKAR et al. 1982; VER
STRAETE 1984; BRATT et al. 1985). Moreover, the individual variation decreased 
at lower molecular weights, making it easier to predict dosage (Table 3). 

Comparison of the plasma concentration of therapeutic heparins and hepari
noids with some of their biological activities has yielded some interesting data. 
Concentration of un fractionated heparin correlated well with two clotting assays, 
the activated partial thromboplastin time (APTT) and the anti-Xa assay of YIN 

et al. (1973) (DAWES et al. 1985 b). The APTT also correlated reasonably well with 
levels of low molecular weight heparins and SP54 (DAWES et al. 1985 a; MAC
GREGOR et al. 1985), but there were major discrepancies between concentration 
and anti-Xa clotting activity, which was higher than expected (MACGREGOR et al. 

Table 3. Dependence of bioavailability on molecular weight of therapeutic glycosamino
glycans administered subcutaneously a 

Drug Mean molecular Bioavailability (Ilg h -1 ml- 1) 

weight Subject 

2 3 4 

Heparin 12000 2.66 3.35 0.99 5.13 
SP54 6000 8.70 7.13 6.72 12.03 
CY 216 4500 14.43 15.87 25.55 22.18 
CY 222 2500 14.41 11.01 11.19 15.75 

a Recipients were healthy volunteers of both sexes aged 29-42 years; bioavailability was 
measured in plasma. 
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Fig.6. Levels of SP54 in a healthy volunteer after subcutaneous injection of 75 mg mea
sured by different assay methods: persistence of anti-Xa activity 

1985) and persisted after the clearance of all detectable administered glycosami
noglycan. This effect is illustrated in Fig.6. Similar results were obtained after 
both intravenous and subcutaneous injection of the low molecular weight heparin 
PK 10169 (see Table 2), but in this case the anti-Xa activity was measured by a 
chromogenic substrate assay (DAWES et al. 1986). Amidolytic anti-II a activity was 
cleared slightly faster and absorbed less well than total PK 10169; it is probably 
contributed by a higher molecular weight fraction of the material. 

However, the discrepant anti-Xa activity is too great to be accounted for by 
a fraction of the administered heparin, and may represent a secondary activity, 
released by the therapeutic agent and persisting independently of it. Possible can
didates include heparan sulphate released from the vessel wall (THOMAS 1984), or 
one of the lipases (OUVECRONA et al. 1977). 

E. Assay for Endogenous Heparan Sulphate 

I. Method 

This assay closely resembles that for heparin and highly sulphated heparinoids, 
except that DMSO is omitted; the final assay volume is therefore 200 f.ll rather 
than 400 f.ll. There are two additional aspects of this variant of the competitive 
binding assay that warrant attention, preparation of the sample and selection of 
the tracer and standard. 

All biological samples contain proteins which interfere in this assay and must 
be removed. Precipitation of the protein invariably resulted in major losses of en-
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Fig. 7. Competitive binding assay with different glycosaminoglycans (GAGs) using 125I_la_ 
belled Org 10172 as tracer. DS dermatan sulphate (E. A. Johnson, NIBSAC); HS heparan 
sulphate (Opocrin); CS chondroitin 4-sulphate (Sigma) and 6-sulphate (Sigma) 

dogenous glycosaminoglycan, which co precipitated either because it was cova
lently bound to protein as proteoglycan or because strong ionic interaction with 
sample protein survived the denaturing procedures. The technique currently used 
in this laboratory to eliminate interfering proteins is digestion with pronase E 
(Streptomyces griseus; Sigma catalogue P5147) at a final concentration of 2 mg/ 
ml for 16 h at 37°C. Inactivation of residual pronase is unnecessary, since the 
Polybrene solid phase is not a protein. Recent data (VANNUCCHI et al. 1985) sug
gest that phosphatidylcholine may also be a source of nonspecific interference, 
but we have no evidence as yet on this point. 

Two radiolabelled tracer conjugate preparations have been tested in this sys
tem, heparan sulphate I, a preparation from bovine lung with a low sulphate con
tent, kindly donated by Dr. E. A. Johnson (National Institutes for Biological 
Standards and Control, London), and the therapeutic heparinoid Org 10172, 
which is a mixture of glycosaminoglycans, but contains mainly heparan sulphate. 
The two are equally suitable as tracers in this assay. The selection of a standard, 
however, is more difficult and to some extent arbitrary. The slope of the dilution 
curve obtained with this version of the assay is sensitive to the degree of sulpha
tion and composition of the glycosaminoglycan tested (Fig. 7). Very little is 
known about the endogenous heparan sulphate in plasma or other biological 
fluids, and until more information is available the standard has therefore been se
lected as that preparation which gives a dilution curve parallel with the sample. 
Org 10172 and Opocrin (Alfaricerche, Bologna; a gift of Dr. R. Mastacchi) both 
fulfil this criterion, and either can be used. 
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II. Sensitivity 

Because the standard is arbitrary, it is invalid to express the results of this assay 
on a weight basis, and nanogram equivalents of the stated standard have there
fore been adopted as the units. They probably approximate quite closely to nano
grams, as the standards adopted are likely to resemble endogenous heparan sul
phate, and the maximum sensitivity obtained is 150 ng equiv./ml. 

III. Specificity 

This version of the assay is less specific than that containing DMSO, for not only 
is the discriminating effect ofDMSO omitted, but in addition other glycosamino
glycans compete more effectively with the less highly sulphated heparan sulphate 
than they do with heparin (see Fig. 7). Thus, chondroitin 4-sulphate can be de
tected at a concentration of 10 Ilg/ml, whereas with the DMSO assay and a hep
arin tracer it is not measurable below 100 Ilg/ml. Dermatan sulphate is detected 
with similar sensitivity to heparan sulphate, but its concentration is usually very 
low (CALATRONI et al. 1969). Despite theoretical drawbacks, treatment with chon
droitinase ABC (Sigma) which degrades both chondroitin and dermatan sul
phates has shown that in plasma and most other biological fluids other than 
urine, heparan sulphate is usually the only glycosaminoglycan measured. This is 
a very useful method of verifying the specificity of the assay with a particular 
sample, and is necessary for measuring heparan sulphate in urine where the con
centrations of other glycosaminoglycans are high. The sample is incubated with 
chondroitinase ABC (0.2 units/ml) for 16 h at 37°C before treatment with pro
nase. The difference between the measured level after treatment with chondroiti
nase ABC and the level in an untreated sample reflects the contribution of chon
droitin and derma tan sulphates to the measured heparan sulphate level in the un
treated sample. In normal plasma there was no difference between heparan sul
phate concentrations before and after digestion with chondroitinase ABC. 

IV. Results of Rat and Human Studies 

Normal human plasma contains 220-560 ng equiv./ml heparan sulphate, with a 
median value of 330 ng equiv./ml, but the source of this material is not yet clear, 
as most cells, including the vascular endothelium, synthesise a range of glycosami
noglycans. When whole blood was fractionated by density gradient centrifuga
tion, however, heparan sulphate could only be detected in the plasma and the 
basophils (Table 4); small amounts in the other leukocyte fractions can be attrib
uted to basophil contamination. Some or all of the plasma heparan sulphate may 
therefore originate in the basophils, which have been shown to release it during 
clotting (serum contains 1700-3200 ng equiv./ml) and on storage. Release from 
stored cells is accentuated by the presence of free Ca2 + at ionic concentrations 
greater than 85 11M, and by reduction of the ratio of plasma to cells; in the latter 
instance increased release occurs on storage even at low free Ca 2 + concentrations 
(Fig. 8) and there may be a plasma component which inhibits basophil release 
under normal physiological conditions. 
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Table 4. Concentrations of heparan sulphate in blood 
fractions following density gradient centrifugation 

Fraction Heparan sulphate concentration a 

(Ilg equiv.jml) (Ilg equiv.j1 06 cells) 

Whole blood 12.0 
Plasma 0.5 
Erythrocytes 
Platelets 
Lymphocytes 
Neutrophils+ 

eosinophils 
Basophils 

< 0.0002 
< 0.006 

6.96 
< 0.30 

243.3 

a Purity was > 85% in each case; cells were lysed in t % 
Triton X-tOO. 

Nevertheless one of the most interesting areas for application of this assay is 
in the study of allergic reactions. When rats primed with Nippostrongylus brasil
iensis were challenged intravenously with worm antigen, glycosaminoglycan was 
released in parallel with the marker for mucosal mast cells, rat mast cell protease 
II (KING et al. 1985). Levels are currently being studied in human atopic individ
uals, and after adverse reactions to blood products and anaesthetics. 

The assay is also being used in the identification and purification of naturally 
occurring glycosaminoglycans. It is invaluable for monitoring fractionation, and 
can be used to obtain some information about the glycosaminoglycan without 
further processing. Human follicular fluid, for example, contains 25 j..lg equiv.jml, 
and the slope obtained on serial dilution is parallel with that of the heparan sul
phate standard. 
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Fig. 8. Release of heparan 
sulphate in stored red cell 
concentrates at constant low 
ionised calcium 
concentrations 
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It is not, therefore, heparin, which gives a much steeper slope, or chondroitin 
sulphate, which is less steep (see Fig. 7). The absence of heparin is confirmed by 
finding that little or no material is measurable in the DMSO-containing assay. 
Further characterisation requires enzymic and chemical degradation and electro
phoretic analysis, with the continuing use of the competitive binding assay to 
measure undegraded material. 

F. Other Applications 

The competitive binding assay also has wider applications outside heparan (for 
instance dextran sulphates and carrageenans are readily assayed; Table 5) and 
outside pharmacology, for instance in tissue culture, agriculture and foodstuffs. 
In addition, the assay may be used in the reverse manner to rank the relative abili
ties (lD50) of any soluble polybasic compound to inhibit the binding of tracer to 
the solid phase (Table 5). In this manner we were able to show that Polybrene had 
a higher affinity for heparin than protamine without the need to first synthesise 
a Polybrene solid phase. 

G. Summary 

A sensitive competitive binding assay based on the same principles as radioimmu
noassay has been developed using novel techniques for iodinating glycosamino
glycans and for synthesising the binding reagent, Polybrene-Sepharose. It has 
been adapted to the measurement either of heparin and other highly sulphated 
therapeutic heparinoids, or of endogenous heparan sulphate. The assay is ideal 
for studying pharmacokinetics, as, unlike biological assays, it is not affected by 
variations in other plasma components. 

Heparin, low molecular weight heparin, and pentosan polysulphate were all 
cleared with apparent first-order kinetics and dose-dependent half-lives. The bio
availability of these materials after subcutaneous injection was inversely related 
to the molecular weight, and the wide variation in absorption demonstrated be
tween individuals after subcutaneous heparin administration was also reduced at 
lower molecular weights. Comparison of data obtained using this assay with the 
results of biological assays indicates that anti-Xa activity persists after clearance 
of the administered glycosaminoglycan. This may be a secondary effect, mediated 
by material released by the glycosaminoglycan and cleared independently of it. 

Endogenous heparan sulphate has been demonstrated in plasma, serum and 
follicular fluid. The assay has been used to demonstrate release from basophils 
in vitro and from basophils and/or mast cells as a result of immunological stimu
lus in vivo. Moreover, it is proving invaluable in monitoring the purification and 
characterisation of endogenous glycosaminoglycans which will fulfil the func
tions described here, and in both areas further application is expected to yield 
much information where knowledge is currently sparse. 
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CHAPTER 23 

Radioimmunoassay of the 
Somatomedins/lnsulin-like Growth Factors 
L. E. UNDERWOOD and M. G. MURPHY 

A. Introduction and Nomenclature of the Somatomedins 

The somatomedins, also referred to as insulin-like growth factors, are a family of 
peptides whose serum concentrations are regulated principally by growth hor
mone and nutrient status. Evidence is now emerging that most or all of the bio
logic effects of the somatomedins can be attributed to two peptides, somato
medin-Cjinsulin-like growth factor I (Sm-CjIGF-I) and IGF-II (VAN WYK 1984). 
Sm-C/IGF-I has a molecular weight of 7649 and a pI of 8.0-8.7. It contains 70 
amino acid residues in a single chain with 3 disulfide bridges. It is highly growth 
hormone dependent, and has potent growth-promoting activity in many in vitro 
systems (ZAPF et al. 1984). IGF-II is also a single-chain peptide, which has a more 
nearly neutral pI and a molecular weight of 7471. IGF-II is less growth hormone 
dependent and appears to have less growth-promoting activity than Sm-CjIGF-I. 
Both Sm-CjIGF-I and IGF-II possess nearly 50% homology with proinsulin in 
regions of the molecule that correspond to the A and B chains of insulin. As in 
humans, two forms of somatomedin have been isolated from rat plasma. One of 
these, multiplication-stimulating activity (MSA) is the rat homolog of human 
IGF-II, differing from human IGF-II by only five amino acid residues (MAR
QUARDT et al. 1981). Although not certain, it is expected that other species will 
be found to have two somatomedins, similar to those in humans and rats. The 
term somatomedin-A has been applied to a substance that now appears to be a 
deamidated form of Sm-CjIGF-I, and the peptide referred to as somatomedin-B 
proved to be a fragment of a plasma-spreading factor contaminated with epider
mal growth factor (EG F) (HELDIN et al. 1981; BARNES et al. 1984). 

In plasma, the somatomedin peptides of molecular weight 7500 are bound to 
larger carrier proteins, and to date, no free somatomedins have been identified 
(SMITH 1984). The major class of plasma-binding protein is growth hormone de
pendent, has a molecular weight of approximately 150000, and can be dissociated 
with acid into at least two subunits. The other distinct somatomedin-binding pro
tein is not growth hormone dependent, and has a molecular weight of approxi
mately 40000 (DROP et al. 1984). These binding proteins account for the fact that 
the concentrations of somatomedins in the circulation are constant throughout 
the day, and are relatively high, being 100-180 ng/ml for Sm-CjIGF-I and even 
higher for IGF-II. The effects of these binding proteins on measurement of soma
tome dins in RIAs and membrane-binding assays will be discussed in Sect. B.I1. 

