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PREFACE

The XIIIth International and the VIIth European Congress of Clinical
Chemistry took place at the Netherlands Congress Centre in The Hague, from
June 28th to July 3rd 1987.

The Organizing Committee and the Scientific Committee for these
combined congresses aimed to present the state-of-the-science as well as
the state-of-the-art for those fields of clinical chemistry which show a
strong progress and which will most probably inflict a great part of all
clinical chemists.

"Clinical Chemistry, an Overview" comprises almost all papers which
were presented during the congress in 5 plenary lectures and 97 lectures
during 24 symposia. The invited speakers, being experts in their fields of
clinical chemistry, succeeded very well in presenting an overview over the
newest developments in connection to the knowledge already known, thereby
demonstrating the progress made in clinical chemistry during the last
years.

The Editors take great pleasure in thanking once more the members of

the Scientific Committee and of the International Scientific Advisory Board
in creating an excellent scientific programme for this congress.
The Editors also take great pleasure in thanking all those whose afforts
have made possible the publication of this book. We are most grateful to
all speakers who also prepared a manuscript for publication. The Editors
also appreciate the most helpful and encouraging attitude of Plenum Press
Publishers Corporation.

We would like to express once again our appreciation to our wives who
were so kind in encouraging us in our efforts and in accepting our frequent
absence to finish this task.

The Editors of "Clinical Chemistry, an Overview" hope that this

publication will be widely accepted and that it will stimulate further
research in clinical chemistry and be of benefit to the patients.

The Editors

Rotterdam, Utrecht, Leiden: June 1988
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THE INTERACTION BETWEEN INDUSTRY AND THE CLINICAL CHEMIST

B. Leijnse, Rotterdam, The Netherlands

Department of Clinical Chemistry University Hospital
Department of Chemical Pathology Erasmus University

The clinical chemistry laboratory performs qualitative and
quantitative analyses on blood, urine, spinal flood, feces, calculi and
other materials. This data-acquisition is indispensable for the
determination of the nature of many diseases and the treatment and cure of
many patients. Consequently clinical chemistry is an essential part of
modern medicine. The clinical chemist is in charge of the workroutine of
his department and he is ultimately responsible for the results of the
analyses and the information provided by his laboratory. These are well
known facts and they give a good outline of our discipline. But a more
detailed picture is needed if we wish to analyse the interaction between
the clinical chemist and industry. To acquire the necessary facts it is
advisable to focus our attention on a famous clinical chemist because every
discipline is the result. of human effort.

I ask your attention for D.D. van Slyke. I must confess I mention D.D.
not only for his brilliant contributions to clinical chemistry but also
because his name is very typical for The Netherlands. It means that his
ancestors came from het "Slijk" that is the flat mud so abundantly present
in the part of our country named Zeeland. Already the well known Roman
historian Plinius wondered how it was possible to live in a civilized way
below sea level. But the name Van Slyke makes clear the Dutch are even
proud of it.

Donald D. van Slyke (1883-1971) was an outstanding analytical chemist.
But he was also able to give an excellent interpretation of the analytical
results obtained in body fluids because he had a thorough knowledge of
biochemistry and medical problems. In his famous book - Quantitative
Clinical Chemistry -, published in 1932, he and his co-author, the
clinician John P. Peeters, laid down the foundation of modern clinical
chemistry. It consists of an amalgation of analytical skill and the ability
to translate results into meaningful medical information of Methods and
Interpretations. Donald D. van Slyke considered the Norwegian Ivar Bang as
the founder of modern clinical chemistry. I think we must give also honour
to the Swede Otto Folin. Folin did most of his work in the U.S.A. Bang and
Folin combined, like Van Slyke, professional skill as analytical chemists
with profound knowledge of medical problems. Johann von Scherer coined in
1843 the term clinical chemistry. Can we find traces of clinical chemistry
further back in history? As we confine ourselves to urine-analyses the



roots are deep indeed. Uroscopy was practised for centuries. We owe famous
Dutch painters gratitude for their paintings giving us a clear insight in
the art of uroscopy. Other aspects of medical alchemy are also immortalized
by our painters. We must not regard uroscopy as unworthy. Hippocrates found
it important enough to mention it in his Aphorism. Of course this is no
reason at all to claim Hippocrates as the first clinical chemist. He is
rightly called the Father of Medicine. For he (or the members of the school
associated with this name) emphasized, for the first time, the importance
of the physician’s detailed and systematic description of his observations
as he attempted to treat a particular individual’s illness. Because of this
and the fact that common diseases were accepted as entities medicine became
a science. It took two thousand years more before chemistry became a
science and could contribute so much to medicine that clinical chemistry
was a well-founded name. The famous Dutch physician Herman Boerhaave
praised the performance of chemistry highly in 1703. But in all fairness we
have to admit it was merely a prophecy. Antoine Lavoisier had yet to be
born. He detected the keystone of chemistry, the art of weighing. Weighing
is a very commonplace operation compared with the flamboyant ideas of the
alchemists. But Simplex Sigillum Veri.

Lavoisier was also member of the group scientists who have laid the
foundations of the SI. Le Systéme Métrique was in 1890 presented to the
Constituante by Talleyrand and accepted. The new quantities and units were
meant "a tous les temps, & tous les peuples - for ever, for all people".
Lavoisier’s judgement was "Jamais rien de plus grand et de plus simple, de
plus cohérent dans toutes ses parties n’est sorti de la main des hommes".
Le Systéme Métrique resulted in Le Systéme International d'Unites. The SI
is used in clinical chemistry for two decades. It is a token of the
scientific standing of clinical chemistry. Clinicians were not everywhere
enthousiastic about the use of SI-units by the clinical chemist, to put it
mildly. But if I am well informed we may expect that the introduction of
SI-units in medicine will be completed in the next century in all countries
in the world. In the European Community it is already unlawful not to use
the SI. Chemistry flourished on the basis of the work of Lavoisier, Dalton
and others. A mighty chemical industry was created. The tremendous
influence of chemical inventions on the western society is well known. A
stream of ideas was flowing steadily from the laboratories to the factories
making new production procedures possible. The control of these procedures
and the quality of the products was achieved by the analytical methods in
the chemical laboratory. What did the laboratories receive from industry?
In the beginning of the nineteenth century nothing worth mentioning, all
things necessary were fabricated in the laboratories. The chemical
laboratory fabricated its own instruments, glassware and chemicals. But
gradually industry started to supply the laboratories with these
necessities. This development made that laboratories had to rely on
industry for essential goods. No laboratory could work without filterpaper
to name a simple thing one had to buy. However the degree of freedom of the
chemist remains substantial. Up to far in this century he could use the
techniques he preferred, he could adapt the techniques according to his
wishes. Special glassware and instruments could be fabricated in most
laboratories. The chemist was still master in his laboratory because the
essential part of his work depended on the combination of his craftmanship
and his theoretical knowledge. Industry was dependent on his inventions.

