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activity and Hevesy, who pioneered in
the application of radioisotopes to the
study of chemical processes, were the
scientific progenitors of my career. For
the past 30 years I have been committted
to the development and application of ra-
dioisotopic methodology to analyze the
fine structure of biologic systems.

From 1950 until his untimely death in
1972, Dr. Solomon Berson was joined
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with me in this scientific adventure and
together we gave birth to and nurtured
through its infancy radioimmunoassay, a
powerful tool for determination of virtu-
ally any substance of biologic interest.
Would that he were here to share this
moment.

Radioimmunoassay came into being
not by directed design but more as a fall-
out from our investigations into what
might be considered an unrelated study.
Dr. I. Arthur Mirsky had hypothesized
that maturity-onset diabetes might not be
due to a deficiency of insulin secretion
but rather to abnormally rapid degrada-
tion of insulin by hepatic insulinase (/).
To test this hypothesis we studied the
metabolism of !*'[-labeled insulin follow-
ing intravenous administration to non-
diabetic and diabetic subjects (2). We ob-
served that radioactive insulin disap-
peared more slowly from the plasma of
patients who had received insulin, either
for the treatment of diabetes or as shock
therapy for schizophrenia, than from the
plasma of subjects never treated with in-
sulin (Fig. 1). We suspected that the re-
tarded rate of insulin disappearance was
due to binding of labeled insulin to anti-
bodies which had developed in response
to administration of exogenous insulin.
However, classic immunologic tech-
niques were not adequate for the detec-
tion of antibodies which we presumed
were likely to be of such low concentra-
tion as to be nonprecipitating. We there-
fore introduced radioisotopic methods of
high sensitivity for detection of soluble
antigen-antibody complexes. Shown in
Fig. 2 are the electrophoresis patterns of
labeled insulin in the plasma of controls
and insulin-treated subjects. In the in-
sulin-treated patients the labeled insulin
is bound to and migrates with an inter 8-
7y globulin. Using a variety of such sys-
tems we were able to demonstrate the
ubiquitous presence of insulin-binding
antibodies in insulin-treated subjects (2).
This concept was not acceptable to the
immunologists of the mid-1950’s. The
original paper describing these findings
was rejected by Science and initially re-
jected by the Journal of Clinical Investi-
gation (Fig. 3). A compromise with the
editors eventually resulted in acceptance
of the paper, but only after we omitted
“‘insulin antibody’’ from the title and
documented our conclusion that the
binding globulin was indeed an antibody
by showing how it met the definition of
antibody given in a standard textbook of
bacteriology and immunity (3). Our use
of radioisotopic techniques for studying
the primary reaction of antigen with anti-
body and analyzing soluble complexes
initiated a revolution in theoretical im-
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munology in that it is now generally ap-
preciated that peptides as small as vaso-
pressin and oxytocin are antigenic in
some species and that the equilibrium
constants for the antigen-antibody reac-
tion can be as great as 10 liters per
mole, a value up to 10® greater than the
highest value predicted by Pauling’s the-
ory of 1940 [quoted in ¢)].

In this article we also reported that the
binding of labeled insulin to a fixed con-
centration of antibody is a quantitative

function of the amount of insulin present
(Fig. 4). This observation provided the
basis (5) for the radioimmunoassay of
plasma insulin. However, investigations
and analysis which lasted for several
years, and which included studies on the
quantitative aspects of the reaction be-
tween insulin and antibody (6) and the
species specificity of the available anti-
serums (7), were required to translate the
theoretical concepts of radioimmunoas-
say into the experiments which led first
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Fig. 1. Trichloroacetic acid precipitable radioactivity in plasma as a function of time following
intravenous administration of '*'I-labeled insulin to insulin-treated and untreated subjects. The
disappearance was retarded in the insulin-treated subjects irrespective of whether they had
received the hormone for treatment of diabetes or for shock therapy for schizophrenia. The
retarded rate is a consequence of binding to insulin antibodies generated in response to adminis-
tration of animal insulins. Note the slower disappearance from the plasma of MN after 4 months
of insulin therapy (curve MNj,) than prior to such therapy (curve MN,). Data reproduced from

Berson et al. (2).
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Fig. 2. The ¥'I-labeled insulin was added to the plasmas of insulin-treated (bottom) and un-
treated (top) human subjects and the mixtures were applied to a starch block (C) or to paper
strips (B) for electrophoresis or to paper strips for hydrodynamic flow chromatography com-
bined with electrophoresis (A). After completion of electrophoresis, segments were cut out of
the starch block for assay of radioactivity and the paper strips were assayed in an automatic
strip counter. The zones of migration of albumin and y-globulin were identified on the starch
block by running samples containing '*!I-labeled albumin and !3!I-labeled y-globulin on the same
block. Starch block reproduced from Berson ez al. (2); paper strips reproduced from Berson

and Yalow (63).
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to the measurement of plasma insulin in
rabbits following exogenous insulin ad-
ministration (8) and finally in 1959 to the
measurement of insulin in unextracted
human plasma (9).