While it is clear that the somatomedins (particularly Sm-CjIGF-I) in plasma 
are responsive to growth hormone, nutritional status, and a variety of other 
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modulators, it is less clear what biologic function the somatomedins in plasma 
might serve. The reason for this is that there is considerable circumstantial evi
dence that the somatomedins might act by paracrine and/or autocrine mecha
nisms, as well as (or instead of) the traditional endocrine mechanisms (UNDER
WOOD et al. 1986). The evidence for paracrinejautocrine mechanisms of action in
clude the observations that: (a) no somatomedin-rich organ reservoir has been 
found; (b) somatomedins appear to be produced by many cells in many tissues; 
(c) the somatomedins exert biologic effects on diverse types of cells; and (d) after 
growth hormone injection, Sm-CjIGF-I concentrations in tissues ofhypophysec
tomized rats rise prior to the rise in blood concentration. 

I. Methods for Measuring Somatomedins Before the Development 
of Radioimmunoassays 

1. Bioassays 

The biologic assays that have been used for measurement of somatomedins in 
serum reflect the diversity of actions of these pep tides and the focus of early in
vestigations into these biologic effects. Daughaday and colleagues (see V AN WYK 
1984), exploring the effects of somatomedins on cartilage growth in vitro, showed 
that serum from hypopituitary animals had little stimulatory effect on uptake of 
sulfate by cartilage. Likewise, growth hormone added to cartilage had no signif
icant stimulatory effect. However, after hypopituitary animals were treated with 
growth hormone, their serum stimulated sulfate uptake in vitro. The "sulfation 
factor," and subsequently the "thymidine factor" assays were developed from 
these somatomedin effects and became the principal means for study of somato
medin. While such assays are quite sensitive, they are not specific for somato
medins and they measure the net effect of somatomedins, somatomedin-Iike 
stimulators, and inhibitors of somatomedin action. 

Because of their interest in the serum insulin-like activity that cannot be re
moved by addition of antibodies to insulin, Froesch and colleagues (see ZAPF et 
al. 1984) developed a bioassay dependent on the oxidation of radiolabeled glucose 
to CO2 by fat cells. This assay was used to purify the nonsuppressible insulin-like 
activity (NSILA) of serum, and led to the characterization of IGF-I and IGF
II. 

Researchers interested in cell culture have monitored purification of serum 
factors that stimulate cell growth by measuring the incorporation of thymidine 
into cultured chick embryo fibroblasts (PIERSON and TEMIN 1972). This line of in
vestigation led eventually to the purification of MSA and the characterization of 
IGF-II in the rat. In addition to their lack of specificity, these bioassays are time
consuming, expensive to perform, and somewhat unpredictable when used to as
say serum samples. 

2. Radioreceptor Assays and Plasma Protein Binding Assays 

The first radioreceptor assay for Sm-CjIGF-I was based on the observation that 
partially purified Sm-CjIGF-I competed with radio labeled insulin for the insulin 
receptor (HINTZ et al. 1972). This assay proved quite useful for monitoring the 
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purification of Sm-CjIG F -I, but is not specific for individual somatomedins. Sub
sequently, the placental membrane receptor assay for Sm-CjIGF-I was devel
oped, utilizing radio labeled Sm-CjIGF-I (MARSHALL et al. 1974), and cell mem
branes prepared from human placenta. In this assay, IGF-II cross-reacts by about 
30%. It is possible to show differences in the concentrations of Sm-CjIGF-I 
among sera from hypopituitary, normal, and acromegalic individuals with the 
placental receptor assay (D'ERCOLE et al. 1977). With the addition of 10 ng Sm
CjIGF-I per milliliter, 50% displacement of tracer occurs (VAN WYK et al. 1980). 
A cell membrane assay for somatomedin-A (a deamidated form of Sm-CjIGF-I) 
has also been described (TAKANO et al. 1976), as have membrane receptor assays 
for IGF-II (ZAPF et al. 1978) and MSA (REcHLER et al. 1978). As in the Sm-Cj 
IGF-I placental receptor assay, all these assays have a high degree of cross-reac
tivity with other somatomedins. 

Competitive protein binding assays for the somatomedins are based on the 
observation that purified, iodinated somatome din peptides have the capacity to 
bind to higher molecular weight carrier proteins in serum. These assays use crude 
serum fractions prepared by stripping endogenous somatomedins away from the 
binding proteins by gel chromatography in acid (ZAPF et al. 1977; SCHALCH et al. 
1978). In general, the specificity of these assays is no better than that of cell mem
brane receptor assays. Furthermore, it is essential that the serum sample to be 
quantitated have all the binding protein removed before assay, a procedure that 
may result in variable loss of the active peptide. 

B. Radioimmunoassay for Sm-C/IGF-I 

I. Antisera Production, Sensitivity, and Specificity 

The first radioimmunoassay (RIA) for Sm-CjIGF-I was described by FURLA
NETTO et al. (1977). The antibody used in this assay was produced in rabbits by 
conjugating partially purified Sm-CjIGF-I with ovalbumin and administering the 
primary injection intradermally. The antibody produced has a Ka of 4.6 x 10 10 1/ 
mol, an effective titer of 1: 10000, exhibits approximately 2% cross-reactivity 
with IGF-II, and has virtually no cross-reactivity with a variety of other peptides 
(Fig. 1). The Sm-CjIGF-I activity in many nonhuman species can also be detected 
with this assay. Because of interference by serum binding proteins, nonequilib
rium assay conditions are needed to obtain parallel dose~response curves between 
purified Sm-CjIGF-I and serum samples. Specifically, when sample and antibody 
are permitted to incubate for a period of time before addition of tracer, parallel 
dose~response curves can be obtained. Subsequently, similar RIAs for Sm-Cj 
IGF-I have been developed by ZAPF et al. (1978) and BALA and BHAUMICK (1979), 
and RIAs directed at specific portions of the Sm-CjIGF-I molecule have been de
veloped by HINTZ et al. (1980 a, b) using synthetic peptide fragments. 

II. Influence of Binding Proteins 

The plasma proteins that bind Sm-CjIGF-I and IGF-II have varied effects on the 
quantitation of these peptides by RIA. On the one hand they are responsible for 



564 

1.0 

0 .9 

0.8 

0 .7 

0 .6 

0 

~ 0.5 
m 

OA 

0.3 

0.2 

0 .1 

0 
01 

__ SM·C 

--IGF·1 
O·······QSM· A 
D- - -0 lGF-2 
/r- - o(>. MSAm-2 
............ MSAU- I 

0.1 

L. E. UNDERWOOD and M. G. MURPHY 

• 

1.0 
NANOGRAMS/O.5ml 

10 100 

Fig. 1. Curves of competition in the Sm-C/IGF-I radioimmunoassay. Cross-reactivity of 
IGF-II is approximately 1.5%. (VAN WYK et al. 1980) 

the relatively high concentrations in serum and for the lack of rapid fluctuations. 
It has been proposed that the binding proteins might play an important physio
logic role, in that they might produce a serum reservoir for Sm-CfIGF-I that con
stantly provides needed quantities of this peptide to tissues. On the other hand, 
the binding proteins interfere to variable degrees with the quantitation of the pep
tide in serum, amniotic fluid, and conditioned media from cell cultures. Because 
our antibody is of sufficiently high affinity, it is possible to obtain parallel dose
response curves between serum and pure Sm-CjIGF-I, and thereby estimate the 
quantity of peptide in serum without separating or destroying the binding pro
teins. With some antibodies this is not possible. 

We have adapted an assay system that utilizes polystyrene tubes and prot
amine-containing buffer (0.2% protamine sulfate). Compared with assay systems 
using glass tubes and protamine-free buffers, this assay produces low nonspecific 
binding of trace (approximately 1 %) and parallelism of the serum and pure Sm
CjIGF-I dose-response curves. However, only 30%-40% of the Sm-CfIGF-I 
present in the serum sample is measured (CHATELAIN et al. 1983). 

A series of studies in our laboratory have shed light not only on the impor
tance of assay conditions, but also on the nature of the Sm-CjIGF-I-binding pro
tein interaction. Although our assay measures only 30%-40% of the Sm-CfIGF-I 
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in serum, this amount can be increased 2- to 3-fold if the sample is allowed to in
cubate for several hours at 37°C or is exposed transiently to acid (CHATELAIN et 
al. 1983). The increase observed after incubation at neutral pH is dependent on 
the action of endogenous serum proteases, since it can be inhibited by a variety 
of chelating agents and protease inhibitors. However, as judged by gel filtration, 
the Sm-CjIGF-I of serum does not change in size following incubation at neutral 
pH. It was postulated, therefore, that the limited proteolysis had either changed 
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the conformation of the binding proteins, permitting access of Sm-CjIGF-I to 
antibody, or decreased the affinity ofSm-CjIGF-I for the binding proteins so that 
the peptide could react more readily with the antibody. CLEMMONS et al. (1983) 
then showed that endogenous plasma proteases disturb the binding proteins so 
that their affinity for Sm-CjIGF-I is reduced, but this reduction is not sufficient 
to lead to spontaneous dissociation of the two components. This was done by 
showing that if serum that had been incubated at 37°C was subjected to gel chro
matography in a heparin-containing buffer, more than 80% of the low molecular 
weight immunoreactive material could be dissociated from the binding protein 
and eluted in the region corresponding to free Sm-CjIGF-I. Without incubation, 
however, heparin alone had no such effect (Fig. 2). To confirm that this effect on 
the elution profile was dependent on proteolytic enzymes, it was shown that the 
effect of incubation of serum could be inhibited by the thiolprotease inhibitor, 
antipain. 

1. Methods of Extracting Serum 

Because of the interference of binding proteins in the RIA, many investigators 
have developed methods for extracting the low molecular weight, immunoreac
tive Sm-CjIGF-I from serum before submitting the samples to assay. Foremost 
among these is gel chromatography in 1 M acetic acid (ZAPF et al. 1978). While 
this is an effective means for separating binding proteins from low molecular 
weight Sm-CjIGF-I, a small amount of the active peptide is lost in the binding 
protein fraction and the method is time-consuming. 

Extraction of samples with acid-ethanol has also been reported (DAUGHADAY 
et al. 1980). This technique is simple and less labor intensive than column chro
matography, however it is performed at a pH (1.3) that is far below the pH that 
is optimal for disruption of the binding protein-Sm-C/IGF-I bond (pH 3.6-3.8). 
Furthermore, extraction is incomplete because of losses of the low molecular 
weight immunoreactive peptide in the bulky precipitate produced by acid-etha
nol. Finally, BALA and BHAUMICK (1979) reported that much of the effect of ex
traction procedures could be accomplished by simply incubating serum samples 
at acid pH. We have made similar observations (CHATELAIN et al. 1983, 1986) on 
human serum, and have used this technique in heterologous RIAs for Sm-C/IGF
I in sheep (UNDERWOOD et al. 1982a) and in rabbits (D'ERCOLE et al. 1984a). A 
similar technique has been used to prepare samples of chicken serum for assay 
(HUYBRECHTS et al. 1985), and in our laboratory for monkey serum (L. E. UNDER
WOOD and J. J. VAN WYK, unpublished work). 

2. What is the Best Method for Measuring Sm-CfIGF-I in Serum? 

From the issues already discussed, it should be clear that there is uncertainty 
about the best method for measuring the Sm-CjIGF-I in serum. This is partly be
cause it is not known what form of the peptide best reflects the physiologically 
active, clinically relevant form. Is it the total or free Sm-CjIGF-I that is measured 
after acid-ethanol extraction or acid gel chromatography? Is it binding protein 
complexed peptides? Or is it neither of these? While the answers to these questions 
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are not known, measurements made after extraction should provide a more pre
cise estimate of the total Sm-C/IGF-I in the sample and can be compared more 
readily with a pure peptide standard. On the other hand, it is conceivable that the 
"available" Sm-C/IGF-I measured on blood samples collected and stored so as 
to eliminate in vitro proteolytic activity might have more clinical significance than 
that measured after the effects of proteolysis have been maximized. Furthermore, 
measurements on unextracted serum avoid the errors introduced by extraction 
procedures. 

We have elected to measure the Sm-C/IGF-I immunoreactivity in unextracted 
plasma (COPELAND et al. 1980). Because endogenous proteolytic enzymes disrupt 
the bond between binding proteins and Sm-C/IGF-I, we collect blood samples in 
EDT A, which has been shown to inhibit the proteolytic process (CHATELAIN et 
al. 1983). The assay is then carried out in polystyrene tubes and protamine-con
taining buffer, with delayed addition of 125I-labeled Sm-C/IGF-I tracer. We have 
compared results obtained with this system with those obtained after extraction. 
When compared with acid gel chromatography they show a correlation coef
ficient r of 0.92 (P<0.001; 31 samples). The correlation between unextracted sera 
and acid-ethanol-extracted sera is 0.89 (P<0.001; 33 samples). Similar correla
tions are observed between unextracted sera and sera incubated at neutral pH or 
at acid pH (pH 3.6---3.8) (CHATELAIN et al. 1986). 

III. Clinical Utility of Measurements of Sm-C/IGF -I in Plasma 

The Sm-C/IGF-I radioimmunoassay has been of incalculable value in under
standing how this peptide is regulated in plasma. Concentrations are relatively 
low (30%--40% of adult values) in human fetuses, newborns, and infants (see 
CLEMMONS and VAN WYK 1984). As the child ages, the concentration of Sm-C/ 
IGF-I rises, reaching maximal values during puberty (Fig. 3). These peak values, 
which correspond to midpubertal development and occur at the time of maxi
mum pubertal growth, are 2--4 units/ml (1 unit Sm-C/IGF-I is the activity in 1 ml 
of a pool of a plasma standard). With advancing age, concentrations decline, so 
that in the sixth and seventh decades, values have often declined to approximately 
one-half the young adult mean. Values fluctuate minimally throughout the day 
(Fig. 4). 

Measurement of Sm-C/IGF-I provides insight into growth hormone status, 
being low in hypopituitary individuals (Fig. 3) and high in patients with active ac
romegaly. Low values may result from a variety offactors other than growth hor
mone deficiency. These include hypothyroidism, chronic illness, and poor nutri
tional intake. Therefore, a low Sm-C/IGF-I value in a short child is not proof of 
growth hormone deficiency, and it is still necessary to assess growth hormone se
cretion directly. However, a normal value in a short child makes growth hormone 
deficiency unlikely, and suggests that other diagnoses should be pursued. We 
know of two exceptions to this rule: some children who have had removal of a 
craniopharyngioma are growth hormone deficient, but have normal growth as
sociated with severe hyperphagia. Such children may have Sm-C/IGF-I values 
within the normal range. Also, adults with large pituitary tumors, growth hor
mone deficiency, and massive elevations in serum prolactin concentrations may 
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have normal Sm-CjIGF-I values. We believe that this is due to the weak soma
totrophic properties of prolactin. 