The situation in clinical chemistry was identical with the situation
in other fields of chemistry. Donald D. van Slyke developed various
ingenious pieces of apparatus and many analytical procedures. Bang and
Folin did the same. Of course industry participated in this progress by
producing the invented instruments and the chemicals needed. It was the era
of the inventive user. Since Jules Duboscq introduced his colorimeter in
1854 several hundreds of this and similar instruments such as the Klett



colorimeter were manufactured and sold. But the clinical chemists and the
technicians incorporated these instruments in the usual procedures. All
work was principally done in the same way as it was done by Lavoisier, that
was manually.

In 1950 in advanced clinical chemical laboratories sodium and
cholesterol in blood were measured with excellent gravimetric methods.
Determinations of calcium by oxalate precipitation and an oxydimetric
titration with permanganate developed by Kramer and Tisdall were performed
daily in every good equipped clinical chemistry laboratory. The analytical
skill of the clinical chemists and the technicians was excellent just like
the quality of the routine methods used. The goal was the highest
analytical accuracy and analytical precision possible. The standards valid
at that time in analytical chemistry were used in judging the performance
in clinical chemistry.

However, it was impossible for the clinical chemist to fulfil the
ever increasing demands of the clinicians for laboratory investigations
with the classical analytical methods. The more the number of analyses was
growing the more imprecision and inaccuracy increased. Mechanization of the
analytical techniques was the solution. Human manipulative effort had to be
replaced by the performance of a given process by mechanical and
instrumental devices. Numerous efforts were made to construct mechanized
versions of manual laboratory techniques and procedures. A turning point in
the history of clinical chemistry was the development by Skeggs of the
continuous flow principle. Technicon Instruments Corporation pioneered in
this field with the Auto-Analyzer in 1957. From the viewpoint of classical
analytical chemistry the continuous flow principle was not a thing of
beauty. But for the clinical chemist analysing long series of blood samples
it was a joy to get a reasonable reproducibility with the Auto-Analyzer.
Besides the Auto-Analyzer was not a black box. On the contrary the
apparatus allowed the clinical chemist to improvise. The reagents needed
could be made up in the own laboratory from chemicals bought from other
companies. The clinical chemist using the continuous flow principle
maintained a great influence on the analytical procedures in his
laboratory. The same can be said about mechanized versions of basic manual
laboratory procedures of other manufacturers such as the centrifugal
analyzers and the discrete analyzers.

Instead of mechanization the term automation is often applied in the
field of clinical chemistry. This is not entirely correct if the apparatus
is not self adjusting by feedback of information. But as automation is the
ultimate aim and today a microprocessor is built in many analyzers there is
no reason to censure the term. Due to the successful introduction of
mechanization-automation in clinical chemistry the workload in the clinical
chemistry laboratories in the western world could steadily increase without
a comparable increase in number of staff. In this period the activity of
industrial research got a firm grip on the development of clinical
chemistry. Laboratories were equipped with sophisticated instruments and
supplied with corresponding reagents by one and the same manufacturer. And
all kind of kits could be bought on the market. Consequently there was a
radical change in the status of the inventive user. He lost his dominant
position and became a link in a complicated chain of events.

To become fully master of the development in the field of clinical
chemistry industry redoubled the efforts. The innovative process was
systematically organized. The drawback of this otherwise useful development
is the black box character of the modern automated systems. Analytical
procedures are hidden in software. The clerical procedures are also
computer aided. And the source of this software is often not available. The
exact composition of the reagents necessary is often kept secret. The



clinical chemist has not only lost every degree of freedom to adapt
analytical procedures but sometimes does not even know the details of a
determination performed by an automated analyzer in his own laboratory. And
the situation is worse in the field of bedside testing and home testing,
especially if dry chemistry is used. In the hospital the clinical chemist
if often put in charge of the quality assurance of the bedside testing. Not
a nice part of his job if the manufacturers prefer to deal about this part
of clinical chemistry with members of the hospital staff lacking
professional clinical chemical knowledge.

In my experience manufacturers are not eager to listen to objections
against this situation. I sometimes fear they like the black box character
of modern analyzers and bedside testing. The almalgamation of the
manufacturers of instruments with the manufacturers of kits and reagents
reinforces this attitude. It is evident that industry shall acquire in this
way exclusive control of analytical procedures in clinical chemistry. In my
opinion this monopoly will be harmful to the progress of the analytical
side of clinical chemistry. And our discipline badly needs fundamental
improvement in the analytical sector. Analytical specificity is still
lacking in the majority of the routine methods. The well-known matrix
effect is the consequence of the lack of analytical accuracy and the
variable composition of the body fluids. It is the Achilles heel of
clinical chemistry. Of course we wish to remove this weakness. Our ideal
must be to use only methods able to determine solely the components they
purport to measure.

In my opinion a monopoly of the industry based on black boxes and kits
with a partly concealed composition is an unsound basis to improve the
analytical side of clinical chemistry. I feel obliged to mention
specifically the field of immunoassays. In this branch of clinical
chemistry the detection and quantification of chemical substances is
performed with antigen-antibody interactions. The world market for
immunoassays in biological fluids is large, it amounted in 1985 to 1250
million ECU. The worldwide revenue of diagnostics and diagnostic
instruments amounted in 1985 to about 5000 million ECU. The conclusion is
that immunoassays already include a quarter of this market. Mechanization-
automation is on the moment introduced in this field by manufacturers. And
all kind of biological important substances can be estimated with
immunoassays. Therefore it is reasonable to expect a great expansion of the
market in this branch of clinical chemistry. The manufacturers of
instruments and the corresponding reagents will they resist the temptation
to build automated analyzers for immunoassays with an extreme black box
character? I sincerely hope so because the freedom of action of most
clinical chemists is already very limited. Often they have to pay for their
automated analyzers by using exclusively the reagents of the manufacturers.
Because of the reasons mentioned and the fact that antibody-specificity is
a difficult problem it is to be feared that the accuracy of immunoassays in
body fluids will not be granted priority. It is a bad omen that the term
immunology is frequently used for this field of laboratory methods. Of
course there is no reason at all to call it immunology. It is clinical
chemistry with antibodies as reagents. There is no need for an indication
depending on the reagents used.

To judge immunoassays the criteria of classical analytical chemistry
must be used. Considered from this point of view immunoassays can be
improved. Both the reagents and the substances to be detected and
quantitated are not well-defined. Furthermore the WHO assigned the values
in its reference preparation for immunoassays of proteins in International
Units. Factors for conversions of IU to mass units have not been defined.
Because of these facts each laboratory has to establish its own reference
ranges. Accuracy and the SI are ignored. It is a chaotic situation in this



very important branch of clinical chemistry. It has to be feared that this
primitive state will be semipermanent as a result of the introduction of
automated analyzers with a black box character unless the clinical chemist
and industry can outline a common strategy for a solution. But industry and
the clinical chemist do they have a common interest in this matter?

