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Foreword

There are members of the clinical chemistry profession who still remember the modest facilities they once occupied.
These laboratories provided a few chemical tests on blood and urine that appeared to have some value in clinical
diagnosis. These tests were developed mainly by Ottto Folin at Harvard Medical School and Donald Van Slyke at the
Rockefeller Institute. Methods were usually presented in the format of cookbook recipes and were carried out by
persons of limited skill in chemistry. Today a vast amount of literature on clinical chemistry provides services to the
thousands of personnel in hospital and industrial laboratories. Looking at today’s clinical chemistry laboratory with its
assortment of complex instruments, equipment and methodology, I can’t help recall my first hospital laboratory.
Located in a single room of moderate size, there were test tubes and pipettes, and no AutoAnalyzer™. The protein-free
filtrate was the starting point of nearly all the tests. The Duboscq visual comparison colorimeter shouldered the bulk of
the work. A flame photometer provided sodium and potassium analyses three times a week; carbon dioxide combining
power was a manual procedure, with hands-on from start to finish; and some procedures were reported in varying
degrees of opacity, turbidity, or flocculation. The technologies were often cumbersome and labor-intensive. But there
was an excitement of learning new methods, developing new skills, and using different apparatus.

The routine work—Iless than a dozen analytical procedures—required only simple manual operations. The rapid
advance of clinical chemistry has been made possible by innovative technology and its application to clinical settings.
These have helped narrow the gap between medical science and medical practice. The papers identified in this volume
are significant turning points and signposts in the growth and development of clinical chemistry during the twentieth
century. This is an interesting concept with an impressive list of citations. Most of them are from the second half of the
century, which indicates how recent has been the phenomenal expansion and widening versatility of clinical chemistry
in its preeminent role in "laboratory medicine."

To avoid being swept into the future by the impact of continuous change, before we completely understand the
present, this collection identifies ancestral landmarks which dot the landscape and illuminate the road as we prepare
for the future.

The history of an analytical procedure is often as fascinating and instructive as the biography of a scientist, and
many teachers as well as their students would profit greatly by such studies. They would then learn the great truth that
analytical procedures are not found inscribed on stone but are products of evolution. Their inherent faults are corrected
largely by those who work, not for their own fame, but for the making of a better science and a better world.

Louis Rosenfeld, PhD
Brooklyn, NY
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Introduction

Many excellent articles on the history of clinical chemistry in the 20th century have been published in the last few
years (1-6). In addition, a collection of essays by Biittner (7) and a book of biographies by Rosenfeld (8) review the
development of the discipline during this period. The purpose of this book is to present the history of clinical
chemistry in the 20th century in the words of the men and woman who helped create this field. Thirty-nine original
articles have been chosen and reprinted in this collection. They range from the introduction of the Duboscq
colorimeter into clinical chemistry by Folin in the early 1900s to the description of oligonucleotide hybridization on
glass supports by Southern in 1992. Each paper is reproduced from its original and is accompanied by a short
commentary intended to help set the article within the historical context of the period.

The criteria used to select the articles for compilations like this will often reflect the editor’s interests and opinions.
This collection is no exception. Hundreds of articles published in the last century were reviewed for possible
inclusion. Yalow and Berson’s first complete description of a radioimmunoassay (RIA) in 1960 and which led to a
Nobel Prize is an obvious choice. Papers that presented a new technology still in widespread use today were also
included. Two examples are Engvall and Perlmann’s development of the enzyme-linked immunosorbent assay
(ELISA) in 1971 and Jorgenson and Lukacs’ first description of a capillary electrophoresis system in 1981. Citation
index services and editors often publish lists of the most highly cited papers in a particular field or journal. This also
helped in the selection process. Huggett and Nixon’s 1957 enzymatic glucose assay, for example, was the second most
cited paper published in The Lancet between 1961 and 1983. Friedewald, Levy and Fredrickson’s calculation of low-
density lipoprotein (LDL) cholesterol was the highest cited paper published in the journal Clinical Chemistry between
1955 and 1998. A paper that is ahead of its time is also a strong contender for inclusion. An example is Wuth’s paper
on serum bromide levels in the Journal of the American Medical Association in 1927. In this paper, he demonstrated,
50 years before it became standard practice, the importance of therapeutic drug monitoring (TDM) for improved
chemotherapeutic control of seizures.

Finally, the articles chosen, along with any major omissions, are the sole responsibility of the editor. The goal was
to present a selection of original articles that covered many of the major developments in clinical chemistry in the 20th
century. A secondary objective was to select articles that opened up a new way of thinking about an old problem or
presented a creative new technology that improved the practice of clinical chemistry. The papers chosen, for the most
part, stimulated clinical chemists to action and adoption. Their impact became apparent when the original articles, not
yet available in electronic form, were read in library holdings. Many of these journal articles contained notations and
markings that brought to mind the poem Marginalia by the former Poet Laureate of the United States, Billy Collins. In
this poem, Collins writes about the notations penned by readers along the margins in the library copies of famous
books (9). Written, he says, by, “fans who cheer from the empty bleachers.”

Many of the landmark articles from 1919 to the 1960s chosen for this collection contained penciled marginalia
along with thumb prints, torn pages repaired with archival tape, folded-over corners and a general worn and well-used
appearance. Faded graphite pencil notations ran along the margins. In a Folin article published in 1919, next to the
description of the Dubsocq colorimeter are the words, “we need to get one of these.” In many of the papers from the
1930s to 1940s, the Results sections have multiple penciled check marks next to a line of data. The Conclusion
sections in some are enclosed in long vertical double wavy lines. Multiple “yes” notations with three exclamation
marks are common marginalia in papers of this period. In articles from the 1960s through the 1980s, the marginalia are
penned in ink and iridescent markers, garish and destructive but none-the-less telling. These papers were read by large
numbers of interested scientists. Of all the marginalia found in these articles however, the words that resonated the
most, the words that have come to mean for competitive scientists the highest form of compliment, were in a paper
from the 1960s that simply said, “I wish I had thought of that.”

Richard M. Rocco, PhD
San Francisco State University
August 2005
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Thus the genius of inventiveness, so precious in the sciences, may be diminished or
even smothered by a poor method, while a good method may increase and develop it. In
short, a good method promotes scientific development and forewarns [persons] of
science against those numberless sources of error which they meet in the search for
truth; this is the only possible object of the experimental method.

Claude Bernard (1813—-1878)

An Introduction to the Study of Experimental Medicine, 1865
H.C. Green translation, Dover Publications, 1957, pg 35.

xvii



SECTION 1

Immunoassay Technology

RIA (Radioimmunoassay)

1. Yalow, R. S. and Berson, S. A. (1960)
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“Homogeneous” enzyme immunoassay. A new immunochemical technique.
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page 5 1. Yalow, R. S. and Berson, S. A. (1960)
COMMENTARY TO Immunoassay of Endogenous Plasma Insulin in Man. Journal of Clinical
Investigation 39(7): 1157-1175.

Ibert Szent-Gyorgyi the biochemist and Nobel Laureate wrote that, “most of the new observations I made

were based on wrong theories. My theories collapsed, but something was left afterwards (1).” This

describes how Rosalyn S. Yalow and Solomon A. Berson discovered radioimmunoassay (RIA). They set

out to test a hypothesis, not a theory, but the results were the same. Their data destroyed the hypothesis
and instead they discovered the most important new technology in laboratory science in the twentieth century.

In 1952, I.A. Mirsky the chairperson of the Department of Clinical Sciences at the University of Pittsburgh School
of Medicine proposed that Type II diabetics cleared insulin from their systems faster than non-diabetics due to an
abnormal increase in the activity of their hepatic enzyme, insulinase (2). Yalow and Berson who worked in the
Radioisotope Service at the Veterans Administration (VA) Hospital in Bronx, New York, decided to test this
hypothesis by measuring the clearance of radio labeled insulin in diabetics. Isotopic labeling of proteins was a
technique they were familiar with. In 1952, they had used '*'I labeled human albumin to accurately measure blood
volume (3). To test the Mirsky hypothesis they prepared beef '*'I-insulin. They injected this insulin tracer into three
subject groups; non-diabetic normal controls, diabetics who had never received insulin and diabetics on insulin
therapy. The clearance rates in the normal non-diabetics and the diabetics who had never received insulin were the
same. Clearance times in insulin treated diabetics were markedly increased compared to the other two groups (4). Data
from ultracentrifugation, salt and ethanol fractionation and paper electrophoresis demonstrated that an insulin
antibody was present in insulin treated patients. It was the insulin—antibody complex in insulin treated diabetics that
took longer to clear (5). The results of these experiments overturned the Mirsky hypothesis, opened up a whole new
line of diabetes research based on immune response factors and disproved the belief, held at the time, that small
proteins like insulin with a molecular weight of 6 000 could not elicit an immune response. Their paper on these
results was accepted in the prestigious Journal of Clinical Investigation in 1956 (4) only after they agreed to replace
the term “insulin antibody” with the term “insulin binding globulin” in the title (6).

Yalow and Berson then focused their research on the use of insulin antibody as a laboratory tool. This was the
critical insight that led to the discovery of RIA. They studied the binding kinetics between radio iodinated crystalline
beef insulin and the insulin antibody found in the serum of diabetic patients previously treated with insulin (7). They
made their own insulin antibody by immunizing guinea pigs with beef insulin and demonstrated that this antibody
cross-reacted with human insulin (8). They showed that the binding of radio labeled insulin was inversely proportional
to the concentration of native insulin in the unknown sample being tested. Bound from free insulin tracer was
separated in these first competitive immunoassays with paper electrophoresis. In 1959 a short two-page article
appeared in Nature that described, for the first time, the quantitative measurement of insulin levels in serum by an
immunoassay technique (9). The paper presented here is their first full report describing an RIA method, a twenty-
page report that reads like a methods manual. It went on to become the most highly cited paper in the history of the
Journal of Clinical Investigation through 2004 (6). Yalow and Berson chose not to patent their new technology.
Instead, they opened up their laboratory to more than 100 researchers whom they trained over the next 5 years in the
technique of RIA. By 1978, the sales of RIA test kits in the US had reached $125 million dollars per year (10).

Berson died of a heart attack while attending a scientific conference in 1972. At Yalow’s request, the laboratory at
the VA Hospital was named in his honor (11). In 1976 she was the first woman to win the Albert Lasker Award for
Basic Medical Research for the development of RIA. In 1977 she became the first American woman to receive the
Nobel Prize in Physiology or Medicine, awarded for her discovery of RIA.
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For years investigators have sought an assay
for insulin which would combine virtually absolute
specificity with a high degree of sensitivity, suffi-
ciently exquisite for measurement of the minute
insulin concentrations usually present in the cir-
culation. Methods in use recently depend on the
ability of insulin to exert an effect on the metabo-
lism of glucose in wivo or in excised muscle
or adipose tissue. Thus, the insulin concen-
tration in plasma has been estimated: a) from the
degree of hypoglycemia produced in hypophysec-
tomized, adrenalectomized, alloxan-diabetic rats
(1); b) from the augmentation of glucose uptake
by isolated rat hemidiaphragm (2); or ¢) from
the increased oxidation of glucose-1-C'* by the
rat epididymal fat pad (3). Since there have
been reports indicating the presence, in plasma,
of inhibitors of insulin action (4) -and of non-
insulin substances capable of inducing an insulin-
like effect (5, 6), these procedures, while yielding
interesting information regarding the effects of
various plasmas on glucose metabolism in tissues,
are of doubtful specificity for the measurement of
insulin per se (5).

Recently it has been shown (7, 8) that insulins
from various species (pork, beef, horse and sheep)
show quantitative differences in reaction and
cross reaction with antisera obtained from human
subjects treated with commercial insulin prepara-
tions (beef, pork insulin mixtures). An immuno-
assay method for beef insulin has been reported
in which the insulin content is determined from
the degree of competitive inhibition which the in-
sulin offers to the binding of beef insulin-1*** by
human antisera (9-12). Although human insu-
lin reacts with human antibeef, pork insulin anti-
serum and displaces beef insulin-I1*** by competi-
tive inhibition (7, 8, 10), the reaction is too weak
to permit measurement of the low insulin concen-
trations present in human plasma (7, 8, 11-13).
In preliminary communications we have reported
that the competitive inhibition by human insulin
of binding of crystalline beef insulin-1'*! to guinea

pig antibeef insulin antibodies is sufficiently
marked to permit measurement of plasma insulin
inman (11, 12, 14), and to be capable of detecting
as little as a fraction of a microunit of human
insulin (12, 14). Preliminary data on insulin con-
centrations in man before and after glucose load-
ing have been reported (12, 14, 15). The present
communication describes in detail the methods
employed in the immunoassay of endogenous in-
sulin in the plasma of man, and reports plasma
insulin concentrations during glucose tolerance
tests in nondiabetic and in early diabetic subjects
and plasma insulin concentrations in subjects with
functioning islet cell tumors or leucine-sensitive

hypoglycemia.
METHODS

Immunization of guinea pigs. Guinea pigs were in-
jected subcutaneously at 1 to 4 week intervals with 5 to
10 units of either protamine zinc beef insulin (Squibb)
or commercial regular beef insulin (Squibb) emulsified
with mannide mono-oleate. Insulin-binding antibodies
were detected in all animals after 2 to 3 injections. The
antiserum employed in the present study (GP 49, serum
6-25-59) was obtained from a guinea pig immunized
with protamine zinc beef insulin without adjuvant and
was selected for its relatively high antibody concentration
and other suitable characteristics described below.

Preparation of insulin-I'"". Because of the desirability
of keeping the concentration of added insulin-I** as low
as possible and yet assuring an adequate counting rate,
it is necessary to prepare the insulin-I"™ with a high
specific activity. The lots of insulin-I"** employed in this
study had specific activities of 75 to 300 mc per mg at
the time of use. The preparation of such highly labeled
preparations entails difficulties not encountered when the
specific activity is very much lower. The Newerly modi-
fication (16) of the Pressman-Eisen method (17) was
used for labeling with several further modifications de-
signed to increase specific activity and to minimize dam-
age to the insulin from irradiation and other causes.
To approximately 0.3 ml chloroform in a 50 m! separa-
tory funnel are added in turn, 0.2 ml of 25 N HCl, 20
ul of 10°* M KI, 30 to 80 mc I'* (as iodide) and 1 drop
of 1 M NaNOQ,. Immediately after addition of the last
reagent, the funnel is stoppered to prevent loss of I into
the atmosphere and is shaken vigorously for 2 to 3
minutes. The chloroform layer (bottom) is then drawn
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HIGH SPECIFIC ACTIVITY .
BEEF INSULIN -1'3 I\

AFTER BRIEF DIALYSIS
BEFORE PURIFICATION j

e

DAMAGED 3
IOE).lDE INSULIN-I
SAME INSULIN-1'® J

AFTER PURIFICATION {
ON CELLULOSE COLUMN

Fic. 1. PURIFICATION OF DAMAGED INSULIN-I'"" By
CELLULOSE COLUMN ADSORPTION. Top: Chromato-elec-
trophoretograms of beef insulin-I', with specific ac-
tivity about 300 mc per mg, after 30 minutes' dialysis.
Bottom: Same preparation after elution from cellulose
column with control (nonimmune) plasma. At signifi-
cantly lower specific activities the preparations appear as
in the bottom figure without purification.

into a test tube beneath a layer of a few drops of water
(to prevent loss of I'™ into the air) and assayed for
radioactivity in any low-sensitivity counting device. If
much less than one-half of the starting radioactivity has
been extracted, a second extraction with 0.2 to 0.3 ml
chloroform is performed. The total amount of chloro-
form should be kept as small as possible to facilitate
the subsequent extraction of iodine into the aqueous pro-
tein solution. The volume of the aqueous phase in the
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separatory funnel also should be kept small to favor the
initial extraction of iodine into the chloroform. The
chloroform-iodine mixture is added to 0.5 ml of 0.2 M
borate buffer, pH 8, containing 20 ug of crystalline beef
insulin in a 50 ml centrifuge tube, which provides for a
broad interface between the two phases. The tube is
shaken briskly but not violently for not more than 2 to 3
minutes following which an additional 1.0 ml borate buf-
fer is mixed into the contents. A barely visible floccu-
late appears occasionally and should be allowed to settle,
whereupon the top 0.5 ml (one-third of total) of the
water phase is quickly removed and dialyzed against 2 L
of distilled water.! Owing to the high concentration of
radioactivity and low concentration of protein, the in-
sulin is very susceptible to radiation damage (18, 19);
therefore, exposure to I'** at this stage should be as brief
as possible, not more than 5 to 10 minutes elapsing be-
tween addition of I'™ to the insulin and the start of
dialysis. Of the total radioactivity in the dialysis bag,
approximately 65 to 80 per cent represents unbound I™
which is reduced to less than 1 per cent of the I™ bound
to insulin after 2 hours of dialysis. Between 20 and 60
per cent of the insulin-I"" is adsorbed to the dialysis
membrane during this time so that the procedure yields
approximately 3 to 5 pg insulin labeled with about 1.0 to
20 mc I"™. Considerable sacrifices in total yield are
made to expedite the procuring of a highly labeled prepa-
ration which usually contains no more than 4 to 6 per
cent damaged components. We have the impression that
the addition of 10* M. KI or phenol (as radical scaven-
gers) to the dialyzing solution may help to minimize
radiation damage, but this has been difficult to establish
since other factors are also responsible for damage to the
protein during the procedure. Distilled water is used in
the last dialysis following which 1 drop of human se-
rum albumin (250 mg per ml) is added to the insulin-I**
solution to prevent losses of labeled insulin by adsorp-
tion to glassware (20, 21) and to minimize any further
irradiation damage (18, 19). Solutions are kept frozen
when not in use.

If the insulin-I"*" solution is surveyed for radioactivity
at completion of dialysis, the specific activity of the in-
sulin-I"" may be estimated approximately. If the yield
of labeled insulin has been sufficient to produce a specific
activity in excess of 150 mc per mg, it can be anticipated
that damage will be significantly in excess of 4 to 6 per
cent, and at 300 mc per mg may be as great as 15 to 18
per cent. It is then necessary to effect partial purification
of the insulin-I"™, Since the damaged components do not
adsorb to paper but are observed to migrate with serum
proteins on paper strip chromatography or electrophore-
sis (22), it is possible to use a cellulose column for the
purification procedure as follows: The dialyzed insulin-I"**
solution is added to 0.1 ml control (nonimmune) serum
and the mixture is then passed through a column packed

1 Removal of unbound iodide™ by anionic exchange
resins is usually unsatisfactory because much of the in-
sulin-I" at this low concentration is lost by adsorption
to the resin.
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with a cellulose powder 2 about 1 ml in volume following
which the column is washed 3 or 4 times with 1 ml of
veronal buffer, 0.1 ionic strength. Most of the damaged
components pass through the column with the serum
while the undamaged insulin remains adsorbed to the
cellulose in the column and can now be eluted slowly with
undiluted control serum or plasma. Usually 3 to 4 elu-
ates (each 0.5 ml of plasma) are collected and diluted
immediately 1:20 to 1: 100 with veronal buffer contain-
ing 0.025 per cent serum albumin to prevent further dam-
age to the insulin by the concentrated plasma. Although
the elution of insulin-I** from the column is far from
complete, adequate amounts are obtained for almost any
number of insulin assays. Most of the damaged fraction
is removed by this procedure (Figure 1).

Principles of immunoassay. The basis of the tech-
nique resides in the ability of human insulin to react
strongly with the insulin-binding antibodies present in
guinea pig antibeef insulin serum (11, 12, 14), and by so
doing, to inhibit competitively the binding of crystalline
beef insulin-I** to antibody. The assay of human insulin
in unknown solutions is accomplished by comparison with
known concentrations of human insulin. The use of
I®'-labeled animal insulin as a tracer is necessitated by
the lack of a crystalline preparation of human insulin.

The determination of antibody-bound insulin-I"" and
free insulin-I* by paper chromato-electrophoresis has
been described previously (22). Briefly, the separation
of antibody-bound insulin from unbound insulin in plasma
results from the adsorption of all free insulin (when
present in amounts less than 1 to 5 ug) to the paper
at the site of application (*“‘origin”), while the antibody-
bound insulin migrates toward the anode with the inter-
B-v-globulins. Thus, in the presence of insulin-I*
there appear two separate peaks of radioactivity; meas-
urement of the areas beneath the two peaks (by plani-
metry) yields the relative proportion of bound insulin-I*
(migrating with serum globulins) and free insulin-I"**
(remaining at origin). The ratio of bound insulin-I'**
to free insulin-I"" (B/F) is a function of the concen-
tration of insulin-binding antibodies, of both insulin con-
centrations, and of the characteristic kinetic and thermo-
dynamic constants for the reactions between the insulins
and the particular antiserum (23). Selection of an anti-
serum for purposes of this assay is determined primarily
by the desirability of obtaining a relatively marked de-
crease in B/F ratio with small increments in the con-
centration of human insulin. Although the antibody
concentration is of only secondary importance, it should
be high enough to permit at least 1: 100 dilution of the
antiserum (preferably 1:1,000 dilution or greater). On
the basis of preliminary tests the antiserum is diluted
appropriately to yield an initial B/F ratio between 2
and 4 for tracer beef insulin-I*™ alone, in the absence of
added human insulin. Provided that the amount of the
beef insulin-I** used is truly a tracer quantity, the initial
B/F ratio is inversely proportional to the dilution factor

2 Genuine Whatman Cellulose Powder, W & R Balston
Ltd., England.
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(23). In the presence of human insulin, the B/F ratio
decreases progressively with increase in insulin concen-
tration; with sensitive antisera the B/F ratio is reduced
by about 50 per cent in the presence of 15 uU per ml hu-
man insulin.

Standard curves. Two preparations of human insulin
were employed as standards. The first (“Tietze human
insulin”)3 is reported (24) to have a potency of 1.8 U
per mg crude preparation; the second (“Fisher human
insulin”),3 was assayed at 6.8 U per mg in 1956 (25),
but it was believed that the activity of the latter prepara-
tion might have decreased slightly since its initial prepa-
ration (25). A tentative value of 6 U per mg for the
Fisher insulin was assigned. However, since a value
as low as 22 U per mg could be placed on a crystalline
sample of the latter preparation (25), whereas the Tietze
insulin was assayed relative to a standard of 27 to
29 U per mg, we have regarded the Tietze crude insu-
lin preparation as 1.8/28 X 100 = 6.45 per cent pure in-
sulin by weight, and the Fisher insulin powder prepara-
tion as 6/22 X 100 = 28.2 per cent pure insulin by weight.
When compared on this basis, no consistent differences
in potencies of the two preparations were observed in
the immunoassay procedure and the value of 6 U per mg
for the Fisher preparation was accepted as the correct
value. Since the Fisher preparation is the more highly
purified, it was employed as standard in most of the
studies.

All dilutions of insulin and antiserum are prepared
in 0.1 ionic strength veronal buffer containing 0.25 per
cent human serum albumin to prevent adsorption of reac-
tants to glassware. (There is no detectable insulin in
commercial supplies of human serum albumin.) Stand-
ard solutions each contain identical concentrations of
tracer beef insulin-I"** (about 0.05 to 0.15 mug per ml but
differing in different runs) and antiserum, but varying
concentrations of human insulin ranging from 0.05
to 5.0 mug per ml (calculated as “pure” human in-
sulin). The antiserum is added last in all cases. Mix-
tures are refrigerated at 4° C for 4 days. These condi-
tions provide sufficient time to reach equilibrium between
bound and free insulin. The mixtures are then subjected
to chromato-electrophoresis (22) in a cold room at 4° C
(Whatman 3 MM paper, veronal buffer, 0.1 ionic
strength, pH 8.6, constant voltage 20 to 25 v per cm,
cover of apparatus open), which produces a satisfactory
separation of the peaks of bound and free insulin-I** in
about 1 to 1.5 hours. Earlier immunoassays (10) were
performed after prolonged incubation at 37° C. How-
ever, it has since been shown (23) that the standard free
energy change of the reaction in the direction of antigen-
antibody complex formation is increased considerably at
4° C, which results in an approximately twofold greater
slope in the B/F versus insulin concentration curves at
low insulin concentrations. Just prior to chromato-

3 We are greatly indebted to Dr. F. Tietze of the Na-
tional Institutes of Health and Dr. A. M. Fisher of the
Connaught Laboratories, Toronto, Canada, for these
preparations.
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electrophoresis, control (nonimmune) guinea pig plasma
is added to the mixtures to prevent trailing of antibody-
bound insulin on the paper strips, since the very low
concentrations of serum proteins in these mixtures are
insufficient in themselves to prevent adsorption of the
serum proteins (including antibody) to the paper.

The chromato-electrophoretograms are developed un-
til the albumin band has moved about 2.5 to 3 inches
from the origin, which, under the conditions employed
here, usually takes about an hour. The peak of antibody-
bound insulin-I™ moves about 2.25 inches under these
conditions. The use of several large boxes, each with a
capacity for 16 strips, makes it possible to run 250 to 300
strips a day. After drying, the strips are assayed for
radioactivity in an automatic strip counter (Figure ZA).
A “standard curve” is obtained by plotting the B/F ra-
tio as a function of the concentration of added human
insulin (Figure 2B) after correction for damaged com-
ponents of insulin-I**, From 3 to 6 per cent of the in-
sulin-I" was damaged after final preparation of the lots
employed in this study. These damaged components
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migrate nonspecifically with the serum proteins, pri-
marily with the a-globulins (22), and are demonstrably
not available for binding by antibody. The short run
chromato-electrophoresis does not resolve the serum pro-
teins well enough to distinguish between antibody-bound
insulin-I"* and damaged insulin-I'"" so that the damaged
fraction is determined by using either control (nonimmune)
plasma, or antiserum whose binding capacity for undam-
aged insulin-I""* is completely saturated with beef insulin.
Since the antiserum used here has a maximal beef insu-
lin-binding capacity of about 1 mug per ml at the dilu-
tions employed, it has been general practice to include
one or more samples made up with 1 to 4 ug per mi
beef insulin for the purpose of determining the damaged
fraction. Damaged insulin-I"" migrating with serum
proteins is corrected for by subtracting the fraction dam-
aged from the total area in the chromato-electrophoreto-
gram. The area under the free insulin peak is then di-
vided by the corrected total area to yield the fraction of
free insulin. The fraction “bound insulin” is then 1.00
minus the fraction “free insulin.”
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Fic. 2. A: RADIOCHROMATO-ELECTROPHORETOGRAMS OF ANTISERUM, INSULIN

MIXTURES.

Mixtures contained the same concentrations of guinea pig antibeef

insulin serum and beef insulin-I'" but varying concentrations of human insulin

as indicated.
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It is evident that variation in the volumes of solution
applied to the paper strips is of no consequence. Gen-
erally 100 to 200 ul is applied, the larger volume per-
mitting use of a smaller quantity of tracer beef insulin-I**
for the same counting rate.

Assay of insulin in plasma. Mixtures containing un-
known samples are prepared at the same time and in the
same way as are standard solutions except that the
unknown sample is substituted for the human insulin.
Plasma insulin is best determined in a 1:10 final dilu-
tion unless the insulin concentration is unusually high;
then a 1:20 or 1:40 dilution may be used. Mixtures
may be made up to any desired volume. However, since
only 100 to 200 ul is applied to the paper strips, it is
convenient to prepare all mixtures in 0.2 or 0.5 ml vol-
umes containing 20 or 50 ul of plasma, respectively.

Since insulin may be damaged by plasma during incuba-
tion (22), an effect which is more marked in concentrated
plasma than in diluted plasma, and at 37° rather than
at 4° C,4 it is advisable to run a control mixture with
unknown plasma but without antiserum to correct for
“incubation damage.” However, at 1:10 dilution of
plasma after 4 days at 4° C, incubation damage amounts
only to 0 to 3 per cent, an observation which contributed
to the selection of these conditions. Therefore, only a
negligible additional correction for damage is required
in the plasma samples.

The insulin concentration in each plasma sample is de-
termined from the standard curve by referring to the
insulin concentration which corresponds to the corrected
B/F ratio observed in the plasma sample (10-12, 14, 15).

Subjects for glucose tolerance tests. Subjects were
chosen at random from patients sent to the general lab-
oratory for glucose tolerance tests and from known dia-
betic and apparently nondiabetic patients on the wards
of the Veterans Administration Hospital, Bronx, N. Y.
Patients who had "ever been treated with insulin were
excluded from this study in order to obviate effects of
antibodies in their own serum (22). Other than the ex-
ception noted below, subjects were classified as diabetic
or nondiabetic on the basis of the following criteria ap-
plied to the 2-hour blood sugar curve following oral
ingestion of 100 g of glucose : diabetic—a peak blood sugar
concentration of 180 mg per 100 ml or greater, and a 2-
hour blood sugar concentration of 120 mg per 100 ml or
greater; nondiabetic—a peak blood sugar concentration
not exceeding 160 mg per 100 ml, and 2-hour level no
more than 120 mg per 100 ml. One subject with marginal
ulcer and a dumping syndrome, with a blood sugar con-
centration of 286 mg per 100 ml at 0.5 hour falling to
134 mg per 100 ml at 1 hour and 44 mg per 100 ml at 2
hours, is included in this group. Because of the ex-
clusion of insulin-treated patients, only mild or early
maturity-onset diabetes is represented in the diabetic
group. Subjects who did not qualify by these criteria for

4 For this reason plasma is separated in a refrigerated
centrifuge immediately after withdrawal of blood and is
used immediately or kept frozen until used in order to
minimize loss of the endogenous insulin present.
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OF THE CONCENTRATION OF ADDED HUMAN INSULIN. The

ratios were obtained from the complete series of radio-

chromato-electrophoretograms, a few of which are shown
in Figure 2A.

F1c. 2. B: RaTio

AS A FUNCTION

either group are considered in an “undetermined status.”
The criteria employed are modified from those suggested
by Fajans and Conn (26) and are designed to eliminate
questionable cases from diabetic and nondiabetic cate-
gories.

All subjects were to have fasted for 14 hours prior to
the glucose tolerance test, but from the fasting blood
sugar concentration in one subject (Ri) it is suspected
that this restriction was not observed in his case. All
subjects were to have consumed a diet containing at least
300 g carbohydrate per day for 3 days preceding the glu-
cose tolerance test, but there is no assurance that this
regimen was followed in all cases. Blood samples were
obtained in the fasting state immediately before, and
0.5 hour, 1 hour and 2 hours following glucose feeding.
In a small group of cases an additional 50 g glucose was
administered at 1.5, 2 and 2.5 hours, and blood collec-
tions were continued to 3 hours.

Blood sugar determinations were determined according
to the method of Somogyi (27).

RESULTS

Standard curves. Several representative stand-
ard curves are shown in Figure 3. The amount
of insulin-1*3! employed as tracer varied somewhat
from experiment to experiment. In the experi-
ments shown in Figure 4, the effects of Tietze and
Fisher insulins are compared with each other and
with the effect of crystalline beef insulin. As in
other experiments no significant differences be-
tween the two human insulin preparations were
observed. Since 100 to 200 ul of solution was as-
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sayed, less than 1 gU of human insulin was readily

detectable with this antiserum. At low insulin

concentrations, random variations in B/F pro-

duce only small errors in the absolute quantity of

insulin but the percentage error is high; con-

versely, at high insulin concentrations the absolute
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LINS AND CRYSTALLINE BEEF INSULIN IN REDUCING THE
B/F RATIO FOR BEEF INSULIN-I'.

error is likely to be higher but the percentage er-
ror lower. By increasing the dilution of the anti-
serum, the entire concentration range is easily
scaled down by a factor of 2 or 3 and the limit of
sensitivity increased to about 0.1 to 0.2 U of in-
sulin. However, the conditions employed are
suitable for determination over the 50- to 100-fold
range of insulin concentrations ordinarily en-
countered in man.

It is evident that beef insulin reacts about two
to four times more strongly (depending on the
insulin concentration employed) with the guinea
pig antibeef insulin serum than does human in-
sulin (Figure 4). Other guinea pig antisera to
beef insulin have shown even greater differences
in reaction of beef insulin and human insulin.
On this account beef insulin cannot be used as a
standard for the assay of human insulin in the
guinea pig amtibeef insulin system. Because of
the differences in reactivity of human and beef
insulin, differences in the specific activity of the
beef insulin-I1'3! preparations result in different
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ml. All assays were performed in 1:10 dilution of
plasma.

initial B/F values and somewhat differently
shaped curves even at the same dilution of anti-
serum if approximately the same radioactivity
(and therefore different amounts of beef insulin)
is used. These differences could be abolished if
each lot of beef insulin-I'** were assayed for its
beef insulin concentration and if the same amount
of beef insulin were employed, independent of its
content of radioactivity. However, it is more ex-
pedient to include a standard curve with human
insulin for each run of unknowns. When 250 or
more unknown samples have been run in a single
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TABLE 1
Effect of cysteine on endogenous plasma insulin*

Insulin concentration

Original Control ~ Sample
before incubated with
incuba- and dia- cysteine
Plasma tion and lyzed with- and di-
Subj. sample dialysis out cysteine alyzed
nU/ml wU/ml wU/ml
Yo. 1hr 324 238 14
Un. 1hr 337 216 0

* See text for conditions of experiments.

experiment, an added set of 15 to 16 standard
solutions is a negligible addition.

Recovery of added human insulin and effect of
plasma dilution. The virtually quantitative re-
covery of human insulin added to plasma in vitro
(Figure 5A) indicates that the plasma has neither
an inhibitory nor an augmentative effect and this
conclusion is confirmed by the proportionate de-
crease in measured insulin concentration when the
plasma is diluted over a large range (Figure 5B).

Effect of cysteine and cellulose on endogenous
plasma insulin. Since insulin is destroyed by in-
cubation with cysteine at alkaline pH and is ad-
sorbed by powdered cellulose, the effects of these
agents on endogenous insulin were tested.
Plasmas of relatively high insulin concentration
were incubated at 37° C with 0.02 M cysteine at
pH 8 for 1.5 hours and then dialyzed against nor-
mal saline for 3 hours to remove the cysteine.
Aliquots of the same serum samples were treated
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Fi16. 5. B: EFFECT OF DILUTION OF PLASMA ON MEASURED CONCENTRATION OF
ENDOGENOUS PLASMA INSULIN. Four replicate determinations were made for
each point in the experiment on the right.
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TABLE II

Cellulose adsorption of beef insulin-1'' and
endogenous human plasma insulin

Per cent adsorbed by
cellulose column

Endogenous
Beef human
Subj. Plasma insulin-[13! insulin
mi

Y. 0.1 69 64
0.2 49 LY
U. 0.1 71 88
E. 0.1 81 84

similarly except that cysteine was omitted. Al-
though incubation and dialysis alone led to a 26
to 36 per cent loss in endogenous insulin concen-
tration in the control samples, cysteine was almost
completely effective in destroying the endogenous
insulin (Table I). In simultaneous experiments
insulin-1*** was found to be virtually completely
destroyed under these conditions as determined by
paper chromato-electrophoresis.

To evaluate cellulose adsorption of endogenous
insulin, a minute amount of tracer beef insulin-
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1331 negligible compared to the amounts used in
the immunoassay, was added to 0.1 or 0.2 ml
plasma which was then passed through a packed
powdered cellulose column (about 0.5 ml in vol-
ume) and eluted, by suction, with veronal buffer
to recover all the plasma. Assay of the radioac-
tivity remaining on the column and that eluted
from the column, and immunoassay of endogenous
insulin eluted from the column revealed that ap-
proximately the same fractions of endogenous in-
sulin and added beef insulin-I'** were adsorbed
by the cellulose (Table II). The larger the
amount of plasma per unit volume of cellulose the
less the fraction of insulin that was adsorbed.
With significantly smaller amounts of plasma vir-
tually all insulin-I*** and endogenous insulin are
adsorbed, but the insulin concentrations then be-
come unmeasurable. Only negligible fractions of
albumin-I*3! and y-globulin-1*** are adsorbed by
cellulose under these conditions.

Insulin concentrations in early maturity-onset
diabetic and conirol subjects. The average fasting
insulin concentrations tended to be only slightly

UNDETERMINED
STATUS

1 2

FASTING i
2

TIME IN HOURS

AFTER

1 2 FASTING % ' é

GLUCOSE ADMINISTRATION

F16. 6. PLASMA INSULIN CONCENTRATIONS DURING STANDARD 100 ¢ (P.0.) GLUCOSE TOLERANCE TEST IN VARIOUS
GROUPS OF SUBJECTS.




13

IMMUNOASSAY OF ENDOGENOUS PLASMA INSULIN IN MAN 1165
TABLE III
Blood sugar and plasma insulin concentrations during a standard 100 g oral glucose tolerance test
Blood sugars Plasma insulin concentrations
Subj. F 0.5 hr 1 hr 2 hrs 3hrs 4 hrs F 0.5 hr thr 2 hrs 3hrs 4 hrs
mg/ 100 mi wU/ml
A. Nondiabetic controls
La. 87 122 78 91 31 162 112 89
Pa. 73 109 68 77 25 270 154 155
Hu. ] 85 120 113 113 7 103 95 116
Wh. 78 110 85 88 66 294 168 174
Don 88 108 135 115 45 67 98 39
St. 89 120 104 93 13 95 46 43
Kan 83 113 103 83 28 62 229 117
Ra. 91 131 135 90 20 176 128 112
Jo. 92 113 113 80 25 124 118 21
Wa. 98 128 147 118 20 68 93 75
Dor. 90 140 148 118 31 81 126 90
Ei. 83 100 70 95 50 235 101 79
Cor. 110 133 133 115 21 130 155 145
Cal. 91 117 147 119 7 39 76 47
Te. 83 143 155 73 17 78 190 126
Ru. 83 103 113 98 3 145 204 222
Dam 90 118 120 110 18 187 205 180
Kas. 98 150 135 108 11 48 112 65
Kr. 98 115 125 120 2 71 95 117
Him. 93 140 120 108 22 322 252 232
Hu. J.J 95 128 110 105 9 126 56
Dan. 83 115 73 100 0 224 18 98
Sc. 83 158 140 113 22 91 114 135
Un. 88 133 153 115 0 247 337 233
Ke. 103 138 128 112 34 163 174 67
Hig. 100 148 88 120 14 241 42 70
Con. 920 133 135 115 11 104 45 36
Pop. 93 148 143 95 39 67 101 79
Ry. 90 143 150 110 11 84 107 81
Al 96 296 134 44 14 188 342 42
Mean 21 143 139 106
B. Early maturity-onset diabetes

Ri. 245 346 436 472 51 123 173 179
Wa. D. 96 178 218 150 6 32 97 166
Mor. 93 110 180 218 3 77 158 300
Moh. 95 145 193 135 59 162 339 355
Ko. 93 240 360 120 3 14 294 364
FL 138 173 248 266 56 70 190 270
Fel. 100 152 190 141 19 107 121 102
Fr. 113 238 310 195 35 113 316 378
Sh. 118 232 300 190 13 38 175 76
Go. 100 146 218 173 22 54 156 216
Bl 114 168 236 223 19 59 108 221
Ma. 163 240 256 320 51 46 35 54
We. 96 178 218 150 6 32 97 166
Qu. 93 155 180 178 56 120 121 283
Ok. 143 202 244 204 11 24 79 160
Ha. 110 155 193 200 50 154 185 482
Cr. 92 200 245 © 225 0 31 75 70
Mi. 105 180 211 170 25 117 112 187
Ro. 113 177 233 240 0 182 224 266
Wo. 100 163 170 180 42 160 168 207
Poi. 103 188 243 190 5 17 83 173
Fo. F 152 244 266 380 11 22 28 23
No. 105 195 215 185 91 83 59 190 238 392 159 59
Ny. 93 158 193 138 60 11 53 90 154 17
Moo 113 153 205 268 63 148 91 131
Fo.J 90 169 193 185 83 34 238 249 490 173
Br. 90 167 198 163 86 67 20 62 133 201 79 29
Pl 100 183 193 160 63 42 168 241 308 191
Mu. 130 233 326 374 3 17 68 126
Fla. 93 140 170 178 22 140 126 220
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TABLE 11— Continued

Subj.

Blood sugars Plasma insulin concentrations

F

0.5 hr

1 hr 2 hrs 3hrs 4 hrs F 0.5 hr 1 hr 2 hrs 3hrs 4hrs

B. Early maturity-onset diabetes—Continued

C. Undetermined status

Wa. D.
Wr.
Ric.
Ba.
Har.
Hew.
Jos.
Leh.
Wis.
Doh.
Lut.
Sa.
Wi.

. Decompensated cirrhosis

Man.
Mar.
Cara.
Cro.
Di.
Fo.
Pituitary tumors
Sil.*
Sin.{
Led. (Acromegaly)

. Thyrotoxicosis

ElL
Yo.

. Others

Ku. (Hemochroma-
tosis)

Cra. (Acute pan-
creatitis)

BL}
Coh.§

108

92
93

103
93

73

100

48
36

165
198
145
193
173
148
165
156

100
123
138
140
148
145
147
152
150
110
118
170
123

164
168
143
143
100
135

122
135
163

215
170

135

120

108
52

mg/100 ml ulU/mil

238 183 90 42 34 106 247 106
223 250 14 132 140 245

163 178 128 28 213 205 350 233
266 235 0 31 84 81

250 193 65 65 294 392

178 135 70 148 210 302

147 195 211 8 148 140 364 386
211 309 246 17 129 176 545 531

Mean 27 97 156 243

150 148 0 35 56 42
158 138 27 86 75 75
158 143 13 140 226 100
150 129 14 144 230 405
178 140 36 187 232 134
163 105 4 56 64 94
17 136 49 130 192 157
162 145 14 186 224 395
158 128 0 155 182 148
155 128 8 48 28 33
160 130 28 51 112 132
143 110 11 48 140 42
164 118 14 56 104 233

Mean 17 101 128 153

146 136 54 240 356 486
150 100 8 140 226 143
140 93 14 40 57 30
118 85 2 16 14 8

82 65 25 33 19 5
100 80 S 36 22 8
147 134 32 350 570 175
140 117 5 177 192 180
174 103 8 156 203 109
240 210 38 275 230 240
184 103 65 247 324 81
175 160 48 121 321 330
138 125 5 20 100 135
148 135 28 90 56 67

78 76 118 190 199 98

* Chromophobe adenoma.
t Eosinophilic and chromophobe adenoma with acromegaly.

1 Hypoglycemia, cause undetermined, after partial pancreatectomy.
§ Proven islet cell adenoma (courtesy of Dr. H. Epstein).

higher in the diabetic (mean, 27 pU per ml) than nondiabetics. In none of the 68 patients in both
in the nondiabetic (mean, 21 xU per ml) subjects, of these groups did the fasting level exceed 70 pU
although 34 per cent of the diabetics exceeded 40 per ml (Table III, A and B, Figure 6). These
#U per ml in contrast to only 10 per cent of the values are in good agreement with those reported
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earlier in a smaller series of subjects (15). The
responses to orally administered glucose in diabetic
and nondiabetic patients differed more markedly
than did the fasting insulin concentrations. Non-
diabetic subjects were about equally divided in
showing the peak insulin concentration at 0.5
hour or 1 hour (Table IIIA), whereas with
few definite exceptions diabetic patients showed
the maximal insulin concentration at 2 hours
(Table ITIB). The average insulin concentration
at 0.5 hour was lower in diabetic (mean, 97 pU
per ml) than in nondiabetic (mean, 143 pU per
ml) subjects, but the diabetics appeared to form
two groups at this point (Figure 6). A delayed
insulin response is suggestive in the lower of
these two groups.

Although there is a large scatter of individual
values, the mean curves for the two groups illus-
trate these differences clearly (Figure 6). The
average integrated insulin concentration during
the 2 hour glucose tolerance test was 26 per cent
higher for the diabetic (147 xU per ml) than for
the nondiabetic (117 pU per ml) group. The
“undetermined” group (Table IIIC) probably
represents a mixture of early diabetic and non-
diabetic subjects and nothing can be concluded
definitely about the variable insulin response to
glucose loading.

Insulin concentrations in four diabetic and five
nondiabetic subjects given an additional 50 g of
glucose at half hour intervals from 1.5 to 2.5
hours are shown in Figure 7 and Table IV. In-
sulin concentrations rose to higher levels in both
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Fi16. 7. PLASMA INSULIN CONCENTRATIONS DURING
HEAVY GLUCOSE LOADING EXPERIMENTS IN DIABETIC AND
NONDIABETIC SUBJECTS.

groups but more marked increases were observed
in the diabetic subjects.

It should be emphasized that insulin-1'** when
administered intravenously exhibits a rapid fall in
concentration due to a marked and continuous in-
crease in its apparent volume of distribution for a
period of about 30 to 60 minutes and to a metabolic
turnover rate with a half-time of about 35 min-
utes (22). It may be reasonably expected that
endogenously secreted insulin behaves similarly,’®
and therefore that any particular peak concentra-

5 Endogenously secreted insulin is, in addition, sub-
ject to removal by the liver before it reaches the periph-
eral circulation (28, 29).