Radioimmunoassay (RIA) is simple in
principle. It is summarized in the com-
peting reactions shown in Fig. 5. The
concentration of the unknown unlabeled
antigen is obtained by comparing its in-
hibitory effect on the binding of radio-
actively labeled antigen to specific anti-
body with the inhibitory effect of known
standards (Fig. 6). The sensitivity of RIA
is remarkable. As little as 0.1 picogram
of gastrin per milliliter of incubation mix-

ture, that is, 0.05 picomolar gastrin, is
readily measurable. Radioimmunoassay
is not an isotope dilution technique, with
which it has been confused, since there
is no requirement for identical immuno-
logic or biologic behavior of labeled and
unlabeled antigen. The validity of RIA is
dependent on identical immunologic be-
havior of antigen in unknown samples
with the antigen in known standards.
The specificity of immunologic reactions
can permit ready distinction, for in-
stance, between corticosterone and cor-
tisol, steroids which differ only in the ab-
sence of or presence of, respectively, a
single hydroxyl residue. There is no re-

September 29, 1955

Dr. Solomon A. Berson
Rediolsotope Service

Veterzne Administration Hospitel
130 Vest Kingsbridge Road

Bronx 68, New York

Dear Dr. Berson:

I regret that the revision of your paper entitled
"Insulin-T131 Metabolism in Human Subjects: Demonstration of
Insulin Trznsporting Antibody in the Circulatinn of Insulin
Treated Subjects" is not acceptable for publication in THE

JOURNAL CF CLINICAL INVESTIGATION. — — — —— —

warrsnted by the data.

The second major critic-
ism relates to the dogmatic conclusions set forth which are not
The experts in this field have been
particularly emphctic in rejecting your positive statement that

Fig. 3. Letter of rejec-
tion received from
Journal of Clinical In-
vestigation.

the "conclusion that the globulin responsible for insulin bind-

ing is an acquired antibody appears to be inescapable".

They

believe that you have not demonstrzted an antigen-antibody re—
action on the basis of adequate criteria, nor thot you have def-
initely proved that a globulin ig responsible for insulin binding,

nor that insulin is an entigen.

The data you present are indeed

suggestive but eny more positive cleaim seems unjustifiable at

present.
Sincerely,
Stanley E. Bradley, M.D.
Editor-in-Chief
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Fig. 4. Paper electrophoretograms showing the distribution of '*!I-labeled insulin between that
bound to antibody (migrating with serum protein) and that free (remaining at site of application)
in the presence of increasing concentrations of labeled insulin. The antibodies were from an
insulin-treated human subject. Data reproduced from Berson et al. 2).
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quirement for standards and unknowns
to be identical chemically or to have
identical biologic behavior. Further-
more, it has been demonstrated that at
least some assays can be clinically use-
ful, even though they cannot be properly
validated because of a lack of immuno-
logic identity between standards and the
sample whose concentration is to be de-
termined.

The RIA principle is not limited to im-
mune systems but can be extended to
other systems in which in place of the
specific antibody there is a specific reac-
tor or binding substance. This might be a
specific binding protein in plasma, a spe-
cific enzyme, or a tissue receptor site.
Herbert and associates (10, 11) first dem-
onstrated the applicability of competitive
radioassay to the measurement of vita-
min B,, in a liver receptor assay using
8Co-labeled vitamin B,, and intrinsic
factor as the binding substance. How-
ever, it remained for Rothenberg in our
laboratory (12) and Ekins (I3) to develop
assays for serum vitamin By, using this
principle. Ekins (I4) and later Murphy
(15) employed thyroxine-binding globu-
lin as the specific reactor for the mea-
surement of serum thyroxine.

It is not necessary that a radioactive
atom be the ‘‘marker’’ used to label the
antigen or other substance which binds
to the specific reactor. Recently there
has been considerable interest in em-
ploying as ‘‘markers’’ enzymes that are
covalently bound to the antigen. Al-
though many variations of competitive
assay have been described, RIA has re-
mained the method of choice and is
likely to remain so at least in those as-
says which require high sensitivity. The
receptor site assays for the peptide hor-
mones have the presumed advantage of
measuring biologic activity but are gen-
erally at least 10- to 100-fold less sensi-
tive than RIA. Enzyme marker assays
have several disadvantages; the most im-
portant is that the steric hindrance in-
troduced into the antigen-antibody reac-
tion because of the presence of the en-
zyme molecule almost inevitably de-
creases the sensitivity of the assay.

Two decades ago, when bioassay pro-
cedures were in the forefront, the first
presentation on the potential of hormo-
nal measurements by RIA (16) went vir-
tually unnoticed. Somewhat more inter-
est was generated by the demonstration
in 1959 of the practical application of
RIA to the measurement of plasma in-
sulin in man (9). It became evident that
the sensitivity and simplicity of RIA
permitted ready assay of hundreds of
plasma samples, each as small as a frac-
tion of a milliliter, and made possible
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measurement not only of single blood
samples, as had been performed on occa-
sion with bioassay in vivo, but also of
multiple samples, thus permitting study
of dynamic alterations in circulating in-
sulin levels in response to physiologic
stimuli (9, 17). Nonetheless, in the early
1960’s the rate of growth of RIA was
quite slow. Only an occasional paper
other than those from our laboratory ap-
peared in prominent American journals
of endocrinology and diabetes before
1965 (Fig. 7). But by the late 1960’s RIA
had become a major tool in endocrine
laboratories and more recently it has ex-
panded beyond the research laboratory
into the nuclear medicine and clinical
laboratories. It has been estimated (I8)
that in 1975, in the United States alone,
more than 4000 hospital and nonhospital
clinical laboratories performed RIA’s of
all kinds, almost double the number of a
year or two earlier, and the rate of in-
crease appears not to have diminished in
the past 2 years. The technical simplicity
of RIA and the ease with which the re-
agents may be obtained have enabled its
extensive use even in scientifically un-
derdeveloped nations.