When growth hormone is given to hypopituitary or normal individuals, a rise 
in plasma Sm-CjIGF-I is observed in 4-6 h, with peak values being reached be
tween 24 and 28 h (Fig. 5). Values usually return to basal levels within 72 h of the 
injection of growth hormone. 

Sm-CjIGF-I measurements are quite useful in the diagnosis of active acro
megaly, being several times higher than normal in most cases (Fig. 6; CLEMMONS 
et al. 1979). Furthermore, we have observed that the Sm-CjIGF-I concentration 
is a better indicator of disease activity than growth hormone itself, and is a better 
predictor of the success of therapy than growth hormone (CLEMMONS et al. 1980; 
W ASS et al. 1982). 

Besides growth hormones, the other principal regulator of Sm-CjIGF-I is the 
dietary intake. It has long been known that starvation decreases the serum con
centrations of bioactive somatomedin (PHILLIPS and V ASSlLOPOULOU-SELLIN 
1979). In a series of studies using our RIA, we have shown that short-term fasting 
for several days reduces Sm-CjIGF -I markedly (CLEMMONS et al. 1981); the reduc
tion in Sm-CjIGF-I is due to insufficiency of both energy and protein (ISLEY et 
al. 1983, 1984); the quality of protein is a determinant of the Sm-CjIGF-I (CLEM-
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MONS et al. 1985 a); and the concentrations of this peptide are a good, early indi
cator of the adequacy of refeeding in chronically malnourished patients (CLEM

MONS et al. 1985b). We believe, therefore, that this test may prove to be useful 
clinically as an indicator of change in nutritional status following dietary manipu
lation. 

IV. Heterologous Radioimmunoassays for Sm-C/IGF-I 

Sm-C/IGF-I appears to be highly conserved in nature. Therefore, it can be mea
sured in the serum of many of the species in which studies have been attempted. 
However, the relationship between the low molecular weight, immunoreactive 
Sm-C/IGF-I peptide and its binding protein varies with each species. In the rat 
(D'ERCOLE et al. 1984 b), mouse (D'ERCOLE and UNDERWOOD 1980), and baboon 
(COPELAND et al. 1983), this relationship appears to be much like the human. It 
is possible in these species to measure serum concentrations without performing 
extraction procedures. On the other hand, the binding of the small immunoreac
tive Sm-C/IGF-I by the binding protein appears to be quite tight in the sheep, 
where prolonged incubation of the serum sample at pH 3.6-3.8 is needed before 
assay is possible (UNDERWOOD et al. 1982 a). Once this bond is disrupted, how
ever, the cross-reactivity of sheep Sm-C/IGF-I with the human antibody is good, 
since the values measured are approximately three times greater than those found 
normally in humans. In rabbits and chickens extraction is also required (D'ER

COLE et al. 1984a; HUYBRECHTS et al. 1985). In the latter, however, the quantities 
of Sm-C/IGF-I measured after extraction are lower than in humans. 

Before the Sm-C/IGF-I concentrations in the serum of a given species are 
quantitated, several steps are imperative. First, it must be shown that the curve 
of competition produced by graded doses of serum of the species under study is 
parallel to purified Sm-C/IGF-I. If parallel, it must be shown that the activity be
ing measured is growth hormone dependent, i.e., low in hypopituitary animals 
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Table 1. Extractable Sm-CfIGF -I (units/g) in rats (D'ERCOLE 
et al. 1984b) 

Tissue 

Serum" 
Liver 
Lung 
Kidney 
Heart 
Skeletal muscle 
Brain 
Testes 

Normal animals 

28.7±0.98 b 

1.91 ±0.23 
2.04±0.86 
2.59±0.88 
0.92±0.33 
0.42±0.05 
0.26±0.09 
1.88±0.42 

a Serum values are in units/ml. 

Hypophysectomized 
animals 

0.74±0.12 
0.23±0.08 
0.57 ±0.13 
0.77±0.29 
0.48±0.14 

<0.08 
0.28±0.04 
0.52±0.32 

b Mean±SD; differences are significant (P<0.005) in liver, 
lung, kidney, and testes. 
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and increased by growth hormone. Finally, it must be shown that pure Sm-Cj 
IGF-I added to serum of the species under study can be measured fully in the 
RIA. If not fully measurable, it must be assumed that the binding proteins are 
reacting with and covering up the active peptide. If the serum under study does 
not produce a parallel dose-response curve, extraction of the sample is manda
tory, and after extraction, growth hormone dependency must be established. 

v. Measurement of Sm-C/IGF-I in Tissues and Media Extracts 

The quantities ofSm-CjIGF-I in tissues are small and the amount of binding pro
tein that is present appears to be relatively high. Therefore, it is necessary to carry 
out extraction of tissue samples, not only to gain access to the Sm-CjIGF-I, but 
also to destroy binding protein. We have done this successfully in rats, showing 
that a variety of tissues have measurable amounts of the peptide, and that the con
centration of Sm-CjIGF-I is reduced in hypophysectomized animals (Table 1). 
Following the injection of growth hormone, tissue levels rise before an increase 
in serum is observed (D'ERCOLE 1984 b). We also have recently completed studies 
on Sm-CjIGF-I extracts of human fetal tissues (D'ERCOLE et al. 1986). 

c. Radioimmunoassay for IGF-II 
In this chapter, most of the focus has been on Sm-CjIGF-I because it is the pep
tide with which the authors have the most familiarity, and on which more studies 
have been done. In general, the information gained on the RIA for Sm-CjIGF-I 
applies to IGF-II. Both peptides have the same (or similar) serum binding pro
teins, and both are regulated by growth hormone and dietary status. For the most 
part, the concentrations ofIGF-II seem to be less susceptible to the factors known 
to modulate Sm-CjIGF-I. The first RIA for IGF-II was described by ZAPF et al. 
(1981). The antibody used in this assay binds 35%-45% of trace amounts ofIGF
II at a final dilution of 1 : 2000 and Sm-CjIGF-I cross-reacts by approximately 
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10%. Half-maximal displacement ofIGF -II occurs at 1000 pg per tube. All serum 
samples are filtered in Sephadex G-50 at acidic pH before assay. The mean con
centration ofIGF-II in serum of normal adults is 641 ± 189 ng/ml. 

Like Sm-C/IGF-I, serum IGF-II concentrations are relatively low in fetal and 
cord blood, but unlike Sm-C/IGF-I, there is no clear increment in IGF-II during 
puberty. The finding that IGF-II values in fetal blood were not high was surpris
ing, because MOSES et al. (1980) had reported that the concentration ofMSA (the 
rat homolog of human IGF-II) in fetal serum was more than 20 times that ofma
ternal serum. 

IGF-II appears to be less growth hormone dependent than Sm-C/IGF-I be
cause IGF-II concentrations are nearly 40% of normal in hypopituitary patients, 
and values are not elevated consistently in acromegaly (ZAPF et al. 1981). Simi
larly, the decline of IGF-II with prolonged fasting is less pronounced than that 
observed with Sm-C/IGF-I (MERIMEE et al. 1982). 
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CHAPTER 24 

Radioimmunoassay of Drugs 
and Neurotransmitters 
S. SPECTOR 

A. Introduction 

Pharmacologists pose a number of questions for themselves regarding drugs. 
They are interested in the role of absorption, distribution, metabolism, excretion, 
and localization of the compound. In order to answer these questions, it is nec
essary that methods be available, but these methods must also have the attributes 
of high sensitivity, specificity, and reproducibility. An added attribute of an assay 
would be if the procedure had a simplicity that neither required extraction from 
biologic fluids nor column chromatography nor high pressure liquid chromatog
raphy instrumentation currently available. The radioimmunoassay techniques as 
developed by BERSON and YALOW (1959) possess most of the attributes enumer
ated above. However, it needs to be emphasized that the specificity of the assay 
is not absolute. 

The principles of radioimmunoassay are predicated on the development of 
specific antibodies and the competition of labeled and unlabeled antigens for the 
specific antibodies. Drugs are generally low molecular weight molecules which are 
incapable of stimulating the generation of antibodies. However, the work of 
LANDSTEINER (1945) showed that low molecular weight compounds could be 
made antigenic by coupling them to a protein by covalent bonds; the antibodies 
formed by such a conjugated protein can be directed against the low molecular 
weight substance. There are various functional groups on the carrier, i.e., protein 
or polyamino acid, which lend themselves to the formation of covalent linkages. 
The most readily available groups are the e-amino group of lysine, the a-amino 
groups, the phenolic portion of tyrosine, the carboxyl groups of dicarboxylic 
amino acids, the hydroxyl group of serine, sulfhydryl groups of cysteine, and the 
imidazole ring of histidine. The ring structures of tyrosine, tryptophan, and his
tidine lend themselves to substitutions by diazotization. The development of ex
tremely sensitive, specific assays for neurotransmitters have stimulated investiga
tions on the role of the neurotransmitter in both the peripheral and central ner
vous systems in various pathophysiologic conditions. 

Radioimmunoassay offers advantages of sensitivity, specificity, and ease of 
operation in the determination of blood and tissue levels of endogenous levels of 
the neurotransmitter. The sensitivity of the radioimmunoassay is a function of the 
avidity of the antiserum used and the specific activity of the labeled drug. Since 
the assay depends on a competition between labeled and unlabeled drug for the 
limited available binding sites on the antibody, the detection of minute amounts 
of the unlabeled drug is markedly enhanced when the specific activity of the la-
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beled material is high. The sensitivity of the assay can also be enhanced by initially 
incubating the unlabeled drug with the antibody, and then adding labeled drug. 

Radioimmunoassay measures the inhibition of binding of labeled ligand by 
the antibody. Anything that competes for the available sites on the antibody or 
affects the binding of the ligand will influence the results. Thus, one has to be 
especially cognizant of possible nonspecific inhibition that could give spurious re
sults. Antibody-ligand interactions are usually performed at 4°-40 °C and pH 7-
8. The assay can be affected by factors that can influence the binding of the ligand 
to the antibody. Among the nonimmunologic factors that can influence the anti
body-ligand interaction are acid or alkaline pH, high osmolality, and high con
centrations of non-antibody protein. All these factors can lead to discrepancies 
in the radioimmunoassay and must be avoided. 

B. Methods for Coupling Neurotransmitters 
to Carrier Proteins 

I. Acetylcholine 

The neurotransmitter of the cholinergic nervous system has been measured by a 
number of analytic methods and each has its advantages. There has always been 
an interest in the cholinergic nervous system in pharmacology and neurochemis
try. However, there is increasing interest in acetylcholine today as there is evi
dence that, in patients with senile dementia of the Alzheimer's type, cortical cho
linergic degeneration of the nucleus basalis of Meynert occurs and that there may 
be a cholinergic basis for the disease. Thus, it would be most advantageous to 
have available a rapid, sensitive, and specific assay for the determination of ace
tylcholine (SPECTOR et al. 1978). 

The acetylcholine molecule lacks any reactive group that would lend itself to 
conjugation to a protein carrier. Therefore, an immunogenic compound was syn
thesized according to the procedure described in Fig. 1. As each new compound 
(A, B, C, and D) was synthesized, it was characterized by infrared and nuclear 
magnetic resonance spectroscopy as well as by elemental analysis. 

The N-benzyloxycarbonyl-protected derivative of 6-aminocaproic acid (A) 
was prepared. A solution of 6-aminohexanoic acid 0.1 mol in 40 m12.5 M NaOH 
was cooled to 0 °C and 0.11 mol benzyloxycarbonylchloride in 25 ml ether to
gether with 50 m12.5 M NaOH was added in several portions with vigorous stir
ring over a 1-h period. The reaction mixture was extracted with ether, cooled, and 
acidified with 6 M HCI. Recrystallization from light ether-petroleum yielded 
19.4 g product (melting point 54°-55 QC). 

The 2-trimethylaminoethyl ester (C) was prepared in two stages. A solution 
of 0.01 mol A in 60 ml ethyl acetate was treated with 0.02 mol triethylamine and 
0.025 mol fJ-dimethylaminoethylchloride, refluxed for 16 h, filtered, and the sol
vent evaporated in vacuo, leaving a viscous oil (B). A solution of 4.46 mol B in 
10 ml ethyl acetate was treated with 4.46 mmol methyl-p-toluenesulfonate. After 
standing at 25 DC for 3 h, the product precipitated and was recrystallized from 
ethanol-ether to give a white crystalline product, C (melting point 105°-
106.5 QC). 
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Fig. I. Synthesis of an acetylcholine immunogen 

The benzyloxycarbonyl group was removed from compound C by dissolving 
it in 25 ml trifluoroacetic acid and passing hydrogen bromide gas through the so
lution, which was then evaporated to dryness. The residue was crystallized from 
ethanol-ether and recrystallized from dimethylformamide-ether to give a white, 
crystalline product, D (melting point 139S-143 QC). Compound D was coupled 
to bovine serum albumin (BSA) by dissolving 0.2 mmol D and 25 mg BSA in 3 ml 
H20, adjusting to pH 5.5, and adding 0.2 mmoll-ethyl-3-(3-dimethylaminopro
pyl)carbodiimide. The reaction proceeded at 25°C for 2 days, was then dialyzed 
against water for 3.5 days, and freeze-dried to afford 20.7 mg product. 

Quantitative determination of the extent of coupling of the hapten to BSA was 
achieved by acid hydrolysis (6 M HCI at 110°C for 24 h) of an aliquot of the 
hapten-albumin complex. The 6-aminohexanoic acid was resolved from the con
stituent amino acids derived from BSA by means of a Beckman Model 121 C 
amino acid analyzer. Quantitation of 6-aminohexanoic acid relative to the amino 
acids present in BSA revealed that 9.9 residues of 6-aminohexanoic acid (and 
therefore of hapten) were associated with each BSA equivalent. 

The BSA-hapten complex was dissolved in phosphate-buffered saline (PBS), 
pH 7.4, and emulsified with an equal volume of complete Freund's adjuvant. New 
Zealand white rabbits were immunized with 1 mg of the conjugated protein in-
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jected into the footpad followed by 1 mg intramuscularly every 2 weeks for 1 
month and then once a month. An antibody dilution curve was prepared in 5 °C 
normal rabbit serum in the presence of 2 x 10-4 M eserine. At a dilution of 
1 : 1000, the antibody bound 40% of a 10 pmol tracer of acetylcholine 3H 
(250 mCi/mmol, Amersham-Searle). 