TABLE 1V
Effect of heavy glucose loading® on blood sugars and plasma insulin levels

Blood sugars Plasma insulin concentrations
Subj. F 0.5 hr 1hr 2 hrs 2.5 hrs 3 hrs F 0.5 hr 1 hr 2 hrs 2.5 hrs 3 hrs
mg/100 m} wU/ml
Nondiabetic controls
Hea. 84 136 106 130 108 110 3 190 129 345 308 190
Gas. 78 118 86 108 104 98 14 224 129 322 300 341
Rei. 90 127 129 105 103 101 15 224 224 125 400 225
Keh. 94 158 142 98 90 86 0 224 238 224 241 235
McC. 100 144 150 104 102 920 17 56 151 98 118 84
Maturity-onset diabetes
Cri. 100 188 214 208 188 162 17 265 548 910 960 685
All 86 140 152 166 126 122 12 284 223 560 496 496
A!:). 90 143 170 167 177 155 31 112 309 420 700 870
Ti. 86 170 181 155 149 145 3 140 313 294 255 578

* Glucose 100 g p.o., immediately after fasting specimen; glucose, 50 g p. o., at 1.5, 2 and 2.5 hours.
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F16. 8. FASTING PLASMA INSULIN CONCENTRATIONS IN VARIOUS

GROUPS OF SUBJECTS.

The subject with plasma insulin concentration

greater than 1,500 xU per ml had an islet cell adenocarcinoma with
widespread metastases (patient of Dr. J. Field).

tion depends on the precise moment of sampling.
A very rapid and pronounced fall from the peak
concentration would be anticipated in the case of
a single secretory spurt. Conversely, a sustained
elevation or continued rise in insulin concentra-
tion implies a continued secretion during the time
interval under observation.

Insulin concentrations in patients with islet cell
tumors or leucine-induced hypoglycemia. Insulin
concentrations in fasting plasmas from five of
seven patients ¢ with proven islet cell tumors were
elevated above normal levels (Figure 8), but the
response to glucose was normal in the one patient
studied during a glucose tolerance test (Coh.,
Table IIIG).

Four of six subjects* with leucine-induced hy-
poglycemia showed increased insulin concentra-

6 We are indebted to Doctors H. Epstein, J. Field, E. D.
Furth, E. Gordon, A. Renold and J. Steinke for these
sera.

7 We are indebted to Doctors A. DiGeorge, M. Goldner,

M. Grumbach, I. Rosenthal and S. Weisenfeld for these
sera.

tions following administration of L-leucine (75 to
150 mg per kg) in six of nine experiments (Fig-
ure 9), although fasting insulin concentrations
were elevated in only a single patient (Figure 8),
the only adult in the series and the one patient
suspected on clinical grounds to have an islet cell
tumor.® The peaks of insulin concentration, when
observed, were in good time correspondence with
the induced hypoglycemia.

Plasma insulin in cirrhosis, acromegaly and hy-
perthyroidism. Six patients with decompensated
cirrhosis were studied (Table IIID). In two
cases the glucose curves were high, but not within
the diabetic range, and were associated with rela-
tively high insulin concentrations. In three cases
insulin concentrations were very low throughout
the 2 hour glucose tolerance test, and in two of
these the glucose concentration curves were quite
flat. Intravenous glucose tolerance tests are nec-
essary before it can be decided whether the ob-
served association in the latter cases is to be at-

8 Courtesy of Doctors S. Weisenfeld and M. Goldner.
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tributed to poor glucose absorption or to height-
ened insulin sensitivity.

In three patients with pituitary tumors, two of
whom had clinical acromegaly, and in two thyro-
toxic subjects, insulin concentrations during the
glucose tolerance test were in the high normal
range (Table III, E and F).

Results in a few individual cases that do not
fall into the other categories are also included in
Table ITIG.

In the absence of glucose loading, plasma in-
sulin concentrations did not change significantly in
two control subjects (Fra. and Gre., Table V).

In seven cases, sera were refrozen and repeat
determinations were performed one or more
months later with a different lot of insulin-1'%,
The reproducibility of determinations performed
under these conditions is shown in Figure 10.

DISCUSSION

The demonstration that unlabeled insulin could
displace insulin-I*** from complexes with insulin-
binding antibody (22) and that the fraction of in-
sulin-I'** bound to antibody decreases progres-

1169
TABLE V
Blood sugar and plasma insulin concentrations in
the absence of glucose loading*
Plasma
Nondia- insulin
betic Blood concen-
controls Time sugar trations
min mg,/ 100 ml uwU/ml
Gre. 0 93 17
20 90 19
40 90 18
60 88 18
120 78 25
Fra. 0 85 3
20 85 5
40 80 S
60 85 3
120 88 3

* Subjects were fasted overnight and throughout the
period of blood sampling.

sively with increase in insulin concentration (22)
laid the foundation for the immunoassay of insulin
employing isotopically labeled insulin. In initial
reports describing results with the present method
for immunoassay of beef insulin (9, 10) it was
emphasized that species differences in the reac-
tion of insulin with insulin antisera exist and that
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F16. 10. REPRODUCIBILITY OF PLASMA INSULIN DETERMINATIONS ON THE SAME PLASMA SAMPLES

PERFORMED ONE OR MORE MONTHS APART WITH DIFFERENT LOTS OF INSULIN-I™.

frozen between determinations.
sented in Table III.

human antibeef, pork insulin serum is useful for
microassay of animal insulins (10). However,
the human antisera react too weakly with human
insulin (7, 8, 11) to serve as a basis for assay of
the latter hormone in plasma. Fortunately, how-
ever, the serum of guinea pigs immunized with
beef insulin was reported to react sufficiently
strongly with human insulin for purposes of assay
(11, 14) and this finding has recently been con-
firmed by Grodsky and Forsham (30). The lat-
ter workers have employed a salt fractionation
technique that produces a partial separation of
antibody-bound insulin-I1'** from free insulin-1'3!
and have measured insulin concentrations in ex-
tracts of plasma. However, since, in the assays
of Grodsky and Forsham, human insulin was
assumed to react quantitatively like beef insulin,
which is not valid for guinea pig antibeef insulin
serum, their absolute values for human plasma
insulin concentrations are questionable. Further-

Plasmas were stored

In these cases, the average values of the two determinations are pre-

more, since the relative degree to which human in-
sulin and beef insulin react at different insulin con-
centrations varies several-fold, even relative values
obtained with beef insulin as a standard are sub-
ject to large errors. Grodsky and Forsham (30)
were unable to detect insulin in most fasting
plasmas and reported mean values of 31 pU per
ml after glucose loading in five patients. These
values are very much smaller than those reported
earlier by us (14) or those of the much larger
series presented here. However, a significant un-
derestimate of human insulin concentration is
precisely the anticipated consequence of the in-
valid assumption of equal reactivity of beef and
human insulins in the guinea pig antibeef insulin
system.

To our knowledge there have been only two
other immunologic methods employed for the as-
say of insulin. Arquilla and Stavitsky (31) de-
veloped an assay for insulin based on the inhibi-
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tion of hemolysis of insulin-sensitized red blood
cells; however, the lower limit of detectability by
this technique was approximately 0.1 pg (2.8 mU)
making it unsuitable for determination of plasma
insulin. Loveless (32) has used certain normal
human subjects, in whom the skin can be locally
sensitized to insulin (by the intracutaneous injec-
tion of human anti-insulin serum) to assay in-
sulin by the whealing response obtained. Aside
from the inconvenience associated with this
method, the lower limit of detectability was 200
#U beef insulin per ml and human plasma insulin
was not detectable, a result attributed in part to
the lesser reactivity of human insulin (32).

Reported estimates of plasma insulin concentra-
tions, derived from the various biological assay
procedures, have varied widely. Thus, the in vitro
diaphragm assay has yielded values ranging from
40 to 80 uU per ml (33) to as high as 4,600 pU
per ml (34) in fasting plasmas and from about
130 to 800 xU per ml (33) to 9,000 to 22,000
»rU per ml (35) after glucose in normal subjects.
Measuring the increase in oxidation of glucose-1-
C** to C*QO, by rat epididymal adipose tissue in
vitro, Martin, Renold and Dagenais (3) found
that the insulin-like activity of fasting normal
plasma in this preparation corresponded to 50 to 350
w#U of insulin per ml. Pfeiffer, Pfeiffer, Ditschu-
neit and Ahn (36), using the same assay, found
that plasma diluted 1:2 gave higher and more
consistent insulin concentrations and reported
normal fasting levels of 135 to 680 pU per ml in
15 normal human subjects, with concentrations
frequently exceeding 2,000 to 4,000 pU per ml
after tolbutamide and metahexamide. Employing
the immunoassay method we have observed gen-
erally much smaller increases in peripheral insulin
concentration after large doses of sodium tolbuta-
mide, administered intravenously or by mouth,
than after glucose given by the same routes to
normal or diabetic men (37).

It is generally agreed (S5, 34) that dilution of
plasma or serum increases markedly the estimated
insulin concentration in the diaphragm assay and
similar observations have been made in the rat epi-
didymal fat pad assay (36). This phenomenon
has been either attributed to the presence of in-
hibitory substances in the plasma (5, 34) or in-
terpreted as indicating that insulin-like activity of
serum as measured by the isolated rat diaphragm
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is not specific for insulin per se. Randle has found
that albumin and other proteins may exert a non-
specific stimulation of glucose uptake by rat dia-
phragm (5) and that 1 ml of plasma exhibiting an
insulin concentration of 13,000 xU per ml in the
diaphragm assay had no effect on blood sugar
when injected into alloxan-diabetic hypophysec-
tomized rats, whereas 2,000 pU insulin produced
a marked hypoglycemia (35).

The recent report by Leonards (6), that insu-
lin-like activity in plasma, when tested on the rat
epididymal fat pad, persists after total pancreatec-
tomy and that insulin-neutralizing antiserum from
guinea pigs has no inhibitory effect on the insulin-
like activity of human serum in this system, has
raised a serious question as to what part of the
insulin-like effect on fat tissue is due to insulin
itself.

In vivo insulin assays have also yielded variable
estimates of plasma insulin concentration. Meas-
uring the fall in blood sugar induced in adreno-
demedullated alloxan-diabetic hypophysectomized
rats, Anderson, Lindner and Sutton (38) were
unable to detect circulating insulin in fasting
plasma although the method was sensitive to 125
pU insulin. Bornstein and Lawrence (1) using
adrenalectomized hypophysectomized diabetic rats
reported plasma insulin concentrations 2 hours
after glucose to average about 340 pU per ml in
normal subjects and 100 to 320 pU per ml in
diabetic patients not subject to ketosis, but Randle
(5) was unable to confirm the suitability of these
animals for insulin assay. More recently, Baird
and Bornstein (39), employing adrenalectomized
alloxan-diabetic mice, have found that normal
fasting plasma extracted with acid ethanol-n-
butanol-toluene (which is thought to separate in-

.sulin from insulin antagonists) contains about

1,000 pU per ml. Values about three times as
high were observed after glucose feeding. Values
as high or higher were found in four of six dia-
betic subjects.

At the present time it does not appear possible to
resolve all the apparently divergent findings sum-
marized here. It is necessary, however, to point
out that plasma insulin concentrations determined
by the immunoassay technique are in agreement
with the lowest estimates derived from other
methods of assay, notably the in vivo bioassays of
Bornstein and Lawrence (1), and of Anderson
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and co-workers (38), and the diaphragm assay of
Vallance-Owen and Hurlock (33). By com-
parison with the biological effects of exogenous
insulin the lower concentrations appear most
reasonable.

A rough estimate of the amount of insulin se-
creted can be derived from the insulin concentra-
tions reported here according to the following
considerations. From the area under the mean
insulin curve in nondiabetic subjects it is found
that the average insulin concentration during the
2 hour period following glucose administration
was 117 pU per ml. It has been shown previously
(22) that I**!-labeled insulin in man is metabolized
at a rate of about 2 per cent per minute and is
distributed into an apparent volume of distribution
of about 37 per cent of body weight in about 45
minutes, distribution being about half completed
at 15 minutes. If we now assume that the distri-
bution and metabolism of endogenous insulin that
reaches the peripheral circulation is similar quan-
titatively to that of exogenous insulin ® and make
the conservative estimate that, on the average, the
endogenous insulin was distributed in a volume
corresponding to 30 per cent of body weight (21
L) over the 2 hour period, we can calculate that
0.117 U per L X 21 L was being degraded at the
rate of 2 per cent per minute during these 120
minutes. This computation leads to the estimate
that approximately 6 U of insulin reached the
peripheral circulation during the 2 hour glucose
tolerance test. Madison, Combes, Unger and
Kaplan (28) have found that approximately 50
per cent of insulin given into the portal vein is
removed from the circulation during its first pas-
sage through the liver, and this value is in good
agreement with the figure of 40 per cent given by
Mortimore and Tietze in the rat (29). If we ac-
cept the 50 per cent value for the liver of man, it
can be concluded that an average of about 12 U of
insulin was secreted during the glucose tolerance
test in nondiabetic subjects. This is what might

® ]t has been established that exogenous unlabeled
crystalline beef insulin and I™-labeled crystalline beef
insulin show virtually identical plasma disappearance
curves in the rabbit (10). Furthermore, the precipitous
fall in insulin concentration from peak levels, observed
in many patients of the present study (Table IIIA),
even when insulin secretion may be presumed to be con-

tinuing, is evidence that endogenous insulin also is rap-
idly removed from the circulation.

ROSALYN S. YALOW AND SOLOMON A. BERSON

be expected in each of three feedings per day.
If, also, there is added into the calculation (on the
same basis) the amount of insulin necessary to
maintain a fasting level of 0.021 U per L for the
other 18 hours, we arrive at the estimate of 36 U
(postprandial secretion) plus 19 U (fasting se-
cretion) = 55 U for the average total insulin se-
cretion per day in nondiabetic subjects.’® Since,
even at the end of the 2 hour glucose tolerance
test the insulin concentration was still above fast-
ing levels, calculations over a more extended time
period would yield even slightly higher estimates.
These figures are certainly consistent with the in-
sulin requirement of 30 to 40 U daily in totally
depancreatized human subjects (40), since ex-
ogenously administered insulin does not experi-
ence the initial hepatic removal to which endoge-
nously secreted insulin is subjected.

In order to resolve the much higher estimates of
plasma insulin concentration given by Wille-
brands, van der Geld and Groen (34), Randle (35),
and Pfeiffer and associates (36) with these consid-
erations, we must assume either that the turnover
rate of endogenous insulin is very much slower
than that of exogenously administered insulin (in
which event it is difficult to understand why hu- .
man subjects do not remain in prolonged jeopardy
of hypoglycemia from the high insulin concentra-
tions that follow glucose administration) or that
endogenous insulin is confined almost exclusively
to the plasma. Even if the latter alternative
(which also is in strong conflict with the results
on distribution of exogenous insulin) were true,
a fasting level as high as 4,600 pU per ml (34)
would mean that there is almost 14 U of insulin
in the circulation of fasting human subjects, a
conclusion which is still difficult to accept.
Randle’s (35) values of 9,000 to 22,000 pU per
ml in normal plasma 2.5 hours following glucose
would mean a total of 27 to 66 U in plasma alone,
neglecting insulin in extravascular space. at a
time when the blood sugar is usually at a normal
level. However, as already noted, Randle has in-
dicated his conviction that this “insulin-like” ac-
tivity is not due entirely to insulin alone (5).

To return now to the results of the present
study, it will be noted that the high insulin con-

10 These calculations ignore any increase in insulin

secretion that would result from small feedings between
meals.
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centrations observed in diabetic subjects during
the glucose tolerance test are not inconsistent with
the less extensive data of Bornstein and Lawrence
(1) and Baird and Bornstein (39). Very re-
cently Seltzer and Smith (41), employing the rat
diaphragm assay of Vallance-Owen and Hurlock
(33), have reported insulin concentrations one
hour after glucose, in tolbutamide-sensitive adult
diabetics, almost in the normal range, but sig-
nificantly lower values were observed in juvenile
diabetics and adult tolbutamide-insensitive dia-
betics. To resolve the present finding of a higher
than normal integrated insulin output in diabetics
during the glucose tolerance test with sustained
hyperglycemia in these patients, it must be con-
cluded that the tissues of the maturity-onset dia-
betic do not respond to his insulin as well as the
tissues of the nondiabetic subject respond to his
insulin. However, from these observations it
cannot be concluded that the early diabetic has
the same maximal potential insulin output as the
nondiabetic, since in the latter the return of blood
sugar to normal levels does not allow for the con-
tinued stimulus of prolonged hyperglycemia as in
the diabetic. The attempt to produce a sustained
stimulus to insulin secretion by repeated adminis-
tration of glucose to a total of 250 g did result in
a more marked insulin secretion in nondiabetic
subjects. However, the response of diabetics was
still greater indicating that their insulin reserve
is not depleted during the 100 g glucose tolerance
test. The experiments failed, however, to test
maximal insulin secretory capacity of the non-
diabetic subjects since a sustained hyperglycemia
was not achieved in these patients.

Appreciation of the lack of responsiveness of
blood sugar, in the face of apparently adequate
amounts of insulin secreted by early maturity-
onset diabetic subjects, is obviously of importance
in the interpretation of the pathogenesis of this
type of diabetes. However, the data at hand can
only indicate that absolute insulin deficiency per
se is not the cause of the hyperglycemia and sug-
gest other possibilities that merit investigation,
namely, 1) abnormal tissues with a high threshold
for the action of insulin; 2) an abnormal insulin
that acts poorly with respect to hormonal activity
in vivo but reacts well immunologically in vitro;
3) an abnormally rapid inactivation of hormonally
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active sites [a suggestion in accord with the ideas
expressed by Mirsky (42)] but not of immuno-
logically active sites on the insulin molecules ; and
4) the presence of insulin antagonists. The last
suggestion has been made many times by previous
workers. A joint attack on the problem, utilizing
both the specific immunoassay for plasma insulin
and an assay method that measures the net bio-
logical effect of insulin and its inhibitors would
seem to be indicated.

The high fasting insulin concentrations observed
in hypoglycemia associated with functioning islet
cell tumors are not unexpected. However, the
normal response to glucose in the one patient stud-
ied suggests that the insulin-producing tumor may
be secreting insulin continuously or sporadically
but that it is not stimulated specifically by hyper-
glycemia. The failure to detect high plasma con-
centrations of insulin in two cases can possibly be
explained by the normally rapid turnover of in-
sulin and the sampling at a time when insulin pro-
duction by the tumor had been quiescent for an
hour or two previously.

Leucine-induced hypoglycemia in children with
idiopathic hypoglycemia was first reported by
Cochrane, Payne, Simpkiss and Woolf (43) but
a satisfactory interpretation of the disturbance has
not been given. From the results of the present
study it appears that leucine serves as an abnormal
stimulus to insulin secretion in these subjects but
may also have other effects. Most of the patients
whose sera were assayed here have been studied
in detail in other respects as well by the various
investigators who supplied the sera and are to be
reported by them individually.

SUMMARY AND CONCLUSION

1. An immunoassay for plasma insulin in man
is presented, based on the reaction of human in-
sulin, competing with beef insulin-I'**, with in-
sulin-binding antibodies in the sera of guinea pigs
immunized with beef insulin. The method is sen-
sitive to less than 1 xU of insulin, permitting meas-
urement of insulin concentrations in 10 to 20 ul of
plasma.

2. Human insulin added i witro to plasma is re-
covered quantitatively, and measured endogenous
insulin concentrations decrease proportionately on
dilution of plasma over the range 1:2 to 1:100.
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3. Endogenous plasma insulin is destroyed by
incubation with cysteine and endogenous insulin
adsorption by cellulose columns is quantitatively
similar to the adsorption of added beef insulin-1*3,

4. Repeat determinations of insulin concentra-
tions on the same plasma samples (stored frozen
in the interim) one or more months apart, with
different lots of insulin-I1'*!, were generally in
good agreement.

5. Fasting plasma insulin concentrations in
early maturity-onset diabetic patients who had
never been treated with insulin, (mean, 27 U per
ml) and in nondiabetic subjects (mean, 21 xU per
ml) did not differ markedly. Following 100 g of
glucose by mouth, nondiabetic subjects usually
showed peak insulin concentrations at 0.5 hour
(mean, 143 pU per ml) or 1 hour (mean,
139 pU per ml) and a decline by 2 hours (mean,
106 pU per ml). In contrast, insulin concentra-
tions in diabetic subjects showed a lesser increase
at 0.5 hour (mean, 97 pU per ml) but con-
tinued to rise to a peak at 2 hours (mean, 243
pU per ml). The integrated average insulin con-
centration during the 2 hour glucose tolerance test
was 26 per cent higher in diabetics (mean, 147 pU
per ml) than in nondiabetics (mean, 117 pU per
ml).

6. In a small series of patients subjected to ad-
ditional glucose loading at 1.5, 2 and 2.5 hours,
very high insulin concentrations were observed in
both groups, but levels in diabetic patients far ex-
ceeded those in nondiabetic subjects.

7. Fasting insulin concentrations were elevated
in five of seven subjects with functioning islet cell
adenomas but insulin secretory response to glucose
was normal in the one patient studied.

8. Four of six subjects with leucine-sensitive
hypoglycemia showed increased insulin concentra-
tions following administration of leucine in six
of nine experiments.

9. Insulin responses were generally in the high
normal range in three patients with pituitary tu-
mors (two associated with acromegaly) and in
two patients with thyrotoxicosis.

10. Plasma insulin concentrations measured by
imunoassay are compared with values obtained
by other assay methods and found to yield the
lowest estimates.

11. Calculation of the average normal daily in-
sulin secretion rate, on the basis of the data pre-

ROSALYN S. YALOW AND SOLOMON A. BERSON

sented, yields an estimate of about 55 U of insu-
lin per day.
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COMMENTARY TO Quantification of the Antigen—Antibody Reaction by the Polarization of
Fluorescence. Biochemical and Biophysical Research Communications
5(4): 299-304.

luorescence polarization (FP) was discovered in the 1920’s; was used to monitor an antigen antibody

reaction for the first time in 1961; commercialized in an automated immunoassay analyzer in 1981 and

within 20 years was installed in over 70 000 clinical analyzers worldwide.

FP is based on the observation that low molecular weight fluorescent molecules like rhodamine and
fluorescein freely tumble and rotate in solution. When excited by plane-polarized light they emit fluorescent light
with decreased polarization due to the free movement of the fluorophore during excitation. If a small molecule like
fluorescein binds to a large molecule like a protein its free rotational movement is slowed down. When excited in this
bound state its emitted fluorescent light remains polarized in the same plane as the excitation light. The degree of
polarization of the emitted light is directly related to the amount of fluorophore that has bound. Laurence in 1952 used
FP to study the binding of various fluorescent dyes to bovine serum albumin (1). Steiner measured the binding of a
soybean inhibitor-fluorescein conjugate to the enzyme trypsin in 1954 (2).

Dandliker and Feigen were the first to use FP to measure antigen antibody binding. Their paper was presented
at the 45th Annual Meeting of the Federation of American Societies for Experimental Biology and published as
an abstract in 1961 (3). A full paper was published that same year and is presented here. The binding of fluorescein
conjugated ovalbumin to rabbit anti-ovalbumin antibody was monitored. This represents the first description of a
true homogeneous assay in which the antigen—antibody event is measured directly in real time. Haber and Bennett
extended these observations to include the binding of insulin, ribonuclease and bovine serum albumin to their
respective antibodies (4). Over the next twelve years in numerous papers Dandliker expanded on the theoretical basis
of FP, coined the term fluorescence polarization immunoassay (FPIA) and extended the applications of the technology
(5=7).In 1973 Spencer et al. (8) described the construction of an FPIA analyzer and applied it to assays for antitrypsin
enzyme—inhibitor and insulin—insulin antibody. Researchers at Abbott Laboratories under Michael Jolley and David
Kelso described the development of a fully automated FPIA analyzer with applications for the therapeutic drug
monitoring of aminoglycoside antibiotics and the anticonvulstants, phenytoin and phenobarbital (9—11). The Abbott
TDx™ FPIA analyzer was introduced in 1981. It went on to become one of the most successful immunoassay
analyzers in clinical chemistry.
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The basic theory concerning the polarization of fluorescence was devel-
oped in a series of important papers by Perrin {1926), Perrin's results have
been used experimentally by Singleterry and co-workers (1951) and greatly
extended, both theoretically and experimentally, by Weber (1952). Subse-
quent applications by Laurence (1952) and Steiner (1957) follow implicitly
from the work of Weber,

The concept underlying previous work by Dandliker and Feigen (1961)
and the present results is to utilize the change in rotary diffusion constant
which occurs when an antigen and antibody cornbine in solution. An essen-
tial feature of the method is that either the antigen or antibody is made flu-
orescent depending upon which component is to be detected. This feature
makes it possibie to follow the reaction in spectral regions where adventi-
tious fluorescence is of minor importance and also permits a choice of flu- -
orescence lifetime, appropriate to the range of molecular size involved; it
is thus distinct from other fluorescence techniques in use, cf. Coons, et
al. (1941), Boroff and Fitzgerald (1958) and Velick, et al. (1960).

EXPERIMENTAL, Crystalline ovalbumin waa labeled with fluorescein using

fluorescein isothiocyanate (Riggs, et al. 1958); the product contained between

*Supported by Grant A-2984 and Grant H-3693(C2), U.S. Public Health Service.
*¥Howard Hughes Medical Institute,
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one and two fluorescein molecules per molecule of protein assuming the molar

extinction coefficient of free and bound fluorescein to be the same. Eight albino

rabbits, weighing about six pounds each, were immunized to fluorescein-labeled
ovalbumin (F-ovalbumin) by a series of twenty intravenous injections of 10 mg.
each administered on alternate days, One week after the last injection, blood
was drawn by cardiac puncture and, after clotting, the serum was separated by
centrifugation., A< -globulin fraction from pooled serum was prepared by two
successive precipitations in one-third saturated ammonium sulfate, For con-
trel purposes, ¥ -globulin was also prepared from normal animals. The im-
mune globulin preparation contained 19% specifically precipitable anti-F-oval-
bumin as estimated at optimal proportions by means of the quantitative precipitin
method; this antibody also reacted strongly with native ovalbumin,

Measured volumes of antigen solution were added from a microburette to
a constant quantity of antibody contained in a cuvette, The intensity and polar-
ization of fluorescence were measured in a modified Brice-Phoenix apparatus
using the unpolarized 4358 X mercury line for excitation,

RESULTS AND DISCUSSION. The reaction between F-ovalbumin and its anti-

body produces two fluorescence effects, First, there is a pronounced diminu-
tion of the fluorescence due, no doubt, to the close juxtaposition with many
atomic groupings of the antibody, thus establishing favorable conditions for
loss of the electronic excitation energy before fluorescence takes place; pos-
sibly a transition to the triplet state is involved, The second effect is the
change in polarization of fluorescence caused by the increase in relaxation
time,

For quantitative puposes, it is convenient to define the polarization (p)
and a parameter (Q) which is proportional to fluorescence intensity

divided by incident intensity. If the vertical and horizontal components in
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‘the fluorescent light are denoted by V and H respectively, and if My de-

V-H
notes the molar concentration of fluorescent antigen, then p =
V+H V+H
and Q = .
Mg

In 2 typical experiment (Figure 1), 4 ml. of antibody solution was mixed
with portions of F-ovalbumin to give final concentrations ranging upward

from about 5 x 10"9M.

e ~0.19
" INTENSITY
[o]
[~ [m]
5.0 Jo.18
- p
Q
poLArizaTioN 197
45 L L l i 0.16

[ 2 3 4
8
10 Mg

Fig. 1. Q and p as a function of Mp(see text) for a solution containing
7 Mg of precipitable antixF-ovalbumin / ml. The curves were
calculated from the constants derived from Figure 2,

If it is assumed that the bound form of the antigen may be characterized
by a limiting value for Q and p equal to kp and p} respectively, and if the
free form of the antigen is similarly characterized by k¢ and p¢, thena

simple mass law analysis of the data may be made according to the reaction
(FAb)
(F) (Ab)

For this analysis, all concentrations are measured in terms of the mo-

F + Ab SRFAb. The association constant, K =

larity of antigen. With these assumptions, it is possible to express results
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(Figure 2) as suggested by Scatchard (1949). The data for both intensity and

polarization are concordant and indicate some spread in the association con-
stants, In principle, the curvature of the Scatchard plot should be capable of
yielding information concerning the range of association constants, but the

analysis requires very accurate data.

o= INTENSITY
O= POLARIZATION

ol

8
107" F,

Fig, 2, Scatchard plot of the data from Fig. 1. Fp and Fi are the molar
concentrations of F-ovalbumin, bound and free respectively, The
association constant, K = 4.3 x 10° and the maximum value of
Fpis 1,9 x 1078,

For the method described here to have general applicability, the fluo-
rescent antigen or antibody must be capable of reacting in solution with an-
tibody to the native antigen or with the native antigen itself, respectively.
Figure 3 gives the quantitative results for the system F-ovalbumin and an-
tibody to native ovalbumin (anti-ovalbumin), There are distinct and important
differences between the behavior of this system and that shown in Figurelys

First of all, there is little or no variation of @, i,e. no quenching
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017
0.16 |- IMMUNE GLOBULIN
1]
0.15 |-
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: 8 1o L o
4 8 12
10® Me

Fig. 3. Polarization as a function of M, F-ovalbumin was added to anti-
ovalbumin (squares) or to normal ¥ -globulin {circles) of
the same protein concentration or to diluent, i.e. 0.15M sodium
chloride, 0.01M disodium hydrogen phosphate and 0.005M so-
dium dihydrogen phosphate (triangles).

or enhancement of fluorescence. Physically, this behavior has a simple
and straightforward interpretation because the antibody in this case has no
site for the specific binding of fluorescein., The polarization effects are simi-
lar to those in Figure 1, No detectable interaction at these concentrations
between normal globulin and antigen was found, the results being the same
within experimental error as those obtained by addition to buffered saline.
SUMMARY, We have concluded that it is possible to determine by measure-
ments of fluorescence polarization two important parameters, namely the
equilibrium constant and the combining capacity characterizing the anti-
gen-antibody reaction. The combining capacity is proportional to the number
of antibody sites in a preparation and the equilibrium constant, together per-

haps with certain kinetic quantities, constitutes a quantitative measure of
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avidity. Further results will show to what extent the presence of the fluo-
rescent label interferes in the reaction, but, in any case, it appears that

the effect is relatively small.
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COMMENTARY TO Determination of Thyroxine Utilizing the Property of Protein-Binding.
Journal of Clinical Endocrinology and Metabolism 24:187-196.

oger Ekins in 1960 was the first to describe an assay for thyroxine (T4) based on the binding between a

radio labeled T4 ligand and thyroid binding globulin (TBG). Assays that used natural endogenous

binding proteins instead of antibodies as the binding agent were termed competitive protein-binding

(CPB) assays to distinguish them from immunoassays. Ekins incubated '*'I thyroxine with human serum
and measured its binding to endogenous TBG in the serum. Free and bound radio ligand were separated using paper
electrophoresis. The patient’s thyroxine levels were inferred from the bound and free data (1). Barakat and Ekins
employed a similar method using *>’Co-vitamin B12 and intrinsic factor binding protein to measure endogenous
vitamin B12. Free and bound ligand were separated using dialysis (2). In 1962, Rothenberg also described an assay for
vitamin B12 but he used protein precipitation to separate free from bound tracer (3).

In 1963, Beverley E. P. Murphy at McGill University measured plasma corticoids using corticosteroid-binding
globulin as the binder and '*C-cortisol as the ligand. Dialysis was used for separation of free from bound (4). Later,
Sephadex™ G25 gel filtration columns were used for the separation step (5). The paper presented here is the
application of a CPB assay for total T4 in human serum. Murphy was an MD and the work on cortisol and T4 by CPB
were part of her PhD thesis. The simplicity of the assay as presented in this T4 paper resulted in its being quickly
accepted in the clinical laboratory. She further improved the assay with the use of anion exchange resin beads for the
separation of free from bound (6). Within a few years of Murphy’s original paper, commercial assays for T4 were
widely available in test kit form (7).

RIA eventually replaced the CPB method for the measurement of T4 and other hormones in serum (8). Murphy’s
T4 paper, however, is a watershed in the development of clinical laboratory methods. Her procedure was a direct
measure of circulating T4 that was free of interference from radio opaque iodine X-ray dyes and other sources of
endogenous free iodine. Because of this, the protein bound iodine (PBI) assay was soon replaced. In addition, the
demand for this T4 assay stimulated the introduction of commercial low cost gamma counters and this helped
facilitate the rapid adoption of RIA assays for a wide variety of analytes other than T4.
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ABSTRACT. A simple, rapid method for the
determination of serum thyroxine has been de-
scribed, which is based on the specific binding
properties of thyroxine-binding globulin
(TBG). One-half ml of the test sample is de-
proteinized and the thyroxine thus freed is
measured according to its competition with a
fixed amount of thyroxine.I'® for a fixed
amount of TBG. The method is highly specific

HE RELATIONSHIP between thy-

roxine and thyroxine-binding globu-
lin (TBG) is in many respects similar to
that between cortisol and corticosteroid-
binding globulin (CBG). When methods
based on the principle of protein-bound
isotope competition were developed by
the authors for cortisol and other steroids
in plasma [(1) and observations in this
laboratory], this similarity prompted
the investigation of the application of the
same principle to the determination of
plasma thyroxine. The general aspects of
this principle for the determination of
minute quantities of substances in blood
are discussed at length elsewhere (obser-
vations in this laboratory).

Although thyroxine constitutes the
principal product of thyroid biosynthesis
and the major circulating thyroid hor-
mone, no simple method of assay has
been hitherto available for it. The only
direct estimates of thyroxine have been
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for thyroxine, and is unaffected by iodine or
mercury contamination. The mean value ex-
pressed as thyroxine iodine for euthyroid in-
dividuals was 6.6 +1.3 »g/100 ml, with a
range of 4.0-9.2, corresponding to a mean
thyroxine level of 10.1 g/100 ml (range 6.1—
13.8). A good correlation was obtained with
the clinical status of patients studied. (J Clin
Endocr 24: 187, 1964)

made using the double isotope derivative
technique (2), and all the clinically feas-
ible methods are indirect, being measures
of iodine—thus, the familiar terms,
PBI (protein-bound iodine), SPI (serum
precipitable iodine) and BEI (butanol-
extractable iodine). Although column
chromatography and butanol extraction
are useful in reducing contamination,
all of the indirect methods are adversely
influenced by the presence of iodine from
sources other than thyroxine (3). Since
this type of contamination is extremely
common, their usefulness is seriously
limited.

Briefly, the principle of the method is
this. Since there is only a small amount
of TBG in plasma, the binding sites can
be readily saturated by adding small
amounts of thyroxine. If a small amount
of thyroxine-I'** is added, the fraction
which is protein-bound can be deter-
mined. As more unlabeled thyroxine is
added, the amount of isotope bound de-
creases, since both labeled and unlabeled
forms compete for the same binding sites.
If, instead of pure thyroxine, a sample of
deproteinized plasma is added, the thy-
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roxine which it contains may be meas-
ured according to the fall in bound iso-
tope which it causes.

Materials and Methods

Subjects. Plasma and serum samples were
obtained from patients and healthy labora-
tory workers in the Queen Mary Veterans’
Hospital and, through the kindness of Dr.
J. M. McKenze, Dr. R. Schucher and Dr.
A. Gold, from patients in the Royal Victoria,
the Jewish General and the Montreal Gen-
eral Hospitals, Montreal, respectively.

Materials. The dextran polymer gel Sephadex
G25, medium grade, was obtained from
Pharmacia, Sweden (also available from
Pharmacia Fine Chemicals, Ltd., Box 1010,
Rochester, Minnesota). About 10 g of the
gel powder was put into 500 ml of distilled
water in a beaker, mixed, and left to stand
overnight. After removing the fines (i.e.,
the fine particles which do not settle readily
on shaking), the gel was poured into columns
1.4 cm in diameter to a depth of 2.5 cm. The
gel was never allowed to dry out and was
used hundreds of times with no change in
its binding characteristics.

Thyroxine-1!* was obtained from Abbott
Laboratories, North Chicago, Illinois, with
an initial specific activity of 2460 mc/mg.
After adding 0.5 ml 0.18 NaOH and 1 ml of
propylene glycol, the quantity required was
diluted to a volume of 100 ml with distilled
water to give a concentration of 0.01 pg/ml.
Propylene glycol was added to increase the
solubility and stability of thyroxine.

Powdered thyroxine (nonradioactive), in
vials containing 1 mg, was obtained through
the kindness of Dr. A. Gold from Glaxo-
Allenburys (Canada) Limited, Weston,
Ontario. The contents of 1 vial were dissolved
in a few drops of 0.1N NaOH and 1 ml pro-
pylene glycol and then diluted to a concen-
tration of 100 pg/ml with distilled water.
After adding 0.5 ml 0.1N NaOH and 1 ml
propylene glycol, 0.1 ml of this solution was
diluted to give 100 ml of a working solution
containing 0.1 ug/ml.

Both thyroxine solutions were made up at
2-week intervals on receipt of a new supply of
radioactive material.

Barbital buffer, pH 8.6, ionic strength
0.075, was made up in 1 liter quantities
daily, or as required.

“Isotope solution,” containing thyroxine-
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12 and “standard” serum, was made up at
2-week intervals, or oftener, as follows: 15 ml
of pooled serum, 20 ml of thyroxine-I'"
solution (0.01 ug/ml), 4 ml propylene glycol
and 441 ml of barbital buffer were mixed and
allowed to stand for 10 min before using.

All solutions containing thyroxine were
kept in the dark and refrigerated as much of
the time as possible. Before use, they were
allowed to warm to room temperature (23 C).
Shaking was avoided since it increases ad-
sorption to glass. All glassware was cleaned
ultrasonically.

Monoiodotyrosine, diiodotyrosine, diiodo-
thyronine and triiodothyronine were ob-
tained as dry powders through the courtesy
of Dr. J. M. McKenzie, Royal Victoria
Hospital, and were prepared for use in a
manner similar to that used for thyroxine.

Procedure for the determination of serum thy-
roxine. The final procedure was as follows:
1 ml of plasma (or serum) was added to
2 ml of 959, ethanol in a small tube, approx-
imately 3*X3’, mixed with a fine steel wire,
and centrifuged for 5 min at 1500 rpm.
Two }-ml aliquots of the supernatant were
evaporated to dryness in similar test tubes
with a stream of air in order to remove all
the ethanol. One ml of isotope solution was
added to each, and each tube was incubated
at 45 C for 10 min to ensure solution of the
thyroxine and equilibration with the isotope.

After cooling to room temperature, the
tube contents were transferred with a
Pasteur pipette to a column of Sephadex and
allowed to enter the gel. When the level of
liquid exactly reached the top of the gel, a
counting cuvette was placed underneath the
column and the next 5 ml of eluate was col-
lected. During this collection 1 ml of buffer
was used to rinse the test tube and was then
transferred to the column and allowed to
pass into the gel. This was followed with 4
ml of barbital buffer. When the level had
again reached the top of the gel, the column
stopped automatically. After removing the
counting cuvette, 2.0 ml of pooled serum
was put into the column, followed by 10-15
ml of barbital buffer.

Thus, the first ml of eluate, the void vol-
ume, was discarded. The next 5 ml, consti-
tuting the protein-bound fraction, was col-
lected and the remaining eluate was dis-
carded. The cuvette containing the protein-

.bound fraction was covered and inverted
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twice to ensure mixing. (Surprisingly large
errors occurred if this simple step was
omitted.) The sample was then cocunted to
3000 in a well-type scintillation counter.
Three cuvettes, each containing 1 ml of iso-
tope solution plus 4 ml of buffer (similarly
inverted to ensure mixing), were counted to
10,000, giving a measure of the total counts
added. The percentage isotope bound was
then given by the net cpm (i.e., observed
cpm minus background) in the protein-
bound fraction, divided by the total net
cpm added.

A standard curve was determined by
evaporating known amounts of nonradio-
active thyroxine, i.e., 0, 5, 10, 20 and 30 mug,
to dryness and carrying through the whole
procedure as for the ethanol supernatant
samples, calculating the percentage isotope
bound as before, and plotting it against the
amount of thyroxine added as shown in
Fig. 1 (dilution 1/32). These were done in
quadruplicate and were counted to 10,000.

The amount of thyroxine in the serum
samples was determined from the curve ac-
cording to the percentage bound and multi-
plied by 10/12.8 to express it in ug/100 ml.
(The factor 10/12.8 was determined as de-
scribed in the section Recovery of thyroxine-
1'% added to serum from ethanol precipitation.)
The thyroxine iodine was calculated as 65.3 %
of this value.

Determination of protein-bound iodine. PBI
determinations were carried out by the
Royal Victoria Hospital, the Hormone Assay
Laboratory Ltd., or the Montreal Medical
Laboratory, using the standard chloric
acid wet digestion procedures (4) which give
normal ranges of 4-8 ug /100 ml—uncor-
rected for recovery.

Results
Preliminary Experiments

Elution of thyroxine by gel filtration.
The elution curves for thyroxine-I'*! in
barbital buffer at pH 8.6 and in serum
were obtained by counting successive
1-ml fractions of eluate. These are shown
in Fig. 2, A and B. The void volume (i.e.,
the volume before any radioactivity was
recovered) was 1 ml, and the peak of the
protein-bound fraction occurred at 2 ml.
Very little unbound thyroxine could be
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Fic. 1. Standard curves, using various serum
dilutions. The percentage bound T.I'® s
plotted vs. mug unlabeled T, added.

eluted with buffer alone. Therefore, after
all the protein-bound fraction was ob-
tained, 1-2 ml of pooled serum was
added with a prompt peak at 2 ml after
it was added to the column. Deprotein-
ized serum samples to which thyroxine-
I'* had been added showed curves simi-
lar to those of thyroxine-I'*! in buffer,
indicating that the deproteinization
(with respect to thyroxine-binding pro-
teins) was complete.

Redissolving of thyroxine after evapora-
tion to dryness. To each of 5 counting
cuvettes and 5 test tubes was added 0.5
ml of water containing an amount of
thyroxine-1'* which gave 4200 cpm. The
samples in the test tubes were evapo-
rated to dryness and 1 ml pooled serum
diluted 1/32 with barbital buffer was
added to each test tube and cuvette. All
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were incubated at 45 C for 10 min. To
each cuvette 3.5 ml of buffer was added,
the cuvettes were inverted twice and
counted to 10,000. The contents of
each test tube were transferred, using a
Pasteur pipette, to a counting cuvette.

us-
2000- T4
A
1500+
1000
500
2 A
(W]
b
z
>
)
oL
>
o of
[

0 5 10 15
ELUATE-ml

Fic. 2, Elution of thyroxine through Sephadex
columns, Thyroxine-I'* as cpm plotted vs.
eluate in ml. Elution was carried out using
barbital buffer at pH 8.6 until the point indi-
cated by A, at which time 2.0 ml pooled serum
was added. The elution was then continued with
barbital buffer, (A) Elution of thyroxine-I'¥ in
buffer; (B) elution of thyroxine-I'® in serum,
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The test tube was rinsed with 1 ml of
buffer and this was added with the
Pasteur pipette to the cuvette, after
which 3.5 ml buffer was added, the
cuvettes were inverted twice and
counted to 10,000. The recovery of radio-
active material transferred from the test
tubes was 97.5+sp 2.29%,. Since the
efficiency of transferring the contents of
test tubes with Pasteur pipettes was
previously determined to be 98.6 +sD
0.7%, the degree of re-solution of the
dried thyroxine-1'*! was 99.09;.

Effect of temperature on thyroxine-bind-
ing. Standard curves were determined
after equilibrating the samples at various
temperatures and passing them through
columns maintained at these tempera-
tures by means of water jackets con-
nected to a thermostatically controlled
bath equipped with a recirculation
pump. The results, shown in Fig. 3,
indicate that temperature is an impor-
tant factor in binding, the binding being
increased at lower temperatures. Thus, it
is necessary to carry out the determina-
tions either in a room which has a reason-
ably constant temperature or using tem-
perature-controlled columns.