The clinical chemist must be always aware of the fact that analytical
chemistry is a keystone of clinical chemistry. The standards of his
profession forbid him to degenerate into a mere consumer of kits and a user
of automated black boxes. He is a producer of clinical chemical
information. For that purpose he interprets analytical results and must
therefore have a profound knowledge of the analytical methods used in his
laboratory. His profession is founded by Bang, Folin, Van Slyke and other
excellent analytical chemists. Industry must understand, even appreciate
this attitude.

The clinical chemist has today to accept the preponderant position of
technology and consequently the importance of industry for his profession.
He must accept that manufacturers find it profitable to deal with as much
people as possible. Therefore it is obvious manufacturers prefer analytical
methods requiring no professional knowledge at all. They like black boxes,
beside testing, home testing, dry chemistry and patents. A black box is
user-friendly for the unskilled and moreover a good hiding place for
valuable industrial secrets. The market for bedside testing and home
testing is not to be sneezed at. The clinical chemist must not criticize
industry in trying to reach as large a market as possible in laboratory
medicine. It is a chief feature of industry in the open western society.
Thanks to this quality the remarkable expansion of clinical chemistry in
the western world was possible. And the benefits of this expansion for
numerous patients are significant.

Summarizing: We have to accept the fact that the clinical chemist and
industry have a number of conflicting interests. But industry and the
clinical chemist have a common goal. It is the development of clinical
chemistry into a full proof tool for making diagnosis and aiding therapy.
Valid data are essential to get valuable clinical chemical information.
Therefore the improvement of analytical precision and analytical accuracy
deserves the highest attention. The classical analytical standards must be
highly valued. It must be stressed that accuracy is not less important than
precision. The true value must be our target. We must defeat the matrix
effect. Using uncertain consensus values is unworthy. We must standardize
both analytical results and reference ranges among laboratories, in bedside
testing and home testing all over the world. It is a difficult task but we
can make in this way clinical chemistry very patient-friendly. Consequently
the worldmarket for diagnostics and diagnostic instruments will grow and
the benefits for the patients will be considerable.

I emphasize the need for a close cooperation between industry and the
clinical chemist in order to achieve this common goal.



HIGH RESOLUTION NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY IN CLINICAL

CHEMISTRY AND DISEASE DIAGNOSIS

J.K. Nicholson

Department of Chemistry, Birkbeck College, University of
London, Gordon House, Gordon Street, London WC1lE 6BT, U.K.

INTRODUCTION

For over thirty years nuclear magnetic resonance (NMR) spectroscopy
has been an important tool for the chemist to aid identification,
characterisation and structural analysis of organic compounds. More
recently, major developments in the theory and practice of NMR spectrosopy
including the advances in superconducting magnet and computer technology
have allowed biological and medical problems of great complexity to be
addressed successfully.

There are three main types of biomedical NMR instrumentation which are
suitable for generating different kinds of clinical information. These
include Magnetic Resonance Imaging (MRI), which can be used to produce a
three dimensional image of the body by mapping the distribution of water
protons, and Topical NMR spectroscopy, which can allow non-invasive
metabolic monitoring in localised tissue regions. Both these techniques
have received considerable clinical attention. Indeed, over the next few
years MRI will probably replace X-ray tomographic imaging for many
applications as it uses no ionising radiation. The subject of this paper is
the application of High Resolution proton NMR spectroscopy to problems in
clinical chemistry and disease diagnosis. Paradoxically, although this is
the "oldest" type of NMR spectroscopy, the instrumentation being identical
to that used in classical organic chemical studies, it has only recently
been realised that it has a very important role to play in medical research
and diagnosis. This is mainly because it has only been since the late
1970's that suitably sensitive high field instrumentation has been
available and that certain technical problems associated with the
suppression of the strong solvent water signal and extensive overlap of
peaks from complex biological matrices have been overcome. Furthermore, NMR
spectroscopy is still developing very rapidly with major advances in
instrumentation hardware and software being expected within the next few
years, further increasing the promise of the technique in a clinical
chemical role. It should also be appreciated that high resolution NMR
spectroscopy is not simply another analytical technique, as NMR spectra
also give data on the dynamic structure and molecular motions of compounds
and molecular aggregates in solution. This is a unique type of information
which can only be generated by NMR measurements and may carry important
clinical messages.



Although several (stable) isotopes can be used in clinical NMR
studies, proton NMR spectroscopy has the greatest sensitivity and shows
most promise for future developments. It is now possible to use NMR to
study the biochemical composition of biological samples including urine,
blood plasma, bile, seminal fluid, cerebrospinal fluid as well as tissue
and faecal extracts and so obtain useful metabolic information. A wide
range of high resolution proton NMR studies of body fluids have now been
performed to tackle problems in intermediary metabolism and biochemistry
[1-10], screening for inborn errors of metabolism [11-18], testing for
malignant tumours [19-31], and drug metabolism, excretion and toxicological
investigations of clinical relevance [32-48]. A summary of many of these
clinical applications is given in table 1.

Advantages of using proton NMR spectroscopy for use in body fluid
analysis include its rapid multicomponent detection facility together with
minimal physical or chemical treatment of the sample and rapid metabolic
fingerprinting time. The total measurement time in the spectrometer is
usually <5 min. Only small volumes (0.3 ml) of biofluid are required for
NMR analysis and the technique is non-destructive. NMR is suitable for
obtaining many types of diagnostic information, because unlike most
conventional analytical procedures, there is no need to make assumptions
prior to analysis, as to the nature of the components present in the
sample. This contrasts markedly with many analytical methods (particularly
chromatography) where sample preparation and detection are deliberately
optimised to select a restricted range of closely related compounds.
However, it is also possible to use simple and rapid chromatographic clean-
up procedures (see below) on crude biofluid samples prior to NMR
measurement, which greatly extend the range of compounds that can be
detected because problems relating to insensitivity and peak overlap can be
minimised. It should be noted that in comparison to most chromatographic
and other spectroscopic methods, NMR is relatively insensitive, although
NMR instrumentation and data processing software are still improving
rapidly. With the type of spectrometers that are currently available, in
order for proton NMR to be useful in metabolic studies, analytes must
normally be present at concentrations >50 uM. The analyte must also possess
suitable resonances, usually from CH, CH2 or Cl-l3 protons, that can readily
be identified and quantified.