The explosive growth of RIA has de-
rived from its general applicability to
many diverse areas in biomedical inves-
tigation and clinical diagnosis. A repre-
sentative but incomplete listing of sub-
stances measured by RIA is given in Fig.
8.

The exquisite sensitivity, specificity,
and comparative ease of RIA especially
now that instrumentation and reagents
are so readily and universally available,
have permitted assay of biologically sig-
nificant materials where measurements
were otherwise difficult or impossible.
Only if we can detect and measure can
we begin really to understand, and here-
in lies the major contribution of RIA as a
probe for insight into the function and
perturbations of the fine structure of bio-
logic systems.

For the first decade following the de-
velopment of RIA and its first appli-
cation to the measurement of plasma in-
sulin in man, primary emphasis was giv-
en to its importance in endocrinology.
The ability to measure in the presence of
billion-fold higher concentrations of
plasma proteins the minute concentra-
tions (1071° to 10~2M) of peptide hor-
mones in plasma with the high specificity
characteristic of immunologic reactions
has provided greatly increased accuracy
of diagnosis of pathologic states which
are characterized by hormonal excess or
deficiency. It has provided virtually all
the information now known about the
regulation of hormonal secretion and the
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interrelationships among hormones, and
has contributed greatly to our under-
standing of the mechanisms of hormonal
release and of hormonal physiology in
general. More recently, it has been ap-
plied to investigations of the potential
role of the hypothalamic releasing and
release inhibiting factors; studies which
have been made easier by RIA of the
hormones they control as well as of the
factors themselves. Over the past few
years, RIA has had an important role in
the discovery of new forms of hormones
in blood and in tissue. These include the
larger hormonal forms, such as proinsu-
lin (19), big gastrin (20-22), proparathy-
roid hormone (23, 24), and big corti-
cotropin (ACTH) (25, 26), and the hor-
monal fragments—the biologically in-
active COOH-terminal parathyroid hor-
mone fragment (27, 28), among others.
These studies have generated new in-

sights concerning the biosynthesis of the
peptide hormones.

Let us now consider some examples
from our laboratory of older and of new-
er diverse applications of RIA. Proper
interpretation of plasma hormone levels
in clinical diagnosis requires a clear un-
derstanding of the factors involved in the
regulation of hormonal secretion. Gener-
ally, such secretion is stimulated by
some departure from the state of biologic
‘‘homeostasis’’ that the hormone is de-
signed to modulate. A representative
model for one such system is shown in
Fig. 9. Regulation is effected through the
operation of a feedback control loop
which contains the hormone at one ter-
minus and, at the other, the substance
which it regulates and by which it is in
turn regulated. Gastrin secretion increas-
es gastric acidity, which then suppresses
secretion of antral gastrin. Modulation of
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this system can be effected by a number
of factors, perhaps the most important of
which is feeding. Feeding promotes gas-
trin release directly through a chemical
effect on antral cells and indirectly
through gastric distension and through
the buffering action of food (Fig. 9).

In Fig. 10 are compared basal gastrin
concentrations in patients with per-
nicious anemia (PA), in patients with
Zollinger-Ellison syndrome (ZE), and in
a group of patients we have diagnosed
as having nontumorous hypergastrinemic
hyperchlorhydria (NT-HH) (29-31).
Gastrin levels are generally considerably

PEPTIDAL HORMONES

PITUITARY HORMONES
Growth hormone
Adrenocorticotropic hormone (ACTH)

NON-PEPTIDAL HORMONES

THYROIDAL HORMONES
Thyroxine (Tg)
Trifodothyronine (T3)

higher in each of the three groups than
the 0.1 ng/ml considered to be the upper
limit for normal subjects. However, the
reasons are different. Patients with PA
have gastric hypoacidity. Since gastric
hydrochloric acid normally suppresses
gastrin secretion, the continued absence
of acid and the repeated stimulation by
feeding eventually produces secondary
hyperplasia of gastrin-producing cells.
The high level of plasma gastrin in PA is
quite appropriate in view of the absence
of the inhibitory effect of hydrochloric
acid on the secretion of antral gastrin.
The elevated values in ZE and NT-HH

NON-HORMONAL_SUBSTANCES

DRUGS & VITAMINS
Cardiac glycosides
Drugs of Abuse

Melanocyte stimulating hormone (MSH) Reverse Ty Psychoactive Drugs

a-MSH STEROIDS Antibiotics

8-MSH Aldosterone CNS Depressants
Glycoproteins Corticosteroids Vitamin A, Folic acid