Establishment of a suitable standard
curve. The character of the standard
curve depends primarily on the amount
of serum used in making up the isotope
solution. Various dilutions of serum are
shown in Fig. 1. That generally used was
1/32, i.e., 15 ml serum in 480 ml isotope
solution. If low or high values were of
special interest, the amount of superna-
tant was altered to give these values on
the steeper part of the curve. Using 0.3
ml of supernatant (i.e., corresponding to
approximately 0.1 ml serum), the stand-
ard curve for the dilution 1/32 covers a
useful range of 0 to 30 ug/100 ml (in this
case the value read from the curve is
multiplied by 10,7.69 instead of 10/12.8
to give the value in ug); if 0.5 ml super-
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natant is used, the useful range is 0 to 18
ug/100 ml. A difference in the values
obtained for the standard was found if
the thyroxine was added in liquid form,
isotope solution was added, and buffer
was added to make a volume of 1 ml
instead of evaporating the thyroxine,
then redissolving it in 0.5 ml isotope
solution and 0.5 ml buffer. The unevap-
orated thyroxine standards usually
gave higher values for percentage bound
than the evaporated thyroxine stand-
ards, the reverse effect of that which
might be expected on the basis of incom-
plete solution of stable thyroxine follow-
ing evaporation.

Recovery of thyroxine under various condi-
tions

Recovery of  thyroxine-1''' passed
through the columns. The sums of the
counts of the protein-bound and un-

1007
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F1G. 3. Effect of temperature on
thyroxine-binding.
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FiG. 4. Recovery of thyroxine added to serum.
The mean recoveries are represented by open
circles.

bound fractions for duplicate determina-
tions on six different supernatants proc-
essed as described above were compared
with the counts added. The mean re-
covery of radioactive material added to
the columns was 98.3 +sp 1.7%, with a
range of 95.4 to 100.3%,.

Recovery of thyroxine-I'*' added to
serum from ethanol precipitation. Thy-
roxine-I'*! solution, 0.5 ml, was added to
each of 18 test tubes and evaporated to
dryness. One ml of various sera was
added to each and these were incubated
for 10 min at 45 C to ensure solution of
the thyroxine. To the first three of these
4 ml of water was added, and they were
counted to 10,000. To each of the re-
maining tubes, 2 ml 959, ethanol was
added. After centrifuging for 5 min, 0.5
ml! of each supernatant was transferred
to another tube, 4.5 ml of water was
added, and these were counted to 10,000.
The results are shown in Table 1. The
mean recovery of thyroxine-I'' was
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TaBLE 1. Recovery of thyroxine-1'3! added to serum using ethanol precipitation

Net cpm as Mean net

Tube Serum Sample counted Net cpm % added cpm as %
cpm added cpm
1 1 Serum 1 ml 6120
2 Serum 1 ml 5910
3 Serum 1 ml 6010
4 1 Supernatant 0.5 ml 775 12.9
5 Supernatant 0.5 ml 745 12.4 12.8
6 Supernatant 0.5 ml 782 13.0
7 2 Supernatant 0.5 ml 748 12.4
8 Supernatant 0.5 ml 785 13.0 12.7
9 Supernatant 0.5 ml 770 12.8
10 3 Supernatant 0.5 ml 745 12 .4
11 Supernatant 0.5 ml 755 12.6 12.8
12 Supernatant 0.5 ml 810 13.5
13 4 Supernatant 0.5 ml 765 12.7
14 Supernatant 0.5 mil 800 13.3 12.8
15 Supernatant 0.5 ml 750 12.5
16 5 Supernatant 0.5 ml 765 12.7
17 Supernatant 0.5 ml 800 13.3 12.7
0.5 ml 735 12.2

18 Supernatant

12.8% for 0.5 ml supernatant obtained
from the initial volume of 3ml (i.e., 779%).

Recovery of thyroxine added to serum.
Various amounts of unlabeled thyroxine
solution were added to test tubes and
evaporated to dryness. Pooled serum (1
ml) was added to each and the tubes
were incubated for 10 min at 45 C to
ensure solution of the thyroxine. The
thyroxine content of each sample and of
the pooled serum alone was determined
by the usual procedure. The amounts of
added thyroxine recovered are compared
in Fig. 4 with the amounts originally
added. The mean recovery for 30 deter-
minations (10 at each of 3 levels) was
1039,

Specificity of the method for thyroxine in
serum

To 0.5-ml samples of serum of which
the thyroxine content had previously
been measured, small amounts of various
substances were added and the thy-
roxine content of the samples was meas-

ured in the usual way. The substances
used included monoiodotyrosine (MIT),
diiodotyrosine (DIT), diiodothyronine
(T,), triiodothyronine (T;), potassium
iodide (KI), cholesterol, glucose, biliru-
bin, acetylsalicylic acid, diphenylhydan-
toin, and several anticoagulants. The
results ‘are summarized in Table 2.
Significant alterations in the apparent
thyroxine content of the serum were
found only with the addition of relatively
large amounts of triiodothyronine, di-
iodothyronine and diphenylhydantoin.
Some difficulty was encountered with
hemolyzed samples. With moderate
hemolysis, good agreement with the
corresponding unhemolyzed values was
usually obtained, but occasionally se-
verely hemolyzed samples gave falsely
high values. Such samples usually
showed a red precipitate in the dried
ethanol supernatant which failed to dis-
solve on addition of the isotope solution.
Mildly hemolyzed samples showed no
such precipitate and gave values which
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did not differ significantly from those in
unhemolyzed samples obtained at the
same time. Moderately hemolyzed sam-
ples gave correct values if the amount of
ethanol used to precipitate the protein in
the sample was increased from 1 to 2 ml.

A study of the effects of radiopaque
dyes in vivo was carried out in seven
apparently euthyroid subjects. The type
of dye used, and the thyroxine iodine
values determined before and after its
administration, are indicated in Table 3.
All values fell within the normal range
and showed no significant trend to
higher or lower values.

Precision of the method for serum thy-
roxine. Duplicate determinations over
three ranges, viz., 0-5, 5-10 and 10-15 pg
thyroxine /100 ml, were compared, as
shown in Table 4, and the standard de-
viations about the mean for each range
were calculated according to the formula
sp=+/Ed?/2n (5). For the three ranges
these were +0.73, +0.87 and +1.75,
respectively.

Correlation of thyroxine iodine with
protein-bound iodine (PBI). Samples in
which PBI and total iodine determina-
tions had recently been carried out, in
which these two determinations did not
differ by more than 2 ug/100 ml, were

TaBLE 2. Specificity of TBG for thyroxine

Amount Thyroxine
Substance added added, content,
mg/100 ml ng/100 ml

0 0 7.5+0.5 sp
T: 0.040 11.6
[ 0.040 9.0
DIT 0.040 7.2
MIT 0.040 7.1
1 100. 7.0
Cholesterol 100. 7.5
Glucose 100. 7.4
Bilirubin 100. 8.0
Acetylsalicylic acid 600. 7.0
Diphenylhydantoin 600. 12.2
H in - excess 7.6
{Ammonium oxalate [120. 7.5
potassium oxalate 1100. '
Potassium oxalate 500. 7.2
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Fic. 5. Correlation of thyroxine iodine (T.I)
with protein-bound iodine (PBI). The different
laboratories are indicated by different symbols.
The square encloses normal values.

contributed by three different labora-
tories and these values are compared in
Fig. 5 with those of thyroxine iodine
obtained by the method described above.
A good correlation was obtained in many
instances, but the values obtained by the
present method are generally higher
than those obtained for the PBI. Values
of the PBI for samples from clinically
euthyroid subjects who had recently
received iodine or mercury in some form
are compared with thyroxine iodine
values in Table 5. Normal values were
obtained for thyroxine iodine in all these
cases. In the two cases of mercury con-
tamination, 2 ml of Mercuhydrin had
been administered on the day before the
blood was drawn.

Correlation of serum thyroxine values
with the clinical status of the patient.
Thyroxine values in clinically typical
cases of hypothyroidism and hyperthy-
roidism were compared with values ob-
tained in 20 clinically euthyroid patients
with various diagnoses exclusive of
hepatic disease (11.0+1.8 ug/100 ml)
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TABLE 3. Effect of administered radiopaque dyes on T.I values
T I—ug/100 ml
Subject Type of study Dye
Control 1-24 hr 48-72 hr
1 Bronchogram Dionosil* 4.7 6.2 —
2 ronc jonosi 4.2 6.2 6.6
3 Cholecystogram Telepaquet 4.0 7.0 5.6
4 Cholecystogram Telepaque 4.0 4.9 7.7
5 iv Pyelogram Hypaque} 7.7 7.3 8.2
6 iv Pyelogram Hypaque 6.0 4.8 —
7 iv Pyelogram Hypaque 7.7 5.2 —
* 3:5-Diido-4-pyridone-N-acetic propionate.
t 3-(3-Amino,2,4,6,-triiodophenyl)-2-ethyl propanoic acid.
t Sodium 3,5-diacetamido-2,4,6-triiodobenzoate.

and in 20 healthy, active hospital per-

groups of patients are shown in Table 6.

sonnel (9.2 +2.1 ug/100 ml). The results The mean value for thyroxine iodine in

in the hypothyroid and hyperthyroid

TABLE 4. Duplicate determinations of
serum thyroxine

Determina- Determina- .
Range tion No. 1, tion No. 2, D 'qfa'bn::]’
ug/100 mi  4g/100 ml  ME/
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Mean 14.5

the 20 euthyroid chronically ill patients
was 7.2 +1.2 ug/100 ml, with a range of
5.2-9.0, and was slightly but significantly
higher (P <0.01) than that for the 20
healthy subjects, 6.0 + 1.4, with a range
of 4.0-9.2, Values in hypothyroid sub-
jects ranged from 0.3 to 4.0, while those
in hyperthyroid subjects ranged from
12.1 to 16.3 ug/100 ml. There was good
general agreement as to clinical status
between these values and those for the
PBI, when the latter were available.

Discussion

Thyroxine is bound by at least three
different proteins in serum. These in-
clude TBG, to which binding is strong-
est, prealbumin, to which binding is of
intermediate affinity, and albumin, to
which binding is relatively weak. Bind-
ing to prealbumin is known to be in-
hibited by barbital buffer (6). In the
method described, barbital buffer was
used to minimize the binding of preal-
bumin, since it was found that pre-
albumin interfered with the determina-
tion. The weak binding to albumin was
decreased by dilution, so that the bind-
ing obtained may be attributed almost
entirely to TBG.

The alteration of binding with tem-
perature was an unexpected finding, and
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TaBLE 5. Thyroxine content of samples contaminated with iodine (i.e., difference
between PBI and TI >2.0 ug/100 ml) and with mercury

T, T.I PBI Total 1
ug/‘lOO ml
A. lodine contamination:
1 6.0 4.0 >40 >40
2 10.7 7.2 >40 >40
3 6.2 4.2 21.4 >40
4 7.9 5.3 21.3 27.5
5 10.9 7.3 11.6 >40
6 9.9 6.6 9.3 13.0
B. Mercury contamination:
1 11.2 7.5 0.2 0.2
2 11.9 7.8 0.2 3.6

no previous report of it was found in the
literature. It is similar to that of cortisol
binding by CBG (observations in this
laboratory).

The specificity of the binding of thy-
roxine by TBG has been reviewed by
Robbins and Rall (7). Danowski et al.
studied the effect of thyroxine and other
iodinated compounds on the binding of
triilodothyronine-I'* using electrophore-
sis in barbital buffer at pH 8.6 (8). They
observed that thyroxine had a much
higher affinity for TBG than any of its
analogues, including triiodothyronine,
diiodothyronine and diiodotyrosine. Sev-
eral drugs have been observed to lower
PBI values by competing with thyroxine
for binding sites on TBG, notably di-
phenylhydantoin (9). These results are
in keeping with our own observations as
to the specificity of TBG binding.

At its present stage of development,
the precision of the method described is
somewhat less than that obtainable for
protein-bound iodine, although it is felt
that this disadvantage is more than
offset by its freedom from the effects of
iodine and other forms of contamination.
It should be pointed out, however, that
the prior administration of large
amounts of radioactive substances may
invalidate the test, but, if suspected, this
can be readily ruled out simply by count-

ing the subject’s serum directly. The
standard I'*'-uptake test using 300 uc I'
had only a slight effect, and this effect
was negligible 48 hours after administra-
tion.

The values for thyroxine iodine ob-
tained by the present method are slightly
higher than the corresponding PBI
values, although Bodansky has esti-
mated that only 87, of the protein-bound
iodine in serum is recovered as the PBI.
In 100 euthyroid subjects he obtained a
mean PBI of 6.2 + 1.3 ug/100 ml (10).

Using the double isotopic derivative
technique for the determination of serum

TABLE 6. Serum thyroxine values

in thyroid disease

Clinical T, T PBI TI
diagnosis 4g/100 ml

Hypothyroid 04 03 18 3.2
1.9 1.3 0.4 1.0

2.1 1.3 —_ —
2.3 1.6 0.9 2.3
2.6 1.7 1.7 2.7
2.9 1.8 3.2 28.4
3.0 2.0 1.6 2.8
3.8 2.5 3.3 5.9
5.8 3.8 3.3 5.2
Hyperthyroid 18.5 12.1 9.6 11.7
2060 12.3 156 16.0
20.0 13.0 9.4 12.8
21.2 13.8 8.5 15.0
21.3 13.9 9.5 10.3
24.3 159 14.4 15.7
23.6 236 17.0 18.0
249 163 146 15.6
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TaBLE 7. Comparison of thyroxine-iodine estimations in euthyroid
individuals using different methods
No. of Thyroxine-iodine
Method subjects mean +SD Range
g per 100 ml
Whitehead & Beale »& pe
Double isotope
—euthyroid patients 14 3.1+0.6 2.0-4.1
Present method
—euthyroid patients
and healthy subjects 40 6.6+1.3 4.0-9.2
Bodansky
PBI (uncorrected for recovery
—apparently normal persons 100 6.2+1.3 3.6-8.8
thyroxine (2), Whitehead and Beale ob- Acknowledgments

tained low values in 14 euthyroid sub-
jects, viz., a mean of 4.6 ug thyroxine, 100
ml, corresponding to a thyroxine iodine
of 3.1. Comparing this value with the
mean protein-bound iodine value (cor-
rected for recovery) in 100 euthyroid
subjects obtained by Bodansky et al.,
viz., a mean of 7.1 +1.5, our own com-
bined values for thyroxine iodine in 20
healthy subjects and in 20 euthyroid
patients, viz., 6.6 £1.3 ug/100 ml, are
intermediate between the two but much
closer to those for the PBI. These values
are summarized in Table 7.

The simplicity and rapidity of the gel
filtration method make it a promising
tool for routine clinical use. A single well-
trained technician has been able daily to
carry out 30 determinations in duplicate.
A series of five tests in duplicate may be
carried out in approximately one hour.
Further investigations of the clinical
applicability of the test are in progress.

The authors are indebted to Drs. A. Gold, R.
Schucher, and J. M. McKenzie for their very
helpful cooperation in providing much of the ma-
terial for these studies, to Mr. Wan-Ching Sun
for technical assistance, and to Professor J. S. L.
Browne for reviewing the manuscript.
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n 1970, Eva Engvall was a graduate student in Peter Perlmann’s laboratory at the University of Stockholm in

Sweden. Her assignment was to develop a quantitative non-isotopic immunoassay as an alternative to

radioimmunoassay (RIA), a technology that had been in worldwide use for almost a decade. In successive

stages of refinement and creativity she invented today’s non-isotopic immunoassay format and named it the
enzyme-linked immunosorbent assay (ELISA).

Engvall created ELISA by weaving together technical advances in the three different fields of serology, immuno-
histochemistry and RIA. First, in the early 1950’, Gyola Takatsy in Hungary (1) and John L. Sever along with others at
the National Institutes of Health in the US (2) developed the plastic micro titer plate. These multi-well plates were
designed to replace test tubes and to speed up the running of large numbers of serology assays. Second, Engvall took
advantage of the development of enzyme labelled antibodies in immunohistochemistry. Avrameas (3) along with
Nakane and Pierce (4) were the first to describe the use of enzyme labelled antibodies in histochemistry. Finally, in
1967, Catt in Australia introduced a solid phase RIA in which the antibody was coated onto the inside of 12 X 75 mm
plastic test tubes. He used his test tube format for human placental lactogen and human growth hormone assays with
1251 Jabelled hormone as tracer (5).

The first ELISA report by Engvall was published as a Communication to the Editors in the journal Immunochemistry in
1971 (6). Rabbit immunoglobulin G (IgG) was conjugated to calf intestine alkaline phosphatase (ALP, EC 3.1.3.1) as the
tracer. Sheep—anti-rabbit IgG antibody was coupled to microcrystalline cellulose in order to provide a solid phase support
for the antibody. Following incubation with the unknown serum the antibody-cellulose particles were centrifuged and
washed. The amount of IgG— ALP bound to the cellulose was then measured with a colorimetric substrate. Van Weeman
and Schuurs independently of Engvall published a similar ELISA method for human chorionic gonadotropin (HCG).
They coated antibody onto cellulose particles and utilized an HCG-peroxidase conjugate (7). The publication of the paper
by Van Weeman and Schuurs preceded the Engvall and Perlmann paper by a few months, however, Engvall’s first
description of an ELISA format was submitted for publication 5 months before that of Van Weeman and Schuurs.

Engvall’s second paper improved on her IgG assay by coating the antibody onto the walls of 11 X 80 mm polystyrene
plastic test tubes. That paper is presented here. Bound IgG—ALP conjugate was measured with colorimetric substrate
following three washings of the tubes with a saline-Tween-20™ buffer. The third paper in the series by Engvall and
Perlmann changed the format of the assay in order to measure unknown antibody concentrations. Antigens were coated
into plastic test tubes, incubated with the unknown sera followed by washing of the tubes. Bound antibodies if present
were measured using specific anti-IgG antibody conjugated with ALP (8). In 1974, Ljungstrom, Engvall and Ruitenberg
used this test tube ELISA to screen for antibodies to the trichinosis parasite in human serums (9). Engvall also described
an ELISA for detection of antibodies to the malarial parasite, Plasmodium falciparum, in human serums (10). The
parasite antigens were coated onto the walls of 96 well micro titer plates. Antibodies in the unknown serums were
detected using anti-human IgG ALP conjugates. Plates were read visually or with a colorimeter. Engvall took the ELISA
assay on a trip to East Africa and used it to screen for a number of parasitic infections.

Less than 4 years after the publication of the Engvall and Perlmann paper presented here, The Lancet in an editorial
predicted that ELISA would soon replace RIA (11). Louis Pasteur is credited with having said that the best proof that
a researcher has struck the right path is the constant fruitfulness of their work. Between 1971 and 1974 a total of six
papers were published using the ELISA technique. Four of them were by Engvall. The fifth paper was for human IgG
by Hoffman who referenced Engvall (12) and the sixth paper was the Van Weeman and Schurs paper (7). In the next
four-year-period, 1975 through 1978, a total of 277 ELISA papers were published. A similar literature search for the
word ELISA in the title or abstract for the years 2000 through 2003 produced a total of 24 516 citations (13).
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SUMMARY

Alkaline phosphatase from calf intestinal mucosa has been conjugated to a
protein antigen, rabbit IgG. Such conjugates, prepared by glutardialdehyde, have
been used in a competitive solid phase immunoassay. In this test native antigen
inhibits the binding of the conjugate to homologous antibodies adsorbed to plastic
tubes. Using this assay 1-100 ng/ml of the antigen could be determined.

INTRODUCTION

Radioimmunoassays have found wide application, especially for determination
of proteins such as hormones and immunoglobulins. The main techniques used are
based on competitive inhibition of binding of radioactively labelled antigen to its
homologous antibody by unlabelled antigen in standard preparations or unknown
samples, respectively (for references see ref. 1).

We have used the same principle in an assay for determination of rabbit IgG.
However, instead of labelling the antigen with a radioactive isotope we have con-
jugated it to an enzyme, alkaline phosphatase from calf intestinal mucosa. Enzyme-
coupled antigens and antibodies have been used for localization in tissue sections of
homologous antibodies or antigens?, and recently also for quantitative determination
of antigen or antibody in gel diffusion?.

In competitive immunoassays it is necessary to separate free and antibody-
bound antigen in order to quantitate the latter. This can easily be done by fixing the
antibody to asolid phase. In a previous report?, in which antigen conjugated with alka-
line phosphatase was used in a competitive immunoassay, we used antibodies coupled
to BrCN-activated cellulose® as in RIST radioimmunosorbent technique®. In the
present work we used the technique of CATT AND TREGEAR? in which the antibodies

Biochim. Biophys. Acta, 251 (1971) 427-434
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are physically adsorbed to the test tubes in which the entire assay takes place. In
addition to thus simplifying the test, we also increased its sensitivity by using a
purer enzyme preparation for conjugation to antigen.

MATERIALS AND METHODS

Antigen, timmunogloublin G (IgG) from rabbit
Rabbit IgG was purified from normal rabbit serum by precipitation with 1/,

saturated (NH,),SO,. After dialysis against phosphate-buffered saline (0.15 M
NaCl-o.015 M sodium phosphate buffer (pH 7.2)) the material was used for immuni-
zation of sheep.

Antigen used as standard and for conjugation to enzyme was further purified
by batch adsorbtion of impurities on DEAE-cellulose (SERVA, Heidelberg, W.
Germany) at pH 6.8, followed by gel-permeation chromatography in phosphate-
buffered saline on Sephadex G-200 {Pharmacia Fine Chemicals, Uppsala, Sweden).
Iractions containing IgG were concentrated to 50 mg/ml by ultrafiltration. In im-
munoelectrophoresis this preparation formed one single precipitin arc when assayed
with sheep antiserum against whole rabbit serum.

Antiserum, immunoglobulin fraction, and specific anttbodies

Antiserum to rabbit IgG was prepared in sheep by repeated injections of
(NH,),S0, precipitated rabbit y-globulin in Ireund’s complete adjuvant (Difco
Laboratories, Detroit, Mich.). The immunoglobulin fraction of the antiserum was
prepared by precipitation with Na,SO4 according to KERWICKS.

Specific anti-IgG antibodies were obtained by use of an immunogsorbent, con-
sisting of rabbit IgG, insolubilized by glutardialdehyde (Merck, Darmstadt, W.
Germany) according to AVRAMEAS AND TERNYNCK®. We used a batchwise procedure
and eluted the antibodies from the immunosorbent with 0.1 M glycine-1Cl buffer
(pH 2.8).

Protein determinations of purified immunoglobulin, rabbit IgG as well as sheep
antibodies, were performed by measuring the absorbance at 280 nm in a 1-cm cu-
vette, using the factor 13.8 as the absorbance of a 19, solution of the protein.

lodinated proteins

Todination was done with 125I (Radiochemical Centre, Amersham, England)
by the Chloramin-T method!. The immunoglobulin fraction of sheep anti-rabbit
IgG was labelled to give a radioactivity of approx. 10® counts/min per mg.

Enzyme

Alkaline phosphatase from calf intestinal mucosa (Sigma Type VII, Sigma
Co., St. Louis, Mo.) was used for conjugation to antigen. The specific activity of this
preparation was 410 units/mg.

Other reagents
Human serum albumin was kindly supplied by AB Kabi, Stockholm, and p-
nitrophenylphosphate was obtained from Sigma.

Biochim. Biophys. Acta, 251 (1971) 427-434
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Conjugation of enzyme to antigen

The conditions for conjugation, by means of glutardialdehyde!!, of alkaline
phosphatase (Sigma Type I1, 16 units/mg) have been described?. In the present study
we used the Sigma Type VII enzyme, which is a suspension of 5 mg/ml protein in
2.6 M (NH,),S0,. The procedure of conjugation was as follows: 0.3 ml of the suspen-
sion was centrifuged in the cold at about 1000 rev./min for 10 min. 0.2 ml of the clear
supernatant was discarded. To the remaining 0.1 ml, containing the enzyme as a pellet,
was added o.1 ml of a solution containing 0.5 mg pure rabbit IgG. The mixture thus
obtained contained 10 mg protein per ml at a IgG/alkaline phosphatase ratio of 1:3.
After dialysis overnight against phosphate-buffered saline, 10 ul of 4.29%, glutardial-
dehyde in phosphate-buffered saline were added, yielding a final glutardialdehyde con-
centration of 0.2%,. The reaction was allowed to proceed for 2 h at room temperature.
The mixture was diluted to 1 ml with phosphate-buffered saline, dialyzed overnight
against phosphate-buffered saline, and finally chromatographed on a 1.5 cm X go cm
column of Sepharose 6B (Pharmacia Fine Chemicals) in o.05 M Tris—HCl buffer
(pH 8.0). Almost all the protein was present in the form of high molecular weight
complexes which were eluted from the column with the void volume. To this frac-
tion (4 ml), which contained about 409, of the total protein, was added human
serumn albumin to 59, for stabilization. It was stored at 4° with 0.029%, NaN; as
preservative,

Immunoassay

11 mm X 8o mm disposable polystyrene tubes (LIC, Solna, Sweden) were
each coated with 1 ml of antibody solution, containing either whole y-fraction, or
specific antibodies prepared from the antiserum as described. The antibody solutions
were diluted with 0.1 M sodium carbonate buffer (pH 9.8) or phosphate-buffered
saline. The tubes with the coating solution were standing upright at 37° for 3 h. They
were then stored with the coating solution in the cold. Before assay, a suitable num-
ber of tubes were washed with 0.99%; NaCl containing 0.05%, Tween-zo. To each of
them was added 0.5 ml of either (1) standard IgG solution, (2) unknown sample or
(3) buffer only, followed by o.1 ml of a dilution of the enzyme conjugated IgG. All
dilutions were made in phosphate-buffered saline containing 1%, human serum al-
bumin and 0.029%, NaN,. The tubes were incubated over night (16 h) at room temper-
ature in a roller drum so that the 0.6 ml present in the tubes covered the surface
precoated with antibody. The tubes were washed 3 times with NaCl-Tween. The
amount of enzyme-linked IgG bound to the antibody-coated tube was determined
by adding 1 ml of 0.05 M sodium carbonate buffer (pH 9.8), containing 1 mg/ml
p-nitrophenylphosphate and 1 mM MgCl,. When the colour intensity was considered
suitable, or after about 30 min, the reaction was stopped by adding 0.1 ml 1 M NaOH.
The absorbance at 400 nm was measured in a 1-cm microcuvette. A standard curve
was constructed by plotting the enzyme activitics (increasc in absorbance per unit
of time) of individual samples against their content of standard IgG.

RESULTS AND DISCUSSION

Adsorption of protein to plastic tubes
The adsorbtion of proteins to polystyrene tubes was investigated by means of

Biochim. Biophys. Acta, 251 (1971) 427-434
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Fig. 1. Adsorbtion of sheep immunoglobulin to plastic tubes from 1 ml aliquots of different con-
centrations.

the radioactively labelled anti-rabbit immunoglobulin. 1 ml of a solution of this in
0.I M sodium carbonate buffer (pH 9.8) was added to 11 mm X 8o mm tubes.
These were incubated at 37° for 3 h and were then washed 3 times with 0.9%, NaCl
containing 0.05%, Tween-20. The radioactivity remaining was measured. The results
are shown in Fig. 1. At an immunoglobulin concentration of 2 ug/ml or lower, about
609, was adsorbed to the tubes. When increasing the concentration of the coating
solution the percentage of protein adsorbed decreased considerably. We have found
that the adsorbtion of protein to the tubes is completed within 3 h at 37° and this
time was chosen for routine coating in all experiments.

The adsorbtion of protein to the polystyrene surface is not irreversible. Tubes
were coated with radioactively labelled sheep immunoglobulin, washed and incubated
for 16 h at room temperature in the roller drum with 0.6-ml portions of different so-
lutions. The radioactivity in the tubes after three washings was measured and com-
pared with that before incubation. The results are shown in Table I. One can see that
at pH around neutrality 20-30%, of the coat was lost. At high or low pH, these losses
increased considerably. The percentage protein lost during incubation seemed to be
independent of the total amount adsorbed. This is of practical importance for the
immunoassay. If relatively large amounts of antibody are used for coating the tubes,
the amount of antibody desorbed during the assay will also be large. Labelled and
unlabelled antigen added for the assay will preferentially combine with antibody in
solution and this will reduce the uptake of antigen to the coat.

During the 3-h coating time an equilibrium between the protein adsorbed to the
tube and that remaining in solution will be established. By storing the tubes in the cold
with the coating solution present, this equilibrium is the least disturbed and the
amount of protein adsorbed to the tubes will remain the same for at least 3 weeks.

Biochim. Biophys. Acta, 251 (1971) 427434
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TABLE I

DESORBTION OF PROTEIN FROM TUBES COATED WITH A SOLUTION CONTAINING 2,ug/ml OF RADIO-
ACTIVELY LABELLED SHEEP IMMUNOGLOBULIN IN DIFFERENT SOLUTIONS DURING 16 h AT ROOM-
TEMPERATURE

0.6 mi solution Percent of coat remaining
Phosphate-buffered saline, 77
Phosphate-buffered saline, 71
Phosphate-buffered saline, 0.05%, Tween 20 58
Normal human serum 83
NaCl, 2 M 78
Urea, z M 70
Glycin—HCI buffer o.1 M (pH 2.7) 48
NaOH, o.1 M 27

As the coating procedure is so simple, we have felt no need of storing tubes for any
longer time.

Congugate

When rabbit IgG was conjugated to alkaline phosphatase, very high molecular
weight complexes were formed. The yield in terms of antigenic activity of the IgG
was low (approx. 1%,), presumably due to steric hindrance. In contrast the enzyme
activity was well preserved?. It was also noticed that approximately half of the total
enzyme activity in such a conjugate was bound to immunoreactive antigen (un-
published observation).
Other bifunctional reagents have been used for conjugation, e.g. tolylene-2,4-diiso-
cyanate (Fluka, Buchs, Switzerland) applied according to SINGER AND SCHICK!?,
and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (Ott Chemical Co., Muskegon,
Mich.) applied according to LIKHITE AND SEHON3. However, satisfactory results have
thus far only been obtained with glutardialdehyde.

When stored as described, the conjugates prepared with glutardialdehyde are
very stable. We have used one conjugate for a year and have noticed only a moderate
decrease in its activity during this time.

Immunoassay

For a sensitive system, the amount of antibody present during assay should
be limited; it should bind only part of the conjugate added. The enzyme activity of
0.1 ml of the stock solution of the conjugate used corresponded to an increase in ab-
sorbance at 400 nm of 48 per min at room temperature. For the assay this stock
solution was diluted 250 times and 0.1 ml of this was added to tubes which were
coated with a solution containing 2 ug/ml of the immunoglobulin fraction from the
sheep anti-rabbit IgG serum. Under these conditions the uptake of conjugate to the
tubes corresponded to an increase in absorbance at 400 nm of 0.7 in 30 min (= 129,
of the enzyme activity added). In the presence during incubation of various dilu-
tions of the standard preparation of rabbit IgG, the typical inhibition curve shown
in Fig. 2 was obtained. A similar standard curve was obtained when a solution con-
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Fig. 2. Inhibition of binding of enzyme-conjugated rabbit IgG to antibody-coated tubes by rabbit
IgG from a standard preparation. @, tubes coated with a solution containing 2 yg/ml of an im-
munoglobulin fraction from sheep anti-rabbit IgG; O, tubes coated with a solution containing
0.1 ug/ml of specifically purified antibedies.

taining 0.1 ug/ml of specifically purified antibodies was used for coating (Iig. 2
hatched line).

When conjugate and only buffer were incubated in antibody coated tubes for
different periods of time the uptake of enzyme to the tubes followed the curve shown
in Fig. 3. Equilibrium was obtained within 16 h and over night incubations were
used routinely for the assay.

0.02 T T T T T T T T

12 24 36 48

hours of incubation
Fig. 3. The kinetics of the binding of enzyme-conjugated rabbit IgG to tubes coated with anti-
bodies.
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Fig. 4. Binding of enzyme-conjugated rabbit IgG to antibody-coated tubes in the presence of
dilutions of various normal sera. @, rabbit serum; (O, rat serum; []J, human serum.

TABLE II
TgG (ng|ml) A 40 nml30 min*  Mean 1d|** S.E*** S.E.
Standard A 400 nm/30 min X 100
mean
500 0.020 0.018 0.002 0.002 12.0
0.015 0.003
0.019 0.001
167 0.045 0.047 0.002 0.007 14.8
0.057 0.010
0.040 0.007
55.6 0.138 0.124 0.0I4 0.011 9.2
0.124 o
0.110 0.014
18.5 0.288 0.247 0.041 0.029 11.7
0.225 0.022
0.227 0.020
6.17 0.393 0.405 0.012 0.009 2.3
0.415 0.0T0
0.407 0.002
2.06 0.520 0.579 0.059 0.047 8.1
0.636 0.057
0.582 0.003
0.686 0.581 0.636 0.055 0.047 7.4
0.696 0.060
0.630 0.006
0.229 0.623 0.672 0.049 0.036 5.4
0.708 0.036
0.684 0.012

* Values corrected for background (0.200).
** | d |, numerical value of difference between measured value and mean.
*** Standard error of mean, (V Zaz[3).
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The specificity of the assay is shown in Fig. 4. Dilutions of a normal rabbit
serum inhibit the binding of enzyme-conjugated rabbit IgG to antibody-coated
tubes, whereas normal human serum or normal rat serum show only a week inhi-
bition at low dilutions.

An estimate of the precision of the assay performed in the IgG-coated tubes of
the experiment shown in IFig. 2 is given by the values tabulated in Table II. The
mean values are based on triplicate samples of the indicated standard solutions cor-
rected for the background obtained with buffer and substrate only. The mean of the
standard errors corresponded to + 99%. This precision was not as good as when the
assay was performed with antibodies covalently coupled to cellulose*. However, this
loss of precision is compensated by the gain in simplicity with the present technique.

In conclusion, the enzyme-linked immunosorbent assay presented here is of
very high sensitivity, fully comparable to that of radioimmunoassays! or to assays
making use of antigen conjugated to bacteriophages!®. It is also clear that this sensi-
tivity may be increased further by relatively simple experimentation.

Enzyme-conjugated anti-immunoglobulin can also be used for quantitation
of specific antibodies at very low concentration. A study of this kind will be published
elsewhere?$.
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“Homogeneous” Enzyme Immunoassay. A New Immunochemical
Technique. Biochemical and Biophysical Research Communications

1972, 47(4): 846-851.

he enzyme multiplied immunoassay technique (EMIT®) was developed following the introduction of an

earlier homogeneous immunoassay technology called the free-radical assay technique (FRAT®). Both

of these homogeneous assay technologies were invented at the Syva Corporation under the research

direction of E.F. Ullman. They were initially designed for drugs of abuse screening. In the FRAT assay,
a nitroxide stabilized free radical or spin-label is conjugated to morphine and mixed with anti-morphine antibody
along with patient’s urine. The binding of the spin-label to the antibody slows down its tumbling rate as monitored
with an electron paramagnetic resonance (EPR) spectrometer (1—2). Free morphine in the patient’s urine competes
with the spin-label conjugate and caused a positive response in the EPR spectrum indicating increased free label in
solution. Each EPR instrument weighed 225 Kg (450 lbs) however the assay was simple and could easily run 120 drug
screens per hour with limited technician training. In 1970 at the request of the United States Government three EPR
instruments and three technicians with reagents were sent to Vietnam from Syva to begin screening military personnel
for abused morphine. This was the largest field use of an immunoassay ever attempted (3).

The Syva group then conceived of the idea of linking the antibody-binding event to the catalytic activity of an
enzyme instead of a spin-labeled conjugate. In the first EMIT description, presented here, the enzyme lysozyme
(EC 3.2.1.17) was conjugated to morphine as the tracer. When the lysozyme-morphine conjugate was bound to its
antibody the activity of the enzyme was inhibited. When released from the antibody, activity was restored. Release of
the conjugate could be monitored in a homogeneous real-time assay by mixing all the reagents along with patient
urine in a suspension of killed bacteria. The decrease in turbidity caused by the liberated lysozyme was quantitatively
related to how much lysozyme-morphine tracer was released by the free morphine in the urine as it bound to the
antibody (4). New drug assays were added to the EMIT platform and it soon replaced thin layer chromatography
(TLC) as the method of choice for urine drug screening.

Lysozyme requires the measurement of the decrease in turbidity. It was soon replaced with enzymes that catalyzed
an optical assay based on reduction of NAD at 340 nm. This change improved the detection limit of the assay. Hapten
drug conjugates were made with malate dehydrogenase (MDH, EC 1.1.1.37) (5) or microbial glucose-6-phosphate
dehydrogenase (G6PD, EC 1.1.1.49) (6). The release of the G6PD enzyme drug conjugate could be easily monitored
in a standard spectrophotometer by following the reduction of the coenzyme NAD at 340 nm in a standard G6PD
assay. This is still the format used in the EMIT assay today.
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"HOMOGENEOUS" ENZYME IMMUNOASSAY.

A NEW IMMUNOCHEMICAL TECHNIQUE

Kenneth E. Rubenstein, Richard S. Schneider and Edwin F. Ullman

Syva Research Institute*, 3221 Porter Drive,
Palo Alto, California 94304

Received April 17, 1972

Summary. Addition of morphine antibodies to a conjugate of
morphine and lysozyme resulted in inhibition of lysozyme activity.
Addition of free morphine to a mixture of the conjugate and
morphine antibodies reduced the inhibition of enzyme activity in
proportion to the quantity of free morphine added. As little as
1 x 10-2 M morphine could be detected in this manner. The method
constitutes a powerful new immunochemical technique for the
quantitative determination of haptens.

Certain naturally occurring molecules serve to regulate the
activity of enzymes. For example, the binding of antibodies to
cellular antigens in the presence of the family of proteins
known as complement sets off a complex sequence of events
culminating in the activation of esterase activity. Other
examples are the numerous reversible inhibitors of enzymes (1),
and the control of enzyme activity by antibodies to enzymes (2).
We wish to report an example of a related artificial regulatory
phenomenon in which enzyme activity can in principal be controlled
by practically any desired substance. This phenomenon provides
the basis for a powerful new immunoassay technique.

The extent of inhibition of enzyme activity by antibodies
to an enzyme has been related to the size of the enzyme substrate.

This has led to the proposal that antibodies to enzymes sterically

hinder the access of the substrate to the active site of the

*Contribution No. 44
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enzyme (2). Bteric inhibition of an enzyme by an antibody might
also be envisioned if a hapten were attached to the enzyme near
its active site. In a properly selected system binding of a
hapten-directed antibody to the hapten might have the same
effect as binding of an enzyme-directed antibody directly to
the enzyme. In such a system the enzyme activity could be
regulated by the amount of antibody available for binding to the
enzyme~bound hapten. The amount of free antibody could in turn
be controlled by the addition of free hapten which would compete
with the enzyme-bound hapten for antibody binding sites. Thus
the enzymic activity of a mixture of enzyme and antibody would
be directly related to the amount of free hapten introduced.

The above system possesses all the elements needed for an
immunoassay. The relevant reactions are illustrated in
Equations 1-2, where H 1is the unknown, Ab is the antibody,

and Enz is the enzyme.

H + Ab-(H~Enz) : > Ab-H + H-Enz* (1)
- *
Substrate —-Enz? o product (2)

The system provides an intrinsic amplification since one molecule
of free hapten frees one molecule of enzyme which in turn can
catalyze the conversion of many molecules of substrate to product.
We propose the term "homogeneous" enzyme immunoassay to
distinguish the method from most other immunochemical methods
that are "heterogeneous" and depend at some stage on the physical
separation of antigen bound to antibody from unbound antigen.
Such a separation is necessary when the label on the antigen is
detected equally in both bound and free states; e.g., a radio-
active atom (3). One other "homogeneous" immunoassay technique
known as spin immunoassay has recently been described (4).

Hen egg-white lysozyme appeared to be an ideal enzyme for
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this study. The natural substrate, bacterial peptidoglycan, is
a high polymer which should be highly susceptible to steric
effects, and also, one of the six lysine residues of lysozyme
(lysine 97) is very near the active site (5) and can be modified
without seriously inhibiting the enzyme (6). Carboxymethyl-
morphine (CMM) (4,7) was selected as a hapten. Conjugation to
lysozyme was achieved by combining lysozyme with CMM-isobutyl-
chloroformate mixed anhydride (4) (2 equivalents mixed anhydride
per lysine residue) in aqueous solution at pH 9.5-10.0 followed
by dialysis against water. A magnetic circular dichroism spectrum
of the conjugate indicated an average of four haptens per enzyme
molecule.* This is consistent with the observation that four

of the six lysine residues of lysozyme react readily with
iodoacetate whereas the remaining two are relatively inert (8).
Rabbit anti-morphine y-globulin was prepared as described
previously (4). Lysozyme activity was determined by changes in
light transmission of a suspension of the substrate, Micrococcus
luteus, by a method similar to that of Shugar (9).

Anti-morphine y-globulin did not affect the activity of
native lysozyme. However addition of morphine antibodies to
CMM-lysozyme resulted in up to 98% inhibition of enzyme activity.
Thus the antibody specifically inhibits hapten-labelled enzyme.
The result of titration of the antibody with CMM-lysozyme is
given in Figure 1., The CMM-lysozyme concentrations were estimated
from the absorption of stock solutions at 280 nm (10). As
expected, with no antibody present enzyme activity was
proportional to enzyme concentration., With a fixed amount of

antibody present the activity increased proportionately only at

*We wish to thank Dr. G. Barth, Dept. of Chemistry, Stanford
University for this measurement.
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Figure 1. Effect of CMM-lysozyme on the rate of lysis of
M. luteus (Miles) at pH 6.0 in the presence.....
and absence of anti-morphine y-globulin
(4.2 x 1077M binding sites).

high CMM-lysozyme concentrations where nearly all the antibody
binding sites were saturated. The horizontal distance between
the resulting two parallel lines yields the concentration of
inhibited enzyme. Based on the antibody titer as determined by
spin immunoassay (4) the data require that about two antiboay
binding sites per enzyme molecule must be occupied to completely
inhibit activity.

Free morphine competes with the enzyme for binding sites
causing an increase in enzyme activity. Figure 2 shows the effect
of morphine on the enzyme activity of a solution that contained
an antibody binding site/enzyme ratio of 1.7 and was initially
96.5% inhibited., By following the enzyme kinetics for 10 sec at
30° the minimum morphine concentration detectable in the assay
mixture was approximately 3 x 10-8M. Fifty fold lower concentra-
tions of the reagents and a 90 minute measurement permitted

9M morphine.

detection of as little as 1 x 10~
The "homogeneous" enzyme immunoassay technique offers the

virtues of simplicity, reagent stability and quantifiability.
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Figure 2. Effect of morphine on the rate of lysis of
M. luteus by 1.11 x 10-7M CMM-lysozyme containing
T797™x 10~ /M antibody binding sites at pH 6.0.

Although the present assay employs lysozyme which can be detected

above about 10”10

M, the use of other more readily detected
enzymes should permit the technique to rival even radioimmuno-
assay (3) in sensitivity. Moreover the new method requires no
physical separation of antibodies and antigens which are draw-
backs both to radioimmunoassay and a recently reported "hetero-
geneous" enzyme immunoassay utilizing an uninhibitable enzyme-
labelled antigen (11). Preliminary studies have demonstrated
that other enzymes such as amylase and horseradish peroxidase
can also be employed and may provide increased sensitivity. 1In

addition the technique has been found applicable to other haptens.

Details of these studies will be reported elsewhere.
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tarting in the 1850s and for the next 150 years, bromide salts were the main ingredient in most over-the-

counter and patent medicine sedatives. The half-life of bromide in humans is 12 to 15 days. Toxicity

from abuse progresses from delirium, delusions and hallucinations to deep sedation followed by coma.

Evelyn Waugh vividly described bromide psychosis in 1957 in his autobiographical novella The Ordeal of
Gilbert Pinfold (1). It has been estimated that 2% of all admissions to mental hospitals were once due to bromide
psychosis (2). McDanal et al. (3) reported on six cases of bromide psychosis from over-the-counter sedatives in San
Diego County, California between 1970 and 1972. By the mid-1970s bromide was removed from all over-the-counter
drugs. Miles Pharmaceutical stopped selling Nervine® and Emerson Drug took bromide out of Bromo Seltzer®.
In 1990 the incidence of bromide toxicity was very low (4). Occasional reports of toxicity from imported herbal
medicines that contain bromide continue to appear in the current literature (5).

In addition to over-the-counter use, prescription bromides have a long history that also dates back to the 1850s.
Bromide was the only effective drug for the treatment of epilepsy until the introduction of phenobarbital and
phenytoin (6,7). The paper by Wuth presented here is noteworthy for two reasons. First, he described a rapid gold
chloride method for the determination of bromide in urine and serum to screen for cases of bromide overdose. In the
method, a sample of a protein free filtrate of serum is mixed with a colloidal gold chloride solution. The reaction
between colloidal gold and bromide ions shifts the color of the solution from red to a red—brown. His gold chloride
method is still in use today (8). Wuth and Faupel (9) in 1927 had previously described the preparation of a stable
colloidal gold solution for use in the Lange protein spinal fluid test. With the bromide assay, Wuth found that 21% of
238 admissions to the psychiatric unit at Johns Hopkins in a six-month period had detectable levels of this drug in their
serum. In 1929, the LaMotte Chemical Products Company of Baltimore, Maryland produced the “Wuth Bromide
Comparator” test kit for serum bromide levels according to Wuth’s colloidal gold procedure (10). A sample of a
protein free filtrate of serum was added to a colloidal gold solution and the color read against test tubes containing
known calibrators. The test kit was claimed to be accurate up to 19 mmol/L (1 500 mg/L), took only 15 minute to
perform and cost $12.50.