BASIC NMR SPECTROSCOPY

The phenomenon of nuclear magnetic resonance was first observed by
Bloch in 1946 [49]. It occurs because the nuclei of some isotopes behave
like bar magnets when placed in a magnetic field. These nuclei possess an
electric charge and mechanical spin which has an associated angular
momentum, the combination of spin and charge gives rise to magnetic
properties such that when the nuclei are placed in a strong magnetic field
they align with its axis. If a radiofrequency pulse of an appropriate
energy is then applied absorption of energy will occur as the nuclei change
their orientation in the magnetic field and resonance is said to take
place. The resonance frequency of a nucleus is dependant both on the
applied magnetic field strength and the gyromagnetic ratio (y, a measure of
the energy difference between the two spin states, corresponding to the
nuclei either orientated with or against the applied field) of the nucleus
(see below). After the radiofrequency pulse is turned off, a receiver coil
in the spectrometer detects the signals from the nuclei as their "excited"
spin-state decays back to the thermal equilibrium position. The NMR signals
decay with time and the pattern of radiofrequency emissions detected by the
spectrometer is called a free induction decay (FID). Chemically distinct
nuclei have absorb or resonate at different radiofrequencies, thus
appropriate computer analysis of the FID (see below) gives rise to chemical
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Table 1: Clinical chemical applications of proton NMR spectroscopy

Application and comments Biological fluid

INVESTIGATION OF BODY FLUID BIOCHEMISTRY AND METABOLIC DISORDERS

Normal subjects: Assignment of NMR spectra and
measurement of metabolites including: acetate, plasma
lactate, valine, alanine, glucose, creatinine, CSF
citrate, mobile fatty acids, cholesterol and esters,
total calcium and magnesium (as EDTA complexes)

creatinine, hippurate, sarcosine, indoxyl sulphate urine
N-acetyl glycoproteins plasma
LDL, VLDL, chylomicrons plasma

D-lactic acidosis:
Characterisation of disorder in patient following
intestinal surgery plasma

Fasting and diabetes mellitus:
Investigation of ketone body production and
excretion and related biochemical changes plasma and urine

Inborn errors of metabolism: Characterisation and metabolic fingerprinting
by NMR

phenylketonuria urine
glyceroluria

propionic acidaemia

methylmalonic aciduria In these studies a

maple syrup urine wide range of abnormal

isovaleric acidaemia metabolites detected

glutaric aciduria types reflecting specific

1 and 2 enzymic deficiencies urine
B-ketothiolase deficiency

hyperglycinaemia

biotinidase deficiency

3-methylcrotonyl-CoA carboxylae deficiency
3-hydroxy-3 methylglutaconyl-CoA lyase defect
L-2-hydroxyglutaric aciduria

"CANCER TESTING"

screening for malignancy by measurement of composite

linewidths of lipoprotein/fucosylated glycolipid

signals plasma
papers reporting "successful" test results
papers reporting equivocal or negative test results

information on the spin-active nuclei in the sample. A detailed
consideration of the theory and application of general and biological NMR
spectroscopy is beyond the scope of this paper, and for this the reader is
referred to more detailed texts [50, 51]. However, a basic description of
the salient features of modern NMR spectroscopy and the important
parameters of the NMR experiment are given below.

All biomedical NMR spectroscopy is of the pulsed Fourier transform

type. This involved the irradiation of the sample with an observation pulse
of radio energy containing many frequencies needed to excite all the nuclei
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(Table 1 cont’d)

Detection of drugs in urine of man and animals

Ethanol detection in untreated urine samples urine
Methanol including formate as methanol
metabolite
Paracetamol detection and quantification of major urine
metabolites
investigation of overdoses
Ampicillin detection of parent and major metabolites urine
Benzyl detection of parent compound and penillic
penicillin acid degradation product urine
N-methyl detection/quantification of parent urine
formamide and major metabolites
Metronidazole detection and quantification of metabolites wurine
Methamphetamine detection of parent compound and analogues urine
Oxpentyffline quantification of major acidic metabolite freeze-dried
critical comparison with HPLC urine
Oxpentyffline use of Solid Phase Extraction to eliminate extracted and
Ibuprofen endogenous interferences and allow freeze-dried
Aspirin detection and characterization of major urine
Naproxen metabolites by NMR and Mass Spectrometry
Paracetamol

of interest within the sample. After the observation pulse as the nuclei
relax to their thermal equilibrium position, radio energy is emitted at

all the frequencies previously absorbed by the nuclei. These data, showing
the decay of nuclear magnetization with time (i.e. the FID’s) are detected
in the form of analog voltages in the receiver coils and are digitized and
stored in the computer, prior to Fourier transformation which converts the
FID time domain spectrum into a frequency domain spectrum. This contains
resonance frequency and coupling constant (see below) information and
intensity data which can be readily interpreted. The resulting Fourier
transform (FT) NMR spectrum is then mathematically equivalent to a data set
that would be collected by scanning through all the individual resonance
frequencies and measuring their absorption intensities, a so called
"continuous wave" (CW) spectrum. There are many advantages of FT over CW
NMR spectroscopy. Data on all the protons in a sample are collected
simultaneously without the need for scanning which greatly speeds data
collection. Also, consecutive pulse NMR scans can easily be stacked and
averaged in the computey memory, thus improving signal and noise ratios, as
in FT NMR the signal strength increases in direct proportion to the number
of scans whereas the noise, being random, increase in proportion to the
square root of the number of scans. Other advantages of FT NMR include the
ability to use the computer to mathematically manipulate time domain
spectra prior to Fourier transformation and so cosmetically improve
resolution or signal to noise ratios. In modern FT NMR instruments, most of
the spectrometer functions are computer controlled, allowing complex
multipulse experiments to be planned and executed.

The exact frequency at which a proton resonates depends not only on vy
and the applied field but also on its shielding by orbiting electrons which
give rise to small local magnetic fields. The resonance frequency is thus
sensitive to the chemical environment of the proton, each type has a unique
local magnetic environment so giving slightly different resonance
frequencies. So for example the resonance frequencies of the CH, protons of
ethanol would be several hundred Hz different from the CH2 protons of
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ethanol. The first major parameter in NMR spectroscopy is therefore the
chemical shift, which is a measure of the electron density about the
nucleus and consequently its chemical environment. The practical outcome of
this is that all organic molecules give rise to their own fingerprint of
resonances, and if suitable sophisticated instrumentation is available
complex mixtures of organic compounds can be analysed by interpreting the
patterns of NMR signals that are produced. It is for this reason that NMR
spectroscopy is very useful in the determination of the composition of
biological fluids.

The most widely used reference compound for proton NMR spectroscopy is
tetramethylsilane or TMS [(CH )QSi] which has 12 chemically and
magnetically equivalent methyi protons. The chemical shift of TMS is
arbitrarily designated as zero parts per million or § = 0 PPM. The chemical
shift of a sample proton is then defined in terms of d units using the
following relationship:

5 - 5 . TMS x 10° PPy
operating freqency

Where v, and v, are the resonance frequencies of the sample and the
standard in a given eXternal magnetic field. This gives convenient numbers
for the chemical shifts of sample nuclei which are independent of the
magnetic field strength at which the spectrum is measured. Sodium
tetradeutero trimethylsilyl propionic acid (TSP) is used as a chemical
shift reference in aqueous solutions its shift being virtually identical
with TMS. For most biological applications of NMR spectroscopy very high
field magnetic strengths (e.g. 9.4 T) are employed using superconducting
magnets. The main advantages of high field instrumentation being good
sensitivity and improved frequency dispersion of chemical shifts from
different protons hence minimising peak overlap.