Thyroid stimulating hormone (TSH) Estrogens CYCLIC NUCLEOTIDES

Follicle stimulating hormone (FSH) Androgens ENZYMES

Luteinizing hormone (LH) Progesterones Cy esterase
Prolactin PROSTAGLANDINS Fructose 1, 6 diphosphatase
Lipotropin BIOLOGIC AMINES Plasminogen, Plasmin
Vasopressin Serotonin Chymotrypsin, Trypsin

Melatonin Carbonic anhydrase isoenzymes

Oxytocin
CHORIONIC HORMONES
Human chorionic gonadotropin (HCG)
Human chorionic somatomammotropin (HCS)
PANCREATIC HORMONES
Insulin
Glucagon
Pancreatic Polypeptide
CALCITROPIC HORMONES
Parathyroid hormone (PTH)
Calcitonin (CT)
GASTROINTESTINAL HORMONES
Gastrin
Secretin
Cholecystokinin (CCK)
Vasoactive intestinal polypeptide (VIP)
Gastric inhibitory polypeptide (GIP)
VASOACTIVE TISSUE HORMONES
Angiotensins
Bradykinins
RELEASING AND RELEASE INHIBITING FACTORS
Thyrotropin releasing factor (TRF)
LHRF

Somatostatin
OTHER PEPTIDES
Substance P
Endorphins
Enkephalins

Aldose reductase
Carboxypeptidase B
Pancreatic elastase
VIRUSES
Hepatitis associated antigen
Murine Leukemia viruses
(Gross, Rauscher, Moloney)
Mason-Pfizer monkey virus
TUMOR ANTIGENS
Carcinoembryonic antigen
a-Fetoprotein
SERUM PROTEINS
Thyroxine binding globulin
19G, IgE, IgA, IgM
Properdin
Fibrinogen
Apolipoprotein B
Myoglobin
Myelin Basic Protein
OTHER
Intrinsic factor
Rheumatoid factor
Hageman factor
Neurophysins
Staphylococcal
8-Enterotoxin

Fig. 8. Partial listing of peptidal and nonpeptidal hormones and other substances measured by

radioimmunoassay.

Chemical
release

Buffering
by food

Gastric
acidity

Gastric
acidity

! !

Fig. 9 (left). Feedback control loop for gas-
trin regulation of gastric acidity: effect of
feeding. Fig. 10 (right). Basal plasma gas-
trin concentrations in gastrin hypersecretors,
that is, patients with pernicious anemia (PA),
Zollinger-Ellison syndrome (ZE), and non-
tumorous hypergastrinemic hyperchlorhydria
(NT-HH). Most control subjects without
known gastrointestinal disease have basal lev-
els less than 0.1 ng/ml. Data reproduced in
part from (29-31).
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are inappropriate since these patients
have marked hyperacidity and the feed-
back mechanisms which should suppress
gastrin secretion have failed. How does
one distinguish between patients with a
gastrin-secreting tumor (ZE) and those
whose inappropriate gastrin secretion
appears to be due to overactivity of the
gastrin-secreting cells of the gastroin-
testinal tract (NT-HH)? Accurate diag-
nostic differentiation between these dis-
eases is essential because procedures ap-
propriate for their treatment are so
markedly different that diagnostic error
might be fatal. Some ZE patients have
gastrin levels higher than those ever
achieved by the nontumorous group.
However, in the region of overlap the
distinction between them is readily made
on the basis of responsiveness to various
provocative agents. Patients with ZE re-
spond to a calcium challenge (2 milli-
grams of Ca?* per kilogram, intrave-
nously) or to a secretin challenge (4 units
per kilogram intravenously) with a dra-
matic increase in plasma gastrin but fail
to respond to a test meal; for patients
with NT-HH the reverse is true (Fig. 11).

Thus in the application of RIA to prob-
lems of hypo- or hypersecretion we
should seldom rely on a single determi-
nation of plasma hormone. Generally, to
test for deficiency states, plasma hor-
monal concentrations should be mea-
sured not only in the basal state but also
after the administration of appropriate
physiologic or pharmacologic stimuli.
When hypersecretion is suspected and
high hormonal concentrations are ob-
served, one must determine whether the
level is appropriate or inappropriate and
whether the hormonal secretion is auton-
omous or can be modulated by appropri-
ate physiologic or pharmacologic agents.

Studies such as these are now com-
mon in endocrinology and would not
have been possible without RIA.

During the past decade our concepts
of the chemical nature of peptide hor-
mones and their modes of synthesis have
changed dramatically. This change is due
in large part to observations based on
RIA which have demonstrated that
many, if not all, peptide hormones are
found in more than one form in plasma
and in glandular and other tissue ex-
tracts. These forms may or may not have
biologic activity and may represent ei-
ther precursors or metabolic products of
the well-known, well-characterized, bio-
logically active hormone. Their exis-
tence has certainly introduced complica-
tions into the interpretation of hormonal
concentration as measured by RIA, and
as measured by bioassay as well. A typi-
cal example of the work in this area is the
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current interest in the heterogeneity of
gastrin.