Secondly, Wuth described the therapeutic and toxic serum levels found in patients on bromide therapy for epilepsy.
Based on clinical information he established 15 mmol/L (1 200 mg/L) as the upper limit of therapeutic and results
over 19 mmol/L (1 500 mg/L) as toxic. He further recommended that patient’s on bromide therapy for the control of
epilepsy be routinely monitored with serum levels. Wuth demonstrated with his case studies that the blood levels of
bromide correlate with therapeutic efficacy and not with the dose administered. This fundamental principal in
therapeutic drug monitoring (TDM) was advocated by Wuth almost 50 years before it became standard practice in
clinical medicine (11).
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RATIONAL BROMIDE TREATMENT
NEW METHODS FOR ITS CONTROL *

OTTO WUTH, M.D.

Associate in Psychiatry, Henry Phipps Psychiatric Clinic,
Johns Hopkins Hospital

BALTIMORE

Bromide treatment to be rational must, on the one
hand, produce the desired effect of the drug and, on
the other hand, avoid the danger of bromide intoxica-
tion. The foundations of bromide action, and conse-
quently also those of a rational treatment, are based on
the relations between chlorides and bromides—the
chloride-bromide equilibrium or replacement—which
therefore has to be discussed briefly.

Sedium chloride constitutes the greater part of the
electrolytes of the body, and its ions are essential for
the function of most cells. Since it is constantly
excreted, mainly in the urine, it must be constantly
replenished. The body maintains its chloride concen-
tration with remarkable constancy. The excretion
varies with the salt intake but lags somewhat behind
in time. According to Borelli and Girardi,' with a
steady income, equilibrium is reached within three or
four days. If the supply of salt is stopped, excretion
falls within three days to a lower level, but the body
retains its normal salt content.

The excretion of chlorides can be hastened by the
administration of bromides and iodides.? Conversely,
the administration of chlorides hastens the elimination
of.these salts.?

If bromides are introduced into the body their excre-
tion starts rapidly but proceeds very slowly;* so
slowly, in fact, that even twenty days after medication
has been stopped the excretion of bromides is not com-
pleted.® Hence, a retention of bromides takes place ®

* From the Laboratory of Internal Medicine, Henry Phipps Psychiatric
Clinie, Johns Hopkins Hospital. N
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part replace chlorides. Thus, a sort of constant “sat-
uration” of the body with bromides takes place, so
that after a certain period in prolonged medication no
more bromides are retained, and intake and excretion
are halanced.” The chloride content of the blood is
then diminished, the chlorides baving been partly
replaced by bromides.

A replacement of more than 40 per cent of the chlo-
rides of the blood by bromides, according to Bernoulli,?
is fatal. Intoxication symptoms generally appear,
according to the experiences of Ulrich® gained by
examination of the urine, when from about 25 to 30
per cent of the total halogens are represented by bro-
mides; there exist, however, individual differences,
a fact that must be borne in mind.

After this, it is easily understood that the action of
the bromide medication depends not only on the bro-
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Chart 1.—Graphic illustration (from figures of Bernoulli) that the
maintenance of a certain level of urine bromides to total urine halogens is
dependent on the variation in sodium chloride intake as well as bromide
intake,

mide intake but also on the chloride intake. That is to
say, prescribing bromides without knowing the chloride
intake or the bromide saturation is the same as letting
a patient take as much or as little bromides as he
chooses. The relations are clearly demonstrated 'in
chart 1, which was constructed from Bernoulli’s figures.
Abscissa and ordinates of the chart give the intake of
sodium chloride and sodium bromide; the curves givé
the urine saturation level. The fact is emphasized by
Ulrich, that with equal doses of chlorides and bromides,
bromide intoxication is produced in three weeks.

The methods for determining bromides in the blood
or urine, i. e, in the presence of chlorides, are some-
what tedious and require a chemical laboratory outfit
as well as some technical skill.

Walter ¥ described a color reaction between gold
chloride and bromides; his colorimetric method, how-
ever, according to Bieling and Weichbrodt, is prac-
tically useless, the limits of error are so great.
Hauptmann’s ¥ modification gives better results but
requires a colorimeter.
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I aimed to develop a method which would be simple
enough for practical use and not require special equip-
ment, and therefore devised a comparator consisting
of tubes containing certain dyestuffs, the color shadgs
of which correspond to the color changes of certain
bromide concentrations after the addition of gold
chloride. T

The principles of the method involve the coagulation
of the serum and the addition of gold chloride to the
filtrate, producing color changes corresponding to the
bromide concentration and varying from  a yellow
greenish brown to a red brown. The reaction is specific
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refiltered. To each cubic centimeter of filtrate, 0.2 cc.
of 0.5 per cent gold chloride (Merck) solution is
added, and then compared in the comparator with the
color tubes. On the color tubes are figures which
indicate the milligrams of sodium bromide per hundred
cubic centimeters of serum.i?

TABLE 1.—Errors with Different Concentrations and
Different Serums

Bromides Bromides Found in
Added to Filtrate by
Serum, Mg. Comparator, Errorin Error in
for 1C0 Ce. Mg. per 100 Cc. Mg. Percentage
25 24.62, 24.75, ~0.38, —0.%, 1.5, 1.0,
2.0 +) V]
60 46.0, 46.0 —4.0, —4.0 - 8.0, 80
5 64.52, 67.45, —10.48, —17.55, 13.9, 10.1,
67.65 =13 - 9.8
100 91.85, 03.23, —8.15, —6.77, 8.2, 68,
93.0 —2.00 2.0
150 130.3, 130.7, -~10.7, —19.3, 131, 129,
134.0, 132.3 —-16.0, —17.7 10.7, 111
200 177.5, 1759, -5, —241, 11.3, 12,0,
1726 —27.4 13.7

"
WO SUDUN TN VU B 1 b

Chart 2 (case 1).—Admission, Sept. 19, 1925,

for bromides with the exception of the iodides. Natu-
rally, the coagulate retains some bromide; the retained
amount varies slightly with the different protein content
of different serums and mainly with the absolute bro-
mide content; this causes a definite but, as will be
seen, a negligible, error, in the clinical results. Table 1
shows the errors of different concentrations and with
different serums. It is easily seen that the error
increases with the concentration of bromides. As the
comparator, however, does not regard differences lower
than 25 mg. per hundred cubic centimeters in the
weaker concentrations, and in the higher concentrations
only differentiates between 200 and 300 mg. per hun-
dred cubic centimeters, the error of the method can be
neglected. After all, I do not intend to make a quan-
titative chemical determination but rather an estimation
which serves adequately for practical clinical use.
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Chart 3 (case 2).—Admission, March {3, 1926;

Therefore, from this standpoint, it seems better to have
an approximately exact method rather than none at
all, and that the method meets this demand can be seen
from the cases to be described later.

TECHNIC

The method of procedure is as follows: Ten cubic
centimeters of blood is drawn from a vein of the patient
and allowed to coagulate. To 2 cc. of serum, 4 cc.
of distilled water and 1.2 cc. of 20 per cent trichlora-
cetic acid are added. After standing for half an hour,
the mixture is filtered through a small filter. The
filtrate must be clear; if necessary, the solution is

Having described the mode of action of the bromides
in its relation to the chlorides, and the method and
apparatus for approximate bromide determination, I
will demonstrate the practical application of the method
in a series of cases.
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Chart 4 (case 3).—
Admission, April 13,
1926.

Chart 5 (case 4).—Ad-
niission, April 16, 1926.

REPORT OF CASES

Cases ™ 1 and 2.—Varying doses of sodium bromide were
given. The charts (2 and 3) were constructed by determining
the total halogen amount of the serum by titration with silver
nitrate; the bromides were then determined in the serum with
the colorimetric method; the chlorides then could be calcu-
lated. The black bars represent the chlorides expressed in
milligrams of sodium chloride per hundred cubic centimeters
of serum. The shaded areas represent the bromides as sodium
bromides per hundred cubic centimeters of serum. Both
charts . demonstrate how the bromides increase slowly with
the increased doses of sodium bromides; they also show how
the chlorides are diminished as the bromides increase, and
finally how bromides are retained in the blood for quite a
length of time after bromide administration has been stopped.
The results obtained by this simple method check well with
the previous results of those authors who have worked with
more exact quantitative methods.

Of greater interest are the observations in pathologic
cases.

Case Q.———A woman, aged 23, of the schizophrenic reaction
type, having taken bromides in large doses, amount not known,
before coming to the hospital, was admitted, April 13,

12, The comparator with the necessary agents and pipets is manufac-
.tured by the La Motte Chemical Products Company, McCormick Building,
Baltimore.

13. In the cases reported, all determinations were made with the colori-
meter, with which the percentage of error due to serum absorption of
the bromides varies from 0 to —13 per cent. The comparator does not aim
to estimate closer than 25 mg. per hundred cubic centimeters of serum.
Therefore the absorption error can be disregarded, as the comparator
allows for variations from 33 per cent in the lower to 12.5 per cent in
the higher concentrations. The absorption error therefore always fails
within the limits of error of the comparator. Each comparator has heen
checked against standards with the colorimeter.
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1926, with hallucinations, and very severe acne, but without
neurologic disturbances.

This was a case of bromide intoxication, the blood contain-
ing 264.2 mg. of sodium bromide per hundred cubic cen_ti-
meters of serum. The acne cleared up rapidly when bromide
administration was stopped and sodium chloride solution was
given by mouth. The antagonistic displacing behavior of the
chlorides stands out plainly.

CasE 4.—A woman, aged 58, had been treated with bromides
for some time, doses not known, until suddenly she fell into
coma. The disturbance manijested itself in disorientation;
drowsy, tearful hallucinations; limitation of the conjugate
movements of the eyes; limited, somewhat masklike facial
movements ; difficulty in swallowing, and regurgi:ation through
the nose; a speech defect suggesting the bulbar type; tremor
of the arms; rigidity of the arms and legs to passive move-
ments; hyperactive reflexes; absence of abdominal reflexes,
and unstable gait. Because of thecse symptoms, the case was
previously diagnosed as questionable encephalitis, cerebral
arteriosclerosis, or pseudobulbar palsy.

When the patient was admitted, April 16, 1926, she had’

heen for some time without bromides, so that the serum bro-
mide content which, April 21, was still 124.4 mg. per hundred
cubic centimeters of serum, must have been considerably higher
before this date, and in the toxic zone. The condition cleared
up rapidly after the administration of salt sclution.

CasE 5—A woman, aged
45, had been taking bro-
mides at home for “ner- I
vousness,” doses unknown,
since the spring of 1925 e n

M
e —

0]

She developed acute delir- - 1 N
ium, June 26, 1926, and pow P o 297
when admitted, June 28, Chart 6 (case 5).—Admission, June
showed restlessness, dis- 28, 1926

orientation, misinterpreta-

tions, visual hallucinations, tremor of the tongue and
hands slurred speech, ataxic, recling gait, and acne. The

sodium bromide content of the serum was 339 mg. per hundred
cubic centimeters. Treatment with about 150 grains of sodium
chloride (10 Gm.) daily in water caused the ataxia to subside
in five days; in ten days the spcech was clear, and hallucina-
tions were less vivid, and the sixteenth and seventeenth days
were free of hallucinations for many hours. The twenty-third
day the patient emerged from the delirium, oriented, and with
full insight.

This was a case of pronounced bromide intoxication with
mental and neurclogic symptoms. The chart demonstrates
that it is sufficient to determine the absolute amount of
bromides in the blood without chloride estimation.

Case 6.—A man, aged 52, who had taken 80 grains
(32 Gm.) of sodium bromide a day, from May 14, 1926,
until May 29, 1926, became sleepy and drowsy, May 29. He
was admitted to the hospital June 2, disoriented, delirious and
talkative, with visual hallucinations

and confabulations. There were thick pot

spcech, tremor of the tongue and -

fingers, absence of abdominal and ¥ '
cremasteric reflexes, and hypalgesia e S R
of skin. With chloride administra-

tion, the patient recovered completely Ad(";nhii!:m'? Ju(:;:ses, ?Z{é;

in eighteen days.

This patient also represented a case of severe hromide intox-
ication with delirium and neurologic symptoms, which yielded
promptly to bromide eclimination.

Case 7—A woman, aged 53, had had bypertension with
headaches for twenty vears. She had taken bremides for five
years, amount not known. Now and then morphine had been
taken, but the habit had not been formed: the last dose had
been taken in February, 1926. There had been five confusional
periods with hallucinations since November, 1925, When
admitted, May 1, 1926, the patient was approximately oriented.
She had visual and auditery hallucinations, tremor cf the
tongue and underactive knee jerks. Aunkle jerks and abdom-
inal reflexes were ahsent. No medication was given at first;
later, salt solution was administered. The visual hallucina-
tions stopped first; then orientation veturned. After sixteen
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days there were free intervals; on the twenty-eighth day the
patient was free of mental symptoms and had good insight.
She was discharged, May 30, 1926.

As this was one of our carly cases, the blood was not tested
for bromides until fourtcen days after admission. The bro-
mide content was then still 111.3 mg. per hundred cubic centi-
meters after fourteen days of bromide abstinence. The level
on admission must therefore have been considerably higher.

Case 8 —A woman, aged 61, had suffered
from sleeplessness since October, 1926. She
took approximately 90 grains (5.8 Gm.) of bro-
mides from the end of October, 1926, to
November 15. When admitted to the hospital,
November 17, she was delusional, discriented,
and subject to misinterpretations ; she had thick -
speech, difficulty in walking. muscular incoordi-
ration, blood pressure from 160 to 150, and
albumin, 4 -4, in the urine. The patient devel-
oped bronchopneumonia and died, November 27.
The bromide content, November 18 (nine days
before death), was 207 mg. per hundred cubic
centimeters of serum.

This case is one of a bromide intoxication in a patient with
cardiovascular disorder. It is cf interest that the patient
went through a confusional state with speech difficulty in
July, 1926, which cleared up entirely with cessation of
hromides.

Case 9—A man, aged 30, had had difficulty in sleeping
simce June, 1926. He took 45 grains (3 Gm.) of bromides a
day from August 17 to September 17. Then he became deli-
rious, and was admitted, Sept. 20, 1926. He was disoriented,
with hallucinations, poor insight and memory, and restlessness.
The pupils were irregular, and reacted sluggishly; the tongue
protruded to the left with tremor. There was tremor of the
lips and fingers; the Romberg sign was positive, the specch
slurred, and the writing poor. The blood and spinal fluid

procent

E I

Chart 8 (Case
7). — w oo
wecks after ad-
mission.

{0.4 cc.) Wassermann reactions were positive; 14 cells;
Pandy, + -+ -k 4 ; mastic and gold curve, negative. Septem-
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Chart 9 (case 9).—Admission, Sept. 20, 1926.

her 28, the patient exhibited his first period of clearness;
October 3, he became clear; October 6, there was a flareup
of fear and hallucinations, which occurred also on October 11,
18 and 22. He was discharged, October 25, with no per-
sonality deterioration, normal memory and judgment. The
speech was slightly slurred. The pupils were normal and the
neurologic examination was negative.

This case represents a bromide delirium in a case of cere-
brospinal syphilis. Without the bromide determination, we
would not have recognized that there was a superimposed
bromide intoxication and might have thought that the clinical
picture was merely due to metasyphilitic disturbances.

CAse 10—A womaun, aged 51, feel-

ing “run down,” began., June 17, to g

take about 100 grains (7.5 Gm.) of " ;

bromides a day. She became weak

and forgetful; Augnst 5, she was " i

forced to go to bed, because of delu- [ 7
sions.  August 13, the condition e ut

becamme worse, with disorientation,
delusions, and thick speech. WWhen
admitted, Aug. 17, 1926, the patient
was disoriented, with confabulations, delusions, auditory halluci-
nations and no insight; test phrases were badly slurred, and
abdaminal reflexes were absent.  August 23, the hallucinations
and dclusions persisted, although somctimes the patient was
oricented. Salt was given by mouth.  Scptember 13, the paticnt
was still discriented to a farge extent, with delusions and
hallucinations.  September 16, she felt better.  During the
next cight days she was only once delirious during the night;

Chart 10 (case 10).—Ad-
mission, Aug. 17, 1926,
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there was growing insight. October 6, the mental condition

was quite clear. o o )
This was a case of bromide intoxication which presented
mental symptoms of a delirium. .

COMMENT

The series of cases shows how the clinical picture
of bromide intoxication varies. The only sign may be
a very severe acne; in other cases neurologic symptoms
may occur which, together with euphoria, dulness and
defective memory, suggest the clinical picture of a
general paralysis; again, other cases show delirious
states and some finally show an admixture of the bro-
mide intoxication symptoms with the symptoms of the
more fundamental disease or reaction type.

It is not my intention, however, to enter on the clin-
ical aspects of the bromide intoxication. I wish only
to draw attention to two facts. The first is the fre-
quency of bromide intoxications, which still seems to
be somewhat underestimated and is demonstrated by
the fact that I was able in six months in 238 admis-
sions to find fifty patients who had bromides in their
bloed and twenty who showed signs of bromide intox-
ication—a total of about 21 per cent of admitted
patients who had been treated previously with bro-
mides. The second point is that in most of these cases
intoxication probably could have been avoided. This

TasLe 2.—Urinary Chloride Excretion and Intake

Volume, Ce. NacCl.,

(24 Hours) Gm.
EoS e 1,205 2.86
N.R. 220 268
J.8.... 1,000 7.74
AKX .. 470 6.61
J T .. 2,225 6.68
F.H 1,775 9.05
C... 1,175 3.76
A M 1,350 7.80
S.T. 900 4.59
B. .. 1,100 5.28
C.H... 1,150 5.40
R. .. 2,360 13.9
K. .. 650 71
Ww.G 1,375 7.56
A. M 1,155 5.2
F.D. 2,065 15.84
A.B. 630 3.39
E.T. 8% 82
W.G. .. 1,59 10.4
J. H. 1,950 7.6
H... 1,110 9.3
w 1,000 13.2
M. 1,275 8.02
w. 1,720 6.88
G... 1,655 5.04

is seemingly contradicted by the fact that, in some
cases, the doses that were taken were by no means
abnormally high. But this contradiction is only appar-
ent. An intoxication can doubtless be produced with
the small customary doses of sodium bromide because
the chloride intake may be too low; i. e., in an indi-
vidual case the ‘“normal” dosage of bromides is too
high in relation to the patient’s chloride balance. That
this was the case in most of my patients can be seen
by the high absolute bromide content of the serum.
It has been demonstrated that equal doses of chlorides
and bromides lead with certainty to an intoxication in
about seventeen days to. three weeks.!* The routine
dosage of bromides (from 45 to 75 grains [3 to 5 Gm.]
a day) is based on the chloride intake of about 15 Gm.
(225 grains) a day. But not all persons have a chlo-
ride intake of 15 Gm. Table 2, which shows the
urinary chloride excretion and consequently also the

14. Toulouse: Gaz, d. hép., 1900, p. 10; Rev. de psych., 1900; Gaz. d.
hép., 1904, Ulrich (footrote 9). :
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intake, taken from patients who had no other disease
leading to a disturbance of chloride metabolism, such
as pneumonia, cancer or nephritis, and who were on
the relatively uniform hospital diet, demonstrates the
enormous individual variations in chloride excretion
and therefore intake. Taking into account the inter-
action of bromides and chlorides, it is evident that if
these individual variations of chloride intake are not
considered it is merely a matter of luck whether bro-
mide treatment is successiul or not, or whether it does
or does not lead to intoxication. These facts justify
a demand for a clinical method for bromide estimation,
and the use of the method for patients under bromide
therapy.

The ideal control would be to determine both the
chloride and the bromide content of urine and blood.
That, however, will be an impossible task for a prac-
titioner and a very difficult one for institutions, such
as state hospitals, which have to deal with a large num-
ber of patients under bromide treatment. Therefore,
I have tried to present some simpler methods.

TURINE TEST IN BROMIDE INTOXICATION

For the chemical diagnosis in a questionable case of
bromide intoxication, it will be advisable first to try a
simple test for bromides in the urine. If this is nega-
tive bromide intoxication can be excluded. This
method is as follows:

To 25 cc. of urine about 1 Gm. of animal charcoal
is added, mixed well, allowed to stand for a few min-
utes, and then filtered. To exactly 5 cc. of filtrate
measured into a test tube, 1 cc. of 20 per cent trichlo-
racetic acid and 1 cc. of 0.5 per cent gold chloride
solution is added ; a brown shade indicates the presence
of bromides. In order to be able to recognize the color
change more easily, it may be advisable for those not
yet acquainted with the reaction to prepare the follow-
ing bromide solution and to treat as follows: To
0.5 cc. of 0.1 per cent sodium bromide solution, 4.5 cc.
of water, 1 cc. of 20 per cent trichloracetic acid and
1 cc. of 0.5 per cent gold chloride solution are added.
(It must be borne in mind that the presence of iodides
will be indicated by a precipitation, whereas in the
absence of iodides no precipitation appears.)

If this test is positive, then it will be necessary and
essential to determine the absolute bromide content of
the serum with the comparator,

For the control of any prolonged bromide treatment
it would, of course, be of value if possible to determine
the patient’s chloride balance in the urine before start-
ing treatment. This control of the urine chlorides
could prevent overdosing the patient from the onset.
The salt intake, doubtless to a large extent, is deter-
mined by individual habit, and the estimation of the
chlorides in the urine would inform one, for instance,
whether the patient is taking 5 or 10 Gm. daily. In
the former case, the bromides may not be prescribed
in higher doses than 2 Gm. (30 grains) a day, as a
patient otherwise would doubtless develop. an intoxi-
cation within about twenty days; on the other hand,
with a salt intake of 10 Gm. or more, the dose of
30 grains of bromides a day would probably be
insufficient. .

However, whether this preliminary chloride deter-
mination can be made or not, I should like to lay the
main stress on the importance of determining the abso-
tute bromide content of the serum. The importance of
such a control for the prevention of bromide intoxi-
cation has been illustrated by the cases reported.
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BROMIDE TREATMENT IN EPILEPSY

Finally, I will add a few words about the bromide
treatment of epilepsy.

Ulrich was the first to control the bromide saturation
or relative bromide content of his epileptic patients;
that is to say, the percentage of total halogens in the
urine represented by bromides. He found large indi-
vidual differences as to the optimal individual.satura-
tion. Of forty-eight epileptic patients who had been
kept free of convulsions for several years by bromide
therapy, ten showed a relative bromide content of from
1 to 5 per cent; nineteen, from 5 to 10 per cent; five,
from 10 to 15 per cent; eight, from 15 to 20 per cent,
and six, from 20 to 25 per cent. Ulrich’s results prob-
ably are the best ever obtained by bromide treatment;
a status epilepticus has not occurred with “his house
patients, numbering from 300 to 400, since 1911.
These results can be obtained only by a chemical study
and control of the patient’s urinary or blood bromides.
That this method has not been taken up as readily as
one would have expected, and as would have been
justified, is due to the complexity and methodologi-
cal difficulties of the Berglunds method, even in
Rernoulli’s modification, which is used by Ulrich. I
hope I have eliminated this difficulty to a great extent
by having given a relatively simple technic,

Although my work, to date, with this simplified
tcchnic has not been extensive (fifty cases), I feel jus-
tified in setting rough standards as to the safety limits
of bromide content in the blood serum. I feel that it
is not wise to exceed a limit of 125 mg. of sodium
bromide per hundred cubic centimeters of serum for
the average patient. It seems likely that the bromide
tolerance of patients suffering from anemia, malnutri-
tion, cardiorenal disease, and possibly also alcoholism
and drug addiction, is lower, and therefore this arbitrary
standard may be a little high in these particular cases.
On the other hand, in some epileptic patients it is well
known that certain factors tend to increase the fre-
quency of convulsions (such as menstruation, unavoid-
able periods of overwork and excitements, or dietary
alterations of salt balance), and under these circum-
stances it will probably be wise to allow this level of
blood bromides to be exceeded. - When the blood bro-
mides increase beyond 150 mg. per hundred cubic centi-
meters of serum, I believe that the patient is liable to
intoxication symptoms and therefore speak of bromide
content above this figure as the “toxic zone.”

As a matter of practical handling of epileptic
patients, I recommend the following: It is wise to
keep the patient slightly above the lowest level at
which his convulsions have disappeared. This slightly
increased level will guard against the effect of any sud-
den increase in salt intake. This will eliminate the
possibility of the development of status epilepticus—an
ever present serious danger for the epileptic patient. [
feel that if convulsions, in the more severe cases, cannot
be controlled by bromides up to from 170 to 200 mg.
per hundred cubic centimeters of serum, there is no
use to attempt to push bromide therapy—in fact, 1
should advise against maintaining this level for any
length of time.

SUMMARY

There are two simplified methods for determining
the extent of bromide intoxication: (1) a qualitative
test for bromides in the urine, and (2) a comparator
method for the clinical estimation of the bromide
content of the blood serum.

BROMIDE TREATMENT—WUTH
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The qualitative urine test is useful in (a) cases
suspected of being bromide intoxications, and (&) puz-
zling delirious and organic neurologic cases, which
not infrequently prove to be due to bromide
intoxication.

In fact, with the simplicity of the method it deserves
to be made a routine urine examination. With the
frequency of bromide intoxications, it will well repay
the little amount of work it requires.

The control of the bromide content in the serum

-seems essential when bromides are being used either

as a sedative or in the bromide treatment of epilepsy.

The chemical control may help to prevent the mis-
taking of bromide intoxication for organic brain dis-
ease (organic- deliriums, epileptic psychosis, general
paralysis) in epileptic patients who have been uncon-
trollably dosed with bromides for a long period of
time.

In both cases, whether bromides are used as a seda-
tive or as an antiepileptic, the physician will be enabled
by the chemical control to have a clear record of the
case and also to be safeguarded against self-prescribed
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Chart 11,—Shaded area represents error which has béen eliminated by
standardizing the color tubes in the comparator, accordingly; broken linc,
sodium bromide in water compared with water standard; solid line, sodium
bromide in serum compared with water standard.

changes on the part of the patient. He will be able to
avoid insufficient doses on the one hand and intoxica-
tion on the other hand, and thus be in a position to
render a bromide treatment more rational and conse-
quently more successful.

A CORRECTION OF COMPARATOR STANDARD TO ELIM-
INATE ERROR OF SERUM ADSORPTION

Our previous experiments showed that serum
adsorbed a certain amount of bromides—this amount
increasing proportionally to the concentration of the
bromides, and that the amount adsorbed is practically
independent of the particular blood serum (between 1
and 4.1 per cent). This adsorption loss is indicated
in chart 11 by the shaded portion, which represents
the difference in the amount of bromides estimated
from watery solution and from serum solutions of
known quantities of bromides. The standard solutions
in the comparator are corrected to eliminate this error.
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page 75 7. Bratton, A. C. and Marshall, E. K., Jr. (1939)
COMMENTARY TO A New Coupling Component for Sulfanilamide Determination. Journal of
Biological Chemistry 128(2): 537-550.

n the early 1930s Gerhard Domagk in Germany discovered the first clinically effective antibiotic. The drug was

a red azo industrial dye named 4'-sulfamyl-2,4-diaminoazobeneze and was sold under the trademark name

Prontosil™ (1). Prontosil turned the patient’s skin red, but it cured otherwise fatal streptococcal infections. It

was effective in humans and animals but not in vitro in bacterial cultures. Studies in humans by numerous
investigators including Colebrook and Kenny in England in 1935 (2) confirmed the clinical efficacy of Prontosil.
Trefouel and co-workers in that same year at the Pasteur Institute determined that the active portion of the molecule
was the sulfanilamide moiety and not the red dye (3). Biotransformation in vivo released the active compound
sulfanilamide from the Prontosil molecule. Long and Bliss in the United States (US) soon reported on the clinical
efficacy of sulfanilamide (4). When the son of the President of the US was cured of a life threatening streptococcus
infection with sulfanilamide the front-page headline in the New York Times on December 17, 1936 read “Young
Roosevelt Saved by New Drug” (5). This helped launch the era of antibiotics in the US.

Sulfanilamide was released at a time in history when safety and efficacy studies were not required prior to the drug
being sold for use in humans. In the US, the Food and Drug Administration (FDA) laws required only that the product
label list all the active ingredients. Eli Kennerly Marshall, Jr. at The Johns Hopkins Hospital whose paper is presented
here was a dissenting voice in the rush to embrace this new wonder drug and the analogues that soon followed. Marshall
produced reports on the sulfonamides that defined for the first time the pharmacokinetic characteristics of these drugs.
He insisted that all new drugs must be carefully studied before being used in humans. His February 1937 paper in Science
described for the first time a method for the measurement of sulfanilamide in biological fluids. This was almost five years
after the drug was first used in humans. He used this method to study its metabolism in animals and humans (6). A month
latter he reported on the blood levels in humans following standard oral dosing (7). He established that concentrations in
the tissues are dependent on blood levels and recommended dosing intervals to maintain adequate levels to ensure
clinical efficacy. He demonstrated that the drug passes the blood brain barrier and is present in cerebrospinal fluid. The
method he developed was a colorimetric procedure that was based on a diazo dye formation with the free amino group on
the benzene ring of the drug. The blue-purple color was read visually or with a Dubsocq colorimeter (8,9).

By the summer of 1937 Squibb, Merck, Calco, Lederle, Winthrop, Eli Lilly and Parke—Davis had sulfanilamide on
the market without the benefit of any safety studies (10).

An editorial in the Journal of the American Medical Association (JAMA) with the title “Sulfanilamide-A Warning”
claimed, “Many months of investigations of the pharmacology, toxicology, and clinical application of new pre-
parations under carefully controlled conditions are needed to provide evidence of therapeutic value” (11). Four
months latter Marshall, Cutting and Emerson published in the same journal a study on the acute toxicity of
sulfanilamide in rabbits, dogs and mice along with the chronic toxicity in dogs and rats (12). Other researchers used
Marshall’s method to demonstrate that the drug passed into the human fetus following oral administration to the
mother (13—-14). Between September and October 1937 in the US 76 people died after taking an elixir of
sulfanilamide. The newly released preparation contained diethylene glycol as a solvent. No animal toxicity studies
were required or performed before release of the product (15).

The success of sulfanilamide led to the development of a wide range of structural analogues. In 1939 Marshall in JAMA
referred to the release of these new drugs with out adequate experimental studies as “stupid and unscientific” (16). Marshall
continued to refine his method and used it to study the pharmacokinetics and toxicity of the different sulfonamides
(17-18). The paper presented here by Bratton and Marshall describes the final version of their assay. A protein free filtrate
of blood is made with trichloroacetic acid (TCA) followed by the addition of nitrous acid to form a diazo link to the free
amino group on the benzene ring. Sulfamate ions were used to remove free nitrous acid and the p-
diazobenzenesulfonamide drug was coupled to N, N-dimethyl-1-naphthylamine to form a color complex. Goth
substituted acetone for TCA and eliminated the need for filtration (19). The A.S. Aloe Company in St. Louis produced a test
kit for sulfonamides that provided all the reagents for the Bratton—Marshall assay except for the acetone, in tablet form. An
advertisement for the product claimed that the assay could be run on 200 p.L of blood at the bedside in 7—8 minutes (20).

Marshall was elected President of the American Society for Pharmacology and Experimental Therapeutics in 1942
and died in 1966 (21). Today sulfonamides are most often measured in biologicals by high performance liquid
chromatography (HPLC) (22).
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The Bratton—Marshall assay however continues to find use in specialized applications. It has been used in
pharmacogenomic studies when a sulfonamide is used to test for acetylator status (23). Laikind, Seegmiller and
Gruber developed a novel application for the assay in 1986 (24). They used it to screen for elevated levels of succinyl-
adenosine and ribosyl-4-(N-succinyl-carboxamide)-5-aminoimidazole in urine as an indicator of a rare neurological
disorder due to a deficiency of the enzyme adenylosuccinate monophosphate lyase (EC 4.3.2.2). Urine specimens
were collected onto filter paper strips and dried. The Bratton—Marshall assay was run on a simple water extract of the
paper strips. Results were found to agree with HPLC.
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The method proposed for the determination of sulfanilamide
(1-3) has been widely used in estimating the drug in blood and
urine both in experimental work and in controlling the dosage of
the drug for patients. During the 2 years since the method has
been in use, certain disadvantages have become apparent. The
use of N, N-dimethyl-1-naphthylamine (dimethyl-a-naphthyl-
amine) as the coupling component for the diazotized sulfanil-
amide is not entirely satisfactory on account of the necessity of a
catalyst for rapid development of color in dilute solutions, the
need of a large excess of the reagent, and the necessity of a certain
amount of alcohol to keep the resultant azo dye in solution. A
coupling component which can be obtained in the form of a crys-
talline salt of reproducible composition and which gives a soluble
azo dye in acid solution appeared desirable. The other defect
which was discovered in the method was that certain samples
of dimethyl-a-naphthylamine did not give complete recovery of
sulfanilamide added to normal blood. This was found to be due
to the salts (mainly chloride) present in the blood filtrate catalyz-
ing the destruction of the azo dye by the excess nitrite.

Modifications of our method by various authors offer no real
advantages. In the main, these procedures have consisted in
altering the amount of blood and reagents used (4), a purification
of the coupling component (5), or a restatement of slight modifica-

* This investigation has been aided by a grant from the John and Mary
R. Markle Foundation.
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tions already described by the author (6, 7). Two important
improvements in the method were described about a year ago
(8); namely, the destruction of excess nitrite by ammonium sul-
famate and the buffering of the diazotized solution before coupling
with dimethyl-a-naphthylamine. The destruction of excess
nitrite, by preventing the formation of nitroso compounds, allows
the use of a much wider variety of coupling components than is
otherwise possible. Previously, but unknown to us at the time,
Hecht (9) determined N*-sulfanilyl-N!, Ni-dimethylsulfanilamide
in urine and blood by coupling the diazotized compound with
N-ethyl-1-naphthylamine after destruction of the excess nitrite
with sulfamic acid or urea.

We decided that the ideal coupling agent for determination of
sulfanilamide should exhibit rapidity of coupling, sensitivity,
purity, and reproducibility, be unaffected in rapidity of coupling
by changes of pH from 1 to 2, and that the azo dye formed should
be acid-soluble and not affected in color by pH changes from 1
to 2. A number of compounds which appeared to be promising
in these respects and which couple in acid solution! have been
examined.

The rapidity of coupling (speed) was noted for diazotized 0.1
and 0.01 mg. per cent solutions of sulfanilamide buffered to pH
1.3; also the influence of pH on the rapidity of coupling with a
1 mg. per cent solution, the sensitivity with a 0.01 mg. per cent
solution, the solubility of the azo dye with a 10 mg. per cent solu-
tion, and the effect of pH on the color of the dye in the same
solutions used for determining the effect of pH on speed. Tri-
chloroacetic acid was used for acidification, excess nitrite was
destroyed with ammonium sulfamate, and pH was varied by
adding excess acid or sodium dihydrogen phosphate. In Table
I are summarized these preliminary tests on seventeen compounds.
Two aqueous solutions of each coupling component were used,
one of such a strength that 10 moles per mole of diazonium salt
were used for the 10 mg. per cent solution of sulfanilamide and the
other one-tenth as strong for use with the other dilutions of the
drug. A minimal quantity of hydrochloric acid was used to
dissolve coupling Compounds 1 to 3, 6 to 9, and 13; sodium

1 Coupling in alkaline solution has certain disadvantages which have
been cited (3).
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hydroxide was employed on Compounds 4, 10 to 12, 15, and
16; alcohol was necessary for Compound 17. Coupling Com-
pounds 2 to 4, 7, and 10 to 17 were obtained from E. I
du Pont de Nemours and Company, Inc., through the courtesy of
Dr. H. A. Lubs and Dr. D. E. Kvalnes. Compounds 1,22, 4, 7, 8,
15, and 17 were prepared or purified from the commercial base or
salt before use, Compounds 1, 6, 8, and 9 were from the Eastman
Kodak Company, and Compound 5 was synthesized by us.

On the basis of rapidity and sensitivity only five compounds
(Nos. 2, 3, 5, 7, and 8) offer improvement over N,N-dimethyl-
1-naphthylamine (No. 1). Of these, Compounds 7 and 8 are
eliminated because they yield precipitates with diazotized 1 mg.
per cent sulfanilamide. Compound 3 is eliminated because of
the considerable influence of pH on rapidity of coupling, leaving
only Compounds 2 and 5 for consideration. Compound 2 is very
difficult to purify, and possesses no definite physical properties
to aid in its characterization. It is to be expected that different
batches of the compound would show considerable variation in
purity, and the lack of reproducibility would render it unsuitable
for use in the method. Compound 5, N-(1-naphthyl)ethylenedi-
amine dihydrochloride may be readily prepared in a state of high
purity. Its coupling is very rapid and uninfluenced by pH in the
range of 1 to 2. This range of pH has no effect on the color of the
dye, and the dye is more soluble in this range than that from any
other coupler we have examined.

Preparation and Purification of N-(1-Naphthyl)Ethylenediamine
Dihydrochloride

No adequate chemical description was given by Newman (10,
11) who first prepared this compound through the Gabriel syn-
thesis. Therefore, the following modifications of Newman’s
synthesis and a rather detailed characterization of the compound
seem justified.

B-(1-Naphthylamino) Ethylphthalimide—This was prepared by
essentially the procedure of Newman, except that 2.5 moles of
l-naphthylamine to 1 mole of B-bromoethylphthalimide were
used, and the product was recrystallized from glacial acetic acid.

2 This sample of dimethyl-a-naphthylamine was a pure sample which
had been aerated 30 minutes at 267° (3), and distilled at reduced pressure.
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The yield was 68 to 78 per cent of theory. If desired, half the
1-naphthylamine in the synthesis may be replaced by an equivalent
amount of sodium bicarbonate, resulting in a yield of 55 to 60
per cent.

The product is extensively soluble in hot glacial acetic acid,
benzene, and ethyl acetate, moderately in alcohol. It is moder-
ately soluble in cold ethyl acetate and benzene, fairly soluble in
alcohol, and slightly soluble in ether. It crystallizes from acetic
acid in greenish yellow, thin, irregular plates, m. p. 165.3-165.7°.
(A second recrystallization from this solvent with the addition of
activated charcoal yields a golden yellow product.)

Hydrolysis of B-(1-Naphthylamino)Ethylphthalimide—The use
of ordinary hydrolytic agents, even fuming hydrochloric acid as
employed by Newman, results in poor yields. Either of the fol-
lowing two methods may be employed.

(@) By Fused Sodium Hydrozide—pB-(1-Naphthylamino)eth-
ylphthalimide was ground intimately with an equal weight of
solid sodium hydroxide, and the mixture was distilled rapidly at
10 to 20 mm. pressure. The mass melted at 160°, an oily yellow
distillate passed over at 200-300°, and the distillation was dis-
continued when the residue began to char at 340°. The distillate
was extracted with the calculated amount of 0.05 N hydrochloric
acid (stronger acid yielded a turbid extract), and after the material
was decolorized with charcoal, the base was liberated with excess
sodium hydroxide, taken up in benzene, and dried over solid
sodium hydroxide. Upon distilling off the solvent and taking up
the base in a little alcohol, the calculated amount of hot alcoholic
picric acid was added and the solution was cooled. The red-
brown picrate was recrystallized from 6 N acetic acid (or 95 per
cent alcohol), and precipitated as tiny red octahedra in 40 to 70
per cent yield. Its melting point is not sharp, and depends upon
the rate of heating: placed at 222° into a fairly rapidly rising bath,
m.p. 227-228° with decomposition; in a more slowly heated bath,
m.p. 225-226° with decomposition.

CisHsNs0;. Calculated. C 52.02, H 4.13, N 16.87
Found. “ 52.21, “ 4.12, “ 16.82

Smaller still charges (8 to 10 gm.) gave higher yields, probably
due to the lower heat gradient in the mass. Larger batches (60
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to 70 gm.) gave lower yields because of a side reaction involving
scission of the side chain to yield 1-naphthylamine, whose picrate
may be obtained from the alcoholic picric acid mother liquor by
addition of 5 volumes of water. In one experiment with 0.0994
mole of B-(1-naphthylamino)ethylphthalimide, 0.0398 mole of
N-(1-naphthyl)ethylenediamine picrate and 0.0124 mole of
1-naphthylamine picrate were obtained.

Laberation of Base—The picrate was suspended in warm water,
treated with sodium hydroxide in slight excess, and the liberated
N-(1-naphthyl)ethylenediamine was taken up in benzene and
dried over solid sodium hydroxide. The dihydrochloride may be
prepared by bubbling dry hydrogen chloride into the benzene
solution, or the solvent may be evaporated and the base distilled
under reduced pressure.

(b) By Hydrazine—Refluxing $-(1-naphthylamino)ethylphthal-
imide in alcoholic suspension for 2 hours with hydrazine hydrate,
followed by addition of excess hydrochloric acid and continuation
of refluxing for 1 hour, results in an 85 to 90 per cent yield of fairly
pure N-(1-naphthyl)ethylenediamine dihydrochloride. The pro-
cedure was essentially that of the general method of Ing and
Manske (12). Substitution of the hydrazine hydrate by an
equivalent amount of hydrazine acid sulfate, sodium carbonate,
and a minimal amount of water gave a more nearly pure product
in slightly lower yield (70 to 80 per cent).

Properties of N-(1-Naphthyl)Ethylenediamine—The base is a
straw-yellow, viscous liquid with an odor resembling that of the
alkyl naphthylamines; the boiling point is 204° at 9 mm., about
320° with decomposition at 760 mm.; n¥® = 1.6648; d>° = 1.114.
The solubility in water is about 0.2 gm. in 100 cc. at 25°, more
soluble in hot than in cold water; the pH of a saturated aqueous
solution is 10.5. The base is readily soluble in the common or-
ganic solvents, except petroleum ether. It distils very poorly
with steam, even from concentrated alkali.

Salts of Base—The dihydrochloride is prepared by introducing
dry hydrogen chloride into a solution of the base in benzene or
ether, or by dissolving the base in excess hot 6 N hydrochloric
acid. Reerystallized from 6 N hydrochloric acid, it precipitates
in long colorless hexagonal prisms. Use of activated charcoal
is of advantage in obtaining a perfectly white preparation. We
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were unable to dry the dihydrochloride without loss of a little
hydrogen chloride, which resulted in a poor analysis. A mixture
of the mono- and dihydrochlorides is perfectly satisfactory for
use in the method, but it is, of course, advantageous to strive for
a pure dihydrochloride in order that the melting point may serve
in identification and control of purity. For this reason, the excess
mother liquor should be removed by pressing between filter paper
and the bulk of the remaining water should be removed tn vacuo
or by air drying. The last traces of water are removed by heating
briefly at 110° and transferring while still warm to a vacuum
desiccator. M.p. (placed at 184° in a fairly rapidly rising bath)
188-190°. If the dihydrochloride is distilled at reduced pressure,
a produet is obtained which melts at 231-232° with slight de-
composition, and is probably the monohydrochloride. The
dihydrochloride is easily soluble in 95 per cent alcohol, dilute
hydrochloric acid, and hot water; it is rather difficultly soluble in
cold water, acetone, and absolute alcohol.

CnHuNzClg. Calculated. C 5558, H 62‘}, N 10.82, Cl 27.37
Found. “ 55.52, “ 6.20, “ 10.41, “ 26.81

Prolonged drying of the analytical sample at 110° raised the de-
termined nitrogen to 11.60 per cent and lowered the halogen to
18.76 per cent. -

The zinc chloride and mercuric chloride salts and the acid sulfate
were prepared but the first is too soluble, and the melting points
of the latter two too high, to be of use in purification or identifica-
tion of the base.

Determination of Sulfanidlamide in Blood and Urine

Reagents®*—

1. A solution of trichloroacetic acid containing 15 gm. dissolved
in water and diluted to 100 cc.

2. A 0.1 per cent solution of sodium nitrite.

3. An aqueous solution of N-(1-naphthyl)ethylenediamine
dihydrochloride containing 100 mg. per 100 cc. This solution
should be kept in a dark colored bottle.

4. A solution of saponin containing 0.5 gm. per liter.

3 The reagents can be obtained from LaMotte Chemical Products
Company, Baltimore.
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5. 4 N hydrochloric acid.