The procedure for the synthesis of immunogen is somewhat difficult. KA
WASHIMA et al. (1980) have utilized a simpler procedure to prepare their immu
nogen. Glutaric anhydride 4 g was added to a mixture of 1 g choline chloride and 
10 ml dry pyridine. This insoluble mixture was solubilized with the addition of 
10 ml N,N-dimethylformamide. On stirring the solution, a white precipitate 
formed. The mixture was stirred overnight at room temperature. The precipitate 
was collected by filtration and washed with ethyl acetate. The precipitate was 
crystallized from acetone-methanol. 

The choline hemiglutarate was conjugated to BSA by adding 20 mg choline 
hemiglutarate and 100 mg 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide to a 
solution of 100 mg BSA dissolved in 10 ml 0.2 M phosphate buffer, pH 6.0. The 
reaction was allowed to proceed for 2 h at room temperature with constant stir
ring. It was then kept overnight at 4 °C with constant stirring. The reaction mix
ture was dialyzed against water at 4°C for 2 days, changing the water three times 
a day. The immunogen was lyophilized and stored at -20°C. 

II. Serotonin 

The biogenic amine serotonin has been implicated as having a physiologic role 
and has been suggested as being involved in many human diseases (COPPEN 1973). 
Serotonin was conjugated to a carrier protein by the following procedure: to 
50 mg DL-p-aminophenylalanine, dissolved in 5 ml distilled water, 50 mg BSA 
and 50 mg 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide were added (PESKAR 
and SPECTOR 1973 a). The mixture was incubated at room temperature overnight 
and then dialyzed for 5 days against distilled water with three changes (2 I each) 
per day. Then the pH was adjusted to 1.5 with 1 M HCI, and the following pro
cedure was performed at 0°-4 DC. NaN02 100 mg, dissolved in 1 ml distilled 
water, was added slowly dropwise, followed by 50 mg ammonium sulfamate in 
1 ml distilled water. The diazotized protein solution was then added dropwise to 
100 mg serotonin creatinine sulfate, dissolved in 10 ml 0.1 M borate buffer, pH 
9.0, with constant stirring. The pH was maintained above 8.0 by the addition of 
borate buffer. A dark red color developed almost immediately. The preparation 
was stirred overnight in the dark at 4 °C and then dialyzed exhaustively against 
distilled water. For determination of the amount of serotonin coupled to the pro
tein carrier, 1 IlCi serotonin 3H was added together with unlabeled serotonin, and 
the above procedure was followed. By measuring the radioactivity of the 
dialyzates and the antigen solution, it was calculated that 5.7% of the serotonin 
had been coupled, corresponding to about 20 mol serotonin to 1 mol BSA (mo
lecular weight 70000). 

GRaTA and BROWN (1974) used to formaldehyde condensation reaction sug
gested by RANADIVE and SEHEN (1967) to couple serotonin to BSA. In this pro
cedure the indolealkylamine is dissolved in water and added to a solution contain-
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ing BSA. To this is added 3 M sodium acetate and 7.5% formaldehyde. The reac
tion is run at room temperature. It is then dialyzed against water for 3 days with 
continuous changes of water. The extent of hapten bound to protein is deter
mined by spectrophotometric analysis at 280 and 300 nm. 

III. Melatonin 

Interest has been shown in the pineal gland because of its influence on the endo
crine system. The hormone of the pineal which is considered most likely to be re
sponsible for these physiologic effects is the indolealkylamine melatonin (5-meth
oxy-N-acetyltryptamine). The melatonin immunogen was prepared by dissolving 
1 mmol (137 mg) p-aminobenzoic acid (PABA) in 5 ml 1.0 M HCI at room tem
perature and cooling the solution to 0°-4 DC in an ice bath. Then, 69 mg (1 mmol) 
sodium nitrite was dissolved in 1 ml water and this was added dropwise to the 
PABA. The reaction was allowed to proceed for 20 min in the cold at which time 
a 0.5 M solution of ammonium sulfamate was added dropwise to stop the reac
tion. The reaction was considered to have reached completion when there were 
no more bubbles being evolved and when the test with potassium iodide-starch 
paper was negative. At this point, 232 mg (1 mmol) melatonin was dissolved in 
1 ml 0.1 M HCl and this solution was cooled. The diazotized PABA was added 
dropwise to the solution of melatonin and stirred in an ice bath in the cold room 
for 2 h. A precipitate formed and the material was then transferred to a centrifuge 
tube. The reaction beaker was washed once with 10 ml 0.1 M HCI and the wash
ing added to the reaction mixture which was centrifuged for 10 min at 12000 g. 
The precipitate was washed another 5-6 times using 10 ml water for each wash, 
and the centrifugation was repeated after each wash. The washed precipitate 
(hapten) was then dried under vacuum. The hapten was chromatographed by thin 
layer chromatography using a Redi-Plate, silica gel GF, 250 11m, in a solvent sys
tem of methanol--chloroform-ammonium hydroxide (20: 80: 5). Chromatogra
phy gave one spot at the origin and showed that no free melatonin (Rf = 0.8) was 
present. 

The diazotized melatonin hapten was conjugated to BSA by the mixed anhy
dride procedure (ERLANGER et al. 1957,1959). First, 100 mg (0.26 mmol) hapten 
was dissolved in 2 ml dry dioxane. The dioxane had been passed over basic 
alumina in order to eliminate dioxane peroxides. Then, 0.36 ml (0.26 mmol) tri
ethylamine was added to the hapten solution which was then cooled to 8°-10°C 
and 8 ml dry dioxane was slowly added to the BSA solution, maintaining the pH 
at about 9.0 with 0.1 M NaOH. The mixed anhydride was then added dropwise 
to the BSA solution, maintaining the pH at 9.0 and the temperature at 8°-10°C; 
the reaction mixture was kept under constant stirring for 30 min and then stored 
overnight at 4 0c. The solution was dialyzed for 2-3 days against 80-100 volumes 
dioxane-water (1: 1), changing the solution twice a day, and then against water 
for 1 day, changing the solution twice. The immunogen was then lyophilized and 
stored desiccated at 4 0c. 
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C. Methods for Coupling Drugs to Carrier Proteins 
The term drug has been extended in its definition so that it is not limited to those 
chemicals which are used for medical purposes. However, irrespective of the use 
for which the chemical is taken, one is interested in the rate of absorption, dis
tribution, metabolism, excretion, and localization since many of the drugs ofther
apeutic interest are low molecular weight substances. Generally, molecules with 
a molecular weight below 1000 are nonimmunogenic, unless they are covalently 
linked to a higher molecular weight carrier substance such as a protein, polypep
tide, or polysaccharide, to cite three illustrations. There exist a number of pro
cedures to prepare drug--carrier conjugates which can then be used to produce an
tibodies. One can use the diazo reaction to substitute the amino acids tyrosine, 
tryptophan, lysine, and histidine residues of the protein. ERLANGER (1973) points 
out that there are many s-amino groups of lysine in BSA which are available for 
amide linkages and uses them as a site to conjugate haptenic groups. The review 
by BUTLER (1975) offers general principles regarding the development of anti
bodies to small molecules, immunoassay methods, and specific applications of the 
assay. 

I. Barbiturates 

Although barbiturates are being replaced by safer sedative hypnotic drugs, they 
are still widely used. The barbiturate-protein conjugate was formed by convert
ing the barbiturate, 5-allyl-5-(1-carboxyisopropyl)barbituric acid to 5-allyl-5-(1-
p-nitrophenyloxycarbonylisopropyl)barbituric acid by reacting the free base with 
p-nitrophenol in N,N-dimethylformamide at 4 dc. This forms an active ester of 
barbituric acid. The active ester of barbituric acid was then coupled to bovine 
gamma-globulin in a glycerine-water solution (1: 1 by volume) in the presence of 
dicyclohexylcarbodiimide. Thus, there is a nucleophilic attack on the ester by a 
pair of electrons of the NH2 of the protein to displace p-nitrophenol and replace 
it with an amide linkage (Fig. 2). 

II. Curare 

The neuromuscular blocking agent D-tubocurarine (TC), which is used exten
sively as an adjunct in the practice of clinical anesthesia, was coupled to a protein 
(BSA) to generate an immunogen by the following procedure. PABA (137 mg) 
was dissolved in 10 ml1 MHCl at 4°C. Sodium nitrite (100 mg in 0.5 ml distilled 
water) was added dropwise over 10 min and allowed to stand for 30 min. In order 
to remove the nitrous acid, ammonium sulfamate (600 mg/ml) was added drop
wise until no more nitrogen bubbles were given off. TC 50 mg was dissolved in 
5 ml distilled water and the diazotized PABA was added dropwise over a 2-min 
period. The pH was then adjusted to 7.0 with 5 M NaOH and the mixture was 
allowed to stand at 0 °C for 2 h. The diazotized TC (0.5 ml) was coupled to 10 mg 
BSA in 10 ml PBS, in the presence of 10 mg 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, stirred overnight at 4 °C in the dark, and dialyzed for 3 days 
against distilled water with three or four changes per day. 
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Fig. 2. Formation of a barbiturate-protein 
conjugate 

The question whether quarternary compounds traverse the blood-brain bar
rier was examined by the radioimmunoassay for TC, which can measure as little 
as 5 ng/ml in serum and 1 ng/ml in CSF (HOROWITZ and SPECTOR 1973). It can 
be shown that the intravenous administration of 0.3 mg/kg does pass into the 
CSF of humans (MATTEO et al. 1977). Since the concentrations are in the nano
gram range, it requires an extremely sensitive analytic method (Fig. 3). 

III. Clonidine 

Clonidine is a clinically important antihypertensive drug which is believed to 
lower mean blood pressure by an action on the central nervous system (KOBINGER 
and WALLAND 1967; STRUYKER BOUDIER et al. 1975; STRUYKER BOUDIER and VAN 
ROSSUM 1972; REID et al. 1977). It is a highly potent drug, being effective in micro
gram doses and has other central actions such as sedation (LAVERTY and TAYLOR 
1969; DELBARRE and SCHMITT 1971; STROMBOM 1975; DOLLERYet al. 1976), hypo
thermia (LAVERTY and TAYLOR 1969; TSOUCARIS-KuPFER and SCHMITT 1972), in
hibition of conditioned avoidance response (LAVERTY and TAYLOR 1969), and 
analgesia (PAALZOW 1974; SCHMITT et al. 1974). Clonidine was coupled to BSA 
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(MATTEO et al. 1977) 

to prepare an immunogen by reacting 4-carboxybenzenediazonium cgloride with 
4-hydroxyclonidine to form 4-[6-[2,4-dichloro-3-( 4,5-dihydro-1-H-imidazol-2-yl)
amino]hydroxyphenylazol]benzoic acid and then an amide bond between the 
carboxyl group of the benzoic acid derivative and the amino group of the protein 
(JARROT and SPECTOR 1978). 

PABA 0.2 mmol was dissolved in 3 ml 1 M HCl and the solution cooled to 
2°-4°C. An equal volume of ice-cold 0.75 M sodium nitrite solution was added, 
with constant stirring. After 1 min, 3 ml 0.5 mmol ammonium sulfamate was 
added. The pH was adjusted to 10 with 5 M sodium hydroxide. The resultant so
lution was stirred in an ice bath for 1 h and then added dropwise to a solution 
of 4-hydroxyclonidine (0.2 mmol in 5 ml water). After stirring for 2 h at room 
temperature, the solution was added dropwise to a solution of BSA (10 mg in 5 ml 
distilled water) and then lOng 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
was added. This was stirred for 18 h at room temperature and then dialyzed 
against 21 PBS, pH 7.4 at 4°C with four changes over a 48-h period. It was then 
dialyzed against distilled water and then lyophilized. 

IV. Phenothiazines 

When dealing with drugs that influence the central nervous system, one would 
like to be able to correlate behavioral effects and plasma concentrations and to 
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try to ascertain the amount of drug responsible for the pharmacologic effects in 
the brain. With the phenothiazines one also has to consider the many metabolites 
in relation to their clinical effectiveness. 

KAWASHIMA et al. (1975) coupled chlorpromazine to BSA by two methods. 
The first involved initially conjugating the diazotized PABA to chlorpromazine 
and forming an amide linkage between the amine groups of the protein and the 
carboxyl groups of benzoic acid. The procedure for diazocoupling was as follows: 
2.4 mmol PABA was dissolved in 3 ml water and 0.7 ml concentrated hydrochlo
ric acid. Then, 1 ml water containing 2.5 mmol sodium nitrite was added drop
wise and stirred for 30 min. To remove the excess nitrous acid, 0.15 mIl M am
monium sulfamate was added slowly with constant stirring for 10 min, 2.5 mmol 
chlorpromazine hydrochloride dissolved in water was added dropwise to the dia
zonium salt of PABA with continuous stirring, and 1 ml water containing 2 mmol 
sodium acetate was then added. The pH of the solution was 1.5. The reaction was 
allowed to continue overnight at 4 °C with constant stirring. The pH was then ad
justed to 5.6 with 0.5 MNaOH and extracted with 30 ml methylene chloride. The 
organic layer was washed with water and evaporated to dryness under vacuum. 
The diazo coupled chlorpromazine was coupled to BSA by the mixed anhydride 
technique. Triethylamine 0.05 mmol and isobutylchloroformate 0.05 mmol were 
added to 0.05 mmol diazo coupled chlorpromazine which was dissolved in 
dioxane at 4 dc. The reaction was allowed to continue for 20 min. With occa
sional stirring, 8 ml dioxane was added to 50 mg BSA in 10 ml water, maintaining 
the pH around 9 with 0.1 M NaOH. The mixed anhydride solution was then 
added dropwise to the BSA solution with constant stirring for 30 min at 4°C, 
maintaining the pH at 9. The solution was stirred at 4 °C overnight, then dialyzed 
for 3 days against dioxane-water (1: 1) and for 1 day against water. 