The second important parameter in NMR spectroscopy is spin-spin
coupling. This arises because nuclei which are closely connected by
electronic orbitals can sense the spin-state of their neighbours i.e.
whether they are aligned with or against the field. This leads to
characteristic splitting of the NMR spectral lines for nuclei that is
dependent on the number of near spin-active-neighbours, the number of
connecting bonds and their geometrical relationships. The magnitude of the
coupling constants (J) in Hertz is independent of the applied field
strength. The majority of small molecules that have adjacent CH, CH, and
CH3 groups show extensive proton-proton coupling. Two, three and four bond
couplings are usually observable, becoming weaker as the number of bonds
between the nuclei increases.

Spin-active nuclei in a magnetic field can exchange energy with their
environment by radiationless transitions or relaxation processes. This
occurs because of fluctuations of the local magnetic field close to the
resonance frequency of the nucleus which help it lose energy to the
surroundings. Relaxation is the third important NMR parameter that can be
measured for spin-active nuclei. Two main types of relaxation occur and are
designated T, and T2 relaxation processes, corresponding to relaxation back
in the direc%ion of "the applied magnetic field (along the z axis) or at
right angles to this (in the xy plane). T, and T, relaxation times are
exponential decay constants and are expressed in seconds. There are various
mechanisms whereby T. and T, relaxation can occur, detailed discussion of
which are outside the scope of this paper [see 49]. However, relaxation
phenomena are important in biomedical NMR spectroscopy for a variety of
reasons. For instance, if quantitative NMR data are to be obtained for
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metabolites in biological fluids, all spectra must be fully T. relaxed. In
FT NMR spectroscopy sufficient time must be allowed after the application
of the observation pulse otherwise magnetic equilibrium will not be re-
established prior to the next pulse. This would cause progressive
saturation of the resonances and a reduction in the intensity of the
signals, those from nuclei with long T1 relaxation times experiencing the
most severe distortions.

T, relaxation times are dependent on factors such as temperature and
viscosity, higher temperatures slowing down and higher viscosities speeding
up relaxation. The presence of paramagnetic species in solution may greatly
reduce relaxation times. Unpaired electrons have large magnetic moments
compared with those of the spin-active nuclei and so paramagnetic ions
produce the large fluctuations in the local magnetic field about the
nucleus and give the nuclei a very efficient relaxation mechanism. Tl and
T, relaxation times for a given nucleus are closely related, but T
relaxation times are particularly dependent on the molecular mobility of
the solute under study and the so called "tumbling time" in solution. In
practice this means that most protons on large molecules such as proteins,
nucleic acids and some polysaccharides and lipids have efficient T
relaxation processes. There is a simple mathematical relationship between
the linewidth of an NMR line and the T2 relaxation time of the nucleus,
given by

T;bs = [ﬂ.Av%]-l

where Av¥ is the half height linewidth of the peak in Hertz and T obs is

the observed transverse relaxation time in seconds. Nuclei with very short
T, relaxation times consequently give rise to very broad lines. Therefore,
bIological matrices containing large amounts of protein and/or nucleic acid
such as plasma or cell suspensions will give many broad proton NMR
resonances. This may be very troublesome in proton NMR spectroscopy of
biofluids, where the macromolecular resonances from thousands of
magnetically non-equivalent protons give rise to a broad envelope of
signals which mask the signals from low molecular weight compounds of
metabolic interest. Metabolites exhibiting extensive protein binding will
also have intrinsically broad NMR lines in such matrices, as their
molecular motion is constrained by the macromolecules to which they are
bound, consequently shortening their T, relaxation times. Fortunately,
there are spin-echo Fourier transfer NﬁR methods [52, 53] that allow low
molecular weight compounds (usually with long T,’s) to be observed in the
presence of macromolecules. Spin-echo pulse sequences include relaxation
delays prior to the collection of the FID during which signals from species
with fast T, relaxation times are significantly attenuated leaving only
signals from low molecular weight or high molecular mobility moieties [2,
4]. Occasionally some regions of macromolecular structures are highly
mobile and give rise to sharp lines which are not suppressed in spin-echo
experiments, e.g. N-acetylated sugar signals from plasma glycoproteins and
also from certain mobile aliphatic sidechains on lipoproteins [8, 9].

To summarise, there are several parameters of the NMR spectrum that
are important in the detection and identification of metabolites in
biological matrices. These include: the chemical shift, giving information
on the chemical environment of the nuclei concerned; the multiplicity of
the resonance line giving information about the number, distance and
geometry of spin-active neighbours; the integrated area of the resonance
which is directly proportional to the concentration of the species; the
relaxation time which conveys information about molecular mobility and
macromolecular binding.
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PROTON NMR SPECTROSCOPY OF BODY FLUIDS AND THE STUDY OF METABOLIC DISEASE

In general, 1H NMR spectroscopy of intact biological materials and
biological fluids is hindered by two main problems: Firstly, there is often
extensive peak overlap of the many signals from a wide variety of
biomolecules appearing in a relatively narrow chemical shift range. This is
minimised by use of the high field strength spectrometers e.g. of 9.4 T
(400 Hz, "H frequency) and above, giving wide spectral dispersion of
signals [6]. However, the second and more important problem is associated
with the large dynamic range due to the intense [110 M in protons] signal
from solvent water, which severely limits the digitization of signals from
compounds present at millimolar concentrations. This problem of dynamic
range originates in the digital nature of the FT NMR spectrometer i.e. all
analog voltages generated in the receiver coils require digitization prior
to mathematical manipulation by the spectrometer computer. Therefore, the
use of some type of water suppression technique is essential if good
digitization and signal-to-noise levels are to be obtained for signals of
metabolites in untreated biological samples. It ig possible to freeze-dry
samples and redissolve them in reduced volume of "H, 0. This largely
eliminates the dynamic range problem and increases the concentration of
metabolites of interest. However, such action usually results in the loss
of volatile or unstable compounds, and selective deuteration of metabolites
with exchangeable or acidic protons, so NMR data obtained from samples
prepared in this way must be interpreted with caution.