6. A solution of ammonium sulfamate, containing 0.5 gm. per
100 cc.

7. A stock solution of sulfanilamide in water containing 200
mg. per liter. This solution can be kept for several months in the
ice box. The most convenient standards to prepare from the
stock solution are 1, 0.5, and 0.2 mg. per cent. To prepare these
5, 2.5, and 1 cc. of the stock solution plus 18 cc. of the 15 per cent
solution of trichloroacetic acid are diluted to 100 cc.

Procedure for Blood*—2 cc. of oxalated blood are measured into
g flask and diluted with 30 cc. of saponin solution, and after 1 or
2 minutes precipitated with 8 cc. of the solution of trichloroacetic
acid. The free sulfanilamide is determined in the filtrate as fol-
lows: 1 cc. of the sodium nitrite solution is added to 10 cc. of the
filtrate. After 3 minutes standing, 1 cc. of the sulfamate solution
is added, and after 2 minutes standing, 1 ce. of the solution of
N-(1-naphthyl)ethylenediamine dihydrochloride is added. The
unknown is compared with an appropriate standard which has
been treated as above. This comparison can be made immediately
and no change in color is observed for 1 hour or more. To deter-
mine the total sulfanilamide, 10 cc. of the filtrate are treated with
0.5 cc. of 4 N hydrochloric acid, heated in a boiling water bath
for 1 hour, cooled, and the volume adjusted to 10 cc. The sub-
sequent procedure is as stated above for determining free sul-
fanilamide.

Procedure for Urine—Protein-free urine is diluted to contain
about 1 to 2 mg. per cent of sulfanilamide and 50 cc. of the diluted
urine plus 5 cc. of the 4 N hydrochloric acid are diluted to 100 cc.
10 cc. of the product of this second dilution are treated as a blood
filtrate for free sulfanilamide, and 10 cc. heated without further
addition of acid for total sulfanilamide. If the urine contains
protein, it is diluted and treated by the procedure for blood.

Photoelectric Colorimeter—When a photoelectric colorimeter is
available, dilutions of blood of 1:50 or 1:100 can be used. The
blood is diluted with water (saponin is unnecessary), allowed to
stand a few minutes, and precipitated with trichloroacetic acid
solution, with a volume which is one-fifth that of the final mixture.

4 Sample and reagent volumes can be proportionately reduced to give
the minimal amount of filtrate necessary for an accurate color comparison.
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This allows the use of 0.1 or 0.2 cc. samples of blood which are
measured with washout pipettes. Determinations on urine or
other body fluids are easily made after appropriate dilution. The
reagent blank on distilled water is quite low, but increases with
time if the solution is left in the light. For this reason, solutions
to be read in the photoelectric colorimeter should be protected
from light unless the reading is made immediately. Some re-
action occurs between the trichloroacetic acid and the N-(1-
naphthyl)ethylenediamine, since solutions acidified with hydro-
chloric acid do not show an increased color on exposure to light.
The blood blank is extremely low and negligible for most purposes.
With a 1:50 dilution of human blood the correction due to the
blood blank varies from 0 to 0.03 mg. per cent. This blank can
be easily determined by performing an analysis as usual except
that water is substituted for the sodium nitrite solution. When
small concentrations of sulfanilamide are to be determined or
when a foreign dye such as prontosil or neoprontosil is present,
this procedure is quite useful. The color of the normal urinary
pigments can be conveniently corrected for by the same procedure.

When only a very small amount of blood is available, as in the
case of small animals such as mice, a determination can be made
with considerable accuracy on 0.02 cc. The adaptation is essen-
tially that described by Marshall and Cutting (13), the dilution
of blood being 1:200 or 1:400, depending on the concentration of
sulfanilamide present. The proportion of reagents used is the
same as in the other adaptations of the method. Centrifugation
before filtration of the protein precipitate is useful in securing the
maximum amount of filtrate.

In using a photoelectric colorimeter a filter is essential. With
dimethyl-a-naphthylamine the peak of the absorption of the
azo dye formed occurs at 530 mu (14). When N-(1-naphthyl)-
ethylenediamine is used, the peak of absorption is shifted to
545 my, and the dyes from sulfapyridine and Nl-ethanolsulfanil-
amide show the same absorption peak. In Fig. 1isreproduced an
absorption curve of the azo dye from sulfanilamide. We wish

sFor these dilutions (1 : 200 or 1 : 400, a photoelectric colorimeter of
high sensitivity, designed and constructed by Dr. Morris Rosenfeld of
this department, was used. A description of this instrument will be
published.
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to thank Dr. Elizabeth E. Painter of the Department of Physi-
ology, Columbia University, New York, for these absorption data.

Blood Dilution and Recovery—When a 1:4 dilution of blood is
used as suggested in Fuller’'s method (15) and in Proom’s (6)
adaptation of our method, a result 10 per cent too low may be
obtained. Sulfanilamide was added to three samples of mixed
human blood to give about 10 mg. per cent, and determinations
made with various dilutions for precipitation. The filtrates were
diluted when necessary to read with the photoelectric colorimeter.
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Fic. 1. Absorption curve of dye from coupling diazotized sulfanilamide
with N-(1-naphthyl)ethylenediamine.

Average percentage recoveries were for the 1:4 dilution 90.0,
for the 1:10 dilution 94.3, for the 1:20 dilution 96.9, and for the
1:50 dilution 99.5. Determinations on other samples of blood
with added sulfanilamide gave similar recoveries for the 1:20
and 1:50 dilutions.

With acetylsulfanilamide recovery is not complete in a 1:20
dilution of blood (about 90 per cent) but is complete in a 1:50
dilution. A series of eight bloods to which varying amounts of
acetylsulfanilamide were added gave recovery of 97.6 per cent
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(96.2 to 99.2) with the dimethyl-a-naphthylamine reagent in a
1:50 dilution. Since experiments show that solutions of pure
acetylsulfanilamide give theoretical results when hydrolyzed
with hydrochloric acid and estimated by use of the new coupling
component, no recoveries of the acetyl compound with the new
reagent were made.

The accidental errors of the method can be best illustrated by
some determinations made with the photoelectric colorimeter.
Sulfanilamide was added to a sample of mixed human blood and
fifteen determinations were made on the sample, 0.5 cc. of blood
(measured with a syringe pipette) being used each time in a 1:50
dilution. The mean value in mg. per cent was 4.888 + 0.039
with a maximum deviation of 0.113.

Protein Precipitation—Precipitation of the blood proteins with
trichloroacetic acid has been adopted in place of p-toluenesulfonic
acid for the following reasons: trichloroacetic acid of constant
quality and purity can be obtained much more readily than can
toluenesulfonic acid, no difficulty is experienced in determining
total sulfanilamide in a trichloroacetic acid blood filtrate when the
excess nitrite is destroyed (8), and the blood blank given with
trichloroacetic acid is much less than that obtained when toluene-
sulfonic acid is used. The last mentioned advantage is of great
importance when a photoelectric colorimeter is used, as the blank
obtained on human blood with trichloroacetic acid can usually be
neglected but must be taken into account when a toluenesulfonic
acid filtrate is used.

Body Fluids Other Than Blood and Urine—No difficulty has
arisen in estimating sulfanilamide and its acetyl derivative in
other body fluids by the same procedure as used for blood. When
tissues are to be analyzed, it appears desirable to extract the
ground tissue in a Soxhlet apparatus with a limited amount of
alcohol, dilute an aliquot portion of the extract with water, and
proceed as in blood, with a photoelectric colorimeter. This is
a simpler and less laborious method than the one previously used
for tissues (16).

Sulfanilamide Derivatives—As previously indicated (3), our
method can be used for determining diazotizable primary aryl
amines containing either a free amino group or a blocked amino
group which can be freed by hydrolysis. In the limited experi-
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ence which we have had in applying our method to the estimation
of compounds other than sulfanilamide, three points of importance
can be mentioned. With a very difficultly soluble substance, the
recovery in the blood filtrate is generally not quantitative unless
high dilutions (1:100 or greater) are used, so that either one must
use such dilution or must resort to the original alcohol precipita-
tion method (1). In the latter case, ammonium sulfamate is
used to destroy excess nitrite and N-(1-naphthyl)ethylenediamine
dihydrochloride is used as a coupling component. With certain
derivatives, the azo dyes formed will not be acid-soluble and a
certain amount of alcohol must be added with or just before the
coupling component. With some substances buffering is necessary
to obtain sufficient speed of coupling (e.g., aniline).

In the determination of sulfapyridine (2-(sulfanilamido)-
pyridine) with the present method, the following may be men-
tioned. To a sample of mixed human blood sulfapyridine was
added to make about 10 mg. per cent. Precipitation in a 1:4
dilution gave 80.8 per cent recovery, in a 1:20 dilution 93.7 per
cent, and in a 1:50 dilution 99.4 per cent. A number of other
experiments indicate incomplete recovery (average 91 per cent)
in 1:20 dilution with 5 to 10 mg. per cent in blood, but essentially
complete with values below 5 mg. per cent. With a 1:50 or
greater dilution, recovery is quantitative.

DISCUSSION

We have already discussed some of the so called modifications
of our method which have been proposed. It remains to mention
briefly other methods which have been suggested for the determi-
nation of sulfanilamide or allied compounds. Kithnau (17) has
described a method for estimating N*-sulfanilyl-N!, Ni-dimethyl-
sulfanilamide by the color produced with dimethylaminoben-
zaldehyde, and Schmidt (18) one for sulfanilamide, with the eolor
produced by sodium g-naphthoquinone-4-sulfonate. We have
had no experience with either of these. Scudi (19) has described
a diazotization procedure, followed by neutral coupling with
chromotropic acid, while Doble and Geiger (20) used diphenylam-
ine as an acid coupling agent. Neither of these latter methods
appears to be as satisfactory as the method we have described.

With a new compound, a few preliminary trials should indicate
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what slight modification of the method, if any, is necessary to
determine it accurately. However, we must caution investigators
against accepting results with a new compound until control
recoveries from blood and urine have been made.

SUMMARY

In the determination of sulfanilamide by diazotization and
coupling in acid solution, the use of N-(1-naphthyl)ethylenediam-
ine dihydrochloride offers the following advantages over N,N-
dimethyl-1-naphthylamine (dimethyl-o-naphthylamine): (1) re-
producibility and purity, (2) greater rapidity of coupling, (3)
increased sensitivity, (4) elimination of buffer, and (5) increased
acid solubility of the azo dye formed. An improved synthesis
and a complete characterization of the new coupling component
is presented. Slight modification of previous technique and ap-
plication to other primary aryl amines are described.
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hen the Japanese in World War II took control of Indonesia they shut off the Allies’ sole source of

quinine, the drug of choice for the prevention and treatment of malaria. Cinchona tree plantations in

Indonesia provided the bark from which quinine was extracted. In 1941, the world’s demand for

Cinchona bark exceeded 700 ton/year and 90% of that supply came from Indonesia (1). Synthetic
antimalarials like quinacrine were the only option available. Quinicrine was a synthetic antimalarial drug discovered
in Germany in 1932. Winthrop Chemical in the US made this drug and sold it under the trade name Atabrine™. In
1942 quinacrine became the official drug of choice for the US military as a substitute for quinine. Quinacrine however
caused a number of adverse side effects and had a difficult dosing schedule. The drug caused gastrointestinal
disturbances and turned the skin yellow. Preventative therapy required a 100 mg tablet three times a day. This, along
with the side effects made compliance under military field conditions very difficult. In 1942 at the battle of
Guadalcanal 8 500 soldiers or almost half of the 1st Marine Division was hospitalized with malaria (2). In that same
year in Papua New Guinea 28 000 Australian and American soldiers were hospitalized with malaria. The battle
casualties during that same period were 7 700 (3).

In 1942, the US National Research Council funded a major campaign to study antimalarial therapies and to develop
new and more effective synthetic drugs. It was the largest government funded biomedical research program in the US
in the first half of the 20th century (1). Bernard B. Brodie and Sidney Undenfriend, a 24-year-old graduate student,
were part of a group funded by the Research Council. They were housed in a basement laboratory in Building D at the
Goldwater Memorial Hospital on Welfare Island (now Roosevelt Island) in the East River in New York City (4).
Brodie and Undenfriend developed methods to measure drug and metabolite levels; solved a major problem in the
clinical pharmacology of antimalarials and helped introduce fluorescence technology into clinical chemistry and
pharmacology.

Brodie and Undenfriend’s paper on the development of a fluorometric assay for quinacrine and how they used it to
study the pharmacokinetics of the drug is presented here. They recognized the importance of the interference of the
drug’s more polar water-soluble metabolites in the assay and developed an ethylene dichloride extraction procedure.
Their selection of solvent excluded the interference of metabolites and improved the specificity of their assay. Parent
drug was back extracted into acid and the fluorescence read at an excitation of 365 nm (blue) and emission above
500 nm (yellow). In a simpler version of the assay the solvent extraction was made acidic with glacial acetic acid and
read directly. Tissue studies with this assay showed that after routine dosing the drug rapidly distributed into body
stores such as soft tissues and blood cells. These reservoirs quickly saturated after a short loading dose and helped
maintain adequate therapeutic plasma levels with a once a day maintenance dose (6). Toxic side effects were markedly
reduced with the lower dose. It was shown that clinical efficacy correlated with the plasma levels and not the dose
received. The three times a day empirical dosing schedule was quickly replaced by a once a day 100 mg tablet after a
short loading dose. The Surgeon General of the Army adopted this dosing protocol as official policy in September
1943 (7). Quinacrine went on to become standard issue throughout the armed services and the tactical and strategic
military problem of malaria was greatly reduced (4).

Brodie and Undenfriend along with others in their lab at the Goldwater Memorial Hospital expanded on the use of
fluorometric methods for the estimation of drugs in biological fluids and tissues. In 1943, they published a
fluorometric method for plasma quinine and quinidine, the cardiac antiarrthythmic drug also derived from Cinchona
bark (8). This method was used to demonstrate the narrow therapeutic index of quinidine shortly after it was
introduced into clinical practice in 1950 (9). In a single issue of the Journal of Biological Chemistry in April 1947, six
papers were presented on the fundamental principals of drug assay and methods development (10—15). The second
(11) and third papers (12) were based on fluorescence technology.

The fluorometric methods published in the 1940s from the Goldwater lab were performed with a quartz lamp filter
fluorometer. Udenfriend in 1995 recounted how this early work with Brodie led him and Robert Bowman to develop
the first commercial quartz spectrophotofluorometer (16). In their first description of the instrument published in
Science in 1955 Bowman, Caulfield and Udenfriend credit Brodie with getting them started on the project to build the
instrument that became the Aminco-Bowman spectrofluorometer (17). Udenfriend continued his research on the use
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of fluorescence technology and published a two-volume textbook on methods development and applications (18,19).
These two volumes are still a standard reference work in the field of fluorescence technology. Brodie went on to
become the director of the Laboratory of Chemical Pharmacology in the National Heart Institute at the National
Institutes of Health. Today he is recognized as the founder of modern clinical pharmacology (5). In 1967 he received
the Albert Lasker Award for Basic Medical Research. His citation read in part, “Probably no man has contributed
more to the body of knowledge which makes possible the rational use of drugs in the treatment of many diseases than
has Dr. Brody” (20).
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THE ESTIMATION OF ATABRINE IN BIOLOGICAL FLUIDS AND
TISSUES*
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(From the Research Service, Third (New York University) Medical Division, Goldwater
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New York University College of Medicine, New York)

(Received for publication, August 24, 1943)

The following are two methods for the estimation of atabrine in biological
fluids and tissues through the measurement of its fluorescence in an acidic
environment. The methods have a high degree of specificity in that they
exclude from the estimation the many fluorescent degradation products of
atabrine as well as the naturally occurring fluorescent components of
biological fluids and tissues.

The first method is a double extraction procedure. It is wholly satis-
factory for the precise estimation of the concentration of atabrine in the
plasma, whole blood, tissue, and urine of patients on the usual régimes of
suppressive or definitive atabrine therapy. The procedure gives recoveries
of added atabrine which average 98 per ecent with amounts as low as 0.1
v. Variation at this level is usually less than 5 per cent, and is minimized
when larger amounts of atabrine are present. The precision of the estima-
tion decreases when smaller quantities are present.

The second procedure involves only a single extraction. Its speed and
simplicity recommend it for use when possible. However, the sensitivity
of the measurement is somewhat less than that of the double extraction
procedure.

Double Extraction Procedure

The method described below effects the isolation of the atabrine from the
biological material by extraction of the free base with ethylene dichloride at
pH 8.0. The latter phase is then washed with 2.5 n NaOH and the atabrine
is returned as a salt to an aqueous phase of concentrated lactic acid.

General Considerations

Measurement of Fluorescence—The intensity of atabrine fluorescence is
subject to many factors. Some of these relate to the activating energy

* The work described in this paper was done under a contract recommended by the
Committee on Medical Research between the Office of Scientific Research and
Development and New York University.

This work was the subject of a report submitted to the National Research Couneil,
Division of Medical Science, on January 4, 1943.
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and others to the environment in which atabrine occurs. It has usually
been considered advisable to measure the fluorescence intensity of atabrine
in a weakly alkaline solution with the 365 mu band of the ultraviolet, be-
cause of the relatively high intensity of the fluorescence obtained under
these conditions. However, it has been found that the fluorescence of
atabrine in acid solution is also great when the 420 mu band of the ultra-
violet is utilized as the activating energy, and that the intensity may be
enhanced without any sacrifice in the stability of the fluorescence by the
presence of certain acids in high concentrations. The intensity of the
fluorescence under the latter conditions appears to be close to the maximal
obtainable.

It must be appreciated, however, that the intensity of the fluorescence to
be measured may be low, since the concentration of atabrine is so low in
certain of the biological fluids, more particularly plasma. The sensitivity
and precision of the estimation will therefore be conditioned, to a consider-
able extent, by the sensitivity and the stability of the fluorometer used in the
final assay of fluorescence. Several instruments with satisfactory char-
acteristics are now available. The No. 12 Coleman electronic photo-
fluorometer has been used in these studies, since it combines these essential
characteristics with simplicity of operation.

A filter system has been selected which does not result in manifest
fluorescence with extracts of tissues in the absence of added atabrine. This
system consists of a 2 mm. No. 5113 Corning glass filter (Coleman B4)
which is used to isolate the activating energy, and a Corning No. 3385
filter (Coleman PC9) which is used to limit the transmission of the resulting
fluorescent light. Advantages which are derived from this combination are
the large readings obtained with atabrine fluorescence in acid solution and
the ability to augment these by the addition of a non-fluorescent solute.
These are achieved in the method by making the final reading in a concen-
trated solution of lactic acid. An added advantage of the concentrated
lactic acid may be its high viscosity, which appears to be one of the factors
which operate in the enhancement of atabrine fluorescence.

It has been found that the fluorescence of atabrine is partly a function of
the temperature of the medium. Frequent calibration of the instrument
with the standard solution results in a diminished intensity of fluorescence
unless progressive heating of the solution by the ultraviolet lamp is pre-
vented. This end is achieved by keeping both standards and samples in a
water bath at room temperature before and between readings. The bath
must not be below room temperature, since otherwise the separation of the
small amount of ethylene dichloride which is dissolved in the lactic acid may
cause turbidity. The influence of temperature on fluorescence is so great
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that the manifest fluorescence may be increased 40 per cent by cooling the
cuvette containing the samples and standards in an ice-salt bath. This pro-
cedure requires the addition of another ml. of lactic acid to prevent the
separation of the ethylene dichloride and is not recommended as a routine
procedure.

Solvents—Ethylene dichloride has been chosen as the organic solvent.
It effects the extraction of atabrine in a highly efficient manner and at the
same time does not remove many of its fluorescent degradation products
from the biological sample. In addition, it has certain physical properties
which recommend its use. The vapor pressure and water solubility are low
and the specific gravity is high. The latter property is particularly im-
portant in that it minimizes the troublesomeness of emulsions which are
commonly associated with organic solvent extractions of biological material.
It must be appreciated, however, that, together with the other chlorinated
hydrocarbons, ethylene dichloride is toxic to the human organism. All
measurements or transfers of the solvent must, therefore, be made by
automatic glass equipment.

Lactic acid is the acid of choice in the return of the atabrine to an aqueous
phase, because of its efficient action in this procedure and because of the
combination of properties which produce a large enhancement in the
fluorescence of atabrine in aeid solution (see above).

Most reagent grades of lactic acid contain fluorescent material of a
foreign nature. This is routinely removed by extracting the lactic acid with
ethylene dichloride in a separatory funnel. The lactic acid is then separated
and shaken with a small quantity of charcoal. The charcoal is removed by
filtering twice through a Buchner funnel. Small amounts of fluorescence
due to foreign material in the ethylene dichloride do not usually constitute
a hazard in the procedure. However, it is routine practice to remove such
material with charcoal. The charcoal is removed in this case by filter-
ing twice through a double thickness of filter paper which has been previ-
ously washed with purified ethylene dichloride. Care must be taken in
both procedures to remove all carbon particles.

Standard Solutions—A strong solution of atabrine dihydrochloride
(100 mg. per liter calculated as the free base) may be stored indefinitely in a
refrigerator without deterioration. Concentrations of atabrine of 1 mg.
per liter or less are used in the preparation of working standards. These are
routinely prepared by diluting the concentrated atabrine solution with 0.2
M Na,HPO,. This precaution is essential, since the reversible adsorption of
atabrine on glass surfaces in the absence of electrolyte would constitute a
major error at the lower concentrations.
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Procedure

Add 3 ml. of 0.2 M Na,HPO, and 30 ml. of ethylene dichloride to 1
to 10 ml. of biological material' in a 60 ml. glass-stoppered Pyrex bottle
(blood is first hemolyzed with 2 parts of water). Shake vigorously for
5 minutes, preferably on a shaking apparatus. Decant into a 50 ml.
centrifuge tube and centrifuge for 10 minutes at moderate speed to
break the emulsion. Remove the supernatant layer by aspiration. A
solid gel sometimes forms in the ethylene dichloride which may be broken
by vigorous stirring with a glassrod. A second centrifugation at high speed
will then produce a clean separation of the two phases. Return the ethylene
dichloride solution to the original rinsed out bottle, restraining the coagulum
with a stirring rod. Add an equal volume of 10 per cent NaOH and
shake for 3 minutes. Remove the major portion of the sodium hydrox-
ide solution by aspiration and transfer the remainder of the contents of
the bottle to a narrow test-tube. Centrifuge for 1 minute. Remove the
supernatant layer by aspiration, wash the sides of the tube with water, and
remove the water by aspiration. Pipette exactly 20 ml. of the ethylene
dichloride into a prepared glass-stoppered bottle,? add 1 ml. of water and 10
ml. of 85 per cent lactic acid, and shake vigorously for 5 minutes. Transfer
to a prepared,? narrow 35 ml. centrifuge tube and centrifuge for 1 minute at
moderate speed. Transfer at least 8 ml. of the aqueous phase to a matched

1 Tissue homogenates may be simply prepared by the use of an electrically driven
homogenizer. A relatively inexpensive device is distributed by the Scientific Glass
Apparatus Company, Bloomfield, New Jersey. 1 or 2 gm. of tissue are added to 2 or
4 ml. of water and ground to a fine emulsion in a few minutes. Cell fragmentation is
the general rule.

It is essential, because of the distribution of atabrine in whole blood, to relate the
chemotherapeutic activity of atabrine to its concentration in the plasma rather than
to its concentration in whole blood. This conclusion is derived from the circum-
stance that the concentration of atabrine in leucocytes is about 400 times that of
plasma, and that variations in whole blood levels are often only a reflection of changes
in leucoeyte count. The unequal distribution of atabrine in whole blood requires
special precautions in the preparation of plasma for analysis. The technique used is
as follows: Blood is drawn with adequate amounts of oxalate as the anticoagulant.
It is immediately centrifuged at 1500 r.p.M. for 15 minutes, the upper portion of the
plasma removed, recentrifuged for 1 hour at 1500 r.p.M., and then carefully separated
from any solid residuum. This procedure is deemed advisable in order to remove
any possibility of contaminating the plasma sample with leucocytes or leucocyte
fragments.

2 Small blanks equivalent to 1 to 2 v of atabrine per liter may be obtained if the
glassware has been previously exposed to air, presumably due to the accumulation of
dust. The glassware for the second extraction and centrifugation must be free of
water. It is rinsed with a small amount of ethylene dichloride just prior to use.
These precautions are essential in the case of determinations of plasma concentra-
tions, since these will usually range from 5 to 50 v per liter with the usual suppressive
or curative régimes of therapy.
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cuvette and determine its fluorescence in relation to a properly prepared
standard. No effort is made to read the galvanometer with a greater ac-
curacy than a quarter of a division.

The sensitivity of the fluorometer is calibrated by an atabrine standard
prepared in lactic acid. The standard used in the routine estimation of
atabrine during ordinary atabrine administration to humans is prepared as
follows: Add 1 ml. of solution containing 0.5 v of atabrine to 10 ml. of
85 to 90 per cent lactic acid. A mixture of 10 ml. of lactic acid and 1 ml.
of water is used for the blank setting of the instrument. The manifest
fluorescence of atabrine is a linear function of its concentration in the range
usually encountered when the measurement is made with a suitable fluor-
ometer. Consequently, the calculation of atabrine concentration is by direct
proportion.

Alternate Procedure—As noted below ethylene dichloride extracts of
human blood and plasma contain little of the fluorescent degradation
products of atabrine. Consequently, the alkali wash is omitted in the
routine determination of atabrine concentration under ordinary conditions.
The procedure is identical with that detailed above until one has produced a
clean separation of the aqueous and ethylene dichloride phases after the
initial extraction. A pipette is then carefully inserted below the coagulum
and exactly 20 ml. of the ethylene dichloride are removed and placed in a
prepared glass-stoppered bottle. 1 ml. of water and 10 ml. of 85 per cent
lactic acid are added and the whole shaken vigorously for 5 minutes; the
mixture is then transferred to a prepared narrow 35 ml. centrifuge tube and
centrifuged for 1 minute at moderate speed. At least 8 ml. of the aqueous
phase are transferred to a matched cuvette and the amount of fluorescence
estimated as described in the above procedure.

Results

Recoveries of atabrine added in known amounts to whole blood and
plasma were used to assay the precision of the method (Table I). These
were consecutive runs performed over a period of several months in con-
junction with the routine use of the method. They give, therefore, a fair
appraisal of the precision which may be expected with the routine use of the
method. Table I also contains a comparable series of results obtained with
the alkali wash omitted. These data indicate that atabrine added to whole
blood and plasma is recoverable with good precision. A limited series of
analyses indicates that equally good results are obtainable when the
procedure is applied to urine.

In Table II the results obtained when whole blood and plasma are an-
alyzed with and without the alkali wash are compared. The blood of the
latter series was obtained from patients during a course of atabrine therapy.
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TasLe I

Recovery of Atabrine Added to Whole Blood and Plasma with and without NaOH
Extraction. Double Extraction Method

10 ml. samples were used.

Washed Unwashed
Whole blood Plasma Whole blood ! Plasma
Ata- Ata- Ata- Ata- Ata- Ata- Ata- Ata-
S | v |covery | Jrng | brine | coviry | bring | Bring | vty | brine | piine | o0y
02 % per ceni v vy per cent Y v Der ceni 1% b2 per cent
1.0 [ 1.02| 102 | 1.0 | 1.02 | 102 | 2.00| 1.93 97 | 0.50 | 0.49 98
1.04 | 104 1.02 | 102 1.93 97 0.50 | 100
1.04 | 104 | 0.5 | 0.50 | 100 1.90 95 | 0.30] 0.29 97
1.03 | 103 0.51 | 102 1.93 97 0.292 | 97
1.03 | 103 0.50 | 100 | 1.00 | 0.98 98 | 0.20] 0.18 90
1.02 | 102 0.51 | 102 0.97 97 0.195 | 98
1.03 | 103 0.51 | 102 1.01 | 101 0.20 | 100
0.5 | 0.48 96 0.50 | 100 1.03 | 103 0.19 | 95
0.50 | 100 0.48 96 1.01 | 101 0.19 95
0.51 | 102 | 0.2 | 0.18 90 0.99 99 0.197 ] 99
0.51 | 102 0.19 95 0.95 95 0.20 | 100
0.51 | 102 0.21 | 105 1.04 | 104 0.20 | 100
0.25] 0.26 | 104 0.20 | 100 1.00 | 100 | 0.10 | 0.10 | 100
0.3 | 0.30 | 100 0.195| 98 | 0.50 | 0.50 | 100 0.105 | 105
0.51 | 102 0.095 | 95
0.49 98 0.095 | 95
0.52 | 104 0.095 95
0.47 94 0.095 | 95
0.48 96 0.10 100
0.53 | 106 0.102 | 102
0.50 | 100 0.10 | 100
0.20 | 0.20 | 100
0.195| 98
0.20 | 100
TasLe 11

Comparison of Atabrine Esttmation in Human Blood and Plasma with and without
Alkali Exiraction Step. Double Exiraction Method

Whole blood Plasma
Unwashed Washed Unwashed Washed
v per l. v per 1. v per 2. v per l.
273 273 42 37
332 327 70 70
297 300 66 60
123 121 94 100
307 303 42 42
277 266 63 57
9 10

304
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The small difference obtained with the two procedures in this series is the
basis for the judgement that an alkali wash is not essential for most routine
determinations on these fluids. Similar results have been obtained on the
blood and plasma of dogs to which atabrine had been administered for
several months. On the other hand, the urine of both dogs and humans
contains appreciable amounts of fluorescent atabrine degradation products
which are extractable by ethylene dichloride. It is necessary, therefore, to
include the alkali wash in the procedure when urine is analyzed.

Analyses run on single samples of blood over a period of several days
invariably give highly reproducible results. This indicates that atabrine in
blood or plasma is quite stable when stored in a refrigerator.

Comment

The precision of the procedure is related to the absolute amount of
atabrine contained in the sample rather than to its concentration. Samples
of blood or plasma as large as 10 ml. need be used only when the concentra-
tion of atabrine is in the range of 30 y per liter or less. Actually, good pre-
cision may be obtained at considerably lower concentrations than this with
no larger volume of sample, provided special precautions are taken in the
matching of cuvettes and the cleaning of glassware.

It might be thought that a reasonable procedure for obviating the alkali
wash in all cases is to utilize a strongly alkaline medium during the initial
extraction. Unfortunately, this is not a feasible procedure, at least for
whole blood or plasma. Atabrine is quite unstable in dilute solutions when
exposed to strong alkali and there is a consequent loss in precision. Sec-
ondly, extraction from strongly alkaline blood or plasma results in gel forma-
tion in the ethylene dichloride phase which is broken with difficulty.

Single Extraction Procedure

The single extraction procedure involves the measurement of atabrine by
its fluorescence in the initial ethylene dichloride extract of the biological
material. This measurement is made subsequent to the addition of acetic
acid which serves to stabilize and enhance the fluorescence. The speed and
simplicity of this method recommend it for most tissue analyses, even
though it has somewhat lower sensitivity than the lactic acid procedure.
The sensitivity of the method permits the estimation of atabrine down to
0.5 v with good precision. The blank is negligible in urine and organ tis-
sues, while in plasma and whole blood the blanks are equivalent to 2 and
4 v of atabrine per liter. The method is therefore not recommended for
ordinary use with plasma because of the low concentration of atabrine
commonly observed in this fluid.
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General Considerations

Measurement of Fluorescence—A Coleman glass filter No. B, (combina-
tion of Corning No. 5113, 2 mm.; No. 3389, 2 mm.) is used to isolate the
activating energy and a Coleman Filter PC9 to limit the transmission of
the fluorescent light. This filter combination diminishes the sensitivity
obtaining with the Corning No. 5113 filter alone, but is used to exclude the
large amount of fluorescence derived from normal components of biological
material.

Fluorescence measurements taken directly on ethylene dichloride ex-
tracts are theoretically less specific than those obtained in a double extrac-
tion procedure. Actually, however, only a small difference has been
observed between the two procedures when applied to blood and no dif-
ference when applied to urine of dogs and humans obtained during a course
of atabrine therapy. The difference in the case of blood averages 5 per
cent, and may be accounted for, in part, by the blank which is only present
in the single extraction procedure.

Solvent—Ethylene dichloride is used as the organic extractor largely
because of the reasons mentioned above. An additional consideration in
the present procedure is that only small amounts of interfering substances
are extracted from biological material with the solvent. This reagent is
highly variable in the amount of foreign fluorescent material which it con-
tains. However, the impurities may be easily removed with charcoal
unless present in excessive amounts (see above). ‘

Buffer—A borate buffer of pH 11.5 is used to adjust the samples to pH
9.5 to 10 before extraction with ethylene dichloride. This is prepared as
follows: To 50 ml. of 0.6 M boric acid in 0.6 m KCl add 50 ml. of 0.6 M
NaOH. A blood pH of 9.5 to 10 has been selected to minimize the extrac-
tion of interfering pigments which are extractable in significant amounts
from human blood or plasma at a lower pH (8.0). The error due to the
extraction of pigment at the higher pH is negligible except in the rare case.

Procedure

Add 1 part of borate buffer to 1 part of biological material in a 60 ml. glass-
stoppered bottle.* (The blood is first hemolyzed with 2 parts of water.)
Then add 15 ml. of ethylene dichloride and shake vigorously for 5 minutes,
preferably on a shaking apparatus. Decant the mixture into a 50 ml.
centrifuge tube and centrifuge for 10 minutes at a moderate speed to break
the emulsion. Remove the supernatant aqueous layer by aspiration. A
solid gel sometimes forms in the ethylene dichloride phase. This may be

%The glassware in the single extraction procedure must be scrupulously clean.
The bottles and centrifuge tubes are kept in calgonite solution and rinsed just prior to
use. These precautions are necessary to prevent extraneous fluorescence due to dirt.
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broken by vigorous stirring with a glass rod. A second centrifugation will
then produce a clean separation of the ethylene dichloride. Return the
ethylene dichloride solution to the rinsed out bottle, restraining the
coagulum with a stirring rod. Add an equal volume of 10 per cent
NaOH and shake for 3 minutes. Remove the major portion of the so-
dium hydroxide solution by aspiration and transfer the remainder of the
contents of the bottle to a narrow test-tube. Centrifuge for 1 minute.
Remove the supernatant layer by aspiration. Wash the side of the tube
with water and repeat the aspiration. Pipette 10 ml. of the ethylene di-
chloride directly into a cuvette containing 1 ml. of glacial acetic acid.
Slight turbidity of the ethylene dichloride does not introduce an error, since
it clears in the presence of acid. The reading of fluorescence is made in
relation to a properly prepared standard with the same precautions as
noted above.

The standard used in calibrating the sensitivity of the instrument is
prepared as follows: An aqueous solution of atabrine buffered as above is
extracted with ethylene dichloride and handled in the same manner as the
biological sample. FEthylene dichloride is used as the reagent blank. The
computation of atabrine concentration is by direct proportion.

Alternate Procedure—The alkaline wash of the ethylene dichloride ex-
tracts may also be omitted when the present procedure is applied in a
routine manner to human whole blood and plasma, since these contain little
of the fluorescent degradation products of atabrine. The procedure is the
same as the one described above until a clean separation of the ethylene
dichloride and water phases after the initial extraction is obtained. A
pipette is then carefully inserted below the coagulum and about 10 ml. of
the ethylene dichloride are transferred directly to a cuvette containing 1
ml. of glacial acetic acid. The amount of fluorescence is estimated as
described in the above procedure.

Results

Atabrine added to whole blood and urine is recovered with good precision
as shown in Table III. The data in Table IV indicate that the estimation
of atabrine concentration by the single extraction procedure yields results
somewhat higher (averaging 5 per cent) than the double extraction proce-
dure when these are applied to the blood and urine of patients during a
course of atabrine therapy.

Comment

The single extraction procedure is not as sensitive as the double extrac-
tion procedure. However, it may be used to advantage for many routine
purposes. The lessened sensitivity results largely from the presence of a
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blank which is due to the presence of extraneous fluorescent material de-
rived from the biological sample. The quantity of this material is small
and may be neglected for most purposes when the concentration of atabrine
is higher than 50 ¥ per liter,

TasLe ITI
Recovery of Atabrine Added to Whole Blood and Urine. Single Extraction Method
Blood Urine
Atabrine added fégg&g%g Recovery Atabrine added rl:;?)ggirgﬁi Recovery
L% vy per cent ¥ v per cent

1 1.00 100 3 2.96 99
1.03 103 3.08 103
1.02 102 3.03 101
0.98 98 2 1.97 98
1.01 101 1.98 99
1.04 104 2.06 103
1.02 102 1 1.02 102
1.02 102 1.03 103
1.04 104 1.08 108
1.03 103
1.00 100
1.00 100
0.98 98
0.94 94
0.95 95
0.95 95
1.03 103
0.98 98

0.5 0.48 96
0.51 102
0.49 98
0.53 106
0.48 96
0.49 98
0.48 96

Appraisal of Specficity

The above methods appear to have adequate precision for most purposes.
However, their general usefulness also depends upon the completeness with
which extraneous fluorescent material is excluded in the analysis. This
aspect of the problem is somewhat simplified by the absence of a significant
blank in ethylene dichloride extracts as usually prepared from atabrine-free
biological fluids. The degree to which the methods are specific in such a
circumstance will depend upon the extent to which they exclude fluores-
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cence due to the degradation products of atabrine in the final estimation of
fluorescence.

The intensity of the fluorescence manifested by a solution containing an
acridine is dependent in part upon the arrangement of the optical system
and in part upon certain characteristics of the solution. The latter have
been used to obtain additional evidence on the degree to which the recom-
mended procedure is specific. 1t is not suggested that such an examination
should be substituted for that utilized by Craig (1) but it does give im-

TasLe IV
Comparison of Single and Double Exiraction Procedures
Atabrine
Biological sample
Single extraction Doublle extraction

v per l. v per l.
Blood 824 794
724 720
933 828
61 60
840 819
755 685
106 104
104 106
111 104
164 159
588 520
607 607
213 205
560 600
448 411
Urines 1370 1410
1930 1970
283 274
1990 2100
3200 3110
1430 1350

portant supplementary information on the specificity of the method through
the use of different criteria. It also presents a general method which may
be used to some advantage in a more general fashion, particularly in situa-
tions in which the amount of the fluorescent material available for study
is small. The technique involves the measurement of the fluorescence
manifested by a solution at a constant temperature but at various concen-
trations of HCl and NaOH. The variation in the intensity of the fluores-
cence under these conditions results from the operation of such factors as
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the pH, the ionic strength, the chloride and sodium concentration, and
perhaps the viscosity of the solution.

The routine procedures recommend the use of lactic acid as the final
extractor of the atabrine prior to the measurement of fluorescence, or the
measurement of fluorescence in the ethylene dichloride phase itself.
However, essentially all of the fluorescent material which is extractable by
ethylene dichloride from plasma, whole blood, or urine at a pIl of 8 to 10
can be returned to an aqueous phase with any one of a number of acids,
including concentrated lactic acid and 0.1 v HCl. Consequently, if the
fluorescent material remaining in the ethylene dichloride phase subsequent
to washing with 2.5 N sodium hydroxide has the fluorescent characteristics
of atabrine, then the probability that the method has the desired specificity
has been strengthened.

Purified samples of atabrine dihydrochloride and a series of other acri-
dines were used to construct curves in which fluorescence is related to the
strength of acid or alkali in the solution. The atabrine curve, so con-
structed, has then been used as a standard of reference for comparison with
similar curves which describe the fluorescent characteristics of the material
contained in ethylene dichloride extracts of the blood and urine of patients
and dogs receiving atabrine.

Procedure

Each test run started with a solution of the acridine in 0.1 v HCI at a
concentration of 0.5 to 1.0 ¥ per ml. 1 ml. aliquots of the solution to be
examined were placed in a series of fluorometer cuvettes and 10 ml. of vari-
ous. strengths of sodium hydroxide or hydrochloric acid were added.
Fluorescence was then measured by means of the same filter system as was
used in the double extraction procedure. A value of 1.0 was assigned to
the fluorescence observed with the solution to which the 1.0 N hydrochlorie
acid had been added. The observations were performed at room tempera-
ture. A constant temperature for all samples in any run was assured by
placing the cuvettes in a water bath for some time before and between
readings of fluorescence. Moderate variations in the absolute temperature
at which readings are made do not constitute a source of error provided
the temperature is the same for all tubes in the series.

. Four general types of solutions were examined. They were prepared as
follows: :

- Samples of pure acridine solutions (Fig. 1) were prepared by the addition
of a small amount of the acridine to 0.1 ~ HCL. The series of acridines
selected for examination included atabrine, three relatively simple acridines,
and two more complex acridines related somewhat to atabrine itself. The
structural relationships of these six acridines are as follows: (1) 2-methoxy-
6-chloroacridone-9, (2) 2-methoxy-6-chloro-9-aminoacridine, (3) 2-methoxy-
6,9-dichloroacridine, (4) 2-methoxy-6-chloro-9(3-diamylaminopropyl)am-
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inoacridine, (5) 2-methoxy-6-cyano-9(1-diethylamino-4-methylbutyl)am-
inoacridine, (6) 2-methoxy-6-chloro-9(1-diethylamino-4-methylbutyl)-
aminoacridine (afabrine).

Mizxtures of pure acridines (Fig. 2) were prepared in order to examine
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Fia. 1. Fluorescence characteristics of a series of pure acridine solutions
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F16. 2. Fluorescence characteristics of mixtures of pure acridines. The 9-acridone
and atabrine mixture consists of atabrine contaminated with a trace of 2-methoxy-6-
chloroacridone-9. The latter compound is too insoluble to make a solution of known
composition. The 9-amino and atabrine mixture consists of 10 per cent 2-methoxy-
6-chloro-9-aminoacridine and 90 per cent atabrine.
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the fluorescent characteristics of atabrine contaminated by small quantities
of other acridines. These mixtures were as follows: (1) 90 per cent ata-
brine and 10 per cent 2-methoxy-6-chloro-9-aminoacridine, (2) atabrine
contaminated with a trace of 2-methoxy-6-chloroacridone-9.

Ethylene dichloride extracts of human and dog plasma, whole blood, and
urine (Fig. 3) in the absence of the sodium hydroxide wash. Biological
samples were obtained from individuals to whom atabrine had been ad-
ministered for some days. The samples were extracted with ethylene
dichloride at pH 8 to 10. The fluorescent material in the ethylene di-
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Fi16.3. Fluorescence characteristics of the fluorescent material contained in ethy!-
ene dichloride extracts of biological material in the absence of an alkaline wash.
The dog and human from which the samples were obtained had received atabrine for
several days previously.

chloride was returned to an aqueous phase by extraction with 0.1 ¥ hydro-
chloric acid.

Ethylene dichloride extracts of human and dog plasma, whole blood, and
urine (Fig. 4) prepared as in the method described under “Double extrac-
tion procedure.” The biological samples used in this series were the same
as those above. They were extracted with ethylene dichloride at pH 8 to
10; the ethylene dichloride was then extracted with an equal volume of 2.5
N sodium hydroxide and washed with water. The fluorescent material in
the ethylene dichloride was then returned to an aqueous phase by extrac-
tion with 0.1 ~ HCI.
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Results

The results on the pure acridine solutions are summarized in Table V
and Fig. 1. The data in Table V indicate that at a constant strength of
acid various acridines manifest quite different intensities of fluorescence.
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Fia. 4. Fluorescence characteristics of ethylene dichloride extracts of biologieal
material after these extracts were washed with 2.5 N NaOH.

TaBLE V

Relative Values for Intensity of Fluorescence Manifested by Sixz Acridines at a
Concentration of 1 Mg. per Liter in 1.0 N HCl with Standard Filter Arrangements

Compound Galvanometer reading
2-Methoxy-6-chloroacridone-9 (saturated solution)....... 100
2-Methoxy-6-chloro-9-aminoacridine...................... 400
2-Methoxy-6,9-dichloroacridine...................... ..., 7
2-Methoxy-6-chloro-9 (8-diamylaminopropyl}aminoacri-

. o o e 46
2-Methoxy-6-cyano-9(1-diethylamino-4-methylbutyl)-

aminoacridine. .. ... ... . ... e 26
2-Methoxy-6-chloro-9(1-diethylamino-4-methylbutyl)-

aminoacridine. ... ... ... ... .. i e e 45

Furthermore, it is apparent from Fig. 1 that the fluorescence of each acridine
varies in a systematic manner with variations in acid or alkali strength and
that the variation is characteristic for each acridine. The curves relating
fluorescence intensity to acid and alkali strength are highly reproducible.
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It may be predicted from these results that the degree to which the
fluorescence characteristics of a mixture of acridines will depart from the
standard curve for each depends upon two factors. The first of these is
the absolute magnitude of fluorescence of each of the acridines of the
mixture at the standard hydrochloric acid concentration of 1.0 N. The
second is the degree to which the curves describing the fluorescent charac-
teristics of each differ, one from the other., The curves constructed from
a solution of atabrine contaminated by other acridines are given in Fig. 2.
Calculations performed upon data from such curves indicate that the curve
observed in the case of a mixture of known composition is the simple arith-
metical mean of the curves of the separate constituents.