HUBBARD et al. (1978) published another procedure for conjugating chlorpro
mazine to a protein. They initially prepared 7-(3-methoxycarbonylpropionyl) 
chlorpromazine by preparing a solution of 13.5 mmoI3-methoxycarbonylpropio
nyl chloride in methylene dichloride and adding it to a solution of 27 mmol alu
minum chloride dissolved in methylene dichloride. The mixture was stirred at 
room temperature for 30 min. Chlorpromazine 10 mmol dissolved in methylene 
dichloride was added and the mixture stirred in the dark for 72 h. The solvent was 
then decanted and discarded. To the solid residue, ice water was added, followed 
by 100 ml 1 M NaOH The aqueous suspension was extracted with ether. The 
ether extracts were washed with water and then dried over anhydrous magnesium 
sulfate. Then,S mIl MNaOH was added to 100 ml water containing 2.3 mIl M 
HCI and the 7-(3-methoxycarbonylpropionyl)chlorpromazine. A fine oily pre
cipitate was kept in suspension by rapid stirring and heated to a gentle reflux. The 
solution was then allowed to cool to room temperature. It was washed with 
5 x 100 ml ether at pH 11.5. The pH was then adjusted to 6.0. The compound was 
coupled to BSA by carbodiimide. 

The phenothiazine compounds have many metabolites, including aromatic 
hydroxylation at position 7 of the phenothiazine ring, S-oxidation, N-dealkyla
tion, and N-oxidation. KLEINMAN et al. (1980) have reported that the 7-hydroxy 
metabolite is as effective as chlorpromazine. An RIA for 7-hydroxytrifluoro
perazine was developed by ARAVAGIRI et al. (1985). They prepared 7-hydroxy-l0-



584 S. SPECTOR 

([3-( 4-(2-carboxyethyl)-1-piperazinyl)]-2-trifluoromethyl)-1-0 H-phenothiazine 
by adding 1.2 mmoll-(2-methoxycarbonylethyl)piperazine and 50 mg NaCI to a 
solution of 1.1 mmol 1 0-(3-chloropropyl)-7-tetrahydropyranyloxy-2-trifluoro
methyl-l-0 H- phenothiazine in 20 ml methylethylketone. The mixture was 
heated under reflux overnight. The organic solvent was evaporated and the res
idue taken up in dichloromethane. They then dried the organic phase over 
MgS04 and evaporated the solvent. It was then dissolved in 2 M HCI and the pH 
was adjusted to 7.5-8.0 by addition of saturated NaH C03 and then extracted 
with dichloromethane. The extract was dried. The hapten was then coupled to 
BSA by the previously described mixed anhydride method. 

V. Benzodiazepines 

The antianxiety drugs are some of the most frequently prescribed. There are many 
compounds in this broad category, but the most widely used drugs in this class 
are the benzodiazepines (diazepam and congeners). The first RIA to measure 
diazepam in plasma was developed by PESKAR and SPECTOR (1973 b). DIXON and 
CREWS (1978) modified the procedure for the synthesis of the hapten diazepam. 
To a mixture of 15 mmol concentrated HCI 6 mmol p-aminoacetanilide was 
added and this was followed by the dropwise addition of 2 mmol sodium nitrite 
solution. This is done in an ice bath. The diazonium salt solution is then added 
dropwise, again at 4°C, to a solution of 1.67 mmol 7-chloro-l ,3-dihydro-5( 4-hy
droxyphenyl)1-methyl-2-H-l,4-benzodiazepine-2-one in tetrahydrofuran, with 
constant stirring. The mixture is kept at 4 °C for 2-3 days. The precipitate is col
lected and recrystallized from dichloromethane-methanol. It is then dissolved in 
methanol-HCI (5: 1) and heated for 10 min on a steam bath. Following which it 
remains at room temperature for 2 h and then the methanol is evaporated and 
the solution made basic with ammonium hydroxide and extracted with dichloro
methane. The organic phase is dried and evaporated. The hapten is coupled to 
the protein by dissolving 0.05 mmol hapten in dimethylformamide and 0.5 ml 
water. To this is added 1 MHCI and 0.05 mil M sodium nitrite solution to diazo
tize the p-amino group. This is done in an ice bath. The mixture is stirred for 
10 min and 0.05 ml 1 M ammonium sulfamate solution is added to remove the 
excess nitrous acid. The diazonium salt of the hapten is then added dropwise to 
a solution of200 mg BSA in 0.16 Mborate buffer, pH 9. This is then stirred over
night at 4°C, followed by sequential dialysis against 2 x 2 10.05 M sodium bicar
bonate and 2 x 3 I water to remove any uncoupled hapten. 

Another benzodiazepine, clonazepam, was coupled to BSA by DIXON and 
CREWS (1977) to develop a RIA. They suspended 6 g clonazepam in 400 ml dry 
tetrahydrofuran and added it to 1.2 g 50% suspension of sodium hydride 27 nmol 
in mineral oil. Succinic anhydride 33 nmol was added with constant stirring. After 
1 h, the tetrahydrofuran was evaporated and water was added to the residue; it 
was then acidified with acetic acid and extracted with 300 ml dichloromethane. 
The acidification and extraction were done rapidly. The extract was dried over 
anhydrous sodium sulfate. Addition of hexane generates the desired hapten, 
5-(2-chlorophenyl) 1 ,3-dih ydro-3-hemisuccin y loxy-7 -ni tro-2- H -1,4-benzodiaz
epine-2-one. Employing the mixed anhydride method of ERLANGER et al. (1959), 



Radioimmunoassay of Drugs and Neurotransmitters 585 

the hapten is coupled to BSA. The hapten is dissolved in 2 ml dioxane, 0.16 ml 
trimethylamine-dioxane (1: 10) is added, and the solution is then cooled to 4 °C 
in an ice bath. Then, 0.14 ml isobutylchloroformate-dioxane (1: 10) is added and 
the mixture kept at 5°-10 DC for 20 min. The mixed anhydride is then added with 
rapid stirring to a solution of 70 mg BSA in 10 ml water and 8 ml dioxane at 
pH 8. During the coupling the pH must be maintained at 8-9 with addition of 
0.1 M NaOH. The reaction mixture is stirred for 2 h in the cold and then dialyzed 
against 21 0.05 Mborate buffer, pH 9, followed by dialysis against water (5 x 21). 

VI. Butyrophenones 

Haloperidol is a potent neuroleptic drug of the butyrophenone class. Its primary 
mode of action is by blocking the postsynaptic dopamine receptor. Since halo
peridol is widely used for the treatment of psychiatric disorders it would be ad
vantageous to have a relatively simple method for the measurement of blood con
centrations. WURZBURGER et al. (1980) initially converted haloperidol to halo
peridol hemisuccinate. Haloperidol 0.3 mmol was dissolved in 4 ml chloroform. 
The solution was stirred and 0.6 mmol succinic chloride was added. The reaction 
continued for 30 min and was stopped by the addition of 2.0 ml water. Then, 
3.0 ml 0.1 M sodium phosphate buffer, pH 6.8, was added and the pH of the reac
tion mixture was adjusted to 6.8. The haloperidol hemisuccinate was extracted 
into 15.0 ml chloroform, leaving the unreacted reagents in the aqueous phase. 
The dried chloroform residue was dissolved in 4.0 ml dry dioxane to which was 
added 0.3 mmol triethylamine. The reaction mixture was then cooled to 8 DC and 
0.3 mmol isobutYlchloroformate was added. The reaction continued for 30 min 
and then the mixture was added dropwise to a solution of 3.0 ml 0.1 M sodium 
borate buffer and 2.0 ml dioxane, pH 9.0, containing 30 mg BSA. The pH was 
kept at 9.0 with 0.1 MNaOH. The reaction continued for 40 min at 8 °C and then 
overnight at 4 dc. The reaction mixture was dialyzed against 100 volumes 50% 
dioxane for 24 h. Dialysis was continued against 100 volumes water for an addi
tional 36 h, changing the water every 12 h. Finally, the reaction mixture was 
dialyzed against PBS, pH 7.2, for 8 h. 

The other widely used butyrophenone is pimozide. MICHIELS et al. (1975) have 
developed a RIA for this neuroleptic. They converted pimozide to the more reac
tive form of 3-[1-( 4-bis-( 4-fluorophenyl)butyl)-4-piperidinyl]-2,3-dihydro-2-oxo
l-H-benzimidazole-l-acetic acid, by preparing a mixture of equimolar amounts 
of chloroacetic acid and sodium amide (0.05 mmo1), dissolved in toluene, and 
adding it slowly to pimozide. The mixture was allowed to react overnight under 
reflux. After cooling, the reaction mixture was acidified to pH 5 with dilute acetic 
acid and extracted with chloroform. The hapten was then coupled to BSA by first 
dissolving it in 5 ml boiling dioxane and adding it dropwise to a solution of 
400 mg l-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride dissolved 
in 5 ml water. To this was added dropwise a solution of 200 mg BSA in 20 ml 
0.05 M phosphate buffer, pH 6.0. The solution was then stirred overnight at 4 DC. 
The resultant mixture was dialyzed against 0.005 M phosphate buffer, pH 7.4, for 
12 h at 4 DC. 
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VII. Atropine 

Atropine is an ester of tropic acid and tropine and is a widely used drug. Atropine 
antagonizes the action of acetylcholine on muscarinic receptors of smooth and 
cardiac muscle and exocrine glands. This results in increased heart rate and de
pressed salivation. These properties have resulted in the frequent use of the drug 
as a preoperative medication. It also reduces gastric secretions and motility and, 
when applied to the eye, causes mydriasis and cycloplegia. 

Since atropine is widely used clinically, a radioimmunoassay was developed 
to measure plasma levels associated with therapeutic dosages (WURZBURGER et 
al. 1977). The procedure involved the diazotization of PABA which is then 
coupled to atropine and the diazotized atropine is coupled to BSA with a water
soluble carbodiimide reagent. The procedure for the preparation of the immu
nogen is similar to that mentioned previously for clonidine and as a consequence 
will not be repeated. 

VIII. Opiates 

1. Fentanyl 

The synthetic narcotic fentanyl is currently used widely as it is more potent than 
morphine. It acts at the same receptor as morphine. HENDERSON et al. (1975) have 
developed a radioimmunoassay to detect the small amounts in tissue and to do 
pharmacokinetic studies as it has a rapid onset and short duration of action. They 
initially prepared carboxyfentanyl, N-phenyl-N-4-(fJ-phenethyl)piperidine succi
namic acid. First, 5 g 1-(fJ-phenethyl)-4-piperidone dissolved in 50 ml toluene was 
mixed with 3.1 ml freshly distilled aniline. This was refluxed under nitrogen and 
after 15 min a catalytic amount of p-toluenesulfonic acid was added. The mixture 
was refluxed for 20 h and then reduced in volume under a stream of nitrogen. The 
resulting imine, 1-(fJ-phenethyl)-4-piperidylidene aniline was dissolved in 50 ml 
isopropanol and refluxed with 4 equiv. sodium borohydride. After 10 h the mix
ture was cooled, the alcohol removed by rotary evaporation, and 30 ml 7% 
NaHC03 was added. The mixture was extracted with benzene and purified. Then, 
1 g was dissolved in 50 ml benzene and reacted with 0.36 g succinic anhydride by 
refluxing for 40 h under an atmosphere of nitrogen. The product, carboxyfenta
nyl, was crystallized from a benzene-hexane (3: 1) system. The carboxyfentanyl 
(50 mg) was coupled to 100 mg bovine gamma-globulin with 200 mg 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide in 32 ml PBS (SPECTOR and PARKER 1970; 
SPECTOR 1971). 

2. Morphine 

The morphine molecule has a number of sites that are amenable to the generation 
of an immunogen. The phenolic OH at C-3 can be used, as can the alcoholic OH 
at C-6. One can also prepare an immunogen through the nitrogen atom. 3-0-Car
boxymethylmorphine was formed by dissolving 0.02 mol morphine in 20 ml 
KOH. The solution was evaporated at 60° and 25 mmHg, 100 ml benzene-azeo-
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tropically distilled water was added, and the mixture was distilled until the ben
zene was evaporated off. To the solids 120 ml absolute ethanol plus 0.025 M chlo
roacetic acid sodium salt was added and the mixture was refluxed for 3 h. It was 
then cooled to room temperature and the solids were filtered off. The solids were 
washed with 100 ml distilled water. The pH was adjusted to 7 with 1 M NaOH, 
the solution was evaporated to dryness and 100 ml absolute ethanol was added 
to the solids. After refluxing for 3 h the mixture was filtered while the solution 
was still hot. 

The carboxymethylmorphine (8 mg) was dissolved in 2 ml distilled water con
taining 10 mg BSA. The pH was adjusted to 5.5 and 8 mg 1-ethyl-3-(3-dimethyl
aminopropyl)carbodiimide was added. The mixture was incubated at room tem
perature overnight and then dialyzed for 7 days against distilled water with 4-5 
changes per day. 

The N-carboxymethylmorphine immunogen was prepared by adding 
0.03 mol normorphine to 2.5 g sodium bicarbonate and 60 ml dimethylform
amide at room temperature, following which 0.03 mol ethylbromoacetate was 
added. The mixture was refluxed for 4 h. The residue was suspended in 60 ml 
water and then extracted with chloroform (1 : 1). The extract was dried and recrys
tallized from acetone--ether. The dried material was heated and refluxed for 2 h 
in 100 ml 2 M HeI. The acid was evaporated, the residue dissolved in 80 ml hot 
water, and some Norite A was added. The hot suspension was filtered and the fil
trate was allowed to stand at room temperature for 72 h. 

The N-carboxymethylmorphine (10 mg) was dissolved in 2 ml 0.01 M Hel 
which was then heated at 65 De for 10 min. To the solution, 10 mg BSA was 
added, and the pH adjusted to 5.5, immediately followed by the addition of 10 mg 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide. The solution was left for 24 hat 
room temperature and then dialyzed against distilled water for 2 days with 4-5 
changes per day. 

3. Naloxone 

Naloxone is a potent and specific antagonist of narcotic analgesics. However, ow
ing to its short duration of action, its utility as a narcotic antagonist is limited. 
As to the basis for this short duration of action, the explanation is lacking. A sen
sitive assay is required to analyze the very low tissue and fluid drug concentra
tions which occur in vivo. 

A sensitive and specific radioimmunoassay for naloxone was developed by 
BERKOWITZ et aI. (1975). The naloxone immunogen was linked to BSA with ethyl
N-carbamylcyanomethylacetimidate. Ethyl-N-carbamylcyanomethylacetimidate 
30 mg was dissolved in 3 ml water. To this solution was added 30 mg BSA and 
2 ml 0.5 M sodium bicarbonate. The solution was stirred for 48 h at 4 °e and 
dialyzed extensively against PBS, pH 7.4. The protein derivative solution was 
placed in an ice bath and diazotized by the addition of 3 ml 4% sodium nitrite 
and 3 ml2 M HeI. After 30 s, 3 m12% ammonium sulfamate solution was added 
and the solution was mixed for another 30 s. Then, 20 mg naloxone hydrochlo
ride was dissolved in 2 ml 0.5 M sodium acetate buffer, pH 4.8, and added to the 
mixture. The solution was stirred for 10 min, maintaining the pH at 4.8 with 1 M 
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NaOH. The pH was then adjusted to 7.4 with 0.5 M NaOH and kept at 4°C for 
several hours. Insoluble residues were removed by centrifugation and it was then 
dialyzed against water for 48 h. 