Investigations concerning the possible
heterogeneity of gastrin were stimulated
by considerations in comparative endo-
crinology, in that the immunochemical
heterogeneity of parathyroid hormone
(27) and the demonstration of a pre-
cursor form for insulin, proinsulin (19),
spurred the search for heterogeneous
forms of gastrin as soon as an RIA for
gastrin (29) had been developed with suf-
ficient sensitivity to permit fractionation
of plasma in a variety of physicochemi-
cal systems and assay of the immuno-
reactivity in the various fractions.

Several analytical methods were used
to elucidate the nature of plasma gastrin.
Quite unexpectedly it appeared that the
major component of immunoreactive
gastrin in the fasting state of patients
with hypergastrinemia was a peptide
clearly different from heptadecapeptide
gastrin (HG), a 17 amino acid peptide
that had earlier been purified and se-
quenced by Gregory and Tracy (32, 33).
The newly discovered peptide was
eluted between insulin and proinsulin on
Sephadex G-50 gel filtration, in contrast
to HG which was eluted after insulin
(Fig. 12). This peptide had an elec-
trophoretic mobility on starch gel just
greater than serum albumin, which is
about half that of HG (20, 21). Character-
ization in other physical chemical sys-
tems helped verify that this peptide was
indeed larger and more basic than HG.
In advance of its further characterization
we called this new form big gastrin (BG).
Both gastrins were found in extracts of a
ZE tumor as well as in extracts of the an-
trum and proximal small bowel (22). We
further demonstrated that HG could be
generated by tryptic digestion of BG,
with no significant change of total immu-
noreactivity. We predicted that the
larger form was composed of the smaller
form linked at its amino terminal end to a
lysine or arginine residue of another pep-
tide @1).

Our predictions based on measure-
ment of picogram to nanogram amounts
of immunoreactive gastrin in the pres-
ence of billion-fold higher concentrations
of other proteins stimulated Gregory and
Tracy to purify and chemically charac-
terize this material. Soon thereafter they
succeeded in isolating, both from a ZE
tumor and from hog antral extracts, pairs
of gastrin peptides with physicochemical
behavior similar to that we had described
for BG (34, 35). They then demonstrated
that BG is a 34 amino acid peptide with
two lysine residues adjacent to the NH,-
terminal residue of HG (35).

Unlike proinsulin which is virtually
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devoid of biologic activity (36), the ad-
ministration in vivo of immunochem-
ically identical amounts of BG and HG
resulted in the same integrated acid out-
put in a dog [reported in (21)]. However,
the turnover time for BG is prolonged
three to five times compared to that for
HG (37, 38). Therefore, after the admin-
istration of equivalent doses, the plasma
levels of BG are approximately three to
five times greater than the level of HG. It
is evident that the observed hetero-
geneity introduces complications into
bioassay. as well as into immunoassay,

since biologic activity as defined by the
traditional dose-response method is cer-
tainly different from that defined by
plasma concentration-response data in
the case of the gastrins or any other
groups of biologically active related pep-
tides with different turnover times.

Our discovery of the immunochemical
heterogeneity of parathyroid hormone
27), and Steiner’s discovery of pro-
insulin (/9) just over a decade ago, initi-
ated a revolution in concepts of biosyn-
thesis of the peptide hormones. The orig-
inal suggestion that a major function of
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Fig. 11. Plasma gastrin concentrations in the fasting state and in response to three provocative
stimuli in gastrin hypersecretors; patient Ha (left) has ZE; subject Iv (right) is in the non-
tumorous (NT-HH) group. Reproduced from Straus and Yalow (31).
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Fig. 12. Distribution of immunoreactive gastrin in samples of endogenous plasma or plasma-
gastrin mixtures added to columns of Sephadex G-50 (right), or mixtures of G-50 and G-25 (left)
for gel filtration. The zones of elution of the marker molecules are shown in the top frames.
Reproduced from Yalow and Berson (20).
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proinsulin in biosynthesis was to facili-
tate disulfide bond formation (39) could
not prognosticate that virtually all pep-
tidal hormones, including those which
consist simply of a linear peptide chain,
appear also to have larger precursor
forms. In many, but not all, peptide hor-
mones the smaller peptide is joined into
the larger form by two basic residues (as
in gastrin and insulin, for example). A
notable exception to this rule is chole-

cystokinin (CCK). In the case of CCK
and its COOH-terminal octapeptide
(CCK-8), both of which are biologically
active, cleavage to the smaller form oc-
curs at the COOH-terminal side of a
single arginine residue (¢0). As is dis-
cussed below, both forms are found in
the tissues of origin.

At present, a decade after the concept
of heterogeneity was developed and in
spite of an enormous body of descrip-

Table 1. Immunoreactive content of brain and gut extracts.

Goat 1 assay (micrograms of
pCCK equivalent per milliliter)

Rabbit B assay (micrograms of
CCK-8 equivalent per milliliter)

Organ
Before trypsin After trypsin Before trypsin After trypsin
Pig (N =2)

Brain .80 = .05* NDt 0.20 = .01 0.15 = .01
Gut 1.80 = .1 ND 0.60 = .05 0.50 = .03
Monkey (N = 1)

Brain ND ND 0.05 = .01 0.05 = .02
Gut ND ND 0.40 = .05 0.35 = .05
Dog (N = 2)

Brain ND ND 0.10 = .01 0.10 = .01
Gut ND ND 0.70 = .02 0.70 = .05

*Mean + standard error of the mean of multiple assays.