It may be concluded from these considerations and from the curves
describing the fluorescent material in the four biological extracts shown in
Fig. 3 that the latter extracts contain fluorescent material with charac-
teristics that differ from those of atabrine. It is to be emphasized that the
departure of these samples from the standard curve of atabrine is not due
to the manipulations of the procedure. This possibility has been excluded
by the observation that atabrine added to whole blood and urine may be
extracted with ethylene dichloride and then with 0.1 N~ HCI without change
of its fluorescent characteristics. The curves derived from the biological
samples do not yield information on the order of magnitude of the con-
taminating substance or on its nature. The variation from the normal
curve may result from a small amount of a substance with a relatively high
fluorescence or a large amount of a substance with a relatively low ftuores-
cence.

The curves presented in Fig. 4 are from data which describe the fluores-
cent characteristics of material extracted from the same biological samples
as were used in the experiments summarized in Fig. 3 with but one dif-
ference. This consisted in an alkaline wash of the initial ethylene di-
chloride extract, as in the analytical procedure. The data describing the
characteristics of those extracts fall so elosely along a curve which is charac-
teristic of atabrine that it is unlikely for a significant amount of the fluores-
cence to be due to other material.

Similar results have been obtained from a series of samples of whole blood
and urine derived from five patients and three dogs. It may be concluded
from these data that those contaminants which cause departure from the
standard curve in Fig. 3 can be removed by an alkaline wash.

Comment

Craig (1) has examined the solubility characteristics of the fluorescent
material which is extractable by ethylene dichloride from blood and urine
of dogs and humans during a course of atabrine therapy. The examination
included the measurement of the distribution of the material and its
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manifest fluorescence in a system composed of ethylene dichloride and
water-methyl alecohol mixtures. The examination was made at constant
temperature and constant pH, the latter being obtained by the use of a
cacodylate buffer. The distribution of the fluorescent material and the
intensity of the fluorescence in each of the two phases of such a system
depend upon the temperature, the pH of the aqueous phase, the dissociation
constants of the fluorescent material, and the phenomenon of quenching.
Ethylene dichloride extracts of blood and urine contained fluorescent ma-
terials, presumably degradation products of atabrine, which diverged in
their combined solubility fluorescent characteristics from pure atabrine
solutions. However, it was further demonstrated that these products are
soluble in strong alkali and may be quantitatively removed by washing the
ethylene dichloride extracts with 2.5 ~ NaOH. The residual fluorescent
material was then found to have solubility characteristics which are identi-
cal with those of atabrine. It was in consequence of the latter finding that
the alkali wash was incorporated in the analytical procedure.

Craig’s work, together with that presented above and other unpublished
studies,* clearly indicates that in the metabolism of atabrine degradation
products are produced, some of which are fluorescent. However, the
proposed method has a high degree of specificity, because it excludes these
products in the final estimation, as evidenced by both the solubility and
fluorescent characteristics of the material which is present in the final
measurement. This result is achieved in part by the choice of ethylene
dichloride as the organic solvent and in part by washing the ethylene di-
chloride extract with strong alkali. One of the groups of degradation
produets is insoluble in ethylene dichloride and is left behind in the initial
extraction. The other group is extractable by ethylene dichloride, but
can be removed from this solvent by a wash with 2.5 § sodium hydroxide.
The latter group is quantitatively unimportant in the case of plasma, whole
blood, and the tissues of humans and dogs. Consequently, the alkaline
wash may be omitted for many routine purposes. However, most urine
samples contain considerable amounts of these products and an alkaline
wash is, therefore, essential even for routine determinations.

DISCUSSION

A method for the estimation of atabrine in biological fluids and tissue
should be useful in several general circumstances. It will permit the de-
tailed study of the general pharmacology of the drug as well as the study
of its specific use in the suppression and treatment of malaria. Information
on the plasma concentrations of atabrine in either of the latter conditions
should prove as helpful in the quantitative control of such therapy as is

+ Scudi, J., unpublished observations. Bush, T. M., Butler, T, C., and Greer,
C. M., unpublished observation.
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information on the plasma concentration of the sulfonamides in the control
of sulfonamide therapy.

Two procedures have been described for determining atabrine. The
general usefulness of the more simple single extraction procedure is limited
somewhat by its lesser sensitivity. The inherent specificity of the proce-
dure appears to be as great as that of the double extraction procedure except
for the presence of a small blank which precludes its use at low atabrine
concentrations.

The method of choice in any situation will depend on the concentration
of atabrine in the biological sample to be analyzed as well as on the size of
the sample available for analysis. The single extraction procedure is
advised when the concentration of atabrine is at least 50 v per liter and the
amount of atabrine available for analysis is in excess of 0.5 v. It should be
noted, however, that special precautions must be taken to avert errors due
to the presence of extraneous fluorescence when the single extraction
procedure is used in this range of concentration.

The alkaline wash is only recommended when it is important that the
measurement be wholly specific. Studies concerned with the pharma-
cology of the drug and its distribution and excretion fall in this general
category. On the other hand, it is usually unnecessary to include this step
in the routine estimation of plasma atabrine concentration when the latter
datum is to be used in the appraisal of atabrine therapy. The error due to
such an omission will usually be less than 10 per cent.

A method, somewhat similar to the double extraction procedure, has
been recently developed elsewhere as the result of independent work (2).
Extensive comparisons between this and the present methods have not been
undertaken. However, it is known that the method has a sensitivity of
the same order as the double extraction procedure and includes in the
estimation a portion of the fluorescent degradation products of atabrine.
The amounts of the latter compounds are not greatly in excess of those
which are included in the double extraction procedure in the absence of an
alkali wash of the ethylene dichloride. It would appear from this that it
was suited for the routine of clinical therapy. However, its use for other
purposes is problematic at the moment. Information is not available to
indicate whether the method may be modified to make it wholly specific,
as is the case for the present procedure. A disadvantage of the method
stems from the fact that it is not capable of modification into a more
simple single extraction procedure.

SUMMARY

Simple precise methods are described for the estimation of atabrine in
biological fluids and tissues.




109

B. B. BRODIE AND S. UDENFRIEND 317

Atabrine is isolated from the biological material by an extraction of the
free base with ethylene dichloride at a pH of about 8. The ethylene di-
chloride extract is then washed free of degradation products with 2.5 ~
sodium hydroxide and the atabrine is returned as the salt to an aqueous
phase of concentrated lactic acid. The estimation of atabrine concentra-
tion is then made by its fluorescence in the lactic acid.

The second method for the estimation of atabrine involves the measure-
ment of fluorescence in the ethylene dichloride phase. The speed and
simplicity of this procedure recommend it for routine use when the concen-
tration of atabrine in the biological sample does not require excessive
sensitivity on the part of the method.

These methods are specific for atabrine in that they do not include the
degradation products of atabrine.
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illiam Withering in his classic 1785 monograph on foxglove (Digitalis purpurea) described both its

toxicity and its efficacy (1). He reported on the deaths of turkeys fed dried and chopped foxglove

leaves mixed with their bran. Toxicity in humans included gastrointestinal and visual disturbances

with some patients reporting that objects appeared yellow or green. He detailed 160 case reports on
the use of foxglove in humans for a variety of diseases. Despite their potential for toxicity foxglove proved a great
benefit to humanity and the drug quickly entered into standard medical practice. Vincent Van Gogh in 1890 painted
two portraits of his personal physician Dr. Paul-Ferdinand Gachet. In one painting Gachet is holding a sprig of
foxglove in his left hand, in the other painting, the plant is propped in a drinking glass (2).

In 1961 Rodensky and Wasserman (3) reported that up to 20% of hospitalized patients on digitalis drugs showed
signs of toxicity. It would be another 8 years before methods became available for the determination of serum
digitoxin and digoxin levels. These early methods would demonstrate the narrow therapeutic index of the cardiac
glycosides and confirm the importance of therapeutic drug monitoring (TDM) in patient management. The therapeutic
index for digoxin for example is 1.0—1.9 nmol/L (0.8—1.5 ng/mL). Most of these early methods for digoxin were
based on the inhibition by cardiac glycosides of the membrane bound sodium—potassium adenosine triphosphatase
(ATPase) pump. In 1965, Lowenstein (4) measured the inhibition of 86Rb (rubidium) uptake into human red cells by
plasma digoxin or digitoxin. The assay required solvent extraction of the plasma and took 24 hr to complete. Burnett
and Conklin (5) in 1968 measured the inhibition of animal cerebral cortex ATPase by digoxin using a direct
colorimetric phosphorus assay. Other researchers measured the competitive inhibition by tritiated ouabain on pig
brain ATPase (6).

Oliver et al. were the first to describe an immunoassay for digitalis (7). The assay required solvent extraction of the
serum followed by overnight incubation with iodinated digoxin derivative and rabbit antibody. Smith, Butler and
Haber in their 1969 paper presented here provided the first practical method for cardiac glycosides in human serum. In
this assay, serum digoxin is measured directly using tritiated digoxin and rabbit antibody developed by Butler and
Chen (8). The assay used dextran-coated charcoal to separate free from bound tracer and was complete in 30 min.
Smith, Butler and Haber (9) described in detail the antibody and Smith (10) reported on a similar assay for digitoxin.
These methods were then used to confirm the therapeutic index and toxicity of the cardiac glycosides in a large
number of patients (11-13).

Radioimmunoassay (RIA) procedures for digoxin and digitoxin based on the work of Smith, Butler and Haber
became standard techniques in clinical chemistry by the mid-1970’s. Gammill in 1976 in a survey of RIA procedures
listed 28 different commercial test kits for digoxin that used either H or '] as the tracer (14).
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DETERMINATION OF THERAPEUTIC AND TOXIC SERUM DIGOXIN
CONCENTRATIONS BY RADIOIMMUNOASSAY*

THomas W. Smrrd, M.D., VINCENT P. BUTLER, JrR.,, M.D., AND EpGar Hager, M.D.

Abstract A sensitive (0.2 ng per milliliter), precise
(standard deviation 3 to 4 per cent), and specific
radioimmunoassay for serum digoxin concen-
tration has been developed. Levels are deter-
mined by measurement of the extent to which
digoxin in the patient’'s serum competes with
tritium-labeled digoxin, added in vitro, for digoxin-

specific antibody binding sites. Mean values
in nontoxic patients with normal renal func-
tion receiving 0.25 or 0.50 mg per day were

INCE the publication of Withering’s remarkable
“Account of the Foxglove” in 1785,' clinicians
have sought better methods of judging proper thera-
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1.1 and 1.4 ng per milliliter respectively; the
ranges fell within relatively narrow limits. Pa-
tients with cardiac arrhythmias attributed to digoxin
toxicity had a mean level of 3.3 ng per milliliter, and
little overlap with the nontoxic group (p less than
0.001). A determination can be completed in
one hour, and may provide useful information
to the clinician faced with the difficult prob-
lem of evaluating his patient's state of digitali-
zation.

peutic dosage and diagnosing digitalis  toxicity.
Important advances have included the introduction
of pure crystalline preparations facilitating standard-
ization of dosage, and increased awareness of carly
clectrocardiographic manifestations of  digitalis ex-
cess.? Nevertheless, the low therapeutic ratio? of
this class of drugs continues to result in an estimated
rate of toxicity ranging from 7t to 22% per cent in
hospitalized patients receiving digitalis glyeosides.

The pharmacodynamics of the widely used car-
diac glycoside digoxin have been well studied by
the administration of tritium-labeled  drug to pa-
tients.t The importance of renal  function as the
major  determinant  of excretion has been  well
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documented.®  Clinically, however, prediction of
total body digoxin stores is complicated by variation
in absorption of oral doses®® and variation in non-
renal exeretion.’ Additional problems arise in hemo-
dynamically unstable patients with fluctuating renal
function, or when an accurate history of dosage
cannot be obtained.

Since myocardial digoxin concentration has been
found to bear a relatively constant ratio to serum
levels in clinical studies using radioactively labeled
digoxin, it has been suggested that the ability to
measure serum digoxin concentration might be of
clinical value® To this end, we have developed a
rapid, sensitive and specific radioimmunoassay for
serum digoxin concentration and determined levels
in groups of patients with and without evidence of
digoxin toxicity.

MATERIALS AND METHODS

Materials

Digoxin. Crystalline digoxin was kindly supplied
by Dr. Stanley Bloomficld, Burroughs-Wellcome and
Company (USA), Incorporated, Tuckahoe, New
York.

Tritiated digoxin. Digoxin, tritium labeled in the
12a position, specific activity 3.2 Ci per mM, was
obtained from New England Nuclear Corporation,
Boston.

Antidigoxin antibody was obtained as previously
reported® by immunization of rabbits with a digoxin-
protein conjugate. (Detailed characterization of this
antibody is to be separately reported.'?)

Digitoxin. Crystalline digitoxin was donated by
Wyeth Pharmaceuticals, Philadelphia.

Deslanoside. Crystalline deslanoside was donated
by Sandoz Pharmaceuticals, Hanover, New Jersey.

Steroid compounds. Crystalline cholesterol, cor-
tisol, dehydroepiandrosterone, 17-8 estradiol, proges-
terone and testosterone were kindly supplied by
Professor Lewis Engel, Massachusetts General Hospi-
tal and Harvard Medical School, Boston.

Patients

All the patients studied were adults hospitalized
on the Medical or Surgical Services of the Massa-
chusetts General Hospital. Ten (mean age of 62
years, and mean body weight of 146 pounds) had been
on a stable oral maintenance digoxin dose of 0.25 mg
daily for more than one week; 11 (mean age of 52
years, and mean body weight of 163 pounds) had
received 0.5 mg orally per day for similar periods.
Each of these 21 patients had normal blood urea
nitrogen (BUN) (15 mg per 100 ml or less) or serum
creatinine (1.0 mg per 100 ml or less) levels, and
none had evidence clinically or by electrocardio-
gram of digitalis excess. Serum was obtained from
these patients eight hours after the last dose of
digoxin, and assayed as described below.

In a second group of 18 patients receiving digoxin
there was evidence of toxicity according to the cri-
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Tasre L. Criteria for Digoxin Toxicity.

ONE 0rR MoRE oF T1tE FOLLOWING DIsTURBANCES OF TMPu1 St FORMATION OR CoN-
DUCHION IN A PATIENT RECHIVING D1GoxinN:

Supraventricular tachycardia (atrial or atrioventricular junctional) with
block (12 patients)

Frequent or multifocal ventricular premature beats, ventricular bi-
geminy or ventricular tachycardia (7 patients)

Atrial fibrillation, with ventriculur response <50 and ventricular pre-
mature beats (3 patients)

Sinus rhythm with 2d-degree or 3d-degree atrioventricular block (2
patients)

DISAPPEARANCE OF THE RHYTHM DISTURBANCE WHEN DIGOXIN
Was WITHHELD

teria listed in Table 1. Many in this group were
acutely ill, and had received doses of digoxin vary-
ing from less than 0.25 mg orally per day to incre-
ments totaling 1.5 mg intravenously in a 24-hour
period. Serum for assay was obtained from these
patients at times varying from eight to 48 hours
after the last administration of digoxin. The mean
BUN for this group was 41 mg, with a range of 8 to
102 mg per 100 ml. Ten of the 18 had BUN values
above 30 mg, and ounly four had values of 15 mg per
100 m! or less at the time of the serum digoxin
determination.

Laboratory Methods

Serum was drawn by routine venipuncture, sepa-
rated from formed elements by centrifugation and
assayed immediately or stored for as long as five
days at 4°C. Plasma obtained from heparinized
blood gave identical results. Standards were pre-
pared by the addition of gravimetrically determined
amounts of crystalline digoxin to normal human
serum. Determinations were run in duplicate. To 1
ml of serum in disposable plastic test tubes, 12 by
75 mm (Falcon Plastics, Los Angeles, California),
was added, with thorough mixing, 3 ng of tritiated
digoxin (Fig. 1). Antidigoxin antibody was then
added in an amount sufficient to produce 37 to 45
per cent binding of the tritiated digoxin in the ab-

Diqoxin* Digonin‘t Digoxin*-Ab
= _— +
Digoxin Digoxin - Ab

, i

Iml Serum with
Uniabeled Digoxin

FiGURE 1. Diagrammatic Representation of the Radioimmunoassay
Method.
Digoxin* indicates 12-a-tritiated digoxin, and Ab digoxin specific an-
tibody. The amount of antibody-bound digoxin* (digoxin*-14b) pres-
ent at equilibrium is determined by the quantity of unlabeled digoxin
present in the sample.
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sence of unlabeled drug, and the mixture incubated
at 25°C for 15 minutes. As shown in Figure 1, com-
petition between labeled and unlabeled digoxin for
antibody binding sites determines the amount of
labeled digoxin-antibody complex present at equi-
librium. Separation of bound from free labeled
digoxin (Fig. 2) was achieved by the dextran-coated
charcoal technic of Herbert et al,!' resulting in
selective binding of free digoxin to the coated char-
coal, which was then separated by centrifugation.
The supernatant phase was added to 15 ml of liquid

" i Liquid
Ab Remains
Coated Digoxia ¢ } Scintiflotion
Charcoal Counter

7/]/In Supernatant

\ Coated Charcoot
Binds Free anoxin*

quoxnn’

Dngcxm’—Ab

FiGURE 2. Separation of Bound from Free Digoxin*

Dextran-coated charcoal selectively binds free digoxin*; antibody-
bound digoxin* in the supernatant after cenlrifugation s then
counled.

scintillation medium'? and heated in a water bath at
60°C for 10 minutes to complete denaturation of the
antibody and release of labeled digoxin from anti-
body binding sites. Precipitated protein was separated
by centrifugation, and the supernatant counted
in an Ansitron liquid scintiblation counter. Correc-
tion for quenching due to constituents of serum was
made by recounting of each sample after addition of
an internal standard of tritiated digoxin. Experi-
ments quantitating the extent to which cardiac gly-
coside and steroid compounds competed with digox-
in for antibody binding sites were carried out both
in normal human serum and in phosphate-buffered
saline (0.15M NaCl, 0.01M K,HPO,, pH 7.4), with
the same results. Amounts of each steroid or steroid
glycoside used were determined gravimetrically.

RESULTS
Standard Curve

Figure 3 represents a typical standard curve, de-
rived from the addition of known amounts of digox-
in to normal serum. Concentrations in each group of
unknown samples were determined by comparison
with a similar standard curve run simultancously.
Concentrations of 0.2 ng per milliliter, well below
usual therapeutic levels, produced an easily measur-
able effect, and there was good resolution over the
range of clinical interest. Twenty such curves run
under similar conditions were virtually identical.

Precision

Replicate determinations were carried out on 10
aliquots of serum containing digoxin concentrations
of 0.5, 2.0 and 10.0 ng per milliliter. Standard de-
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FiGvre 3. Typical Standard Curve, as Run with Each Set of
Unknowns.
Sensitivity, precision and resolution in the vange of clinical interest
are demonstrated. The arrow on the vertical axis indicates binding of
labeled digoxin in the absence of unlabeled digoxin.

viations for the final results were 3 to 4 per cent at
each concentration level.

Specificity

Thirty serum samples chosen at random from pa-
tients not receiving cardiac glycosides all gave re-
sults within 2 per cent of the zero value; false-
positive values were not encountered. Specificity was
further defined by comparison of inhibition of anti-
body binding of tritiated digoxin by the closely re-
lated compounds digitoxin and deslanoside. Digitox-
in differs from digoxin only in the absence of the
C2 hydroxyl group, whereas deslanoside, with the
identical steroid nucleus, has an additional glucose
coupled to the terminal digitoxese sugar. Despite
the marked similarity of structure, the small change
in the steroid nucleus substantially reduced the
binding of digitoxin as compared with digoxin (Fig.
1), whereas the addition of a glucose residue to the
saccharide portion of the molecule had an almost neg-
ligible effect as reflected in the closely similar des-
lanoside curve. The antibody therefore appears to
be quite specific for the structure of the steroid nu-
cleus of digoxin. As might have been predicted
from the relative lack of cross-reaction with digitox-
in, physiologic steroids, including cholesterol, corti-
sol, dehydroepiandrosterone, 17-8 estradiol, proges-
terone and testosterone, which differ from digoxin
to a much greater extent, do not interfere with the
assay even when present at levels 1000 times in
excess of usual therapeutic digoxin levels (Fig. 4).

Scerum protein binding of cardiac glycosides, al-
though significant for albumin,®® does not affect
these results, nor does it interfere with the assay.
This appears to be due to the fact that the antibody
ciployed has association constants for digoxin and
digitoxin  that are several orders of magnitude
higher than those of albumin ™"
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Fiury 4. Specificity: Comparison of the Abiity of Related Com-
pounds to Doplace Tritiated Digoxin from the Antibody Binding
Stute.

Steroid compounds (cholesterol, cortisol, dehydroepiandrosterone, 17-

B estradiol, progesterone and testosterone) canse negligible displace-

ment, cien in concentrations inexcess of  physiologic  levels.

(Cholesterol concentration o linuted by solubility in aqueows medium.)

The arrow on the vertical axis indicates binding of labeled digoxin
in the absence of unlaheled stevoids or steroid glycosides.

Rapidity

It is possible to run an assay in one hour, render-
ing the method applicable to the assessment of pa-
tients requiring early management decisions.

Clinical Studies

Figure 5 includes in the left and middle columns
individual serum digoxin concentrations for the non-
toxic patients previously described; mean values are
1.1 and 1.4 ng per milliliter for patients receiving
0.25 mg and 0.30 mg per day respectively. The 18
patients who were digoxin toxic by the criteria listed
in Table 1 had levels as shown in the right col-
umn of Figure 5. The mean value for this group
was 3.3 ng per milliliter. The highest value, 8.7 ng
per milliliter, occurred in a patient with simultane-
ous atrial and junctional tachycardias with atrioven-
tricular dissociation who died shortly after this se-
rum sample was obtained, and therefore represents
an exception to the criterion of disappearance of
thythm disturbance when digoxin was withheld.

The difference between mean values for the toxic
and nontoxic groups is statistically significant, with
a p value of less than 0.001.

DiscusSION

Therapeutic serum or plasma digitoxin concentra-
tions, which are about 10 times higher than those of
digoxin, have been measured by inhibition of red-
cell *rubidium uptake,’ double isotope-dilution
derivative assay,' radioimmunoassay and inhibi-
tion of Na-K-activated ATPase activity.!” All these
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FiGURE 5. Individual Serwon Digoxin Concentrations.

Mean values, denoted by the horizontal lines in each column, are

1.1 £ 0.3 (standard deviation) ng per milliliter (mpg/ml), range of

08 to 1.6, for nontoxic patients on oral doses of 0.25 mg per day,

and 1.4 = 04, range of 0.9 to 2.4, for the corresponding group on

0.50 mg per day. Values for toxic patients, as defined in Table 1,
were 3.3 £ 1.5, with a range of 2.1 t0 8.7.

methods require extraction of digitoxin from serum
with organic solvents.

Digoxin has proved more difficult to determine
because of the extremely low circulating levels
present in patients given usual therapeutic doses.
Serum concentrations have been detected by inhibi-
tion of red-cell *rubidium transport™* and by dis-
placement of tritiated digoxin from Na-K-activated
ATPase." However, extraction procedures are again
required, and data defining specificity and rapidity
of these methods have not been extensively docu-
mented. The remarkable specificity of the antibody
used in the studies reported here obviates the need
for extraction of digoxin from whole serum, and
greatly enhances the rapidity and simplicity of the
assay.

Useful data have been obtained by several
groups, particularly Doherty® and Marcus and his
co-workers,? by the direct administration of tritiated
digoxin to patients with subsequent measurement of
radioactivity in physiologic fluids, including blood or
serum. Marcus et al.?! studied normal volunteers on
a steady-state oral dose of 0.5 mg of tritiated digoxin
per day, and obtained a mean blood level of 1.4 =
0.3 (standard deviation) ng per milliliter eight
hours after the last dose. This value is in excellent
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agreement with the data reported here for the group
with normal renal function on 0.5 mg orally per day
(Fig. 5). Grahame-Smith and Everest,”™ using a
modified #rubidium transport inhibition assay, re-
ported a mean plasma level of 2.36 ng per milliliter
for nontoxic patients receiving 0.25 mg or more of
digoxin per day. Direct comparison with the lower
values reported in our study and by Marcus? is not
possible because dosage, renal function and time of
plasma sampling were not defined.

The interpretation of serum digoxin levels in the
clinical context depends upon the assumption of a
relatively constant serum-to-myocardial concentra-
tion ratio. Na2? and K balance and thyroid state® have
been shown to affect myocardial concentration of
tritiated digoxin in animal experiments. However,
within physiologic limits the ratio has been found
to be relatively constant in human subjects® and the
serum level should allow useful inferences to be
drawn regarding myocardial and total body stores.

The relative similarity of serum levels in the two
groups of nontoxic patients summarized in Figure 5
bears comment. The group receiving 0.5 mg per day
had a larger mean weight (by 17 pounds) and a
vounger mean age (by 10 years), suggesting a
higher glomerular filtration rate and hence more
rapid excretion of digoxin.2® In addition, the clinical
response of each patient probably results in dosage
adjustments that tend to standardize the serum con-
centration at a desirable therapeutic level. For ex-
ample, two of the patients receiving 0,25 mg per
day had their doses decreased from 0.5 mg per day
because of anorexia and mild nausea, and two of
the group receiving 0.5 mg per day had their doses
raised to this level from 0.25 mg per day because of
inadequate control of the ventricular rate in atrial
fibrillation.

Doses of digoxin received by patients in the toxic
group were in most cases also in the range of 0.25
to 0.50 mg per day. The major factor leading to the
higher serum digoxin concentrations therefore ap-
pears to be diminished renal function (mean BUN
of 41 myg per 100 ml) compared with nontoxic pa-
tients, cach of whom had a BUN of 15 mg per 100 ml
or less or a serum creatinine level of 1.0 mg per 100 ml
or less.

The rigid criteria for toxicity used in this study
exclude manv patients with early or subtle signs of
digitalis excess such as occasional ventricular pre-
mature beats who might be expected to have serum
digoxin levels closer to those of the nontoxic group.
The upper limit of appropriate serum digoxin con-
centration is difficult to define, since we have seen
a few patients receiving {frequent increments of di-
goxin, usually for control of ventricular rate in atrial
fibrillation or flutter, who had scrum levels above
those of the nontoxic control group but who gave no
clinical evidence of toxicity.

In general, our experience has been that knowl-
edge of the serum digoxin concentration is of con-
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siderable clinical usefulness when weighed along
with the many other factors that influence pharma.
cologic and toxic effects, including serum potassium,
calcium and magnesium, acid-base balance, oxygen
tension, other drugs that the patient has received,
thyroid state, and nature of the underlying cardiac
disease.? The rapidity and simplicity of the assay
make it well suited to the early evaluation of prob-
lem patients, and the lack of need for administration
of radioactive substances to the patient facilitates
studies of the clinical pharmacology of the drug.

We are indebted to Miss Lynne M. Geever, R.N,, for tech-
nical assistance.
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COMMENTARY TO (1974)

Determination of Theophylline and its Metabolites in Human Urine and
Serum by High-Pressure Liquid Chromatography. Journal of Laboratory
and Clinical Medicine 84(4): 584-593.

heophylline (1,3-dimethylxanthine) is an anti-asthmatic drug that has been used in both adults and

children since 1936. Therapeutic drug monitoring (TDM) of patients on theophylline therapy is well

established as a means to avoid toxicity especially in neonates. The standard method for analysis of

theophylline was for many years the ultraviolet (UV) spectrophotometric procedure of Schack and
Waxler (1). Theophylline is measured at 277 nm following organic solvent extraction. The assay requires up to 2 mL
of serum and suffers from interferences from barbiturates, dietary xanthines and theophylline metabolites. Numerous
attempts were made to improve the procedure in order to avoid these problems (2—4). The first publication of a serum
and urine theophylline assay by Thompson, Nagasawa and Jenne using liquid chromatography solved all of the
problems of the UV assay. Thompson was a graduate student in 1974 finishing his Masters degree when he was given
the assignment to develop an alternative to the Schack and Waxler method for monitoring theophylline in patient
serums.

High-pressure liquid chromatography is the older term for this type of liquid chromatography that is now called
high-performance liquid chromatography (HPLC). In 2004 one of HPLC’s early advocates regarded it as the biggest
revolution in analytical chemistry in the last 40 years (5). Some of the early pioneers in the development of HPLC
include Horvath and co-workers (6), Snyder (7) and Kirkland (8).

In the 1974 HPLC paper for theophylline presented here the pressure used to drive the liquid phase through the
column was provided by a compressed tank of helium. The 1.8 mm id column was packed with ion-exchange resin
beads 13 wm in diameter. Serum sample volume was less than 10 uL and the analysis time was 24 minute. Metabolites
were well separated from parent compounds and other drugs. The same assay was used to study the relationship
between urine and serum metabolites in theophylline dosed patients (9). This paper by Thompson, Nagasawa and
Jenne was the first HPLC method for serum theophylline. Within 2 years, 14 different HPLC methods were published
for theophylline in biological fluids. The success of these theophylline assays helped establish HPLC as an essential
tool in clinical chemistry.
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Determination of theophylline and its metabolites
in human urine and serum by high-pressure liquid

chromatography

RICHARD D. THOMPSON,* HERBERT T. NAGASAWA Minneapolis, Minn. and
JOHN W. JENNE Albuquerque, N. M.

A high-pressure liquid chromatographic system has been developed for the
quantitative determination of theophylline and its metabolic products in human
urine. The procedure involves preliminary separation of the xanthines from the uric
acids by anion-exchange chromatography followed by liquid chromatography at 725
p.s.i. on Aminex A-5 cation exchange resin. The 24-hour urinary excretion of
theophylline, 3-methylxanthine, 1,3-dimethyluric acid, 1-methyluric acid, and uric
acid has been quantitatively determined by this method in two human subjects who
were being treated with oral aminophylline. By direct injection of diluted sera info
the high-pressure column, serum theophylline levels, as well as the serum levels of
its metabolite, 3-methylxanthine, and of uric acid were also determined in these two
subjects without interference from caffeine and other methylated xanthines, or from
hypoxanthine.

Theophylline 1,3-dimethylxanthine; 1,3-MX; Fig. 1), is a mild diuretie
agent, a moderately-active central nervous system and myocardial stimulant, and
a powerful bronchodilator which relaxes the smooth muscle fibers of the bronehi.*
This latter property constitutes the basis of therapy for a large number of
individuals with obstructive lung disease. Despite its widespread use in this
regard, the metabolism of theophylline in humans has not received the attention
that it deserves.

The pioneering work of Brodie, Axelrod, and Reichenthal® has established
that the major urinary metabolite of theophylline in man was 1,3-dimethylurie
acid (1,3-MU). Subsequently, Johnson, Weinfeld and Christman,* and Cornish
and Christman® have identified the remaining metabolites as 3-methylxanthine
(3-MX) and l-methyluric acid (1-MU). The conspicuous absence of l-methyl-
xanthine (1-MX) and 3-methyluric acid (3-MU) has heen noted by these
these investigators and will be confirmed herein.

Wide variations have been reported for the serum half-life values for
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Fig. 1. Structures of theophylline (1,3-MX) and its possible metabolic products: 1-methyl-
xanthine (1-MX); 3-methylxanthine (3-MX); 1,3-dimethyluric acid (1,3-MU); 1-methyluric
acid (1-MU) ; and 3-methyluric acid (3-MU).

theophylline in patients on an essentially identical therapeutic regimen with
aminophylline . (theophylline ethylenediamine), and the suggestion has been
made that these differences might relate to differences in the rate and/or
pathway of metabolic degradation of theophylline.®

Direct application of the methods of Cornish and Christman® to the study
of these variations in the metabolism of theophylline in man are hampered by
the cumbersome procedures involved (anion-exchange chromatography followed
by paper chromatography; then, ultraviolet spectrophotometry and colorimetry),
and the paucity of authentic synthetic specimen of metabolites and possible
metabolites for use as standards. These obstacles have all been overcome in the
present study; and we wish to deseribe a rapid, high-pressure liquid chromato-
graphic method for the separation, identification, and quantitation of the major
urinary theophylline metabolites excreted by man. A simplified version of the
method is directly applicable to the determination of serum theophylline levels
without interference from its own metabolites, from hypoxanthine or uric acid,
or from dietary caffeine.* Furthermore, the method of separation and detection,
v1z., ion exchange chromatography followed by measurement of absorbtivity at
280 nm., precludes any interference from drugs such as ephedrine or pheno-
barbital which are commonly used in the therapeutic management of asthmatic
patients, since these drugs have negligible absorption in this region of the
spectrum. At this wavelength, theophylline and its metabolites all absorb near-
maximally with log e.s, values equal to or greater than 3.88.

Materials

Apparatus. A schematic diagram of the high-pressure liquid chromatographic system
employed in this study is shown in Fig. 2. The eluent delivery unit consisted of a 500 ml.
high-pressure (0 to 750 p.s.i.) solvent cylinder (C) (Varian Aerograph, Walnut Creek, Calif.)
pressurized by a tank of compressed helium (A) with the flow-rate controlled by a two-stage
precision gas regulator (B). The liquid lines throughout the system, including the reference
column (G), were constructed of Type 316, %4 inch outside diameter stainless-steel tubing with
low dead volume stainless-steel Swagelok compression fittings (Crawford Fitting Company,
Solon, Ohio).

*As caffeine is not metabolized to theophylline in significant amounts in man® and theoph-
ylline is separated from caffeine by this procedure, the serum method is applicable for
either substance. However, 2 of the 5 known metabolites of eaffeine are identical to the
metabolities of theophylline; hence, dietary caffeine will interfere with the quantitative

determination of the urinary metabolltes of theophylline; and, conversely, theophylline
administration will interfere with the determination of caffeine metabolities in urine.
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Fig. 2. Schematic diagram of the high-pressure liquid chromatographic system used for the
quantitative determination of theophylline and its metabolites. See Materials section for details.

The analytical column (H) consisted of a 66.5 cm. length of Type 316, 3.2 mm. (outside
diameter) and 1.8 mm. (inside diameter) precision-bore stainless-steel tubing equipped with
an “on-column” sample injector (F') (Varian Aerograph) which utilized 14 inch diameter
laminated Tefseal septa (Hamilton Company, Whittier, Calif.) preceded by a check valve
(E, 10 p.s.i.). The column (as well as the reference column) was terminated with a 14 inch
to 14¢ inch reducing union (J) fitted with a 2.0 g stainless-steel fritted disk. The flow-rate
through the reference column (G) was adjusted using a regulating valve (D). A fibrous
internal filter was also placed above the fritted disk on the analytic column to support the
resin bed. The temperature of the column was controlled with water from a circulating
constant temperature bath (1) which flowed through a 34 inch (outside diameter) stainless-
steel water jacket surrounding the column.

The detector (K) was a Pharmacia UV Monitor (Pharmacia Fine Chemicals, Piscataway,
N. J.) operated at 280 nm., and its output was monitored with a 10 mV. recorder (L).
Samples were introduced by means of a 10 ul Model CG(A) Pressure-Lok microsyringe
(Precision Sampling Corporation, Baton Rouge, La.), and effluents were collected (or
discarded) at the terminal end (M).

Reagents and reference compounds. All reagents used in this study were of analytic
grade purity. The buffer eluent was prepared by dissolving 51.8 Gm. of ammonium dihydrogen
phosphate (NHH,PO,) in 1 L. of boiled distilled water and adjusting the pH to 3.65 with
1 M H,PO,.

Urie acid, xanthine, hypoxanthine, and caffeine were purchased from Calbiochem, San
Diego, Calif.; 7-methylxanthine from Pfaltz and Bauer, Inc., Flushing, N. Y.; and theophyl-
line and theobromine from Nutritional Biochemicals Corporation, Cleveland, Ohio.
1-Methylxanthine was obtained from Cyclo Chemical Company, Los Angeles, Calif. This
compound was found to be chromatographically impure and was, therefore, purified by
recrystallization from hot dilute acetic acid. 1-Methyluric acid,?, 8 3-methyluric acid, 1,3-
dimethyluric acid,% 10 and 3-methylxanthine9, 11,12 were synthesized by adaptation of
published procedures in the literature. 1,7-Dimethylxanthine was a gift from Dr. Gertrude
B. Elion of the Wellcome Research Laboratories, Research Triangle Park, N. C.

Ion-exchange resins. Dowex 2-X8 anion-exchange resin (Cl- form) 50 to 100 mesh
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(Bio-Rad Laboratories, Richmond, Calif.) was used to prefractionate the urine into a
xanthine or uric acid fraction. This step was necessary because 3-MX and 1,3-MU, when
present together as in urine, did not completely resolve under the conditions of the high-
pressure liquid chromatography described here. This preliminary ion-exchange separation
into xanthine and uric acid fractions also served as “clean-up” steps and rendered the urine
samples essentially free from much of the endogenous substances that could interfere in the
subsequent steps of the procedure. The resin was packed as an aqueous slurry into a 1 em.
(internal diameter) by 15 c¢m. glass chromatographic column with a Teflon stopcock and a
reservoir at the top to hold 50 ml. of solvent. The column was filled with resin to a height
of 55 em. and the resin bed was capped with a plug of glass wool. The column was condi-
tioned with 50 ml. of 6N ICI followed by a water wash to neutrality. To isolate xanthines
from urine, the column was washed with 200 ml of distilled water prior to use. For the
isolation of uric acids from urine, the resin was equilibrated with 50 ml. of 0.01 N HCL
Xanthines are not retained by this column and are washed through with water, while uric
acids are retained and require elution with acid (see below). A new column of this type
was prepared for each of the urine samples analyzed and approximately 5 ml. of liquid was
maintained above the resin bed when not in use.

Aminex A-5 cation exchange resin, 13 * 2 u (Bio-Rad Laboratories), was selected for
use as the stationary phase in the high-pressure analytic column. The resin (1.8 Gm.) was
allowed to equilibrate with 10 ml. of the buffer eluent overnight and then packed by the
dynamic procedure described by Scott and Lee13 at 650 p.s.i., using a stainless-steel reservoir
45 cm. in length by 4.5 mm. (internal diameter) fitted with 14 ineh to 14 inch reducing
unions. The excess resin was removed from about 1.5 em. from the top of the analytic column.

Standard solutions. Standard A (stock solution of methyl xanthines) was prepared by
dissolving 10.0 mg. each of 3-methylxanthine and theophylline in approximately 35 ml. of
0.08 M Na,B,0; « 10 H,O, adjusting the pH to 7 with 1 M H,PO,, then adding 5.8 Gm. of
NaCl and diluting to 100.0 ml. with water. This solution was stable over a period of at least
4 months when stored under ambient conditions.

Standard B (stock solution of uric acids) prepared in the same manner as Standard A
above, contained 10.0 mg. each of uric acid, l-methyluric aecid, and 1,3-dimethyluric acid in
a final volume of 100.0 ml. The stability of this solution was also comparable to Standard
A. Uric acid was added to Standard B to permit the quantitative analysis of this normal
constituent hoth in urine and in serum.

Individual reference standard solutions for other uric acids and xanthines were
similarly prepared, each at concentrations of 50 pg per milliliter and their chromatographie
retention behavior was determined (Table I1T).

Methods

Serum and wurine sampling. Blood and urine samples were obtained from two male
subjects who were being treated as outpatients with maintenance doses of oral aminophylline
for asthmatic conditions. The subjects did not consume coffee, tea, colas, or chocolate, i.e.,
were on a ‘“xanthine-free” regimen, for at least 12 hours prior to sampling. Blood was
collected immediately following an oral dose and at hourly intervals thereafter for a period
of 4 and 6 hours, respectively. The serum was separated from the coagulated blood by
centrifugation (2x) and a 3.0 ml. aliquot removed for theophylline determination by the
ultraviolet procedure of Schack and Waxler.14 The remainder of the serum was frozen and
kept frozen until just prior to analysis the following day by the high-pressure liquid
chromatographic procedure described below for serum.

Urine was collected at room temperature over a 24-hour period, the volume recorded,
and a few drops of toluene added as preservative. Aliquots (100 ml.) from each urine sample
were taken and quick-frozen for analysis the following day. The remainder was stored at
-20° C.

For recovery studies (see below), serum and urine samples from healthy individuals
not receiving medication of any kind and who were on a xanthine-free regimen were used.

Conditions .for high-pressure ligwid chromatography. The following instrumental
parameters for optimal separation of theophylline metabolites using the Aminex A-5 resin
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Fig. 3. Liquid chromatogram of the methylxanthines excreted in the urine of a subject
receiving 300 mg. of oral aminophylline four times a day (lower), compared against a
standard mixture of methylxanthines (upper). Conditions as deseribed in the text.

in the high-pressure system were established experimentally: buffer eluent, 0.45 M NH,H,PO,,
pH 3.65; column temperature, 55° C.; column pressure, 725 p.s.i.; flow rate, 10.0 ml. per
hour; and chart speed, 0.5 inch per minute. Typical chromatograms of standard mixtures
of xanthines and uric acids determined under these conditions are present in Figs. 3 and
4 (upper curves).

Urine

For METHYLXANTHINES. Five milliliters of urine was adjusted to pH 7.1 to 7.2 with 0.1
N NaOH and transferred with the aid of 5 ml. of distilled water to the Dowex 2-X8 column
previously equilibrated with distilled water. After the sample had passed into the resin bed,
the column was eluted with 125 ml. of distilled water into a 500 ml. round-bottomed flask.
The eluate was evaporated to dryness in vacuo at 40° C. on a rotary evaporator and the
residue dissolved in 50.0 ml. of 1 M NaCl. (Note: Further dilution at this step, e.g., to 100
ml.,, may be necessary as 3-methylxanthine is excreted in large quantities in urine.) Seven
microliters of this solution was injected into the liquid chromatograph at a detector absorbance
range of 0.04. A calibration curve was prepared as follows: 6.0 ml. of Standard A was diluted
to 25.0 ml. with 1 M NaCl, and 2.0, 4.0, 6.0, and 8.0 ml. aliquots were further diluted to
10.0 ml. with this solvent, 7 ul being injected. Peak areas were determined from the
chromatograms by multiplying the peak heights by the width at half-height, and the area
values were plotted against the nanograms of standard injected. The quantity (milligrams
per 24 hours) of methylxanthines in the urine sample was calculated as follows:

Nanograms methylxanthine dilution factor

. . oy -l
(from calibration curve) * I urine injected ¥ 24-hour urine volume (in milliliters) x 1,000

For uric Acips. Two milliliters of urine was adjusted to pH 6.8 to 6.9 with 0.1 N
NaOH and transferred with the aid of 5 ml. of 0.01 N HCl to the anion exchange column
which had been previously equilibrated with 0.01 N HCIL After the sample had passed into
the resin bed, the column was eluted with 90 ml. of 0.1 N HCL The eluate was adjusted to
pH 7.0, initially using 10 N NaOH with final adjustment with 1 N NaOH, transferred to a
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Fig. 4. Liquid chromatogram of the uric acids excreted in the urine of the subject deseribed
in Fig. 3 (lower), compared against a standard mixture of uric acids (upper). Conditions as
described in the text.

100 ml. volumetric flask containing 5.8 Gm. of NaCl and then diluted to volume with water.
Seven microliters of this solution was injected into the liquid chromatograph at a detector
absorbance range of 0.08. Calibration curves were prepared from Standard B and the
24-hour uric acid levels in urine were calculated in the same manner as above for the
methylxanthines.

Each of the respective components of Standards A and B exhibited linear detector
response over at least a tenfold concentration range. The lower limit of detection was esti-
mated to be 5 to 10 ng. for the methylxanthines and between 2 to 5 ng. for the urie acids.

Serum. One milliliter of serum was diluted with 2.0 ml. of 1 M NaCl, thoroughly mixed,
and 7 pl of this diluted serum sample was injected directly into the liquid chromatograph at
a detector absorbance range of 0.04. The serum concentrations (micrograms per milliliter)
of 3-methylxanthine, theophylline, and uric acid were calculated using the appropriate
calibration curve, taking account of sampling and dilution factors. [For routine applications,
a replaceable “pre-column” maintained at 55° C. and consisting of a short length (10 to 15
cm.) of column packing placed above the analytic column is recommended. This is because
repeated injections of diluted serum samples over a period of time reduced the column life.]
The addition of NaCl to urine or serum samples resulted in much more symmetrical chromato-
graphic peak shapes and is, therefore, recommended. Studies using NaCl concentrations over
a range of 0.1 to 2.0 M indicated an optimal concentration of about 1 M. This phenomenon
appears not to be due to a salt effect on the column resin, since incorporation of NaCl into
the buffer eluent over a concentration range of 0.01 to 0.5 M resulted in severe loss of resolu-
tion of the standards.