In the past we have shown that the application of a secondary
irradiation field at the water resonance frequency generally results in an
acceptable degree of water suppression [2]. However, in dilute solutions of
biochemicals such as body fluids, this method may not be sufficient to
suppress the water signal fully, and residual wings of the water peak may
give rise to severe dynamic range problems. In samples containing high
concentrations of macromolecules such as blood plasma, in addition to water
suppression, the use of spin-echo pulse sequences are required to eliminate
broad overlapping resonances which are attenuated by virtue of their short
T, relaxation times [2, 4, 53]. Spin-echo pulse sequences are also highly
e%fective at reducing the intensity of the water signal in biofluids after
the addition of a suitable chemical agent and modification of the sample pH
to selectively enhance the water relaxation rate. Such chemical exchange
relaxation agents include ammonium salts, urea, and guanidinium salts and
their judicious use in combination with spin-echoes allows almost complete
elimination of the solvent signal and one vastly superior to simple
irradiation methods [54, 57].

Proton NMR urinalysis

Urine is a complex biochemical matrix that can pose severe problems to
conventional analytical procedures due to its highly variable metabolite
composition and concentrations and variable ionic strength and pH. In
proton NMR spectroscopy of urine the main problem is to overcome the
intense water peak which can now be done routinely (see above). The wide
variety of endogenous and xenobiotic metabolites that can be rapidly
visualised by proton NMR of urine, makes the technique powerful in
metabolic monitoring. Many examples of proton NMR urinalysis are given in
Table 1. An illustration of the type of data generated by this technique
is shown in Figure 1. This compared the aliphatic regions of 400 MHz proton
NMR spectra from untreated urine samples (except with the addition of 10%
D0 as a spectrometer frequency lock) from a normal subject fasted for 12
and 48 hours (1A and B) and from an insulin dependent diabetic 4 hours
after withdrawal from insulin therapy under controlled conditions. Each
spectrum took less than 5 minutes to obtain. Note that the creatinine
concentrations in each sample were approximately equal and the diabetic
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Fig. 1. Proton NMR of urine

spectrum (1C) has been plotted on a different vertical scale. Many signals
from interesting and important endogenous metabolites can be assigned. In
both the 48 hour fasted and diabetic urine samples signals from the ketone
bodies (3-D-hydroxybutyrate, acetoacetate and acetone) and acetylcarnitine
can be observed. As expected the diabetic sample also contains high
concentrations of glucose. We have also applied NMR in this way to obtain
quantitative information on the time course of excretion of these compounds
simultaneously (4, 7]. Many other metabolic disorders can be investigated
and abnormal compounds fingerprinted and identified. Inborn errors of
metabolism in particular lend themselves to this type of study, as many
unusual metabolites are often present at high concentration producing very
specific NMR fingerprints for the particular disease state. These
fingerprints can be obtained quickly with minimal biochemical effort or
sample preparation [11-18]. Conventional methods for obtaining this type of
data such as gas-liquid chromatography, although more sensitive than NMR
(even though this sensitivity is often redundant with inborn errors of
metabolism), usually require several preparation/derivatisation steps
before analysis can take place. However, at present the use of NMR for
characterising inborn errors of metabolism is still at the research stage,
supplementing gas-chromatographic and mass spectrometric (MS) data. Many of
the inborn errors of metabolism that have been studied by proton NMR
(particularly by Drs Iles and Chalmers in London) are listed in Table 1.
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In addition to organic acids, a variety of neutral and basic compounds
can also be detected simultaneously, so that aminoacidopathies and
disorders of intermediary metabolism can be studied as well as organic
acidurias. The combination of metabolites that can be measured by NMR in
crude biofluid samples is virtually unique, perhaps only the as yet very
esoteric technique of MS-MS can detect as wide a range of metabolites in
untreated biological samples. As such NMR urinalysis may be particularly
suitable for population surveys of metabolic disease, as the high capital
cost of the instrumentation is largely offset by the very low cost per
sample and cost per analyte.

Studying the clinical biochemistry of blood plasma by proton NMR

The detection and estimation of low molecular weight compound in
untreated plasma by proton NMR is hindered principally by the abundant
dissolved macromolecules such as albumin and immunoglobulins [2]. These
high molecular weight species give rise to broad overlapping resonances
that mask the signals from the metabolites of interest. Fortunately spin-
echo pulse sequences can now be employed to effectively eliminate the broad
components [2]. The most widely used spin-echo experiment for this purpose
is the Hahn type which utilises the pulse sequence:

D-(90°-79-180°-79-collect FID)n

where D is a delay between an successive spin-echo pulse sequences to allow
T, relaxation and 79 is a short delay (typically about 60 ms) to allow
magnetisation decay via spin-spin relaxation for high molecular weight
species of low molecular mobility. In the Hahn spin-echo experiment, the
amplitude of the observed signal (echo) at time 2r, after the 90° pulse is
dependent on the intrinsic T, of the observed resonance, homonuclear spin-
spin coupling (which can also produce phase modulation), and a term that
arises if the molecule under study diffuses through a field gradient during
the second 72 period [2]. At a r, value of 60 ms (1/2J) doublet resonances
with J = 8.2 Hz are phase-inverted whereas triplets and singlets remain
upright [2]. Sufficient time (27,) then elapses for the net magnetisation
associated with the broad resonances (short T,) to decay to zero so they do
not contribute to the spectrum. This effectively edits the spectrum
according to molecular mobility or molecular weight hence simplifying the
NMR data set. The operation of such a spin-echo experiment on heparinised
blood plasma is shown in Figure 2A which is compared with the normal single
pulse spectrum (Figure 2B). The spin-echo spectrum contains only resonances
from low molecular weight metabolites and highly mobile lipids (for
assignment details see references 2, 4, 8 and 9) that were obscured in the
single pulse spectrum. By use of these techniques we were able to use NMR
of plasma to monitor the onset of ketosis in fasted normal subjects and
insulin dependent diabetics after insulin withdrawal, and to relate this to
concomitant changes in amino acid and lipid metabolism data which were also
obtained from the plasma NMR spectra [4]. Spin-echo experiments can also be
used to simplify the spectra obtained from other complex biofluids such as
cerebrospinal fluid [10], bile and seminal plasma [57] and in principle to
study other types of metabolic disorder. It is of note that certain high
molecular weight species may also contribute proton resonances in spin-echo
spectra if they have local domains of high molecular mobility. Such is the
case with many of the "acute phase" glycoproteins (Figure 2A) such as ;-
acid glycoprotein, which have highly mobile carbohydrate sidechains
(largely N-acetylglucosamine and N-acetylneuramic acid) with long T
relaxation times [8]. The intensities of these signals appeared to
correlate with clinical conditions in which an elevation of "acute phase"
proteins is expected such as rheumatoid arthritis and monoclonal (IgG)
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gammopathies. It is therefore to be expected that spin-echo spectroscopy
of plasma from such subjects is likely to be of value in the study of
molecular aspects of these disease states.

CAN NMR SPECTROSCOPY OF PLASMA PROVIDE A NEW TEST FOR CANCER?