TNot detected.

Rabbit B antiserum

Before treatment with trypsin

Acid extract

10 mg trypsin/ml-20 hours-37°C

Pig gut
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Fig. 13. Immunoreactivity in eluates following Sephadex G-50 gel filtration was determined by
means of an antiserum that reacts identically on a molar basis with intact porcine cholecystoki-
nin (pCCK) and its COOH-terminal octapeptide (CCK-8). Purified pCCK has an elution volume
midway between the void volume and the salt peak and CCK-8 coelutes with the salt peak in
this system. Shown are the patterns for pig, dog, and monkey brain and gut extracts before (left)
and after (right) prolonged tryptic digestion. Note the complete conversion to a CCK-8-like
peptide with no loss in immunoreactivity. Data reproduced from Straus and Yalow ¢5).
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tive data in this field, we still do not
know very much about the rules or rea-
sons for this precursor-product synthetic
scheme. Is the synthesis of the peptide
hormones in a form in which they are
linked to another peptide essential only
for their proper storage or release, or is
some other mechanism involved? What
are the enzymes involved in the con-
version process? Are the converting en-
zymes hormone-specific or species-spe-
cific? Is conversion effected only in the
secreting tissue, or is there peripheral
conversion from inactive to active form?
What is the role of the part of the pre-
cursor molecule which is discarded after
biosynthesis? Finding the answers to
these and related questions will keep
many of us busy for quite a while.
Since investigations concerned with
the brain peptides as well as RIA have
enjoyed prominence this year it is rele-
vant to combine the two and discuss
some applications of RIA to the under-
standing of peptides in the brain. Much
interest has been generated recently in
the finding that several peptides are com-
mon to the brain and the gastrointestinal
tract. A determination of the location
and concentration of these peptides has
usually depended on immunologic tech-
niques. The finding by Vanderhaeghen et
al. (41) of a new peptide in the vertebrate
central nervous system that reacts with
antibodies against gastrin has been con-
firmed by Dockray (42) who suggested
that the brain peptide resembled CCK-
like peptides more closely than it did gas-
trin-like peptides. We extended these
studies and demonstrated that the pep-
tides in the brain are not from the gastrin
family or simply CCK-like but are in fact
intact CCK and CCK-8 (43-45). These
observations depended on the use of two
antiserums  with different immuno-
chemical specificities. One was prepared
in a goat by immunization with porcine
CCK (pCCK). For all practical purposes
this antiserum does not cross-react with
CCK-8 or the gastrins, big or little, in
spite of their sharing a common COOH-
terminal pentapeptide. The other anti-
serum was prepared by immunization of
arabbit (rabbit B) with the COOH-termi-
nal gastrin tetrapeptide amide. With this
antiserum the cross-reactivities of pCCK
and of CCK-8 are virtually identical on a
molar basis. Using the rabbit B anti-
serum, we have observed that in all ani-
mal species studied the immunoreactive
content as measured in the CCK-8 assay
was about fivefold greater in gut extracts
than in brain extracts (Table 1). How-
ever, the concentrations in the gut and
brain extracts were comparable among

SCIENCE, VOL. 200



the different species and did not change
significantly on tryptic digestion (Table
1).

Sephadex gel filtration and assay in the
CCK-8 system of the brain and gut ex-
tracts of the pig, dog, and monkey gener-
ally revealed two peaks of comparable
size, one with an elution volume resem-
bling that of CCK and the other with an
elution volume like CCK-8 (Fig. 13). A
minor void volume peak whose signifi-
cance has not yet been determined was
also generally observed. Although there
was no change in immunoreactivity fol-
lowing prolonged tryptic digestion
(Table 1) there was complete conversion
of all immunoreactivity to a peptide re-
sembling CCK-8 (Fig. 13).

In the same monkey and dog extracts
in which CCK-like material was present
in about the same concentration as in the
pig extracts we failed to detect immuno-
reactivity with the antiserum to pCCK
(Table 1). The extracts of the gut and
brain of the pig contained comparable
molar amounts of CCK when measured
with either antiserum (Table 1). The fail-
ure to detect intact CCK in dog and mon-
key brain and gut extracts, which were
proved to have this hormone when mea-
sured in the CCK-8 assay, forms the
basis for our prediction based on RIA
that there are major differences between
pig and the other animal CCK’s in the
amino terminal portion of the molecule.
Since this portion of the molecule is not
directly involved in its biologic action, it
is not surprising that the amino acid se-
quences in this region of the molecule
have diverged during the course of evo-
lution. As yet the amino acid sequences
of CCK from animals other than a pig
have not been reported. Just as our pre-
dictions based on RIA stimulated Greg-
ory and Tracy to purify and chemically
characterize big gastrin, we hope our
predictions of the nature of the amino
terminal portion of CCK will encourage
chemical verification by others.

Where in the brain is CCK found? Its
concentration is highest in the cerebral
cortex (43). Our immunohistochemical
studies (Fig. 14) suggest that CCK-8, at
least, appears to be concentrated in the
cortical neurons (¢4).