Recovery studies. The efficiency of the preliminary ion-exchange chromatographic step
for the separation of xanthines from the uric acids was evaluated by adding known amounts
of Standard A or Standard B at two different levels (0.5 and 2.5 mg.) to 5 ml. aliquots of
normal human urine. The recoveries, compared against like quantities of standards processed
in the same manner as the calibration standards, ranged from 98 to 100 per cent, and
duplicate samples were reproducible to within 5 ng. of each other.

The recoveries of 30 or 50 pg of theophylline and 3-methylxanthine added to normal
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Table I. 24-Hour urinary excretion of theophylline and its metabolites by two
male subjects receiving oral aminophylline (mg.)*

1-Methyluric 1,3-Dimethyluric

Subject Theophylline 3-Methylxanthine acid acid
SN 18.0 91.4 225 920
JD 9.3 57.3 122 453

*Average of duplicate determinations. The lack of material balance here indicates that the
patients did not diligently take their full 24-hour doses.

Table I1. Serum levels of theophylline and 3-methylxanthine in two male subjects
receiving oral aminophylline (ug/ml.)

Time following
admanistration
Subject (hours) Theophylline* 3-Methylxanthine
SS 0 7.3 (7.9) 3.3
1 8.1 (8.0) 3.3
2 11.5 (11.2) 4.0
3 10.7 (10.7) 4.2
4 8.1 (9.2) 3.8
JD 0 13.0 (12.9) 3.4
1 18.5 (19.8) 3.1
2 15.6 (17.2) 3.7
3 16.7 (17.6) 3.4
4 14.1 (15.0) 3.4
5 13.8 (14.8) 3.4
6 12.0 (11.7) 3.1
*Numbers in parentheses represent values determined by the Schack and Waxler pro-
cedure.1¢

human serum using identical serum/diluent volumes as described previously ranged from 99
to 102 per cent. This amount of theophylline added was in the concentration range normally
found in serum or plasma after the administration of therapeutic doses.

Blank studies with normal urine or serum carried through the same procedure indicated
that interference from endogenous 280 nm. absorbing components falling near the retention
times of theophylline or its metabolites were negligible.

Results

The recovery studies with standards added to normal urine or serum
indicated that theophylline and its metabolic products could be quantitatively
determined in these biologic fluids by the high-pressure liquid chromatographic
procedures herein deseribed. Accordingly, the applicability of the method was
evaluated in an actual elinical situation in two male subjeets who were being
actively treated with theophylline by following its metabolic disposition. Subject
SS, age 50, weighing approximately 200 pounds and known to be a rapid
deactivator of theophylline was receiving 400 mg. of aminophylline (theophylline
ethylenediamine in tablet form) orally, six times daily; and subject JD, age
63, weighing approximately 150 pounds, was receiving 300 mg., four times daily
(i.e., subject SS was being treated with twice the total daily amount of aminoph-
vlline as subject JD, or one and one-half times the daily dose on a per unit
weight basis).




128

NClume 84 Determination of theophylline 591

HX

ABSORBANCE

1,3-MX

02'468!0I2|4I6|8202224
TIME, MINUTES

Fig. 5. Liquid chromatogram of a diluted serum sample from the subject described in Fig.
3. X = xanthine; HX = hypoxanthine. Conditions as described in the text.

Table 111. Separation of some representative uric acids and xanthines by
high-pressure liquid chromatography on Aminex A-5*

Retention time

Compound (min.) Relative retention timet
Uric acid 10.2 1.00
3-Methyluric acid 11.3 1.11
Xanthine 13.3 1.30
1-Methyluric acid 13.7 1.34
3-Methylxanthine 14.8 1.44
7-Methylxanthine 15.2 1.49
1,3-Dimethylurie acid 15.6 1.53
3,7-Dimethylxanthine (theobromine) 17.0 1.66
1-Methylxanthine 17.3 1.69
Hypoxanthine 19.2 1.88
1,2-Dimethylxanthine (theophylline) 20.0 1.98
1,7-Dimethylxanthine 22.8 2.22
1,3,7-Trimethylxanthine (caffeine) 26.0 2.54

*Conditions as described in the text.
tRelative to uric acid.

The results of duplicate determinations of urine samples are shown in Table
I. In addition to theophylline and its metabolic products, i.e., 3-methylxanthine,
I-methyluric acid, and 1,3-dimethylurie acid, the average 24-hour urinary uric
acid levels were also determined for subject SS (385 mg.) and for subject JD
(247 mg.). Examples of the chromatograms obtained are illustrated by the lower
curves of Figs. 3 and 4. 1-Methylxanthine and 3-methyluric acid were not
detected in the urine of these subjects.

The serum levels of theophylline and 3-methylxanthine determined in the
same two male subjects are given in Table I1. A representative liquid chromato-
gram appears as Fig. 5. As can be seen, this direct-injection method for serum
samples assures the separation, identification, and quantitative analysis of
3-methylxanthine as well as of theophylline. Only 22.8 per cent of this metabolite
was extractable from normal human serum by chloroform-isopropanol using the
Schack and Waxler procedure. These .results demonstrate the accuracy and
superiority of the present method over the extraction/ultraviolet procedure. The
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relatively large peak eluted prior to theophylline in the serum samples has been
tentatively identified from its relative retention, extraction behavior, and from
“spiking” experiments, as hypoxanthine (HX).

Comparison of the serum theophylline levels determined by this high-
pressure liquid chromatographic method with the extraction/ultraviolet
procedure of Schack and Waxler (Table II) revealed that, whereas the values
for subject SS were quite similar by both methods, the values obtained by the
ultraviolet method for subject JD were 5 to 10 per cent higher. The reason for
these differences is not immediately apparent, but does not appear to be due to
3-methylxanthine, since the concentrations of this metabolite in the serum were
of the same order of magnitude for each subject. As can be seen from Fig. 5,
the serum procedure also allows for the simultaneous analysis of serum uric acid
levels, and these were determined in a number of representative samples. The
amount of uric acid present in serum 3 hours following the administration of
the aminophylline dose was thus caleulated to be 7.1 mg. per 100 ml. for subject
SS and 8.1 mg. per 100 ml. for subject JD. These values remained relatively con-
stant over the time course, e.g., the average level for subject SS at 5 different
times was 6.95 + 0.06 mg. per 100 ml. The methyluric acids were not detected
in any of the serum samples analyzed.

Discussion

The twofold differences exhibited by subjeet SS and subject JD in the 24-
hour urinary excretion of theophylline and each of its metabolities (Table I)
very likely reflect the twofold higher intake of aminophylline by subject SS.
Yet the average serum concentrations of theophylline in this subjeet remained at
only 62 per cent of the levels achieved by subject J and never approached even
the lowest serum values of the latter (Table I1). The reason(s) for such indi-
vidual differences in the physiologic disposition of theophylline remains a matter
of conjecture® with the limited data yet available. However, the techniques de-
seribed in the present communication should greatly facilitate a more thorough
investigation of these phenomena. Indeed, quantitative knowledge of their mag-
nitude is critical for the proper therapeutic management of patients receiving
this drug,® and the present methods should also find application in the routine
monitoring of serum or plasma theophylline coneentrations to aid in the adjust-
ment of initial and maintenance doses.

The relative retention data presented in Table IIT for a wide variety of
xanthines and uric acids suggest an even broader application of this high-pres-
sure liquid chromatographic procedure for their separation. Representative
among the many possibilities that may he proposed are (1) the analysis of mix-
tures of methylated xanthines, (2) the quantitative analysis of caffeine and its
metabolic products in urine, serum, or in in vitro systems, and (3) the simulta-
neous determination of urie acid, xanthine, and hypoxanthine in the sera of
plasma of patients with gout.

We are indebted to Dr. Gertrude B. Elion for a sample of 1,7-dimethylxanthine, to
Faye Rood and Siv Goulding for technical assistance during certain phases of this work, and
to Dr. M. W. Anders for helpful discussions.
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SEcTION III

Enzymology

ALP (Alkaline Phosphatase, EC 3.1.3.1)
11. Bessey, O. A., Lowry, O. H. and Brock, M. J. (1946)

A method for the rapid determination of alkaline phosphatase with five cubic millimeters of serum.
AST (Aspartate Aminotransferase, EC 2.6.1.1)

12. Karmen, A., Wroblewski, F. and LaDue, J. S. (1955)
Transaminase activity in human blood.

CK (Creatine Kinase, EC 2.7.3.2)

13. Mercer, D. W. (1974)
Separation of tissue and serum creatine kinase isoenzymes by ion-exchange column chromatography.
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A Method for the Rapid Determination of Alkaline Phosphatase
COMMENTARY TO With Five Cubic Millimeters of Serum. Journal of Biological Chemistry
164(1): 321-329.

y the late 1940s serum alkaline phosphatase (ALP, EC 3.1.3.1) had become a well-established diagnostic

marker for a wide variety of bone and liver disorders. Methods used were either modifications of H.D.

Kay’s original beta glycerophosphate assay (1—4) or King and Armstrong’s phenyl phosphate procedure

(5). Both methods required a protein precipitation step followed by a secondary color development of the
phosphorus or phenol produced. They required 0.5 mL of serum and at least 1 to 2 hours to complete. Otto Bessey,
Oliver Lowry and Mary Jane Brock set out to develop a more rapid ALP assay that could be run with pediatric
samples. The results of their efforts are presented here in this 1946 paper. Their ALP method used 5 pL of serum,
required no protein precipitation step and was complete in 35 min.

Bessey, Lowry and Brock used p-nitrophenyl phosphate (PNP), a self-indicating substrate. The product of the
enzyme reaction with PNP is p-nitrophenol which has a strong absorbance at 405 nm and can be read directly in
the serum—substrate mixture. Ohmori in 1937 (6), Fujita in 1939 (7) and King and Delory in 1939 (8) were actually
the first to use PNP in an ALP assay. Lowry in 1990 wrote that because of this “...we received more credit than we
deserved” (9). The Ohmori and Fujita papers unfortunately were published in journals with limited circulation at the
time. King and Delory synthesized PNP and used it only to compare its rate of hydrolysis with other substrates.

A few years after the publication of this Bessey, Lowry and Brock paper, Eastman Kodak ceased production of
PNP. Bessey and his group began to receive large numbers of requests from clinical laboratories for the substrate.
They soon published a method for its synthesis (10). In 1950 on the train back from a scientific meeting, Lowry asked
Dan Broida, the president of Sigma Chemical Co., to make PNP available as a product (11). In 1951 Sigma produced
their first commercial test kit. It was Technical Bulletin No. 104 for the determination of ALP using PNP substrate.
This product helped launch the widespread use of test kits into clinical chemistry. By 1974, the last pages of Technical
Bulletin 104 listed over 77 different chemistry test kits available just from Sigma (12).

In the 1960s researchers began to measure the enzymatic formation of p-nitrophenol in a direct kinetic mode and
this reduced the assay time to seconds (13—15). In 1979 McComb, Bowers and Posen published a book on ALP that
detailed the history of the development of this and other assay methods for ALP (16). In 1983 the American
Association of Clinical Chemists (17) and the International Federation of Clinical Chemistry (18) established the
Bessey, Lowry and Brock ALP assay as an international reference method.
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of the City of New York, Inc., New York)
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The alkaline phosphatase of the serum increases early and markedly
in rickets and returns completely to normal only after healing is complete.
Because of this fact, serum phosphatase is the most satisfactory index now
known for the detection of this deficiency. The phosphatase activity
of serum is not strictly specific in this respect and has also proved clinically
useful in a number of other pathological states; e.g., Paget’s disease, hyper-
parathyroidism, liver disease, etc.

In connection with nutritional studies on large groups of population, it
became necessary to have a rapid method for the determination of this
enzyme on small amounts of serum. By the use of a new substrate (p-
nitrophenyl phosphate) a method has been devised which requires only
5 ¢.mm. of serum (0.005 ml.) and which permits 50 to 100 analyses to be
made in 2 hours. The simplicity and speed of the method recommend it
for macro- as well as microdeterminations and for either alkaline or acid
phosphatase.

A number of methods have been described for the determination of the
phosphatase content of serum and other biological materials, all of which
depend upon the principle of measuring the rate of hydrolysis of various
phosphate esters under specified conditions of temperature and pH. The
two most widely used methods are those of Bodansky (1) and King and
Armstrong (2) in which glycerol phosphate and phenyl phosphate respec-
tively are employed as substrates. While these methods are satisfactory
for many uses, they are rather time-consuming when large numbers of
determinations are needed; furthermore, they require larger samples of
serum than is convenient for the purpose of dietary surveys.

The substrate, p-nitrophenyl phosphate, was studied by King and De-
lory (3) and has been used for phosphatase estimations by Ohmori (4) and
by Fujita (5). The compound is colorless, but upon splitting off the phos-
phate group, the yellow salt of p-nitrophenol is liberated (absorption
maximum, 400 mp). Hence the substrate is itself an indicator of the
amount of splitting and thus a measure of phosphatase activity. It is only
necessary to incubate serum with the buffered reagent, stop the reaction
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by dilution with alkali, and measure the amount of color developed.
Since serum itself makes a small contribution to the color, the first colori-
metric reading is followed by the addition of acid to the sample (converting
the yellow sodium salt into colorless free nitrophenol) and a second colori-
metric reading which furnishes a blank correction. This procedure is
considerably simpler than those now in use. Furthermore, p-nitrophenyl]
phosphate is split by alkaline phosphatase 15 per cent faster than phenyl
phosphate (3), 2 or 3 times more rapidly than glycerol phosphate, and 25
or 30 times faster than phenolphthalein phosphate (6). Because of this
rapid splitting, and the high chromogenicity of the salts of p-nitrophenol,
the reagent is well suited for adaptation to microprocedures.

Materials and Procedure

Reagents and Standards—

Reagent A. Dissolve 7.50 gm. (0.1 mole) of glycine and 95 mg. (0.001
mole) of MgCl; in 700 to 800 ml. of H,O, add 0.085 mole (e.g. 85 ml., 1 N)
of NaOH, and dilute to 1 liter.

Reagent B. Prepare 0.4 per cent disodium p-nitrophenyl phosphate
(Eastman) in 0.001 ~ HCL. (At present the Eastman product contains
about 50 per cent inert material; hence a double amount of this prepara-
tion should be used. If desired, the compound may be purified by recrys-
tallization from hot 87 per cent alcohol.) If the pH is not 6.5 to 8.0,
adjust with acid or base. To test for free nitrophenol, dilute 1 ml. with
10 ml. of 0.02 ¥ NaOH and measure the light absorption at 415 mu. If
the extinction is greater than 0.08 (i.e. light transmission less than 83 per
cent for a 1 cm. light path or 70 per cent for a 2 em. light path), remove
free phenol by extracting Reagent B two or three times with equal volumes
of water-saturated butyl alcohol, and once with water-saturated ether,
finally aerating off traces of ether. Store in the ice box. Reextract when
Reagent B fails to pass the above test.

Reagent C (complete reagent). Mix equal parts of Reagents A and B.
If necessary, adjust the pH to 10.3 and 10.4 with a little strong NaOH or
HCl. Store in the refrigerator, or, better, store frozen. When 2 ml. plus
10 ml. of 0.02 N NaOH have an extinction (1 em.) greater than 0.1, either
discard or extract with butyl alcohol and ether as above and readjust the
pH.

Standards. Prepare solutions containing 1, 2, 4, and 6 mum per liter of
p-nitrophenol (Eastman), mol. wt. 139.1.

Apparatus—For 5 c.mm. serum volumes, (a) 5 and 50 c.mm. Lang-Levy
constriction pipettes (Fig. 1); (b) 6 X 50 mm. serological tubes, Kimble
No. 45060; (c) any spectrophotometer or photoelectric colorimeter adapted
to 0.5 ml. volume measurements; e.g., Beckman spectrophotometer or
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Junior Coleman spectrophotometer (model 6) (Adapters for the Coleman
instrument may be obtained from Samuel Ash, 3044 Third Avenue, New
York 56); (d) wire rack to hold 100 tubes; this may be made conveniently
from £ inch mesh wire screen.

Principle and Use of Lang-Levy Constriction Pipeties—These pipettes
were originally described by Levy (7) working in the laboratory of Dr.
Linderstrgm-Lang. They are particularly useful for the easy, rapid, and
precise measurement of volumes of 1 to 200 ¢.mm. (0.001 to 0.2 ml.),
although larger pipettes are occasionally of value. With 10 to 200 ¢c.mm.
pipettes the percentage accuracy of delivery compares favorably with con-
ventional pipettes delivering 2 to 10 ml.; 7.e., approximately 0.1 per cent.
Below 10 e.mm. the precision falls off somewhat, but even with 1 ¢c.mm.
volumes a precision of at least 1 per cent is obtained and may be much
better with a well made pipette properly used. These pipettes are easy to
construct for any one familiar with the rudiments of glass blowing,! or
they may be obtained from the Arthur H. Thomas Company, Philadelphia.

Drawings of Lang-Levy pipettes are shown in Fig. 1. They are filled
and emptied by the use of a2 small rubber tube such as is used with blood-
diluting pipettes. The pipette is dipped not more than 1 or 2 mm. into

1 The following directions are for making an ordinary 50 ¢.mm. constriction
pipette. A 20 to 25 cm. length of either soft glass or Pyrex tubing, 4 or 5 mm. outer
diameter, is heated in the middle and drawn down to a diameter of 1.5 to 2mm. This
furnishes material for two pipettes. 2cm. from that point where the tube is narrowed
(Fig. 1, a) the slender portion is further drawn down to a diameter of 0.5 to 0.8 mm.
This narrowest portion is bent 1 cm. below the 2 mm. portion (b) at an angle of about
45° from & straight line and is cut off with a diamond point 3 or 4 mm. below the bend
(¢). The upper large end is fire-polished. A 0.1 or 0.2 ml. graduated pipette is
partially filled with water and placed horizontally on the table, a rubber tube is at-
tached to the new pipette, its tip is touched to the tip of the graduated pipette, and
50 c.mm. of water are sucked into the new pipette. A mark ismade with the diamond
point at the meniscus and just above this point the pipette is narrowed, for a distance
of about 1 em. or so (d-d), to an inner diameter of perhaps 1 to 1.5 mm., without
thinning the wall. Once again 50 ¢.mm. of water are drawn in, and the meniscus
should now fall in this narrow portion. If it does, a new mark is made with a diamond
point and the actual constriction is made by heating just above this mark with as
slender a flame as possible. Without pulling or pushing, the glass will thicken where
the flame strikes it, and heating is continued until the bore is 0.1 to 0.2 mm. at its
narrowed point (¢). The constriction should be small enough to stop the meniscus
from going by when moderate pressure is applied, but large enough so that undue
pressure is not required to force the meniscus by. The opening at the tip (¢) should
be a trifle smaller than the upper constriction so that the pressure which pushes the
meniscus past the upper constriction will not cause the pipette to deliver too rapidly.
The delivery time for a 50 c.mm. pipette should be 2 to 5 seconds. With a little
practice, pipettes within 1 to 2 per cent of the desired volume can easily be made.
However, each pipette is subsequently calibrated by delivery of water into a weighing
bottle containing moisture and weighing on a micro balance.
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the liquid, and by sucking, liquid is pulled to just above the constriction.
With gentle pressure the liquid level is blown down to the constriction,
where surface tension stops the meniscus automatically. The pressure
is not released until the tip of the pipette is removed from the remaining
liquid. To deliver, the pressure is increased sufficiently to drive the menis-
cus past the constriction and this pressure is maintained until delivery is
complete (2 to 5 seconds). With smaller pipettes the tip should be suffi-
ciently constricted (by fire polishing) so that surface tension prevents air
from following the liquid after it is delivered, since otherwise part of the
liquid might be spattered. During delivery, the bend in the tip is used to
keep the lower shaft of the pipette away from the wall of the tube into
which the sample is being delivered. This is very important, since other-
wise surface tension will cause the sample to run up the shaft of the pipette,
and only part of the sample will be delivered into the tube, the rest cling-
ing to the pipette. Similarly, the tip of the pipette must always touch a

ded a b
——————— Iy

c
Larger pipette (25-100 c.mm)

a eab

C

Smaller pipette (1-10 cmm)
F1c. 1. Lang-Levy pipettes. See foot-note 1

surface during delivery, since if the tip is free in the air, much of the sample
adheres to the outside of the pipette.

Procedure with 6§ C.mm. of Serum—Serum samples (5 c.mm.) are trans-
ferred to the bottom of 6 X 50 mm. tubes in a wire rack. (A simple
method for collecting small samples of serum has been previously described
(8).) The rack is immersed in a shallow pan of ice water and to each tube
are rapidly added 50 c¢c.mm. of ice-cold Reagent C, with a constriction
pipette. Each tube is mixed by tapping with the finger. Care is taken
not to warm the tube by so doing.

The whole rack of tubes is now immersed in a water bath at 38° at 2
depth sufficient to cover the bottom half of the tubes. After exactly 30
minutes the rack is again placed in the pan of ice water and 0.5 ml. of 0.02
N NaOH is added to each tube with sufficient force to mix the sample.
(A syringe pipette is very convenient for this purpose.) This addition
stops the reaction and dilutes the samples which are now transferred to
colorimeter tubes and read at 400 to 420 muy = R,.
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After the initial reading, 2 to 4 c.mm. of concentrated HCI are added
with a 0.1 ml. graduated pipette (drawn out tip) and a second reading,
R, is made.

R, and R, are converted into optical densities (— log transmission or
2 — log per cent transmission) = Dy and D;. Then Dy — D; = D,, the
corrected density.

Standards and blanks are provided by treating 5 c.mm. volumes of the
standards and of distilled water exactly as though they were serum samples.
The corrected densities (D.) are used to construct a standard curve from
which the serum values are calculated. Since sera and standards undergo
the same dilution, it is unnecessary to take into account the exact volumes
of the various pipettes. It is to be noted that D. is the density corrected
for possible residual absorption after acid addition but is not corrected
for the D, of the blank analysis. This second necessary correction is
automatically provided by the standard curve. A “millimole unit”’ is
defined as the phosphatase activity which will liberate 1 mm of nitrophenol
per liter of serum per hour. Therefore, sinee the standard incubation time
is only 30 minutes, the 1, 2, 4, and 6 mM standards are equivalent to sera
with activities of 2, 4, 8, and 12 mm units. 1 such unit is approximately
equal to 1.8 Bodansky units (see below). For adult sera, which have low
phosphatase activity, the volumes of serum and reagent may be doubled
without increasing the volume of alkali; this will nearly double the amount
of color.

Procedure with 20 C.mm. of Serum—Volumes of serum, reagent, and
0.02 x NaOH are increased to 20 ¢.mm., 200 ¢.mm., and 2 ml., respectively.
Otherwise the procedure is nearly identical with that described for 5 c.mm.
of serum. The sample may be conveniently incubated directly in § inch
photocolorimeter tubes. 1 drop of 5 N HClis added before the second read-
ing.

Procedure with 0.1 Ml. of Serum—TUse 0.1 m}. of serum, 1 ml. of reagent,
and 20 ml. of 0.02 v NaOH. Because of the larger volumes, the tubes
containing 1 ml. of reagent are placed in the water bath and allowed to
come to temperature before the addition of serum. As each serum sample
is added, the time is noted, and exactly 30 minutes later 20 ml. of NaOH
are added.

DISCUSSION

Fig. 2 shows the differences in spectral absorption between p-nitro-
phenyl phosphate, p-nitrophenolate, and free p-nitrophenol. It is on these
differences in absorption that the proposed method depends. Upon
removing the phosphate group from p-nitrophenyl phosphate to form p-
nitrophenolate, the absorption maximurn is shifted from 310 to 400 mg and
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is nearly doubled in height. On converting the liberated nitrophenylate
into free nitrophenol, by acidification, the absorption maximum is shifted
back to 318 mu and the absorption at 400 mu is abolished. This latter
reaction makes it possible to correct for the color contributed by the serum
itself.

King and Delory (3) observed that the pH optimum of phosphatase with
p-nitrophenyl phosphate as the substrate is more alkaline than with
glycerol phosphate. The pH optimum with human serum was foind to
be 10.0 to 10.1, under the conditions described here (uncorrected glass
electrode pH). Since alkaline phosphatase has a sharp pH optimum, devi-
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ations of more than 0.1 pH unit will affect the readings significantly. For
rat serum the optimum pH range is from 9.1 to 9.7. It is advisable to
check the pH of the reagent against a standard buffer in the same pH
range, such as 0.1 M sodium borate, pH 9.2. The reagent is well buffered;
hence there is no danger of CO; from the air affecting the activity during
the incubation, but the pH of the reagent itself should be rechecked occa-
sionally. Since the buffer capacity is large, it is permissible in the case of
sera having very high phosphatase to reduce the volume of serum to one-
half or one-quarter without changing the other volumes. The phosphatase
reagent of Bodansky (1) is less well buffered and considerably more care
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must be exercised with it to prevent pH changes from affecting phospha-
tase activity. The p-nitrophenyl! phosphate reagent contains added mag-
nesium, which, however, has less effect on the activity of the phosphatase
than in the case of glycerol phosphate.

The degree of splitting in 30 minutes has been found to be proportional
to the concentration of enzyme, but has not been found to be strictly linear
with time for more than about 30 minutes. Therefore, it is desirable not
to increase the period of incubation.

The blank correction for contribution of color from the serum is based on
the finding that serum has very nearly the same absorption at 415 myu in
acid as in alkaline solution. Hemoglobin, if it is present as the result of

TasLe 1
Comparative Results with Bodansky and Nitrophenyl Phosphate Procedures
Ni Ratio, p-nitrophenyl
Serum No. Bodansky units L4 \'t"’ph::’i't’spl’°5"h“t° Bg&:;;ix;t; nti‘;s

1 8.36 4.68 1.79

2 8.80 4.98 1.77

3 10.7 5.68 1.88

4 8.30 4.81 1.73

5 9.30 4.76 1.95

6 9.27 4.76 1.95

7 5.60 3.27 1.71

8 7.42 4.22 1.76

9 7.14 4.32 1.66

10 8.36 4.99 1.67

11 4.48 2.41 1.86

12 6.54 3.70 1.77
AVELAZE. ... oot 1.79
Standard deviation.......... ... ... . ... 0.10

hemolysis, absorbs considerably less light at 415 than at 400 mg, which is
one reason for preferring the longer wave-length. Hemoglobin does not
absorb quite the same amount of light in acid and alkaline solution; hence
excessive hemolysis should be avoided.

Comparison with Other Methods—In Table I are shown comparative
results of analyses of twelve children’s sera made by the Bodansky proce-
dure (1) on 0.1 ml. of serum and by the method described here on 5 ¢.mm. of
serum. It would appear that the Bodansky units (mg. of P liberated per
100 ml. of serum per hour) bear a ratio of 1.79 to the mm unit of the present
procedure (mM of substrate hydrolyzed per liter of serum per hour). We
have found the same ratio for adult sera, but the activities were so low that
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accurate measurements by the Bodansky procedure were difficult to make,
and hence a less regular correlation was found. In a personal communi-
cation, Dr. S. H. Jackson, Children’s Hospital, Toronto, reported that the
ratio of King-Armstrong units (mg. of phenol split from phenyl phosphate
per 100 ml. of serum per hour) (2) to mm units is 7.3, with a variance of 8
per cent. With rat sera we have found in agreement with Fujita (5) that
a much lower ratio is obtained. This observation deserves further in-
vestigation. The standard deviation of replicate determinations on the
same serum by the proposed procedure with 5 ¢.mm. is 0.15 mM unit.
Huggins and Talalay (6) have recently introduced phenolphthalein
phosphate as a phosphatase substrate. Like nitrophenyl phosphate it
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F1c. 3. Blood serum alkaline phosphatase under various dietary conditions

can function as its own indicator. It is, however, split only 3 or 4 per cent
as fast as the latter and the color produced is stated not to be proportional
to the enzyme concentration, presumably because there are two phosphate
groups attached which may both have to be removed before color develops.

Illustrative Data—Fig. 3 gives the results of experiments to determine
whether the alkaline phosphatase of human serum is influenced by the diet.
Weil and Russell (9) observed that in the rat fasting for as little as 8 hours
caused a marked decrease in serum alkaline phosphatase, confirming sim-
ilar findings of Bodansky (10) for the dog. Gould (11) observed that a high
fat diet produced an increase of 400 per cent in the alkaline phosphatase
of rat serum. It is apparent (Fig. 3) that in the human subjects tested




143

BESSEY, LOWRY, AND BROCK 329

there were no significant changes in the serum alkaline phosphatase at-
tributable to an 18 hour fast, a high protein meal, or a 40 hour period of
very high fat intake. The blood samples were all obtained by finger punc-
ture. Duplicate 10 ¢.mm. serum samples were analyzed. It seems pos-
sible to conclude that for human phosphatase studies it is unnecessary to
consider the immediate dietary history.

SUMMARY

A method is described for the determination of serum alkaline phos-
phatase, which permits analysis of 5 ¢.mm. (0.005 ml.) samples of serum
at the rate of 50 to 100 per 2 hours. The simplicity and speed of the
method also recommend it for macro- as well as microdeterminations, and
for either alkaline or acid phosphatase.
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he first serum enzyme assay introduced into routine clinical chemistry was Wohlgemuth’s 1908 starch

iodine method for amylase (EC 3.2.1.1) (1). Forty-five years latter, clinical enzymology consisted

essentially of three serum assays; amylase, alkaline phosphatase (EC 3.1.1.1) and acid phosphatase

(EC 3.1.3.2). Textbooks published in 1943 by Gradwohl (2), Bray in 1946 (3) and Caraway in 1960 (4)
presented methods for only these three enzymes. All the assays were colorimetric end-point procedures. A paper by
LaDue, Wroblewski and Karmen in Science in 1954 (5) and their 1955 paper presented here changed this forever.
They demonstrated for the first time that elevated levels of serum aspartate aminotransferase (AST, EC 2.6.1.1
formerly called serum glutamate oxaloacetate transaminase, SGOT) could be used to help confirm suspected
myocardial infarction (MI). This caused an explosive interest in the use of serum enzymes as markers in disease
detection. This 1955 paper also helped create a second paradigm shift in clinical chemistry. The AST procedure by
Karmen introduced into routine clinical chemistry the ultraviolet (340 nm) non-colorimetric optical technique for the
measurement of serum enzymes.

Awapara and Seale in 1952 used a paper chromatography procedure to study the distribution AST in rat tissues (5).
Two years latter LaDue, Wroblewski and Karmen used a similar paper technique and reported for the first time on the
elevation of AST in patients following MI (6). In 1955 they reported that AST values were up to 20 times above
normal in 74 of 75 patients following MI (7). The elevation of AST following MI was also confirmed experimentally
in dogs (8). Wroblewski and LaDue in 1955 reported similar results for the enzyme, lactate dehydrogenase (LDH, EC
1.1.1.27) (9). Serum enzymes soon became a major topic within the scientific literature. Interest even entered into the
popular press. In 1961 Wroblewski published an article in Scientific American called “Enzymes in Medical
Diagnosis” (10).

AST catalyzes the transfer of an amino group from L-aspartate in the presence of 2-oxoglutarate to form
oxaloacetate and L-glutamate. In the paper presented here the authors used paper chromatography to measure AST
activity in serum. The method measured the formation of the amino acid glutamate by AST and took 36 hours to
complete. In the Appendix to this paper written by Arthur Karmen, a new more practical method suitable for clinical
use was introduced.

Otto Warburg in the 1930s discovered that enzymes that catalyzed the reduction or oxidation of the co-factors
nicotinamide adenine dinucleotide (NAD) or nicotinamide adenine dinuleotide (NADP) could be measured at 340 nm
with a spectrophotometer (11). This came to be known as Warburg’s “optical assay.” Karmen applied this concept to
AST and replaced 36-hour paper chromatography with a 5-minute assay. In the assay, he added malate dehydrogenase
(MDH, EC 1.1.1. 40) along with NADPH to the serum-substrate mixture. The oxaloacetate formed by AST was
converted into malate by MDH with a stoichiometric oxidation of NADPH to NADP. The loss of hydrogen by
NADPH resulted in a decrease in the absorbance of the reaction mixture that could be monitored kinetically at
340 nm. Karmen was one of the first to describe this “coupled” approach to a clinical enzyme assay. His UV method
was quickly optimized (12,13) and colorimetric end-point versions of the coupled assay soon appeared (14). Growth
of clinical enzymology was exponential following these reports. Barnett, Ewing and Skodon in 1976 evaluated the
performance of 43 different commercial test kits available for AST in serum (15).
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Enzymatic transamination consists of the en-
zyme catalyzed reversible transfer of the alpha
amino nitrogen of an amino acid to an alpha-keto
acid with the synthesis of a second amino acid and
a second alpha-keto acid. Enzymes catalyzing
different transamination reactions are found widely
distributed in animal tissues and have been shown
to change in activity in some tissues during dis-
ease (1-3). These observations prompted the
present study to determine if transaminase ac-
tivity could be demonstrated in human serum and
blood cellular elements and, if so, to study any
variations in activity of this enzyme in the blood
of normal and diseased man.

METHODS AND MATERIALS

The two transaminases found most active in animal
tissues are:

1. “Glutamic-oxalacetic transaminase”
Aspartate + alpha-keto glutarate = glutamate +
oxalacetate
2. “Glutamic-pyruvic transaminase”
Alanine + alpha-keto glutarate = glutamate + py-
ruvate

When aspartate or alanine are incubated with alpha-
keto glutarate and a source of enzyme, the rate of pro-
duction of glutamate may be taken as a measure of
transaminase activity. The amount of glutamate pro-
duced after a given incubation period under standardized
conditions was measured by quantitative paper chromato-
graphic analysis (4).

One-tenth molar solutions of l-aspartate, 1-alanine, and
alpha-keto glutarate were prepared in 0.06 M phosphate
buffer and the pH of the solutions adjusted to pH 7.6.
For serum transaminase determinations, 0.5 ml. of clear,
non-hemolyzed serum, 1.5 ml. of 0.06 M phosphate buf-
fer, pH 7.6, and 0.5 ml. of either the alanine or aspartate
solutions were incubated for ten minutes at 37°C. At
this time, 0.5 ml. of the alpha-keto glutarate solution was
added and the incubation continued for 18 hours. For
whole blood hemolysate transaminase determinations,
equal volumes of blood and distilled water were shaken
together for ten minutes, 1.0 ml. of the hemolysate was
added to 1.0 ml. of the phosphate buffer, and the sub-
strates added as above. The time of incubation of the
hemolysate substrate mixture was three hours.

At the end of the incubation period, proteins were sepa-
rated by adding 7.0 ml. of absolute ethyl alcohol, centri-
fuging for ten minutes, and washing the precipitate with
5 ml. of 70 per cent ethanol. The supernatant was evap-
orated to dryness over a water bath and the residue dis-
solved in 1.0 ml. of 0.06 M phosphate buffer. Aliquots of
0.05 ml. were then applied to Whatman No. 1 filter paper
and chromatographed by the descending method for 18
hours, using phenol saturated with water as solvent and
water saturated with phenol to saturate the atmosphere of
the tank. The papers were then removed and dried in air
at room temperature (5). The position of the amino
acids was located by spraying the paper with a 0.1
per cent solution of ninhydrin in butanol and heating
gently with an infra-red lamp.

The areas of paper corresponding to glutamate were
cut out, rolled, and placed in test tubes. Elution of the
amino acid from the paper and quantitative color de-
velopment with ninhydrin were performed in one opera-
tion by adding the reagents and treating the paper as
described in the procedure of Troll and Cannan (6).
Areas of paper containing standard amounts of gluta-
mate were analyzed concomitantly. Papers correspond-
ing to incubation mixtures containing 0.5 ml. of serum,
or 1.0 ml. of hemolysate were used as blanks.

RESULTS
Reliability of the method

No loss of glutamate was encountered in the
incubation period with serum or in the process of
paper chromatography. Satisfactory recovery of
known quantities of glutamate added to serum and
incubated for 18 hours, or applied to paper di-
rectly, was obtained (Table I).

Presence and properties of the enzyme in serum

Incubation of aspartate and alpha-keto glutarate
or alanine and alpha-keto glutarate, without addi-
tion of serum, failed to form detectable quanti-
ties of glutamate after 18 hours of incubation. In-
cubation of 0.5 ml. of serum and any one of the
substrates singly, similarly showed no formation
of measurable glutamate. Thus, non-enzymatic
transamination was inferred not to occur under
the conditions of these experiments, and concen-
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TABLE I
Recovery of added glutamate

Micromoles
reco

Micromoles

%o
Aliquot added Recog'ery

A. From paper after phenol chromatography

1. 0.405 0.410 101.1
2. 0.405 0.405 100.0
3. 0.405 0.415 102.3
4. 0.405 0.424 104.7
B. From serum after eighteen-hour incubation
1 8.00 8.10 101.1
2 8.00 8.57 107.0
3 8.00 7.60 95.0

tration of alpha-keto glutarate and amino group
donors in serum and hemolysates was inferred to
be negligible. Incubation of 0.5 ml. of serum with
aspartate and alpha-keto glutarate resulted in the
formation of from 4.4 to 15.0 micromoles of glu-
tamate in 18 hours, depending on the serum sam-
ple tested.

The amount of glutamate produced was found
to be directly proportional to the time of incubation
when identical mixtures of serum, buffer, and sub-
strates were incubated for varied intervals of time
(Figures 1 and 2). The rate of production of
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glutamate was seen to be directly proportional to
the quantity of serum, when 0.5 ml. and 1.0 ml.
samples of the same sera were incubated with
identical substrate mixtures (Table II).
Pyridoxal phosphate has been shown to act as
coenzyme in transamination reactions and O’Kane
and Gunsalus have determined the coenzyme satu-
rated curve (7). Addition of a buffered solution
of pyridoxal phosphate in a concentration of ten
micrograms per ml. was found to have no meas-
urable effect on the transaminase activity of the
serum. Addition of a boiled and filtered extract
of rat liver, used as source of possible activators,

TABLE IF
The effect of enzyme conceniration on rate of transamination
incubation period—iwenty hours
Micromoles Micromoles
glutamate Rate glutamate Rate
produced micromoles/ produced micromoles/
Sample by 0.5 ml. ml./hr. by 1.0 ml. ml./hr.
1. 5.6 0.56 10.4 0.52
2. 49 0.49 9.7 0.48
3. 6.6 0.66 11.0 0.55
4. 6.4 0.64 11.7 0.59
5. 5.9 0.59 12.3 0.61
6. 5.2 0.52 9.8 0.49
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was similarly found not to affect the observed
transaminase activity of serum.

Increased concentration of aspartate in a given
serum incubation mixture was seen to cause a
greater increase in the observed rate of glutamate
production than an increase in the concentration
of alpha-keto glutarate, demonstrating that com-
plete saturation of the enzyme with substrate had
not been achieved at these concentrations. These
results are in essential agreement with those re-
ported for transaminase preparations from pig
heart muscle (7, 8).

The effect of pH on serum transaminase ac-
tivity was studied by altering the composition of
the buffer used. Phosphate buffer, 0.2 M, of
several pH values was substituted for the 0.06 M
buffer. The pH of each incubation mixture was
determined before and after incubation. An in-
crease in pH from 0.1 to 0.2 pH units was ob-
served in each sample after the incubation period
and the average of the pre- and post-incubation
values was taken as the pH of the mixture. The
finding of maximal activity between pH 7.0 and
8.0 (Figure 3) is in essential agreement with the
results of Cohen (9) and others using pig heart
muscle as source of transaminase.

No change in transaminase activity with time
was noted in serum samples stored from ten min-
utes to 96 hours at room temperature, or for pe-
riods of from one hour to two weeks in the re-
frigerator (0 to 5°C.). The transaminase activity
was not changed by freezing or lyophilization of
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TABLE III
Distribution of iransaminase activity in serum of
healthy adults
Aspartate- Alanine-
Trans- alpha-keto alpha-keto
aminase glutarate glutarate
activity
micromoles/ No. of No. of
ml./hr. samples % samples %
0.20-0.39 0 0 2 5.1
0.40-0.49 7 7.8 11 28.2
0.50-0.59 22 25.0 16 41.1
0.60-0.69 24 27.2 5 12.5
0.70-0.79 15 17.1 2 5.1
0.80-0.89 5 5.7 1 2.5
0.90-0.99 10.2 1 2.5
1.00-1.09 5 5.7 1 2.5
1.36 1 1.1
Total number
tested 88 100 39 100
Mean transaminase  Aspartate- 0.622::0.191 Std.
activity alpha-keto deviation
micromoles/ml./hr.  glutarate
Alanine- 0.525-40.146 Std.
alpha-keto deviation
glutarate

the serum. No change in activity was noted in
sera subjected to 56°C. for 25 minutes. Sera
heated to 100°C. for ten minutes were found to
have a decrease in activity to 10 per cent of the
original transaminase activity.

No difference could be detected between trans-
aminase activity in serum and in plasma from the
same donors by using oxalate, citrate, or heparin
as anticoagulants.

Transaminase activity in the blood of mormal
humans

The serum glutamic oxalacetic transaminase
activity in 88 normal humans varied from 0.41 to
1.36 micromoles per ml. per hour with a mean
activity of 0.622 = 0.191 standard deviation. Se-
rum glutamic pyruvic transaminase activity in 39
samples was found to be between 0.21 and 1.01
micromoles per ml. per hr. with a mean value of
0.525 = 0.146 (Table III). The glutamic oxal-
acetic transaminase activity found in hemolysates
ranged from 5.0 to 8.7 micromoles per ml. per hr.
with a mean value of 6.86 = 0.78 while the glu-
tamic pyruvic transaminase in hemolysates varied
from 1.6 to 3.3 micromoles per ml. per hr. with a
mean value of 2.48 = 0.36 (Table IV).

In each of 29 hemolysate samples, the ratio of
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TABLE IV

Distribution of transaminase activity in whole blood

hemolysates of healthy

adults

Aspartate-alpha-keto
glutarate

Alanine—alpﬁa—keto

129

glutamic oxalacetic transaminase activity to glu-
tamic pyruvic transaminase activity varied be-
tween 2.04 and 3.60 micromoles per ml. per hr.
with a mean value of 2.70 = 0.40. In 39 deter-
minations of serum transaminase activity, this

glutarate
Trans- Trans- ratio was found to be 0.725 to 1.67 micromoles
activity activity per ml. per hr. with a mean of 1.15+0.23. No
T ke o/ sljrgi)?efs % it / gr:ifefs 9%  consistent relationship was noted between indi-
0-5.9 3 103 1.5-1.9 3 103 vid}lal serum .afld corresponding hemolysate trans-
8_—?3 l% 41.4 ggzgs 12 gég aminase activities.
.0-7. 1 41.4 .5-3.0 11 X : : o
'0-8.9 2 69 3.0-3.3 3 103 In no instance was transaminase activity .absent
in the sera of the normal humans tested or in any
Total No. 29 100.0 Total No. 29 100.0 of the sera of hospitalized patients with various
Mean transaminase  Aspartate- 6.86:0.78 Std. filsease states tested. .Increa.sed activity was foufld
. activity alpha-keto deviation in the sera of one patient with lymphomatous dis-
micromoles/mi.(kr.  glutarate ease, one with extensive rhabdomyosarcoma, two
Alanine-  2.48+0.36 Std. with acute leukemia, one with acute hepatitis, and
alpha-keto deviation  two patients with arteriosclerotic heart disease
glutarate . . .
and recent myocardial infarction. Serum glu-
TABLE V

Transaminase activity in blood of hospitalized patients in micromoles per ml. per hr.

Serum transaminase

Hemolysate transaminase

glutamic ic
Clinical diagnosis Oxalacetic Pyruvic Ozxalacetic Pyruvic
Carcinoma of lung 0.54 0.41 8.86 2.07
Carcinoma of lung 0.51 0.38 1.73 2.54
Carcinoma of palate 0.89 0.70 6.25 2.60
Carcinoma of eyelid 0.75 0.47 8.05 1.80
Carcinoma of breast 0.80 0.73
Fibromyoma of uterus 0.81 0.59 8.75 2.73
Lymphoma 0.46 0.51 11.3 2.70
Lymphoma 0.71 0.47 7.85 1.56
Lymphoma 0.52 0.39 6.45 2.53
Lymphoma 0.74 0.53 6.80 1.66
Lymphoma 1.06 0.70 6.35 2.00
Lymphoma 0.36 0.32 7.00 1.60
Lymphoma 0.47 0.37
Lymphoma 0.71 0.48
Rhabdomyosarcoma 1.70 1.60 9.13 7.46
Rhabdomyosarcoma 0.40 0.35 7.26 2.00
Chronic pulmonary tuberculosis 0.92 1.24 7.20 3.60
Chronic pulmonary tuberculosis 0.58 0.44 8.95 1.60
Acute leukemia 1.28 1.51 5.26 3.40
Acute leukemia 0.36 0.55 5.20 1.60
Acute leukemia 1.72 1.25 7.95 3.73
Acute hepatitis 1.97 1.75 7.20 10.4
Diabetes mellitus 0.46 0.35 8.46 2.73
Portal cirrhosis 0.99 1.28 8.70 3.50
Portal cirrhosis 0.49 0.38 3.10 1.40
Generalized arteriosclerosis 0.50 0.63 6.13 3.26
Cerebral hemorrhage 0.85 0.41 9.40 3.40
Arteriosclerotic heart disease with CHF 1.16 0.81 5.00 2.20
ASHD with anginal syndrome 0.95 1.25 8.65 3.27
ASHD with myocardial infarction—
see Figure §
Average normal value 0.62 0.52 6.86 248
Normal range* 0.24-1.04 0.23-0.82 5.30-8.42 1.76-3.20

* Normal range represents the normal mean value plus or minus two standard deviations.
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F16. 4. SERUM TRANSAMINASE ACTIVITY IN PATIENTS WITH ADMISSION
D1aGNoOSIS OF MYOCARDIAL INFARCTION

tamic oxalacetic transaminase activity and serum
glutamic pyruvic transaminase activity was seen
to vary together in most cases of marked depar-
ture from the normal range. Somewhat greater
variation was found in the transaminase activity
of the hemolysates from the same patients (Table
V).