A simple laboratory test for malignancy has long been sought. Recent
studies suggest that a rapid proton NMR-based test on human plasma to
detect malignant tumours may be feasible [23]. It has been known for some
time that metastasising tumours have unusually long proton T, relaxation
times [20], which distinguish them from malignant but non-me%astatic cells.
The long T, relaxation time is due mainly to the high level of surface
fucogangliosides on the malignant cell surface. These compounds may also be
closely related to the metastatic potential of the cells [19] and there
appears to be a general relationship between the disorders of lipid
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metabolism as well as a link between cancer and glycosylated proteolipids
[21]. It has been suggested that neutral lipid domains in the plasma
membranes of malignant transformed embryonic cells resemble proteolipids
and that the moiety responsible for the long T, relaxation time is
associated with the shed proteolipid particles™[22]. Proteolipid extracted
from the plasma of a patient with a borderline ovarian tumour also gave
proton resonances from nuclei with fast T,’s. In a detailed study of the
plasma lipoproteins and proteolipid complexes from this patient [19], it
was found that the latter gave rise to T, relaxation times of >400 ms,
whereas the conventional lipoproteins ha% much shorter T,’s (>160 ms). The
proteolipid complexes were subsequently found to have a 20% glycolipid
content in which a fucosylated molecule with a long proton T2 was
identified by NMR.

In a recent report Fossel et al. [23] reported that estimation of the
linewidth of the composite peak in plasma centred at about 1.2 ppm could
give information on the presence of a malignant tumour in the donor. If the
overall linewidth of this peak is less than ca. 28 Hz then it is reported
that this is an indication of malignancy [23]; normal subjects give
linewidths of about 40 Hz. The peak measured has contributions from various
lipoproteins, cholesterol, free fatty acids, lactate, threonine and
fucosylated moieties. A simplified but greatly exaggerated diagrammatic
representation of the single pulse spectrum of this region is shown in
Figure 3. In Figure 3A the "normal" situation is shown with three main
components (lactate, LDL and VLDL). Although it should be noted that in
non-fasted individuals chylomicrons will also contribute significantly to
this peak. In Figure 3B the putative "malignant situation" is shown in
which there is a further contribution from the elevated levels of
fucosylated glycolipids [22]. The effect is clear, the sharp fucosyl
resonance reducing the overall half height linewidth of the composite peak,
in theory providing a simple means of diagnosing cancer based on the
elevated levels of fucosylated glycolipid. In real situations the
difference between the "normal" and "malignant" appearances of these
resonances is much less distinct and the measurement of composite peak
linewidth by this method is likely to give equivocal results.

Consideration of the single pulse (Figure 4A), Carr Purcell Meiboom
Gill (Figure 4B) and Hahn spin-echo (Figures 4C and D) spectra of normal
plasma shows the depth of the problem involved in understanding the
significance of the linewidth of this composite peak. 400 MHz spectra were
obtained using 0.5 ml plasma containing 10% D,O. 64 transients were
collected in each case and in spin echo spectf¥a total spin-spin relaxation
delays of 120 ms were used. Spectra in Figures 4A-C were measured at pH 7.2
and D at pH 1.6. In Figure 4A the composite signal as measured by Fossel is
shown in a real sample. The very broad component (from low density
lipoprotein) is eliminated in the spin-echo spectra which also show the
strength of the lactate signal that is not resolved in the single pulse
spectrum. Lactate has no real diagnostic value where malignancy is
concerned and is a variable and major interference in this measurement. Of
course it can easily be removed from samples of this type by use of lactate
dehydrogenase which converts lactate to pyruvate the resonance of which is
shifted well downfield of the composite peak and would not interfere with
its linewidth measurement. The elimination of this type of variation is
essential if meaningful linewidth values are to be obtained from the
composite peak. On changing the pH of the sample to 1.6 (Figure 4D) the
lactate methyl signal shifts downfield as it is protonated. This then
reveals a second partially resolved doublet with a shift very similar to
that of fucose which appears to be coincident with lactate at pH 7.2.
Threonine, which also gives a doublet near this position has been
eliminated as the source of this signal as it too shifts with lactate at
low pH, whereas fucose keeps a relatively constant position. It has been
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suggested that it is the presence of high levels of fucosylated

glycolipids (which have relatively sharp fucose methyl doublets) in the
plasmas of patients that gives rise to the overall sharpness of the
composite signal at 1.2 ppm. If so then it should be possible to measure
the strength of this signal more directly by use of Hahn spin-echo
experiments performed at low pH, as this both eliminates lactate
interference and that from the bulk of the very broad lipid and lipoprotein
components.

Although there appears to be some promise in the use of NMR for cancer
screening or at least in the investigation of the disease process, the use
of this technique in such a simplistic way to test for such serious
conditions should be regarded with great suspicion until the full meaning
of the measured parameters are understood. Clearly the interpretation of
this NMR data will always be non-trivial. Furthermore, there is a vast
amount of metabolic and biochemical information in the NMR spectrum of
plasma and it would also be a pity to waste most of this by performing a
single linewidth measurement on the sample in order to attempt the
diagnosis of a condition.

NMR, DRUGS AND CLINICAL TOXICOLOGY

Proton NMR spectroscopy can be used to detect drugs and metabolites in
a variety of biological fluids, it can also be used to obtain information
on the toxic effects of the compounds under study. Indeed, such information
may be obtained at the same time that the analysis of the sample for drug
related material is undertaken. We have shown that proton NMR techniques
can be useful in the study of the biochemical effects of a variety of
different classes of metabolic poisons [44-48]. For example in a detailed
study of the nephrotoxicity of mercury II chloride in the rat, the proton
NMR fingerprints of urine from treated animals were grossly different from
controls and significant changes in the urinary excretion profiles of 14
out of 24 endogenous metabolites were detected [46]. NMR urinalysis
potentially provides a good detector for acute renal damage caused by drugs
or toxins, being at least as sensitive as conventional urinary marker
enzyme assays or histopathology [46-48]. However, patterns of metabolite
excretion relate to functional changes in the renal tubules after exposure
to the toxins, and so interpretation of these patterns can also give
insight into the molecular mechanisms of toxicity [46]. Other types of
toxin produce characteristic changes in metabolite profiles and NMR is
proving useful in the detection of novel markers of toxicity and organ
specific damage [44-48]. As yet the clinical value of this work is unclear,
although proton NMR may be readily applied to the detection of many drugs
and drug metabolites in biofluids after therapeutic use or in overdose
situations (see Table 1). Another benefit is that in addition to data on
the drugs themselves, proton NMR also gives information on endogenous
metabolites which may carry prognostic information in drug overdose cases
as well as diagnostic information on the nature of the overdose. We were
able to illustrate this, at least in principle, in NMR studies on
paracetamol (acetominophen) overdose cases, where abnormal paracetamol
metabolite ratios were found in urine, plasma and cerebrospinal fluids of
the patients suffering severe paracetamol-induced hepatotoxicity [10, 58].