The finding of peptides resembling
CCK and CCK-8 in the central nervous
system raises intriguing questions about
their physiologic function, particularly
with respect to their potential roles as sa-
tiety factors. The observation of Gibbs et
al. 46, 47) that injection of purified CCK
or CCK-8 evoked satiety, although pen-
tagastrin and secretin did not, has sug-
gested negative feedback from the gas-
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trointestinal tract as the causative mech-
anism. These studies of Gibbs et al. 46,
47) confirm the earlier work of Schally et
al. 48) who had shown that enterogas-
trone, a gut extract undoubtedly rich in
CCK, inhibited eating by fasted mice.
The finding that CCK peptides appear to
be endogenous in the brain suggests a
more direct role for them as neuroregula-
tors.

It is now commonly accepted that
there are a group of peptides such as
somatostatin (¢9, 50), substance P (51),
vasoactive intestinal peptide (52), and
CCK or .CCK-8 (¢345) which are found
both in the gastrointestinal tract and in

the central nervous system. Some evi-
dence has also been presented that pep-
tide hormones such as B lipotropin,
ACTH, and peptides structurally related
to them, initially thought to be of pitui-
tary origin, are found widely distributed
in the brain in extrahypothalamic regions
(53-56). We had considered the possi-
bility that the finding of a pituitary hor-
mone, such as ACTH, in the brain of the
rat might be a consequence of the small
dimensions of its brain. Therefore we re-
cently undertook to study the distribu-
tion of ACTH in the brains not only of
rodents such as the rat and rabbit but al-
so of animals with large brains such as

\.‘f
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Fig. 14. (A) Low-power photomicrograph of rabbit cerebral cortex (frontal lobe). The tissue was

stained by the immunoperoxidase technique with rabbit B antiserum in a 1:10 dilution. Staining
of individual cells bodies can be seen in all layers of cortical gray matter and diffuse staining can
be seen at the bottom in subcortical white matter (x33). (B) Higher-power photomicrograph
showing staining of cell bodies in cortical gray matter (X208). Data reproduced from Straus et
al. 44).

RAT

Hippo Q/-/ Th MB

POA VH Pit Pons M DH VH Pit Pons MB M

Fig. 15. Distribution of immunoreactive ACTH in the pituitary and brain of several animal
species. The rat, dog, and human brains are drawn to scale. The regions shown in circles have
been enlarged to show in better detail the concentrations of ACTH in the brain of the rat and
dog. The ACTH was not detectable in regions shown in white. Abbreviations: Pit, pituitary
gland; VH, ventral hypothalamus; DH, dorsal hypothalamus; POA, preoptic area; MB, mid-
brain; M, medulla; Th, thalamus; Hippo, hippocampus. Reproduced from Moldow and Yalow
7).

1243



the dog, monkey, and man (57). We ob-
served that the dimensions within which
ACTH is found is about the same for all
five of these species but that the particu-
lar anatomical regions which contain
ACTH depend on the brain size (57).
Thus ACTH is widely distributed in the
brain of the rat, but is found in the brain
only in the hypothalamic regions of pri-
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a completely new dimension to the iden-
tification and measurement of pharma-
cologically active substances in plasma
and tissue—and the list of compounds
for which such assays are available is
growing rapidly (Fig. 8). In general,
since the molar concentrations of drugs
at pharmacologic levels are high com-
pared, for instance, to the concentration

1 N=24 N=14
mates (Table 2) (Fig. 15). Since there is 201 of the peptide hormones in body fluids,
no reason to assume that the synthetic 1 achieving adequate sensitivity is not
mechanism in the primates is different 0 -l Jikely to be difficult. However, the re-

1 Week 2 Weeks 8 Weeks

from that in small-brained animals, we
believe that these studies suggest that
the pituitary is likely to be the sole site of
synthesis of ACTH and that the hormone
is found in other cranial sites as a result
of mechanisms other than synthesis.
The presence of pituitary hormones in
the brains of commercially prepared hy-
pophysectomized rats has been taken as
evidence for de novo synthesis of pitui-
tary hormones in the brain (54-56, 58).
We also have observed that in these ani-
mals residual pituitary tissue is rarely de-
tected upon visual inspection of the sella
(57). Nonetheless, although there is an
immediate decrease in stress-stimulated
ACTH release in hypophysectomized
rats, after 2 months the plasma ACTH
concentrations can be stress-stimulated
to about 80 percent of the level found in
intact rats (Fig. 16). It would appear,
therefore, that visual inspection of the
sella is not sufficient to ensure that the
hypophysectomy has been total. Scrap-
ings from the sella have been shown to
contain ACTH amounting to almost 5
percent that of the normal pituitary (57).
This represents a considerable residual
source of ACTH since the hypothalamic
ACTH content is only about a fraction of
a percent of that of the pituitary. Thus,

Fig. 16. Plasma ACTH following ether stress
in control and hypophysectomized rats. Re-
produced from Moldow and Yalow (57).

even in these ‘‘hypophysectomized”
rats we believe that residual pituitary
fragments are the source of the brain
ACTH (57).