Figure 4 represents serial determinations of
serum transaminase activity in five patients ad-
mitted to the hospital with the admitting diagno-
sis of acute myocardial infarction at various times
after the onset of acute infarction. Of the five pa-
tients shown, the clinical picture subsequent to ad-
mission substantiated the diagnosis of transmural
myocardial infarction in Nos. 1, 2, 4, and 5. Ele-
vated values were found in patients Nos. 1 and 5,
the only patients with acute infarctions studied
during the first week after infarction. The find-
ing of 2.02 units in patient No. 1 represents the
highest value found in any of the samples tested
and almost twice the value taken as the upper
limit of normal. '

DISCUSSION

The method of transaminase assay by quanti-
tative paper chromatography of the glutamate
produced was chosen because of its sensitivity and
the simplicity of the equipment required. Other
methods of measuring transamination reactions
may be divided into two main types: Those utiliz-
ing either specific chemical or enzymatic decar-
boxylation of one of the products and subsequent
manometric measurement of carbon dioxide
evolved and those utilizing the high ultraviolet ab-
sorption of oxalacetate at wavelength 280 milli-
micra to follow the glutamic oxalacetic transami-
nase reaction by measuring a change in optical
density as oxalacetate is produced or consumed.
The high bicarbonate content of blood together
with low transaminase activity makes a method
depending on carbon dioxide evolution difficult
to apply to serum. Low transaminase activity and
high protein content together with the known in-
stability of oxalacetate make the usual spectro-
photometric assay difficult to apply to serum.
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The results demonstrated the enzymatic nature
of the observed transamination and suggest that
serum glutamic oxalacetic transaminase has simi-
lar chemical characteristics to transaminase de-
rived from other sources. The failure of pyridoxal
phosphate or boiled liver extract to increase the
measured transaminase activity may be taken as
evidence that the enzyme was fully activated in
the serum samples tested. The difference in com-
parative amounts of the two transaminases in se-
rum and hemolysates could represent a difference
in the rates of diffusion of the two enzymes across
the cellular membranes of the blood cells, or, as
seems more likely, this difference could be taken
as suggestive evidence for a source of the serum
enzymes apart from the blood cells.

The sera of patients with acute myocardial in-
farction were thought worthy of particular atten-
tion because of the possibility that destruction of
cardiac muscle, reported rich in transaminase ac-
tivity, might result in a release of this enzyme into
the blood stream and might thus increase the se-
rum transaminase activity. The finding of in-
creased serum transaminase activity in the two
patients studied during the first week after infarc-
tion is compatible with such a possibility.

SUMMARY

1. The presence of glutamic oxalacetic and glu-
tamic pyruvic transaminase activity in human se-
rum, plasma, and whole blood hemolysates has
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been demonstrated. A method is presented for
their measurement by estimating the rate of gluta-
mate formation employing quantitative paper
chromatography.

2. The chemical properties of the enzyme in se-
rum, including the variation in activity with
changes in concentration of enzyme, substrate, and
hydrogen ion were found similar to those re-
ported for transaminases in animal tissues.
Freezing or lyophilizing the serum, or storing it
at 0 to 5°C. for periods up to two weeks resulted
in no significant change in transaminase activity.
Boiling destroyed the activity.

3. Glutamic oxalacetic and glutamic pyruvic
transaminase activities were found to be approxi-
mately equal in normal human serum. Whole
blood hemolysates were found to have ten times
as much glutamic oxalacetic transaminase activity
as serum. Glutamic oxalacetic transaminase was
found to be approximately 2.7 times as active as
glutamic pyruvic transaminase in hemolysates.

4. A survey of transaminase activity in the
blood of hospitalized patients revealed departure
from the normal range of activity in several dis-
ease states.
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APPENDIX

A NOTE ON THE SPECTROPHOTOMETRIC ASSAY OF GLUTAMIC-
OXALACETIC TRANSAMINASE IN HUMAN BLOOD
SERUM

By ARTHUR KARMEN

(Department of Pharmacology, New York University College of Medicine)

A spectrophotometric method was devised in
which the transamination reaction (Reaction 1)
is coupled to the reduction of oxalacetate to mal-
ate by reduced diphosphopyridine nucleotide
(DPNH), in the presence of an excess of puri-
fied malic dehydrogenase (Reaction 2). The oxi-
dation of DPNH, and therefore the transamina-
tion reaction, is followed by measuring the de-

crease in light absorption at wave length 340 my,
at which the reduced pyridine nucleotides have an
absorption peak.

(1) a-Keto glutarate 4 aspartate & L-gluta-
mate + oxalacetate

(2) Oxalacetate + DPNH 4 H* 2 L-malate
+ DPN+
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METHODS

Materials. Aspartic acid, alpha-keto glutaric acid and
reduced diphosphopyridinenucleotide were obtained com-
mercially. Purified malic dehydrogenase, prepared from
pig heart muscle by the method of Straub (10), was
tested and found free of detectable transaminase or glu-
tamic dehydrogenase activity.!

Experimental procedure. From 0.1 to 1.0 ml. of serum,
1.0 ml. of 0.1 M phosphate buffer, pH 7.4, 0.5 ml. of 0.2 M
aspartate in buffer, pH 7.4, 0.2 ml. of DPNH (1 mgm.
per ml.) and 0.1 ml. of a solution of purified malic de-
hydrogenase (50 micrograms of enzyme protein per ml.)
were mixed and brought to a final volume of 2.8 ml. in a
cuvette having a 1.0 cm. light path. The blank contained
all reactants listed except DPNH. After 10 minutes,
0.2 ml. of 0.1 M alpha-keto glutarate in buffer, pH 7.4,
was added. The optical density at wavelength 340 mgu
was followed for five minutes, and the rate of decrease of
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F16. 6. SEruM TRANSAMINASE ACTIVITY AS A FUNcTION
OF SUBSTRATE CONCENTRATION

optical density taken as the measure of the transaminase
activity of the serum. The reaction was followed in a
Beckman model DU spectrophotometer at room temper-
ature. The activity is expressed as units per ml. of se-
rum per minute. One unit equals a decrease in optical
density of 0.001 under the conditions destsibed,

Comments on procedure. When DPNH is added to
serum without addition of substrates the optical density
of the mixture decreases for six to seven minutes, indi-
cating the oxidation of a finite quantity of DPNH. After
this reaction has stopped, completion of the transamina-
tion system results in a steady decrease in optical density
which is taken as a measure of the transaminase activity
of the serum (Figure 5, top curve).

The rate or amount of DPNH oxidation by serum
alone is not changed by the addition of malic dehydro-
genase and either aspartate or alpha-keto glutarate. The
amount oxidized is not appreciably affected by adding
more DPNH (Figure 5, middle curve). Addition of
0.2 ml. of a solution of potassium pyruvate (4 mgm. per
ml.), after this reaction has stopped, results in complete
oxidation of the DPNH present at a measurable rate,
demonstrating the presence of lactic dehydrogenase in
serum. Dialysis of the serum against 0.1 M phosphate
buffer reduces the amount of DPNH oxidized without
changing the measurable transaminase activity of the
serum (cf. Figure 5, top and bottom curves).
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It is, therefore, suggested that the oxidation of DPNH
by serum alone depends on the presence of pyruvate and
lactic dehydrogenase in serum. The reaction stops when
all the pyruvate is enzymatically reduced to lactate by
DPNH.

Omitting malic dehydrogenase from otherwise com-
plete transamination reaction mixtures resulted in a vari-
able decrease in the observed rate of DPNH oxidation.
That the reaction was still measurable was taken as sug-
gestive evidence either for the presence of malic dehydro-
genase in serum or for the decarboxylation of oxalacetate
to pyruvate and subsequent DPNH oxidation by lactic
dehydrogenase. Addition of more malic dehydrogenase
to any serum transaminase assay resulted in no further
increase in the measured rate of reaction, indicating that
the enzyme was present in excess in the assay mixture.

RESULTS

Study of the variation of serum transaminase
activity with substrate concentration indicated that
maximal activity was obtained when the three ml.
reaction mixture contained more than 50 micro-
moles of aspartate and 5 micromoles of alpha-keto
glutarate (Figure 6). One hundred micromoles
of aspartate and 20 micromoles of alpha-keto gluta-
rate were used in subsequent determinations.

Proportionality of the observed rate of reaction
to the amount of serum present was observed over
a wide range of serum transaminase activities
(Figure 7).

Transaminase activity was measured in the sera
of 50 normal humans in addition to those deter-
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Three different serum samples.
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mined by the chromatographic assay method.
The values found ranged from a low of nine to a
high of thirty-two units per ml. per minute with
a mean value of 19.6. Conversion of these units
to micromoles per ml. per hour, using the extinc-
tion coefficient for DPNH determined by Horecker
and Kornberg (11) gives a mean value of 0.57,
which falls within the range of 0.24 to 1.04 micro-
moles per ml. per hour found by the quantitative
paper chromatographic assay.
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COMMENTARY TO Separation of Tissue and Serum Creatine Kinase Isoenzymes by lon-
Exchange Column Chromatography. Clinical Chemistry 20(1): 36—40.

he measurement of isoenzymes in serum in order to improve the specificity of an enzyme assay for

disease detection began with the work of Oscar Bodansky in 1937. He used taurocholate inhibition to

differentiate bone, kidney and intestinal alkaline phosphatase (ALP, EC 3.1.3.1) in normal serum and in

two patients with Paget’s disease (1). Zone electrophoresis on paper was utilized throughout the 1950’s
to separate isoenzymes. Estborn in 1959 separated serum ALP isoenzymes using starch gel electrophoresis (2).
Throughout the 50’s and 60’s chemical inhibition and electrophoresis were the principal methods for the identification
of isoenzymes in serum.

In the early 1960’s creatine kinase (CK, EC 2.7.3.2) was reported to be an early and sensitive marker of myocardial
damage (3). The ultraviolet kinetic spectrophotometric procedure for total CK described by Oliver (4) as modified by
Rosalki (5) was quickly adopted into routine use. CK in normal serum on agar gel or cellulose acetate electrophoresis
showed three isoenzymes; CK1 (BB, brain), CK2 (MB, heart) and CK3 (MM, skeletal muscle and heart). Total CK was
not specific for heart but electrophoresis with quantitative measurement of CK2 improved the sensitivity and specificity
of the assay for detecting myocardial damage (6). The 1974 paper presented here by Mercer was a novel refinement in
the analysis of a clinical isoenzyme. His method was eventually replaced with more rapid and specific antibody
procedures for CK2 however for many years it remained a benchmark assay in the study of serum CK isoenzymes.

Wood in 1963 may have been the first to use an ion-exchange resin to separate and purify extracts of brain CK (7).
Mercer packed 0.5 X 6.0 cm” mini-columns with diethylaminoethyl (DEAE) Sephadex®anion-exchange resin.
A 3-step Tris sodium chloride buffer elution was used to isolate CK2. Varat and Mercer reported on the improved
specificity of the column assay over electrophoresis in clinical studies (8). A number of modifications were reported
(9-11) and in less than 4 years after Mercer’s paper, numerous commercial test kits were made available for this
column assay (12,13).
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Separation of Tissue and Serum Creatine Kinase Isoenzymes by
lon-Exchange Column Chromatography

Donald W. Mercer

| describe a simple, rapid anion-exchange column
chromatographic technique for separating the cre-
atine kinase (CK) isoenzymes in human serum and
tissue. Extracts of CK-rich tissues (skeletal muscle,
cardiac muscle, and brain) were used to determine
optimum conditions for separating CK isoenzymes
MM, MB, and BB. Samples, layered on mini-col-
umns (0.5 X 6.0 cm) of DEAE-Sephadex A-50, were
eluted stepwise with Tris-buffered sodium chloride
(100, 200, and 300 mmol/liter). Column effluents
were assayed by the Rosalki CK method. Distribution
of total activity among the eluted fractions was tis-
sue-specific and reproducible. Evaluation of sera
from 71 patients with myocardial infarction and other
diseases associated with elevated CK activity re-
vealed isoenzyme patterns that resembled those of
either cardiac muscle or skeletal muscle. Cardiac
pattern (presence of MB isoenzyme) and clinical
documentation of myocardial infarction were 100%
correlated in the 35 patients so studied.

Additional Keyphrases: diagnostic aids e
separation * “kit” methods

isoenzyme

The effective use of CK?! as a sensitive indicator of
acute myocardial infarction has recently been dimin-
ished because of numerous reports of CK elevations
owing to noncardiac conditions, such as chronic alco-
holism (1), cardioversion (2), cerebrovascular disease
(3), hypothyroidism (4), intramuscular injections (5)
and surgical trauma (6).

Attempts to enhance the diagnostic specificity of
CK assays have been stimulated by these reports.
The chief aim of past work has been to separate
serum CK isoenzymes MM, MB, and BB by conven-
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Medicine, University of Pittsburgh, Pa. 15213.

Presented at the 25th National Meeting of the AACC, New
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1 Nonstandard abbreviations used: CK, creatine kinase (EC
2.1.3.2); Tris, tris(hydroxymethyl)aminomethane; DEAE, diethy-
laminoethyl; MM, skeletal-muscle isoenzyme of CK; MB, car-
diac-muscle isoenzyme of CK; BB, brain isoenzyme of CK.
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tional electrophoretic techniques. Clinically signifi-
cant separations of MM from MB have been re-
ported (7-10). However, routine use of the electro-
phoretic technique is limited since laborious gel
preparations and poor staining techniques remain an
integral part of the electrophoretic procedure.

I describe here a simple, rapid, and quantitative
anion-exchange chromatographic technique for CK
isoenzymes that eliminates the difficulties associated
with existing techniques.

Materials and Methods
Tissue and Serum Preparation

Human tissue used in this study was taken from
autopsy material in which no gross anatomical
changes were evident. Homogenates (1 g diluted to
10 ml) were prepared with Tris-hydrochloride buffer
(50 mmol/liter, pH 8.0) containing sodium chloride
(100 mmol/liter) and dithiothreitol (0.1 mmol/liter).
After the homogenate was centrifuged (12 000 X g, for
10 min), the insoluble pellet was discarded and the
supernate used in subsequent chromatographic ex-
periments. 4

Sera with CK activity greater than six times nor-
mal were obtained from a general hospital popula-
tion, and kept refrigerated until isoenzyme analysis,
which usually was done within two days.

Enzyme Activity Analysis

CK was assayed with an ultraviolet kinetic test kit
(Smith Kline Instruments, Palo Alto, Calif. 94304)
based on the method of Rosalski (11). All assays
were conducted either with the DSA 564-B (Beck-
man Instruments, Fullerton, Calif. 92634) or with
the semi-automated ‘“Eskalab’ spectrophotometer
(Smith Kline).

Electrophoresis

Isoenzyme electrophoresis was performed on poly-
acrylamide (7 g/dl), with the use of an analytical
vertical-gel apparatus (Canalco, Rockville, Md.
20852). Samples were diluted 1:1 with sucrose (40
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g/dl) and applied to the top of the polymerized gel
(0.5 X 3.5 cm). Electrophoresis was performed at 2
mA per gel with the Tris-glycine buffer system as
originally described by Davis (12). CK isoenzymes
were detected on sliced 2.5-mm segments of the
polyacrylamide gel. Gel segments were placed in sep-
arate test tubes containing 0.2 ml of the Tris-hydro-
chloride-sodium chloride-dithiothreitol buffer, and
aliquots were removed and assayed for CK activity
after they had soaked overnight at room tempera-
ture.

Column Chromatography

The mini-column consisted of a 12.5-cm Pasteur
pipette (Chase Instruments, Lindenhurst, N.Y.
11757) filled with about 60 mg of the anion-exchang-
er “DEAE-Sephadex A-50" (Pharmacia, Piscataway,
N.J. 08854). Column dimensions were 0.5 X 6.0 cm.
The ion-exchanger was prepared for column packing
by slowly mixing 5 g of dry DEAE-Sephadex with
one liter of Tris-hydrochloride starting buffer (50
mmol/liter, pH 8.0) containing sodium chloride (100
mmol/liter). After sedimentation and decantation
the ion-exchanger was resuspended in another liter
of starting buffer. After repeating the sedimentation
and decantation step, a slurry of about one part ion-
exchanger to four parts starting buffer was trans-
ferred to a vacuum flask, where trapped air bubbles
were removed under decreased pressure. The de-aer-
ated slurry was poured into the column until the
final height of the settled suspension was 6 cm. Be-
fore the sample was applied, 2 ml of starting buffer
was passed through the column. (It was convenient
to prepare large numbers of columns at the same
time and to store them until needed; columns stored
at room temperature for two weeks have performed
satisfactorily).

Figure 1 is a diagrammatic representation of the
chromatographic process. A sample volume of 1 ml,
containing CK activity in the range of 600 to 2000
mU, was applied to the top of the column and sam-
ple effluent was collected in the first vial. After the
mini-column had drained, the second collection vial
was placed under it. Subsequent elution was step-
wise with eluents of Tris-buffered sodium chloride:
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Fig. 1. Diagrammatic representation of the ion-exchange
chromatographic procedure for separation of CK isoen-
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Fig. 2. Distribution of tissue CK isoenzymes MM, MB,
and BB on DEAE-Sephadex columns

Three 1-ml fractions of Tris-hydrochloride starting
buffer (50 mmol/liter, pH 8.0) containing sodium
chloride (100 mmol/liter) were collected in vials 2, 3,
and 4. Then three 1-ml fractions of Tris-hydrochlo-
ride (50 mmol/liter, pH 8.0) containing sodium chlo-
ride (200 mmol/liter, pH 8.0) were collected in vials
5, 6, and 7. Finally, three 1-ml fractions of Tris-hy-
drochloride (50 mmol/liter, pH 7.0) containing sodi-
um chloride (300 mmol/liter) were collected in vials
8, 9, and 10. A flow rate of 0.5 ml/min was main-
tained. Total elution time was about 15 min. Ali-
quots (50 to 200 ul) of column effluents were assayed
for CK activity.

Resuits

The ion-exchange chromatographic system was
characterized by running extracts of CK-rich tissues
through the column. Figure 2 depicts the behavior of
the MM isoenzyme from skeletal muscle, the MB
isoenzyme from cardiac muscle, and the BB isoen-
zyme from brain. Skeletal muscle extract exhibited
CK activity assumed to be the MM isoenzyme in
fractions 1 and 2. No activity was found in the other
fractions. Cardiac extract exhibited about 90% of its
CK activity in the MM iscenzyme region and about
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10% in fractions 6 and 7. Activity in 6 and 7 was as-
sumed to be the MB isoenzyme. MB isoenzyme was
not found in the other tissues. Brain extract exhib-
ited a predominant peak of CK activity in fractions
8, 9, and 10. Activity in these fractions was assumed
to be the BB isoenzyme. All three of these tissue iso-
enzyme patterns have been reproduced many times
with a number of different tissue preparations.

Evidence that these patterns are indeed real and
not merely artifacts of the chromatographic system
is shown in Figure 3. In this experiment, column
fractions 1 and 2 from cardiac muscle (MM isoen-
zyme), column fractions 6 and 7 from cardiac muscle
(MB isoenzyme), and column fractions 8, 9, and 10
from brain (BB isoenzyme) were rechromatographed
on DEAE-Sephadex. As shown in Figure 3, the ion-
exchange isoenzymes appeared as single peaks with
unchanged elution characteristics.

Results of polyacrylamide-gel electrophoresis of
the ion-exchange isoenzymes are shown diagrammat-
ically in Figure 4. All three ion-exchange isoenzymes
showed single bands of activity with characteristic
migration rates similar to those reported for MM,
MB, and BB by other investigators (7-10, 13). The
uniqueness of the ion-exchange isoenzymes was also
demonstrated by the results of a thermostability ex-

250

HEART FRACTIONS 182

200

150

100

50

T T T T T T T =
HEART FRACTIONS 687

100

CKACTIVITY U/LITER
> [ ®
o o o

T T T

1 1 1

1

20

o
500+ R
BRAIN FRACTIONS 8,9 810

i

400~

100

L

I 2 3 4 5 6 7 8 9 10
FRACTION NO.

Fig. 3. Rechromatography of DEAE-Sephadex effluents
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periment at 56 °C (Figure 5).

Figure 6 shows typical ion-exchange patterns of
sera obtained from patients with myocardial infarc-
tion and from patients with other diseases that also
exhibit elevated CK. These patterns were obtained
by applying 1 ml of serum, containing about 1000
mU of CK, to the column. A close relationship be-
tween serum isoenzyme patterns and those of cardiac
and skeletal muscle (Figure 2) was observed. Al-
though MM isoenzyme found in fractions 1, 2, and 3
was the predominant peak of activity in both pat-
terns, only in sera of patients with myocardial in-
farction was the MB isoenzyme detected.

Table 1 relates diagnosis (of 71 patients in whose
sera CK activity was more than six times normal)
and serum isoenzyme distribution. Note that of the
35 patients having a known myocardial infarction,
MM and MB isoenzymes were detected in each case.
However, in the remaining patients who had differ-
ent diagnoses, only the MM isoenzyme was detected,
but not the MB isoenzyme. BB isoenzyme was not
detected in this group of patients.

Results of quantitative analysis for MM and MB
in 20 patients with myocardial infarction are shown
in Table 2. Isoenzyme analysis was performed on
specimens collected during peak activity of total CK
without regard to specified post-infarct time peri-
ods. An average yield of 6% for MB isoenzyme was
consistent with activities (approximately 10%) of
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MB found in cardiac tissue. Correlation between MB
yields and total CK was not observed.

A typical time course for post-infarct activities of
total CK and MB is shown in Figure 7. These activi-
ties paralleled one another until 36 h after infarct,
when MB could no longer be detected.

Column reproducibility was evaluated by repeated
analysis of a serum pool fortified with MB isoenzyme
from an extract of heart tissue. A sample volume of 1
ml, containing 748 mU of CK, was applied to each of
10 jon-exchange columns. The results (Table 3)
proved to be satisfactory, and excellent recoveries of
total CK activity from the columns were also ob-
served (Table 3).

Column capacity for MM isoenzyme was exceeded
by CK samples with activities near 3000 U/liter. To
prevent cross contamination of MB effluents by ex-
cess MM isoenzyme, I diluted high-activity CK sam-
ples with Tris-hydrochloride starting buffer to a CK
activity near 1000 U/liter before they were applied to
the column.

Table 1. Serum CK Isoenzymes in 71 Patients
Exhibiting Sixfold Normal (or Greater)
Serum CK Activity

CPK isoenzymes

Diagnosis pa::hts MM mMB BB
Myocardial infarction 35 35 35 0
Acute renal faiture 4 4 0 0
Hypothyroidism 1 1 0 0
Cerebrovascular disease 8 8 0 0
Pulmonary disease 2 2 0 0
Chronic alcoholic 2 2 0 0
Muscular injections 1 1 0 0
Postoperative recovery 1 1 0 0
Muscle cramps 1 1 0 0
After cardioversion 1 1 0 0
Accident victims 6 6 0 0
Other diagnoses 9 9 0 0

Table 2. Quantitative Analysis of CK Isoenzymes
in 20 Patients with a Diagnosis of
Myocardial Infarction

Mm mB
Patient U/liter % MB*®
1 1762 124 7
2 864 56 6
3 1246 50 4
4 837 103 12
5 654 42 6
6 1101 43 4
7 926 89 9
8 550 55 9
9 1218 46 4
10 1010 48 5
1 774 68 8
12 1054 62 5
13 1365 110 8
14 1247 42 3
15 796 16 2
16 1232 123 n
17 . 918 23 2
18 1139 96 9
19 857 78 9
20 1157 101 9

a (MB/MM + MB) X 100.

Table 3. Within-Run Variation of Results for
Isoenzyme Distribution in a Special
MB-Fortified Serum Control

Mm mB
Sample no. U/liter Recovery, %

1 592 77.0 89

2 700 73.5 103

3 594 74.4 89

4 672 79.2 100

5 661 77.4 99

6 635 77.0 95

7 599 70.0 89

8 631 76.6 95

9 680 71.3 100

10 609 67.3 90
Mean 638 74.4 95
SD 39.2 3.81 —
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Discussion

Serum isoenzyme determinations have long been
considered important diagnostic tests, especially
when the tissue source of an elevated enzyme is not
clinically apparent. But because complex electropho-
retic techniques are used, isoenzyme determinations
are considered to be highly specialized tests and are
performed by only a few laboratories.

As an alternative to electrophoresis, selective inhi-
bition techniques with urea, heat, and specific chem-
ical inhibitors have been attempted. Results from
these studies are useful if only one isoenzyme is in-
volved, but yield equivocal results if more than one
isoenzyme is present, as is frequently the case for
serum.

Although ion-exchange chromatography has been
used successfully to isolate and purify tissue isoen-
zymes (14-16), clinical application of this technique
has been neglected. Recent attempts have been
made to use ion-exchange as a method to separate
cytoplasmic and mitochondrial aspartate amino-
transferase (EC 2.6.1.1) in sera of patients with liver
disease (17, 18). The results were clinically signifi-
cant, but routine clinical use is limited, primarily
because of the long elution time (2 to 4 h) and the
long dialysis period (4 to 5 h) required before the
serum is chromatographed.

The present ion-exchange method for separating
CK isoenzymes is convenient for clinical use. The elu-
tion times usually associated with column chroma-
tography have been eliminated by the use of mini-
columns and stepwise elution techniques. Need for
pre-treatment of sample (dialysis) has also been
eliminated by setting the column’s exchangeable
chloride concentration equal to the chloride concen-
tration of serum. Under these conditions, MM isoen-
zyme of skeletal muscle quickly passes through the
ion-exchanger while the MB isoenzyme of cardiac
muscle and BB isoenzyme of brain remain attached
until a specified increase in chloride concentration
decreases their ionic interaction with the ion-ex-
changer. Quantitative assay of column effluents by a
technique usually used to assay total CK completes
the CK isoenzyme analysis.

Clinical results for the present technique confirm
previous observations made with electrophoretic
techniques that MB is quite specific for the detection
of myocardial infarction if specimens are collected
and assayed between 12 and 36 h after the infarct
(19). It is difficult to detect MB in late post-infarct
specimens, either by electrophoresis or ion-exchange,
because the activity becomes negligible. However, it
appears that the ion-exchange technique is ideally
suited for detecting trace activities of MB, because
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one can collect and concentrate MB effluents from a
series of ion-exchange columns on which the speci-
men in question has been run.

Studies directed toward the detection of MB in
late post-infarct specimens and in other specimens in
which total CK activity is normal or slightly elevat-
ed are now in progress.
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page 167 14. Folin, O. and Wu, H. (1919)

COMMENTARY TO A System of Blood Analysis. Journal of Biological Chemistry 38(1):
81-110.

he Medical School at Harvard University planned to hold a dinner on November 16th, 1934 to celebrate

Otto Folin’s retirement after 25 years of service. A commissioned portrait would be presented to

the University in his honor. Three weeks before the dinner, one of the invited speakers, Philip Shaffer,

asked Folin how he would sum up his contributions to biochemistry. Folin replied in a letter to Shaffer
dated October 21,

My portrait includes a colorimeter and a couple of volumetric flasks, and it might therefore fit in pretty
well to say something about the introduction of colorimetry into biochemistry. This is about all that I can
think of at the moment (1).

Folin died on October 25, 1934. The speeches and portrait were presented at a memorial service 1 month later (2).

The colorimeter in the painting that Folin considered so important in summing up his major contribution to
biochemistry was a Duboscq balancing method colorimeter (3). Folin’s introduction of this instrument into
biochemistry in 1904 created a technological advance in clinical chemistry that would not be surpassed until the
development of the photoelectric colorimeter 35 years latter.

The Duboscq instrument was a color matching colorimeter first commercialized by Jules Duboscq in France
in 1870 (4). It resembled from the outside a simple monocular microscope. Through the eyepiece the observer
saw a split screen image. The left and right sides of the split image came from light that traveled up through
two separate solid glass rods mounted below the eyepiece. Below each rod were glass bottom cups that sat on
independently adjustable ring stands. In a typical colorimetric assay a standard was placed into the left hand cup
and the unknown into the right hand cup. Each adjustable ring stand was linked to a mm scale that measured
the depth of immersion of each glass rod. Reflected light passed up from a mirror below the ring stands through
the solutions in the cups then up through the glass rods into the eyepiece. The color intensities of the two
solutions seen through the eyepiece were made to match by varying the depth of the rods in their respective
solutions. Color intensity was inversely proportional to the depth of the rods. The mm scale provided a
quantitative measure of the depths of the rods. The concentration of the unknown could then be calculated from
the simple formula,

mm depth of the standard (concentration of the standard)

mm depth of the unknown

Folin was the first to use the Duboscq colorimeter in a clinical chemistry procedure. He published methods
for urine creatinine and creatine in 1904 based on the colorimetric alkaline picric acid reaction (5,6). Prior to
the Duboscq, colorimetric clinical chemistry assays were read by holding the test tubes with the unknowns up
against a white background and color matching them against tubes containing standards or up against colored
glass filters previously matched against liquid standards for that assay. The Duboscq colorimeter replaced this
with a quantitative measure of the difference in color intensity between samples. In addition, because of its
optical design, it improved the ability to distinguish between weak differences in intensity.

Folin adopted his creatinine method for use with serum in 1914 (7). Colorimetric assays for glucose, urea, non-
protein nitrogen, creatinine and uric acid read with the Duboscq colorimeter were integrated into a system of
analytical assays by Folin and Hsien Wu in 1919. This paper is presented here. In 2002 the editors of the Journal of
Biological Chemistry selected this paper as a “Classic Article” in biochemistry (8). Folin’s Duboscq procedures were
the methods routinely presented in clinical chemistry manuals and textbooks for the next 40 years (9—12). Folin’s own
textbook of methods, Laboratory Manual of Biological Chemistry, first published in 1916, went through five editions
before his death (13).

Folin’s reply to Shaffer in 1934 that he could think of only colorimetry as his major contribution to biochemistry
was not the simple modest reply that it seemed.
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INTRODUCTION.

The main purpose of the research recorded in this paper has
been to combine a number of different analytical procedures into a
compact system of blood analysis, the starting point for which
should be a protein-free blood filtrate suitable for the largest pos-
sible number of different determinations. It need scarcely be
pointed out what a convenience and advantage it would be if one
could take the whole of a given sample of blood and at once pre-
pare from it a protein-free blood filtrate suitable for the determi-
nation of all or nearly all the water-soluble constituents, non-~
protein nitrogen, urea, creatinine, creatine, uric acid, and sugar.

In connection with our work on the problem we have also had
in mind the desirability of reducing as far as practicable the
amount of blood filtrate to be used for each determination, for by
means of such reduction the total usefulness of the filtrate is cor-
respondingly increased. There is no hard and fast limit as to the
extent to which this reduction can be carried. It is doubtful,
however, whether it is sound analytical practice regularly to use
the smallest possible amount of material for each determination;
whether, for example, blood filtrates corresponding to only 0.1 ce.
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of blood should regularly be used for non-protein nitrogen deter-
minations, because it may sometimes be advantageous or neces-
sary to take no more. In this paper we deal chiefly with a semi
microchemical scale of work representing only a moderate reduc-
tion of the quantities ordinarily taken for colorimetric work with
the 60 mm. Duboseq colorimeter.

One of the main obstacles encountered in attempts to develop a
definite system of blood analysis of the kind we have had in mind
has been the determination of the uric acid. For several years we
have had serious doubts as to the full trustworthiness of the uric
acid results heretofore recorded in the literature; moreover, to be
reasonably accurate the determination has required more blood
(about 25 cc.) than can be obtained except in isolated special
cases. A large share of the work involved in this research has
therefore been a critical study of the uric acid determination; and
a modification of the Folin-Denis-Benedict method has been de-
veloped which requires the filtrate from- only 2 cc. of blood, and
which we believe to be more dependable as well as more simple
and convenient than the original method.

We have also satisfactorily solved the problem of how to make
and keep standard uric acid solutions, and we have devised a
new colorimetric method for the determination of sugar in blood.

The determinations included in this research, namely non-pro-
tein nitrogen, urea, creatinine, creatine, uric acid, and sugar,
can all be determined in the filtrate obtained from 10 ce. of blood.

Preparation of Protein-Free Blood Filtrates.

The pivotal point in our projected general scheme of blood
analysis was necessarily a searching review of the most promising
methods which have been used for precipitating the blood pro-
teins Iin connection with the various analytical procedures in com-
mon use. As a working principle or guyide in this search we have
first of all required that the procedure employed must permit the
quantitative recovery of at least 10 mg. of uric acid and creatinine
when added to 100 cc. of sheep, beef, or chicken blood, and that
the total non-protein nitrogen must certainly be no higher than the
figures obtained from a corresponding trichloroacetic acid filtrate
representing a 10 per cent trichloroacetic acid concentration (in
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the diluted unfiltered blood mixture)—or a corresponding 1.5 per
cent m-phosphorie acid filtrate.

While we are not dependent on the urease method for the de-
termination of the urea, we have, nevertheless, deemed it impera-
tive that the blood filtrate must also be of such a character as
readily to permit the use of the urease method for the determina-
tion of this important constituent. We do not claim to have ex-
hausted this line of inquiry, for it is a laborious process to deter-
mine the merits and shortcomings of any particular reagent in
connection with such a comprehensive program. None of the
precipitation procedures described in recent years is free from seri-
ous shortcomings. Kahlbaum’s phosphotungstic acid or sodium
phosphotungstate (prepared by ourselves) met our requirements
when used under certain very definite conditions, and for a time
we concentrated our efforts on the standardization of these re-
agents and on the adaptation of the various analytical procedures
to the blood filtrates obtained from them.

In connection with our work on sodium phosphotungstate we
have discovered a new protein precipitant which probably has
never before been used in blood analysis. We refer to it as new
protein precipitant because so far as we have been able to learn
it has never before been used in that capacity. This substanceis
tungstic acid. Tungstic acid, like sodium phosphotungstate or
phosphotungstic acid, must be used in a definite way, but the nec-
essary conditions are not difficult to find. Less than 1 gm. is
used for the precipitation of the proteins from 10 ce. of blood, yet
the precipitation is more complete than that produced by 10 gm.
of trichloroacetic acid, and the filtrate obtained gives no trouble
in connection with any of the determinatives so far investigated.
Neither creatinine nor uric acid is carried down by the precipitate
within the conditions to be described. As much as 20 mg. of
uric acid may be added to 100 cc. of blood without incurring any
loss by absorption.

The blood protein precipitation obtained by the help of tungstic
acid is interesting. The precipitation is completed within a few
seconds. When the mixture is shaken hard, the sound is almost
like. that of shaken mercury and the hardest kind of shaking will
not produce more than a trace of foam. The precipitate is very
fine, yet does not go through good filter paper and does not stop
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up the pores. The filtration is slow, but the total amount of fil-
trate obtained is nearly as large as that obtained with trichloro-
acetic acid. If the precipitated mixture is heated in a water bath
for 2 or 3 minutes, the precipitate settles spontaneously. With this
modification, centrifuging can be substituted for the filtration as
the supernatant liquid is water-clear and contains no more nitro-
gen than the unheated filtrate. For the present we do not care
to recommend this process except for quantities of blood so small
that one cannot afford to filter. The statement of Folin and Denis
that no precipitation involving the use of heat is permissible is
probably erroneous as has been pointed out by Bock, although it
is true for the m-phosphoric acid precipitation and probably for
many others. Unless some compelling advantage is gained by
the use of heat, precipitation in the cold does seem to be the safer
process.

There are many other points of interest to be investigated in
connection with tungstic acid as a precipitant, but as these have
no direct bearing on the problem of this research, further consid-
eration of them here is omitted. Asa precipitant for blood proteins
we believe that tungstic acid will prove more useful than any
other reagent yet proposed.

The precipitation of the blood proteins by meéans of our new
reagent is made in the following manner. Transfer a measured
amount of blood into a flask having a capacity of fifteen to twenty
times that of the volume taken. Dilute the blood with 7 vol-
umes of water and mix. With an appropriate pipette add 1 vol-
ume of 10 per cent solution of sodium tungstate (Na;WOs2H,0)
and mix. With another suitable pipette add to the contents in
the flask (with shaking) 1 volume of 2 normal sulfuric acid. Close
the mouth of the flask with a rubber stopper and give a few vigor-
ous shakes. If the conditions are right hardly a single air bubble
will form as a result of the shaking. Much oxalate or citrate in-
terferes with the coagulation and later with the uric acid deter-
mination. 20 mg. of potassium oxalate is ample for 10 cc. of
blood. Citrate, except in the minimum amount, is to be avoided.
When a blood is properly coagulated, the color of the coagulum
gradually changes from pink to dark brown. If this change.does
not occur, the coagulation is incomplete, due, in every case we
have encountered, to too much oxalate or citrate. In such an
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emergency the sample may be saved by adding 2 nor-
mal sulfuric acid drop by drop, shaking vigorously
after each addition and allowing the mixture to stand
for a few minutes before adding more, until the co-
agulation is complete. Pour the mixture on a filter
large enough to hold the entire contents of the flask and
cover with a watch-glass. If the filtration is begun by
pouring the first few cc. of the mixture down the double
portion of the filter paper and withholding the remain-
der till the whole filter has been wet, the filtrates are
almost invariably as clear as water from the first drop.
If a filtrate is not perfectly clear, the first 2 or 3 cec.
may have to be returned to the funnel. (Filter papers
of the following diameters will meet all ordinary needs:
11, 12}, 15, and 18 cm.)

It will be noted that the precipitation of the blood
proteins is not made in volumetric flasks. Our proce-
dure is adapted to the full use of practically all of a
given sample of blood, for by this system 7, 9, or 12
cc. can be utilized just as well as 5 or 10. For this
work we have devised a special blood pipette,! a
sketch of which is given in Fig. 1. This is simply a
15 cc. pipette, graduated from the long tip into 1 cc.
portions. The lower part is more or less like that of a
volumetric pipette, thus permitting one to draw the
blood directly from small, narrow bottles. We find it
convenient to use three such pipettes; one for the
blood, one for the sodium tungstate solution, and one
for the sulfuric acid. The water used for diluting the
blood may be measured with a cylinder.

The preparation of protein-free blood filtrates by this
new process is so simple that no one need go astray,
provided that the sodium tungstate and the 2 normal
sulfuric acid are correct. The only doubtful point is
the quality of the sodium tungstate used. The acid
is intended to set free the whole of tungstic acid with
about 10 per cent excess (and to neutralize the carbon-
ate usually present in commercial tungstates). A

! The pipettes are made for us by the Emil Greiner Co.,
New York.
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greater excess of sulfuric acid must not be used, for if this is the
case a large part of the uric acid will be lost. A safe and con-
venient criterion is to test the blood filtrate obtained with Congo
red paper. The reaction should be negative or at the most just
perceptible. We have employed three different tungstates, and
all worked equally well. The product we now use was obtained
from the Primos Chemical Company, Primos, Pa.

The carbonate content of sodium tungstate is easily determined
as follows: To 10 cc. of 10 per cent solution, add one drop of
phenolphthalein and titrate with 0.1 normal hydrochloric acid.
Each ce. of hydrochloric acid corresponds to 1.06 per cent of so-

TABLE I.

Comparison of Non-Protein Nitrogen in Blood Filtrates Obtained by Means
of Trichloroacetic Acid and Tungstic Acid.

Mg. per 100 cc. blood.
Source.
Tricl;l&rdo.acetic Tungstic acid

Human.........«... 0. i i 35.7 31.5
e e 32.4 28.2
L 35.4 33.0
e 42.0 42.0
e e e e e e 50.7 48.6
Chicken.........oovivuiiiii e 66.5 54.5
A 48.0 42.5

e e 53.2 44.4
PP 50.0 44.8
e 51.6 47.6

dium carbonate. The amount of acid required for the titration
should not exceed 0.4 cc.

Our blood filtrates are nearly neutral, 10 ce. of filtrate requiring
only about 0.2 ce. of 0.1 normal sodium hydroxide when titrated
with phenolphthalein as indicator. If the filtrates are to be kept
for any length of time, more than 2 or 3 days, they need some
preservation. One or two drops of toluene or xylene is adequate
for the filtrate obtained from 10 cc. of blood. Xylene seems to be
fully as effective as toluene as a preservative.

The precipitation process just described works equally well with
any kind of blood which we have yet tried—human, beef, sheep,
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chicken, dog, and rabbit—and numerous comparisons with the tri-
chloroacetic acid precipitation have shown that the non-protein
nitrogen obtained by the process invariably tends to be lower
than the figures given by trichloroacetic acid. The figures of
Table I illustrate this point.

Determination of Non-profein Nitrogen.

The protein-free blood filtrates prepared by our new process
lend themselves perfectly to nitrogen. determinations by the direct
Nesslerization process of Folin and Denis.2 As a result of further
experience with that method we are able to introduce certain modi-
fications believed to represent improvements.

The acid digestion mixture is made as follows: Mix 300 cc. of
phosphoric acid syrup (about 85 per cent H;PO,) with 100 ce. of
concentrated sulfuric acid. Transfer to a tall cylinder, cover well
to exclude the absorption of ammonia, and set aside for sedi-
mentation of calcium sulfate. This sedimentation is very slow,
but in the course of a week or so the top part is clear and 50 to
100 cc. can be removed by means of a pipette. (It is not abso-
lutely necessary that the calcium should be thus removed, but it
is probably a little safer to have it dene.) To 100 cc. of the clear
acid add 10 cc. of 6 per cent copper sulfate solution. and 100 cc.
of water. 2 cec. of this solution are substantially equivalent to
1 cc. of the acid mixture previously described by Folin and Denis.
We prefer this diluted acid, first, because the objectionable vis-
cosity of the undiluted reagent is practically eliminated, and,
second, because we now use for a nitrogen determination only 5
cc. (instead of 10 cc.) of blood filtrate, and 1 cc. of acid (corres-
ponding to 0.5 cc. of the undiluted acid reagent).

The micro-Kjeldahl digestion is made as before in test-tubes.
While we still have an abundant supply of Jena test-tubes we no
longer use them for this digestion because the Pyrex ignition test-
tubes are very much better in nearly every respect. Test-tubes
having a capacity of about 75 cc. (200 X 25 mm.) are suitable
for this purpose, and if made of Pyrex ignition glass are almost as
good as those of puresilica. These test-tubes should be graduated

2 Folin, O., and Denis, W., Nitrogen determination by direct Nessleriza-
tion, J. Biol. Chem., 1916, xxvi, 473.
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at 35 cc. and at 50 cc. on two sides, or by means of diamond
marks going entirely around. The reason for this graduation is
that we now Nesslerize in the digestion tube.

In micro-Kjeldahl digestions severe bumping is much more
common than in ordinary macro-Kjeldahl digestions, but even in
the latter the bumping phenomenon is often a source of serious
difficulties. Glass beads, pumice stone, pieces of porcelain, etc.,
are used to remedy this trouble. For years ordinary quartz peb-
bles have been used in this laboratory, but at times these too have
failed to prevent loss of a determination through sudden violent
bumping. Occasionally a pebble may be hurled out of a 200 mm.,
test-tube by one intensive explosion. At other times no trouble
at all is encountered. Langstroth® who seems to have encoun-
tered very severe and persistent bumping, resorts to the device of
holding the test-tube in as nearly a horizontal position as the con-
tents in the tube will permit; but since it takes half an hour to boil
off the liquid which ordinarily can be boiled off in less than 10
minutes, that remedy cannot be considered satisfactory. Lang-
stroth seems to have concluded that such bumping is peculiar to
blood filtrates obtained by means of m-phosphoric acid, but the
phenomenon is quite general. Prolonged boiling of pure water
in any glass vessel will lead to the most intense bumping. The
most important <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>