The antibodies generated by conjugating the hapten to a carrier can be and 
have been used for localization purposes by immunocytochemical and immuno
fluorescent techniques. They have also been utilized as surrogate receptors to 
look for endogenous substances. I would also like to point out their potential as 
specific antagonists of drugs, toxins, and hormones. Antibodies have been shown 
to be effective in blocking the pharmacologic and toxic effects of many drugs 
(BERKOWITZ et al. 1975; DECARLO and ADLER 1973; FLYNN et al. 1977; GUNNE 
et al. 1975; SMITH et al. 1976). BUTLER et al. (1977) demonstrated that anti-digoxin 
antibodies prevented death induced by a dose of digoxin in dogs. Also, that it re
stored sinus rhythm in most of the dogs 2~3 h after a toxic dose of digoxin, and 
by 6 h all dogs receiving the digoxin antibodies were clinically improved. Thus, 
we see that antibodies have proven to be powerful diagnostic agents with a great 
deal of specificity and sensitivity. They also have great potential as therapeutic 
agents. 
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bovine serum albumin (BSA) 143 
haptens 157 
immunogen preparation 157 
keyhole limpet hemocyanin (KLH) 

143 
peptides 158 
steroids 152 
thyroglobulin 143 

carrier IgG 509 
cartilage growth in vitro 562 
catecholamines 433, 443, 513 
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double-isotope derivative technique 433 
gas chromatography 433 
mass fragmentography 433 
radioenzymatic assay 443 
radioenzymatic single-isotope derivative 

method 433 
radioimmunoassay 433 
trihydroxyindole method 433 

catechol-O-methyltransferase 441,443 
CBG (corticosteroid binding globulin) 

378,389 
C cells 309 
CCK, cholecystokinin 5,317,318 
celiac sprue 319 
celite chromatography 368 
cell decay 77 
cell density 79 
cell fusion 76 

dimethylsulfoxide 76 
fusion medium 76 
polyethylene glycol 76 

cerebrospinal fluid (CSF) 231,232,235-
239,279 
enkephalin determinations 231 

cerulein 5 
cGMP, see guanosine 3',5'-cyclic mono

phosphate 32,501, 503, 504, 511, 513 
charcoal 4,297, 304, 307, 321, 325, 330, 

334,337,343,368,406,489,509 
dextran-coated 297,307,368,489 
uncoated 297, 307 

charcoal-stripped plasma 322,337,342, 
458 

charcoal-stripped serum 321, 325, 330, 
333 

chelating agents 512 
chemiluminescence 125,373,454 
chemiluminescence immunoassay 

(CLlA) 125,371,372,373,393 
heterogeneous 373 
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chemiluminescence immunoassay 
homogeneous 372 
limitations 373 
total urinary estrogens 393 

chemiluminescence tracers 454 
chloramine-T 106,107,265,275,296, 

304, 307, 310, 324, 505 
chloramphenicol 146 

protein conjugate 146 
chloroperoxidase 108 
chlorpromazine 583 
cholecystokinin (CCK) 5,317,318 

basal levels 318 
bioassay 318 
biologic effects 318 
radioimmunoassay 318 

cross-reactivity with gastrin 318 
chondroitin 4-sulphate 548, 554 
chondroitinase 554 
chromatoelectrophoresis 304 
chromatographic purification 386, 501 
chromatography 69, 79, 269, 274, 278, 

317,368,417,481,485,494,503,506, 
511,565 

CLlA, see chemiluminescence immunoassay 
125, 371, 372, 373, 393 

clonal selection 12 
clonazepam 584 
clone 12,13, 71 

Ab-producing 71 
subclones 13 

clonidine 581 
coating agents 257 
codeine 157 

immunogen preparation 157 
collagen 96 

radiochromatography 96 
color quenching 78 
column adsorption chromatography 417 
competitive protein-binding analysis 404 
complement 19,21 

activation 21 
alternative pathway 19 
cascade 19 

confidence limits 206 
conformation of binding proteins 566 
conformational transitions 21 
congenital adrenal hyperplasia 380, 383 
conjugate 29, 36 

estimation of yield 36 
conjugation 34,36,37,38,39 

carbodiimide method 34,147 
diazonium compounds 39,146 
diisocyanate method 38 
glutaraldehyde method 37,145 
mixed anhydride method 36, 148 
periodate oxidation method 38 

Subject Index 

Schotten-Baumann method 37 
conjugation labeling 109,110 

iodination with the Bolton-Hunter re
agent 109 

iodination with other conjugating re
agents 110 

12SI-3-(4-hydroxyphenyl)propionic acid 
N-hydroxysuccinimide ester 109 

connective tissue activating protein 
(CTAP) 519 

contamination 102 
risks 102 
through direct contact 102 
through inhalation 102 

cooperativity 205 
corpora lutea 388 
corticosteroid-binding globulin (CBO) 

378,389 
corticosterone 375, 379 
corticotropin-releasing factor (CRF) 

271,277,376 
iodinated analogs of 277, 297 
iodination of 278 
unextracted plasma 278 

cortisol 30,363,364, 379, 380 
clearance 379 
commercial immunoassay kits 379 
equilibrium dialysis 380 
plasma free 380 
salivary 380 
ultrafiltration 380 
urinary free 380 

cortisone 30 
cotinine 166 

antibodies 166 
coupling reactions 34, 144, 145 

benzoquinone 145 
carbodiimides 147 
difluorodinitrobenzene 145 
glutaraldehyde 145 
protein-polysaccharide conjugation 145 
protein-protein conjugation 145 

covalent linkages 575 
formation 575 

C-peptide 291, 298, 299 
plasma concentrations 299 

craniopharyngioma 567 
CRF, see corticotropin-releasing factor 

171,271,277,278,297,376 
CRF-like immunoreactivity 277 
cross-linking reagents 144,145,146,147, 

148, 150 
carbodiimides 34,147 
diazotization procedure 39,146 
difluorodinitrobenzene 145 
glutaraldehyde 37, 145 
Mannich addition 150 
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mixed anhydride method 36, 148 
m-maleimidobenzoic acid N-hydroxy

succinimide ester 146 
N -ethoxycarbonyl-2-ethoxy-l ,2-dihy

droquinoline 148 
N-hydroxysuccinimide ester 147 
toluene-2,4-diisocyanate 38, 146 

cross-reactivity 55, 489 
CIS Sep-Pak cartridges 276,325 
CSF, see cerebrospinal fluid 231,232, 

235-239,279 
CTAP (connective tissue activating pro

tein) 519 
curve 199,203,206,209 

biphasic 206 
complexity 198 
congruence 209 
monotonic 206 
nonlinearity 203 
nonmonotonic 199,209 
parallelism 209 

Cushing's syndrome 234,381 
cyclic AMP, see adenosine 31,5'-cyclic 

monophosphate 32,119,157,166, 
513,514 

cyclic GMT, see guanosine 31,5'-cyclic 
monophosphate 32,501,503,504, 
511,513 

cyclic nucleotide phosphodiesterase 513 
cyclic nucleotides 32, 501, 502, 504, 507, 

510,511,513 
acetylation 501,510 
blank tissue samples 513 
breakdown 511 
chromatographic purification 501 
competitive binding assays 501 
derivatization 510 
internal standard 513 
monoclonal antibodies 504 
pitfalls in immunoassay 511 
polyclonal antisera 504 
preparation of immunogen 502 
radioindicator molecules 504 
recovery 513 
standard solutions 507 
succinylation 501 
tissue extraction 510 

cyclooxygenase 449 
cyclooxygenase inhibitors 216, 458 

aspirin 216 
indomethacin 216 
sulindac 217,218 

danazol 389 
dansyl chloride 122 
dazoxiben 216 

DCC (dicyclohexykarbodiimide) 147, 
493 

DEAE-dextran 556 
decay catastrophe 99 
degradation of radioiodinated peptide 

272 
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degrees of freedom 196 
dehydroepiandrosterone 31,383,385 
dehydroepiandrosterone sulfate 162, 383 

degradation 162 
Il-dehydro-thromboxane B2 463 
deiodination 402 
delayed tracer incubation 170, 171 

ACTH 171 
CRF 171 
LHRH 171 
rat GHRF 171 
somatostatin 171 
vasopressin 171 

deoxycorticosterone 382 
deoxycortisol 380 
Il-deoxy-15-keto-13,14-dihydro-l1f3 , 

16e-cyclo-PGE2 461 
epimers 461 

derrnatan sulphate 548, 554 
detection limit 53 
dextran-coated charcoal, see charcoal 

297,307,368,489 
dextran sulphate 556 
diabetes mellitus 303 
dialysis 36, 96 
diazepam 584 
diazonium compounds 39 
diazotization 146, 575 
diazotized p-aminobenzoic acid 33 
3,4-dichlorophenylethylamine 437 
dicyclohexylcarbodiimide (DCC) 147, 

493 
1,5-difluoro-2,4-dinitrobenzene 39, 145, 

491 
digitoxin 33,38,149,151, 152,504,588 

immunogen preparation 149,151,157 
dihomo-y-linolenic acid 461 
5ex-dihydrotestosterone 385, 386 

chromatographic purification 386 
treatment with potassium perrnanga

nate 386 
1,25-dihydroxycholeca1ciferol 32, 305 
5ex, 7 ex-dihydroxy-ll-ketotetranorprosta-

1,16-dioic acid 466 
5,6-dihydro-PGI2 464 
diiodothyronines 424 
diisocyanate method 38 
6, 15-diketo-13, 14-dihydro-PG F Ia 465 
6,15-diketo-PGF Ia 465 
dimaleimide 120 
3,4-dimethoxyphenylethylamine 438 
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dimethylsulfoxide (DMSO) 76, 546 
in the assay for therapeutic heparins and 

heparinoids 546 
2,3-dinor-6-keto-PGF 1. 221,222,452, 

470 
comparison with GC-MS measure

ments 222 
measurement in urine 221,470 

2,3-dinor-TXB2 221,452,470 
measurement in urine 221,470 

dioxane precipitation 310 
disequilibrium incubation 265 
displacement curves 325 
dissociation-enhanced lanthanide fluores-

cence immunoassay (DELFIA) 123 
distribution of residuals 200 
DMSO (dimethylsulfoxide) 76,546 
dopamine 434, 436 

antibodies to 434 
isopropylidene derivative 436 

dose interpolation 199 
dose-response curve 53 
double-antibody 257,297,307,406,455, 

489, 509 
double-isotope derivative technique 433 
D-Trp6-LHRH 173,174,175 

assay validation 173 
cross-reaction 174 
extraction from human plasma 174 
HPLC 175 
immunogen preparation 173 
Sep-Pak chromatography 175 
tracer preparation 173 

d-tubocurarine 580 
dwarfism 264 
dynorphin, A, B 227 

a-neoendorphin 227 
dynorphin A (1-6) 237 

levels in CSF 237 
dynorphin A (1-8) 237 

radioimmunoassay 237 
dynorphin A-like immunoreactivity 237 

in cat CSF 237 
in human CSF 237 
in schizophrenic patients 237 
radioimmunoassay 237 
radioreceptor assay 237 

EASEIA (enzyme associated substance 
enzyme immunoassay) 117 

ectopic ACTH syndrome 234 
ectopic GHRH syndrome 279 
EDCI [1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide hydrochloride 147,319, 
324,328,335,452,486,578 

Edinburgh cocktail 521 

Subject Index 

EDTA 59,458 
EGF (epidermal growth factor) 561 
EIA, see enzyme immunoassay 112-114, 

117,369 
eicosanoids 39,80,449,481 
electroactive tracers 127 
electrolyte metabolism 374 
electrophilic substitution 105 

reaction mechanisms 105 
electrophoresis 307 
ELISA (enzyme-linked immunosorbent 

assay) 77, 114,491,493 
EMIT (enzyme-multiplied immunoassay 

techniques) 117 
endoperoxides 462 
/3-endorphin 27,227 
/3-endorphin immunoreactivity 232, 233, 

234,240 
Addison's disease 234 
after electrical brain stimulation 240 
after sciatic nerve stimulation 240 
cerebrospinal fluid (CSF) 232 
Cushing's disease 234 
ectopic ACTH syndrome 234 
extraction procedures 233 
plasma 232, 234 

/3-endorphin RIA 232, 233 
antibodies 233 
charcoal adsorption 232 
second antibody precipitation 232 

endorphins 27,80,227,267 
endothelial cell growth supplement 73 
energy of interaction 3 
en kephalin 80, 227, 240 