At the present state of our knowledge,
we consider it most likely that hormones
known to be synthesized in the pituitary
are synthesized only there and are trans-
ported to the brain by one or more mech-
anisms; perhaps by retrograde flow along
the portal vessels or by leakage into the
basal cistern. In addition, there is anoth-
er group of peptides common to, and
likely to have been synthesized in, the
gastrointestinal tract and the central ner-
vous system. We leave to others to de-
termine where in this schema is the
source of the enkephalins.

The examples 1 have chosen come
from a sampling of studies in endocrinol-
ogy since my Nobel citation specifically
deals with the application of RIA in this
subspecialty. Nonetheless, RIA is rapid-
ly growing beyond the borders of endo-
crinology, its first home.

Radioimmunoassay has already added

quirements for the specificity of RIA of
drugs merit some consideration. Struc-
turally related compounds or metabolites
may have significant immunoreactivity
with some antiserums but not with oth-
ers, and may or may not constitute a
problem, depending on the purpose of
the assay. For instance, if the clinical
problem relates to the toxicity of a par-
ticular 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 had been taken surreptitious-
ly, then the reactivity of metabolites or
variation of the immunoreactivity with
the exact form of the drug may be irrele-
vant, ‘

The application of RIA to the mea-
surement of enzymes is a field of increas-
ing interest. The very great sensitivity of
RIA permits measurement of enzyme
levels much lower than that possible by
the usual catalytic methods. It permits
direct assay of the enzyme rather than
only its effects and is not influenced by
inhibitors or activators of enzyme sys-
tems or variations in substrates. That in
the same system one can with RIA mea-
sure both an enzyme and its proenzyme
and other inactive forms has both advan-

Table 2. Regional distribution of ACTH in brains of several mammalian species.

ACTH concentration (ng/g wet weight)

Monkey Dog Rabbit
. . Pooled
Brain region Hu- Imme- Some rat
man Crani- diately time 1 2 3% P G * brain
otomy after after (N = 6)
death death
Hypothalamus 100 100 100 14
Ventral 33 76 10 28 26 17 40
Dorsal 10 4 4 3 5 11 10
Thalamus ND¥ ND ND ND 2 4 3 20 20 12 4
Preoptic area ND ND ND ND 8 7 7 5
Amygdala ND ND ND ND 3 4 4 6 5 6 3
Hippocampus ND ND ND ND ND ND ND ND ND ND 3
Striatum ND ND ND ND ND ND ND ND ND ND ND
Midbrain ND ND ND ND 4 3 2 20 21 15 7
Pons ND ND ND ND ND ND ND 10 8 10 4
Medulla ND ND ND ND ND ND ND 3 6 10 3
Cerebral cortex ND ND ND ND ND ND ND ND ND ND ND
Cerebellum ND ND ND ND ND ND ND ND ND ND ND

*Dissected frozen. fNot detectable, < 1 ng/g.
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tages and disadvantages, depending on
the problem under investigation. It must
be appreciated that many enzymes may
be species-specific and biologic activity
need not parallel immunologic activity.
At present, RIA seems likely to com-
plement rather than to replace catalytic
methods for enzymatic analysis.

There is another field in which the po-
tential application of RIA is in its infan-
cy. My crystal ball—or intuition—tells
me that in the 1980’s the impact of RIA
on the study of infectious diseases may
prove as revolutionary as its impact on
endocrinology in the 1960’s. A start has
already been made in virology. Radioim-
munoassay of hepatitis-associated anti-
gen (59, 60) has become the method of
choice for testing for infected blood in
Red Cross and other blood banks in the
United States where transfusion-trans-
mitted hepatitis has been a significant
public health problem. The recent de-
scription of an RIA for intact murine leu-
kemia virus (6/) with sufficient sensitivi-
ty to detect virus in 0.5 microliter of
blood or of tissue extracts from animals
with viral-induced or spontaneous leuke-
mia gives us a tool with which we may be
able to determine where and in what con-
centration a virus resides during the peri-
od from infection to the time when the
fully developed pathologic manifesta-
tions of the disease are present. Recently
we have developed a sensitive and spe-
cific RIA for some constituent of tu-
berculin purified protein derivative
(PPD) (62) which is shed into culture me-
dium in vitro or in vivo by growing
Mycobacterium tuberculosis. We have
already reported (62) earlier detection of
growth of tubercle bacilli in culture me-
dium than is possible by other means and
we envision its applicability to-rapid and
early detection of bacterial growth in bi-
ologic fluids. We anticipate that this pre-
liminary work will lead the way to the
more extensive use of RIA in bacteriol-
ogy.

Infectious diseases have become less
prominent as causes of death and dis-
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ability in regions of improved sanitation
and adequate supplies of antibiotics.
Nonetheless they remain a major public
health problem throughout the world,
and simple inexpensive methods of iden-
tifying carriers of disease would facilitate
eradication of these diseases. Radioim-
munoassay is likely to provide those
methods and one can anticipate its fuller
exploitation in this virtually untapped
field.

The first telescope opened the heav-
ens; the first microscope opened the
world of the microbes; radioisotopic
methodology, as exemplified by RIA,
has shown the potential for opening new
vistas in science and medicine.
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