Leu-enkephalin 227 
Met-enkephalin 227 
Met-enkephalin-Arg6Phe 7 227 

enkephalin RIA 234, 235 
iodinated peptide 235 
second antibody precipitation 235 
tritium-labeled peptide 234 

enkephalyl hexapeptides 235 
in human CSF 235 
in spinal perfusate 235 

enteroglucagons 301 
enzymatic conjugates 119,120 

enzyme-antibody conjugates 120 
enzyme-antigen conjugates 120 
enzyme-hapten conjugates 119 

enzymatic damage to label 327 
enzymatic oxidation 108 

chloroperoxidase 108 
glucose-glucose oxidase system 108 
lactoperoxidase 108 
myeloperoxidase 108 

enzyme-associated substance enzyme 
immunoassay (EASEIA) 117 
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enzyme immunoassays (EIA) 112-114, 
117, 369 
heterogeneous assays 114, 117 
homogeneous assays 369 

enzyme inhibitors 273 
enzyme-linked immunosorbent assay 

(ELISA) 77,114,491 
enzyme-multiplied immunoassay tech-

niques (EMIT) 117 
enzyme tracers 454 
epidermal growth factor (EGF) 561 
epinephrine 434 

antibodies 434 
epitopes 11, 14 

conformational 11 
idiotypes 14 
sequential 11 
size 11 

equilibrium constant 48, 49, 50, 204 
equilibrium dialysis 380,387,413,416, 

434 
equilibrium theory 182 
equivalence zone 19 
estradiol 31,47, 167, 168, 364, 390, 391 

free 391 
heterologous tracers 167 
homologous tracers 167 
tritiated and iodinated tracers 168 

estriol 31,47,127 
estrogens 390, 391 

6-carboxymethyloxime conjugate 390 
conjugated 391 
free 391 
total urinary 393 
unconjugated 390 

estrone 31,364 
estrone-3-glucuronide 392 

urine 392 
estrone sulfate 391 
l-ethy 1-3-(3-dimethylaminopropyl)car

bodiirnide 147, 319, 324, 328, 335, 452, 
486, 578 

europium 122 
extraction 60, 327 

fentanyl 586 
ferritin 127 
fetal calf serum 75 
FETIA (fluorescence excitation transfer 

immunoassay) 124 
FIA, see fluoroimmunoassay 112,121-

123, 370, 384 
five-parameter logistic method 206 
fluorescein 122 
fluorescence 121 

enhancement immunoassay 123 
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excitation transfer immunoassay 
(FETIA) 124 

polarization immunoassay (FPIA) 124 
polarization technique 384 
quenching immunoassay 18, 123 

fluorescent markers 122 
dansyl chloride 122 
fluorescein 122 
rhodamine derivatives 122 

fluoroimmunoassay (FIA) 112,121-123, 
370, 384 
dissociation-enhanced lathanide fluores-

cence immunoassay (DELFIA) 123 
fluorescence polarization technique 384 
heterogeneous assay 122 
homogeneous assay 123 
substrate labeled (SLFIA) 118 

fluorometry 433 
3-fluorotyramine 437 
follicle stimulating hormone (FSH) 264, 

384 
reference preparation 264 

folliculogenesis 388 
forces of immune interactions 14,15 

electrostatic attraction 15 
hydrogen bonds 15 
hydrophobic forces 15 
van der Waals attractions 15 

formaldehyde 434 
formaldehyde condensation reaction 578 
four parameter logistic method 194, 196, 

197 
endpoint-adjusted 197 
schematic representation 196 

four-parameter constrained smoothing 
spline 209 

FPIA (fluorescence polarization immu-
noassay) 124 

FPL 55712 484 
free cortisol 380 
free estradiol 391 
free testosterone 387 

charcoal adsorption 387 
equilibrium dialysis 387 
gel filtration 387 

free thyroid hormone 416,417,418,420 
column adsorption chromatography 

417 
direct methods for determination 416 
equilibrium dialysis 416 
factors affecting diagnostic accuracy 

420 
heparin 420 
labeled hormone antibody uptake 418 
one-step/analog methods 418 
pregnancy 420 
two-step/back-titration methods 418 
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Freund's adjuvant 3, 25, 43, 73, 504 
complete 25,319,324 
incomplete 25 

FSH, see follicle stimulating hormone 
264, 384 

furosemide 219 
fusion process 76 

dimethylsulfoxide 76 
fusion medium 76 
polyethylene glycol 76 

galactorrhea 260 
It-galactosidase 115, 116, 118 

chromophore 116 
detection limit 116 
molecular weight 116 
substrates 116 
turnover number 116 

gas chromatography 433 
gas chromatography-mass spectrometry 

(GC-MS) 216,222,449,468 
gastric acid secretion 316 
gastric inhibitory peptide (GIP) 28,331, 

334 
fasting normal human plasma concen-

tration 334 
human 334 
label purification 332 
porcine 334 

gastrin 5,26,221,316,317 
carboxy terminal tetrapeptide amide 

region 317 
hypersecretion 316 
molecular forms 316 
normal basal concentrations 317 

gastrinoma 316 
gastrointestinal peptides 315 

multiple molecular forms 315 
GC-MS (gas chromatography-mass spec

trometry) 216,222,449,468 
gel chromatography 278,565 

electrophoresis 297 
filtration 36,273,274,297,304,317, 

387,414 
Gelhorn-Phimpton syndrome 303 
genetic damage 21 
GHRH, see growth hormone-releasing 

hormone 270,271,275,279 
GIP, see gastric inhibitory peptide 28, 

331, 334 
glicentin 301 
glucagon 26, 145, 271, 293, 301, 302, 

303,304 
bovine 301 
coupling to BSA 145 
damage by proteolytic enzymes 304 

diabetes mellitus 303 
gluconeogenesis 302 
human 301 
hypercalcemia 303 
hypersecretion 303 
plasma values 302 
porcine 301 
purification 304 
release 301 

Subject Index 

glucagonoma 303 
gluconeogenesis 296, 302, 374 
glucose 293 

amylase 115 
oxidase 115 
tolerance tests 296 

glucose-glucose oxidase system 108 
glucose-6-phosphate dehydrogenase 117, 

118, 125 
glutaraldehyde 29,37,120, 145,274,326, 

340,434,441,486 
glutathione-S-transferase 483 
glycogen 294 
glycol 4,298,310,455 
glycosaminoglycans 543, 544, 545 

assay methods 543 
biological functions 543 
derivatisation 544 
radio iodinated derivatives 544, 545 

GnRH, see gonadotropin-releasing hor
mone 39, 264, 276, 384 

gonadotropin 264 
regulation 264 

gonadotropin-releasing hormone 
(GnRH) 39,264, 276, 384 
extraction procedure 276 

goodness of fit 195,199,200,204-207 
asymmetric logistic method 206 
asymmetry 204, 206 
distribution of residuals 200 
empirical methods 205 
magnitude of scatter 200 
mass action law models 204 
nonmonotonicity 204 
smoothing factor 208 
two-slope logistic method 207 

Graafian follicle 388 
growth hormone 261,262,263,569 

big 262 
big-big 262 
bioactivity 262 
circadian periodicity 262 
heterogeneity 262 
human 262 
immunoaffinity chromatography 263 
little 262 
other species 263 
metabolic stress 262 
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growth hormone-releasing hormone 
(GHRH) 270,271,275,279 
ectopic secretion 279 
gut 279 
human 275 
pancreas 279 
purification 271 
rat 275 
unextracted plasma 275 

guanosine 3/5'-cyclic monophosphate 
(cGMP) 32, 501, 503, 504, 511, 513 
acetylation 510 
azide 513 
nitroprusside 513 
over-acetylation 511 
succinylation 510 

guanylate cyclase 513 

hair follicle 387 
haloperidol 585 
hapten 11,24,46,73,143,145,147,149, 

163,460,462 
antigenicity 73 
conjugation 143 
degradation 163 
mimic 460, 462 

HAT, sensitive cell lines 72 
helper T cells 8, 9 
hemagglutination 77 

indirect 77 
hemocyanin 26 
heparin sulphate 543, 548, 552, 554, 555 

cellular sources 554 
concentrations in blood fractions 555 
human plasma 554 
in human follicular fluid 555 
preparation of sample 552 
released in stored red cell concentrates 

555 
selection of tracer and standard 552 
in the study of allergic reactions 555 

heparin 4,59,298,420,422,458,543, 
544,547,549,550 
bioavailability 550 
derivatisation 544 
half-life 548 
plasma levels 550 

heparinoids 548 
5-HETE (5-hydroxy-6,8,11 ,14-eicosate

traenoic acid) 483 
12-HETE (12-hydroxy-5,8,1 0, 14-eicosate

traenoic acid) 493 
15-HETE (15-hydroxy-5,8,11,13-eicosate

traenoic acid) 494 
heterogeneity index 18 
heterogeneity of labeled ligand 205 

heterogeneous enzyme immunoassays 
114,115 
enzyme-linked immunosorbent assay 

(ELISA) 114 

599 

steric hindrance enzyme immunoassay 
(SHEIA) 114 

ultrasensitive enzymatic radioimmu
noassay (USERIA) 115 

heterogeneous fluoroimmunoassays 122, 
123 
dissociation-enhanced lanthanide fluo

rescence immunoassay (DELFIA) 123 
time resolved fluoroimmunoassay 

(TRFIA) 123 
heterogeneous molecular forms 4 
heterokaryon 71 
7-cis-9,1 0,11 ,12,14,15-hexahydroleuko

triene C4 486 
high pressure liquid chromatography 

(HPLC) 99,175,219,274,353,481, 
485,511 
reverse-phase 481 
straight-phase 485 

hirsutism 387 
histamine 166 

succinyl-glucinamide linkage 166 
histidine 98 

iodinated derivatives 98 
[3H]methyl iodide 454 
homobifunctional reagents 145,146 

diazotization procedure 146 
haptens with amino groups 145 
m-maleimidobenzoic acid N-hydroxy-

succinimide ester 146 
toluene-2,4-diisocyanate 146 

homogeneity 207 
homogeneous assay 369 
homogeneous enzyme immunoassays 

117,118,369 
enzyme-associated substance enzyme 

immunoassays (EASEIA) 117 
enzyme-multiplied immunoassay tech

niques (EMIT) 117 
substrate-labeled fluoroimmunoassays 

(SLFIA) 118 
homogeneous fluoroimmunoassays 123, 

124 
fluorescence enhancement immunoas

says 123 
excitation transfer immunoassay 

(FETIA) 124 
polarization immunoassays (FPIA) 

124 
quenching immunoassays 123 

hormone 26,39,119,156,166,175,219, 
221,264,274,276,305,306,307,353, 
384,422,481,485,511 
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HPLC, see high pressure liquid chroma
tography 99,175,219,274,353,481, 
485,511 

human endothelial cell-conditioned super
natants 73 

hybridization 72 
hybridomas 70,71,72,77 

antibody-producing 77 
B-lymphocytes 72 
cloning 70 
feeder cells 72 
myeloma cells 71 

5-hydroperoxy-6,8,11,14-eicosatetraenoic 
acid (5-HPETE) 482 

12-hydroperoxy-6,8, 11, 14-eicosatetraenoic 
acid (12-HPETE) 482 

3fJ-hydrosteroidogenase defect 383 
25-hydroxycholecalciferol 32 
18-hydroxycorticosterone 382 
18-hydroxy-11-deoxycorticosterone 

382 
7a-hydroxy-5,11-diketotetranorprosta -

1,16-dioic acid 467 
5-hydroxy-6,8,11 , 14-eicosatetraenoic acid 

(5-HETE) 483 
12-hydroxy-5,8, 1 0, 14-eicosatetraenoic acid 

(12-HETE) 493 
15-hydroxy-5,8,11 ,13-eicosatetraenoic acid 

(15-HETE) 494 
12-L-hydroxy-5,8, 1 O-heptadecatrienoic 

acid 450 
17a-hydroxylase defect 383 
21-hydroxylase defect 383 
20-hydroxy-L TB4 483 
15-hydroxy-PG-dehydrogenase 450 
17a-hydroxypregnenolone 383 
17a-hydroxyprogesterone 380, 383 
11a-hydroxyprogesterone hemisuccinate-

protein immunogen 388 
17 fJ-hydroxysteroidodehydrogenase 391 
7-hydroxytrifluoroperazine 583 
hyperaldosteronism, primary 378 
hypercalcemia 303, 307 
hyperestrogenic conditions 409 
hyperparathyroidism 303, 306, 308 

primary 307 
secondary 308 

hyperphagia 567 
hypersecretion 296,303,316 

of gastrin 316 
of glucagon 303 
of insulin 296 

hyperthyroxinemia 411,421 
familial dysalbuminemic 411,421 

hypervariable regions 13 
hypoglycemia 300 
hypoparathyroidism 308 

Subject Index 

hypophysiotropic neurohormones 270, 
272,273,278,279 
degradation by peptidases 272 
determination in cerebrospinal fluid 

279 
determination in peripheral blood 278 
excitatory 270 
inhibitory 270 
recovery 273 
specificity of antibodies 273 

hypopituitarism 568 
hypothyroidism 265, 406, 567 

congenital 406 
screening for 406 

hypoxanthine-guanosine-phosphoribosyl 
tranferase 71 

idiotypes 14 
IGF-I (insulin-like growth factor I) 561 
IGF-II, see insulin-like growth factor II 

561, 571 
1251 _ 3-( 4-hydroxyphenyl)propionic acid 

N-hydroxysuccinimide ester 109,318 
immune interactions 7,8 

bilateral binding 8 
class II MHC protein-processed 

antigen 7 
free antibody-antigen 7 
Ig membrane receptor on B lymphocyte

antigen 7 
T cytolytic cell receptor-foreign antigen

class I syngeneic MHC molecule 8 
T helper cell receptor-processed antigen

class II syngeneic MHC molecule 7 
Tc cell receptor-class I allogeneic MHC 

molecule 8 
Th cell receptor-class II allogeneic 

MHC molecule 8 
triangular binding 7, 8 

immunization 40, 70, 73, 74, 75, 352, 
437,487 
cell fusion 70 
duration 40 
hapten dose 74 
in vitro 74 
in vivo 73 
method 40 
protocol 74 
secondary procedures 75 
tolerance 74 

immunoaffinity chromatography 263 
immunoassay 209 

cooperative 209 
immunochemical identity of standard and 

unknown 214 
immunodiffusion 77 
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immunofluorescence 77 
immunogen 11, 23, 365, 434 

preparation 149-151,157,159,160, 
167, 173 

immunogenicity 23 
immunoglobulin 12, 24,455 
immunoglobulin (Ig) receptors 10, 12 
immunoprecipitation 77,304 
immunoradiometric assay (IRMA) 112, 

256 
immunosorbent assay 77, 82,491 
immunotolerance 156 
incubation damage 190,297 
indium 127 
indomethacin 216, 458 
infections 301 
infertility 389 
inflection point 198 
inhibin 384 

negative feedback system 384 
insulin 1,26,55,80,271,291,292,293, 

296,298,562 
acetylcholine 293 
activation of lipoprotein lipase 295 
a-adrenergic stimulating agents 293 
fi-adrenergic stimulating agents 293 
bovine 298 
2-deoxyglucose 293 
gastrointestinal hormones 293 
human 292,296,298 
infusion of arginine 293 
labeling of 296 
nonsuppressible insulin-like activity 562 
normal basal levels 298 
porcine 296, 298 
radioiodinated 1, 296 
sulfonylureas 293 
thiazide diuretics 293 

insulin: glucagon ratio 303 
insulin-like growth factor I (IGF-I) 561 
insulin-like growth factor II (IGF-II) 561, 

571 
dietary status 571 
growth hormone 571 
radioimmunoassay 571 
serum binding proteins 571 
serum concentrations 572 

insulin-like growth factors 561 
homology with pro insulin 561 
plasma-binding protein 561 
somatomedin-A 561 
somatomedin-B 561 
somatomedin-C (Sm-C) 561 

insulinoma 300 
insulin-producing tumors 296 
interference with the immune reaction 

214 

interleukin-2 7 
intrinsic affinity 15 
in vitro fertilization 390 
iodinated aniline 111 
iodinated compounds 95 

purification 95 
iodinated tracers 164, 169 

polyvalent 454 
iodinating reagent 103, 105 

iodine monochloride 103 
molecular iodine 103 

iodination 91, 92, 105, 166, 268, 320, 
353,454,505,524,526,528 
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iodination damage 99,100,101,260 
effects of internal radiation 101 
reaction with chemical reagents 101 
reaction with impurities present in 

radionuc1ide solutions 101 
reaction with iodine 100 

iodination methods 105-111 
Bolton-Hunter reagent 109 
t-butyloxycarbonyliodotyrosine N-hy-

droxysuccinimide ester 111 
diazotized iodosulfanilic acid 111 
electrolytic oxidation 107 
enzymatic oxidation 108 
iodinated aniline 111 
iodine monochloride method 103,106 
lactoperoxidase 108,269,307,310 
oxidation by chlorine compounds 106, 

107 
oxidation by thallium chloride 108 
Pauly's reagent 111 
Sandmeyer's reaction 109 
Wood's reagent 111 

iodine 92, 103, 105,403 
acceptor group 105 
butanol-extractable 403 
chemical species 103 
oxidation states 103 
protein-bound 403 

125iodine 3,94, 125 
decay 94 
half-life 94 
specific radioactivity 94 

127iodine 93 
131iodine 3,94 

decay 94 
half-life 94 
specific radioactivity 94 

iodine monochloride 103, 106 
iodotyrosines 424 
ion exchange chromatography 79 
ionic environment 58 
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comparison of RIA and GC-MS 
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measurement in urine 217 
pH effect 170 

9-keto-reductase 459 
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kits 93,223 

commercially available 223 
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labeled tracer 184, 185 
purification 95-98, 276, 296, 336 
radiochemical purity 185 
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labeling with bacteriophages 126 
labeling with electro active compounds 
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labeling with enzymes 113 

enzyme immunoassays 113 
labeling with fluorescent compounds 121 
labeling with free radicals 128 

spin immunoassays (SIA) 128 
labeling with luminescent compounds 
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bioluminescent immunoassays (BLIA) 
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leukotriene E4 (L TE4) 483 
leukotriene F 4 (L TF 4) 483 
leukotrienes 80,481,483,484,489,494, 

495 
chromatography 494 
cross-reactivity 489 
extraction 494 
ileal smooth muscle assay 484 
sample preparation 494 
sulfidopeptide leukotrienes 483 
synovial fluid 495 

Leydig cells 385 
LH, see luteinizing hormone 384, 385 
LHRH, see LH-releasing hormone 171, 

173-175,271,276,384 
LIA (luminescence immunoassay) 112, 

124, 127 
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Lineweaver-Burk plot 17 
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low dose aspirin 217 
low molecular weight heparins 548, 550 

bioavailability 550 
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low T 3 syndrome 411 
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482,483,485,492,493 
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LTD4 (leukotriene D4) 37,483,491 
L TE4 (leukotriene E4) 483 
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385 
reference preparation 264 
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agonists 276 
analogs 276 
antagonists 276 
extraction procedure 276 

lymphocyte culture 75 
addition of thymocyte culture-condi

tioned medium 75 
cocultivation with human endothelial 

cells 75 
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melanotropin (a-MSH) 267,268 
melatonin 150, 167,442,579 
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tracer preparation 167 

menstrual cycle 529 
metabolism 73, 305, 327, 374, 378, 450, 
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3-methoxytyramine 440 
3-0-methyldopamine 440 
methylisobutylxanthine 513 
3-0-methylnorepinephrine 441 
4-methylumbelliferyl-3-acetic acid 387 
4-methylumbelliferyl-[J-galactoside 115 
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complex) 7 
MIA (metalloimmunoassay) 112, 127 
Michaelis constant 17 
microbial contamination 77 
microperoxidase 125 
milk-alkali-syndrome 308 
mineralocorticoids 381 
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steroid hormones 80 
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N -ethoxycarbonyl-2-ethoxy-l ,2-dihydro
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121 
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serum proteins 214, 321, 330, 333, 342 
temperature effects 59,456 
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antibodies 434 
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normal distribution 201 
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pionate (SHPP) 544 
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stress 241 
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ovulation 388 
oxidation by chlorine compounds 106 

107 ' 
chloramine-T 106,296,320,324,328, 

332,335,341,353,454,505 
1,3,4,6-tetrachloro-3o:,6o:-diphenylglyco

luril 107 
oxidation damage 341 
oxytocin 28 

PACIA (particle counting immunoassay) 
128 

PAF, see platelet-activating factor 163 
Paget's disease 309 
pancreatectomy 300 

pancreatic cholera 340 
pancreatic islets 291 
pancreatic polypeptide (PP) 345 

biologic action 345 
concentration in fasting serum 345 

pancreatitis 303 
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parallelism of dilution curves 214,455 
parathyroid adenoma 308 
parathyroid hormone (PTH) 26,221, 

305,306,307 
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concentration in plasma 306 
enzymatic destruction 307 
heterogeneity of 307 
molecular forms 305 
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cross-reactivity 14 
diversity 14 

paratope-epitope fit 15 
pars intermedia 268 
particle counting immunoassay (P ACIA) 

128 
particle immunoassay (PIA) 112 
Pauly's reagent 111 
PBP (platelet basic protein) 519 
PDGF (platelet-derived growth factor) 
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pentosan polysulphate 545,547 548 

550,552 ' , 
bioavailability 550 
by different assay methods 552 
derivatisation 545 
half-life 548 
plasma levels 550, 552 
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PF4, see platelet factor 4 517, 519, 526 
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449, 460, 462 ' , 
PGE1, see prostaglandin El 165 461 

466 ' , 
PGE2, see prostaglandin E2 51,161,162, 

165,170,449,460,461,466,513 
PGF 10, see prostaglandin F 10 459 
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459,466 

PGGz, see prostaglandin Gz 449,462 
PGHz, see prostaglandin Hz 449,462 
POIz, see prostacyclin 217,449,464 
PG-.d 13-reductase 450 
pH effect 4,58,169,170,188,456,512 
phenothiazines 582 
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pituitary-thyroid axis 422 
pituitary tumors 260, 567 
placental membrane receptor assay 563 
plasma 58,232,235,275,278,327,337, 

381, 567 
unextracted 58,275,278,457,567 
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platelet 216,463 
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PP, see pancreatic polypeptide 345 
preandrogens 376 
precipitation 15,39,310,406,455,509 
prediabetic disposition 296 
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thyrotropin 421 
pregnane 364 
pregnanediol-3-glucuronide 392 
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pregnenolone 383 
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radioreceptor assay 261 
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prostaglandin D2 116, 161,449,460,462 

antiserum 161 
assay accuracy 462 
degradation 161,462 
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two-site assays 258 
validation 2,171,173,213,455,456,512 
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RIA, see radioimmunoassay 1,2,77,78, 

81,82,112,181,182,184,186-190,193, 
198,203,215,216,232-235,237,257, 
258,405,407,449,456,457,468,493, 
520-527, 529, 530, 532-534, 563, 571 

runs test 201 

Sandmeyer's reaction 105 
sandwich assays 199 
sarcoidosis' 308 

Subject Index 

SCAMP, see succinyl cAMP 502,503, 
504 

Scatchard plot 17,51,184,204 
SCGMP, see succinyl cGMP 503, 504 
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455,509 

Sephadex column 95, 320, 325, 329, 333, 
336, 342, 368 
ascending slope 320, 325, 329, 333, 

336,342 
descending slope 320, 325, 329, 333, 

336,342 
septicemia 533 
sequential enzymatic radioimmunoassay 
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like growth factor I 80, 561, 563, 565-
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radioimmunoassay 563 
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radioimmunoassay for 563 
radioreceptor assays 562 

somatostatin 171,270,273,274,279, 
324,327 
acetic acid extracts 273 
analogs 327 
binding proteins 274 
boiled extracts 273 
conjugates 274 
enzyme inhibitors 273 
extraction 327 
fasting concentrations 327 
metabolism 327 
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stereospecificity 154 
steric hindrance enzyme immunoassay 

(SHEIA) 114 
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steroidogenesis 384 
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estrane 364 
fluoroimmunoassay 370 
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monoclonal antibodies 80, 368 
pregnane 364 
purification 367 
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403-407,411,414,423 

T 4, see thyroxine 80, 118, 401, 403, 404, 
405,411,414 

tachykinins 55 
talc 298 
TBG, see thyroxine-binding globulin 

401,405,408,409,410 
TBPA, see thyroxine-binding 

prealbumin 401,410 
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competitive enzyme-linked immunoas-

say 387 
conjugates 154 
equilibrium dialysis 387 
free 387 
gel filtration 387 
negative feedback system 384 

TETRAC (tetraiodothyroacetic acid) 424 
1,3,4,6-tetrachloro-3tx, 6tx-diphenyl-

glycoluril 107 
tetrachlorothyronine 408 
tetrahydroaldosterone glucuronide 382 
tetraiodothyroacetic acid (TETRAC) 

424 
f3-TG, see f3-thromboglobulin 517,519, 

524 
theophylline 513 
thimerosal 4, 408 
thin layer chromatography (TLC) 219, 

503 
f3-thromboglobulin (f3-TG) 517,519,524 

assay calibration curve 524 
commercial kit 525 
iodination 524 
solid-phase second antibody 524 
specific antibody 524 

thrombospondin (TSP) 518,528 
iodination 528 
specific antibodies 528 

thromboxane A2 (TXA2) 449, 462 
thromboxane B2 (TXB2) 42, 56, 170, 

187,215,221,223,449,452,458,463, 
464,470 
blood sampling 458 
formation in clotting blood 470 
measurement in peripheral or coronary 

sinus plasma 223, 463, 470 
measurement in serum 215,470 
measurement in urine 215,470 
metabolism of 464 
pH effect 170 
validation of the RIA 215 

thymic hormone 156 
thymidine factor 562 
thymidine kinase 71 
thyroglobulin 29, 143,274,401 
thyroid autoimmune disorders 411 
thyroid hormone-binding capacity 414 

in vitro uptake tests 414 
total 414 
unsaturated serum 414 

thyroid hormone-binding inhibitor 422 

thyroid hormones 403,412 
free 403,412 
total 403 

thyroliberin 98 
iodination 98 

Subject Index 

thyrotropin 265, 266, 421 
absorption of antiserum 266 
monoclonal antibodies 80, 266 
stimulatory test 266 

thyrotropin-releasing hormone (TRH) 
39,98,119,166,271,277,279 
affinity chromatography 277 
extraction with methanol 277 
gastrointestinal tract 279 
iodination 98,166 
pancreas 279 
rat pituitary stalk blood 277 

thyroxine (T4) 80,118,401,403,404, 
405,411,414 
competitive protein-binding analysis 

404 
free 403 
free index 414 
peripheral conversion 411 
radioimmunoassay 405 
radioligand assays 404 
resin uptake test 414 
total 403 

thyroxine-binding globulin (TBG) 401, 
405,408,409,410 
abnormal concentration 409 
8-anilino-l-naphthalenesulfonic acid 

405 
drugs affecting binding to 409,410 
hyperestrogenic conditions 409 
inherited X-linked increase 409 
malnutrition 409 
nephrotic syndrome 409 

thyroxine-binding prealbumin (TBPA) 
401,410 
drugs affecting binding to 410 

time resolved fluoroimmunoassay 
(TRFIA) 123 

titer 48,322, 331 
TLC (thin layer chromatography) 219, 

503 
Tolkachev's method 437 
toluene-2,4-diisocyanate 38, 146 
tracer 3,91,92,93, 111, 127, 164, 165, 

167,184,232,263,366,454 
damage 59,101,272,297,304,327, 

341 
enzyme 113, 454 
fluorescent 113, 121 
heterologous 166,454 
immunologic properties 91 
iodinated 95, 164,454 
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luminescent 113, 124, 125,454 
nonradioactive 111 
nonspecific binding 92 
polyvalent iodinated 454 
specific activity 91,99,164,185 
stability 92 
tritiated 3,93, 164, 169,454 

transcortin 385 
TRFIA (fine resolved fluoroimmunoas

say) 123 
TRH, see thyrotropin-releasing hormone 

39,98,119,166,271,277,279 
TRH-degrading activity 279 
trihydroxyindole method 433 
triiodothyroacetic acid (TRIAC) 424 
3,5,3' -triiodothyronine (T 3) 401, 403-

407,411,414,423 
competitive protein-binding analysis 

406 
free 403 
free index 414 
low T 3 syndrome 411 
radioimmunoassay 407 
radio ligand assays 404 
resin uptake test 414 
total 403 

Trisacryl 95 
TSP, see thrombospondin 518,528 
t-test 207 
tumor 78, 291, 296, 310, 567 
two-slope logistic method 207 
two-stage RIA procedure 190 
two-step/back-titration methods 418 
TX-synthetase 216,449 
TX-synthetase inhibitor 216,456 

generation of 6-keto-PGF 1. 216,456 
TXA2 (thromboxane A2) 449,462 
TXB2 , see thromboxane B2 42, 56, 170, 

187,215,221,223,449,452,458,463, 
464,470 

tyramine 444 
tyrosine 98 

iodinated derivatives 98 

ultrafiltrates of plasma samples 510 
ultrafiltration 380, 414 
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ultrasensitive enzymatic radioimmunoas
say (USERIA) 115 

urine 392,457,534 
USERIA (ultrasensitive enzymatic 

radioimmunoassay) 115 
UV analysis 45 

vagus nerve stimulation 293 
validation 2, 171, 173,213,455,456, 512 
van der Waals attractions 15 
variability 13 

hypervariable regions 13 
variance 195, 200 

between-dose 195 
residual 200 
within-dose 195 

vasoactive intestinal polypeptide (VIP) 
28,315,340 
fragments 340 
label purification 341 

vasopressin 27, 159, 171 
VIP, see vasoactive intestinal 

polypeptide 28, 315, 340 
VIPoma syndrome 340 
vitamin D 305 

intoxication 308 

Wood's reagent 111 

zirconyl phosphate 298 
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