There are many problems associated with the use of NMR methods to
measure drugs in biofluids directly. Many modern drugs are used at
comparatively low doses, some have very complex structures or multiple
metabolic pathways. NMR spectroscopy is an inherently insensitive technique
and these factors combine to limit the range of drug metabolites that are
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directly NMR-detectable in crude biological fluids. The sensitivity problem
is of course less serious when overdose cases are being considered, however
if drug mixtures or "cocktails" have been taken there may be problems of
peak overlap from metabolites. Indeed, we found that when paracetamol was
given at therapeutic resonances from the parent drug and its cysteinyl
conjugate in urine were extensively overlapped (even at 500 Mz) defying
direct quantitation [33]. Two-dimensional proton correlation methods were
required to deconvolute these spectra so that all the major metabolites
were NMR-detectable [34]. Consideration of the theory of two-dimensional
NMR is beyond the scope of this paper (see ref. 59) but represents a "high
technology" approach to solving problems posed by very complex overlapping
data sets. Although two-dimensional NMR methods can be used with ease on
modern high field spectrometers, they are still costly in terms of data
acquisition time, data processing and computer memory and storage space.
They can only be used on selected samples where particular assignment
problems are presented and at present are not suitable for routine clinical
samples. We have therefore investigated some simple procedures for rapid
sample clean-up prior to NMR spectroscopy that will allow very complex
samples to be usefully studied by NMR even at comparatively low field
strengths (250 MHz).

One of the most widely used clean up procedures for biological samples
prior to analysis by HPLC involvesTﬁhe use of small disposable solid phase
extraction columns (e.g. Bond Elut™ Analytichem International, Figure 5C).
These columns contain a sorbent bed consisting of silica gel with various
possible bonded functionalities joined by silyl ether linkages; the bed is
of similar material to that used in HPLC columns. Samples can be loaded
quickly onto the top of the bed and according to the prevailing chemical
conditions and bonded moiety will either allow analytes to pass through the
column or be retained and possibly concentrated prior to elution with a
different solvent system. The eluting solvent system can also be applied as
a stepwise gradient in which retained analytes can be fractionated
according to the strength of their interactions with the column; this is
then a chromatographic procedure in itself. An application of this approach
to the detection of a drug metabolite in urine Solid Phase Extration
Chromatography with NMR detection (SPEC-NMR) is shown in Figure 5. The 250
MHz spectrum of a human urine sapgle collected after dosing with 600 mg of
the drug oxpentifylline (Trental ) is shown in Figure 5A. The signals from
the major metabolite of this drug (structure shown in figure) is difficult
to detect in the background "chemical noise"™ [41] caused by the multiple
overlapping resonances of endogenous metabolites. The sample was acidified
(thus protonating the acidic function of the drug metabolite) and loaded
onto a Cl8 (octadecyl) bonded column. The ionisation of the drug metabolite
was suppressed by the lowering of the pH and together with other unionised
molecules with significant non-polar interactions was then retained on the
acidified column. A stepwise gradient of deuteromethanol and D,0 (e.g. 20,
40, 60, 80, and 100%) was then applied and the fractions collected and
scanned by proton NMR. The spectrum of the 60% methanol fraction is shown
in Figure 5B, and consists almost entirely of resonances from the drug
metabolite of interest.

SPEC-NMR procedures can be applied to separate and detect a wide range
of drugs and endogenous metabolites very quickly and will have widespread
applications in drug metabolism studies and general toxicology [42, 43]. A
further important advantage of this method is that metabolites can be
concentrated from large volumes of biofluid thus aiding NMR detection. The
SPEC-NMR approach has many of the attractive features of HPLC-NMR [60]
without most of the disadvantages. In particular SPEC-NMR is relatively
cheap and does not require a dedicated NMR instrument as is the case with
HPLC-NMR which uses the spectrometer as an online detector. Furthermore,
the analytical strategy involved in HPLC and indeed other chromatographic
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Fig. 5. SPEC-NMR of urine.

techniques always involves optimisation of the separation procedure. In
the case of SPEC-NMR this is much less important as the NMR spectrometer is
effectively a multicomponent detector and mixtures of compounds can be
studied with relative ease, so that the SPEC-NMR technique represents a
completely different analytical strategy. With relatively little method
development it will be possible to devise SPEC-NMR protocols for detecting
many of the commonly used and abused drugs present in biofluids. These
methods with the provision of only modest NMR instrumentation may be of
considerable value in future clinical and forensic toxicology studies.
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DISCUSSION AND CONCLUSIONS

High field proton NMR spectroscopy can rapidly provide both
qualitative and quantitative data on both endogenous and exogenous
compounds present in a diverse range of biofluids. Whilst such studies are
performed more rapidly using very high field/frequency NMR spectrometers
(e.g. 400-600 MHz) which minimize peak overlap, and thus allow the
interpretation of complex patterns of resonances, such instruments though
desirable are not essential. Good results can be obtained with relatively
modest instrumentation of 200 MHz (such spectrometers are widely available)
although there is often the requirement for some form of sample
pretreatment, such as solid phase extraction, before useful measurements
can be obtained.

The range of clinical chemical problems that can be addressed by high
resolution proton NMR spectroscopy is vast, including metabolic and
therapeutic monitoring, diagnosis and screening for inborn errors of
metabolism, possible tests for cancer, and clinical toxicology and drug
overdose studies. At present the main limitations are cost and sensitivity.
The capital cost of a high field NMR spectrometer is high, and skilled
staff and expensive maintenance are required. However, the expected
lifespan of an instrument could be 15-20 years, and when calculated, the
cost per sample or per analyte is very low indeed as sample preparation is
often minimal. Furthermore, NMR spectroscopy is a technique that is still
developing rapidly. Instrument sensitivity is increasing steadily and much
higher field strength instrumentation will become available in the next few
years. NMR is a computer based technique and computer software and hardware
for NMR data processing is also improving very quickly. It is widely
thought that computer-based pattern recognition programmes will soon become
available. This will allow spectrometers to be provided with a metabolic
database so that identification of metabolites in biofluids may become, at
least in part, machine-based, greatly simplifying the task of spectral
assignment. Given this and the current explosion of interest in biomedical
NMR spectroscopy, it is hard to believe that there is not a major role for
this technique to play in the clinical chemistry laboratory of the 21st
century.
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DIAGNOSTIC RELATED GROUPS: THE INFLUENCE OF REFUNDING OF COST ON THE

ORGANIZATION OF CLINICAL LABORATORIES

Albert L. Giles

AVATAR, Inc., Voorhees, New Jersey, USA

In 1983, with the Federal Government'’s adoption of diagnostic related
groups as a basic reimbursement methodology the hospital industry and
clinical laboratories of the United States were highly impacted. This
change has created some traumatic impacts upon management philosophy within
the hospital and has caused the laboratory to be viewed as a different type
of operating entity. The hospital clinical laboratory has reacted by
adapting and substantially altering its production and management
philosophy and approach.

Key among these changes has been a much higher level of competition by
the commercial laboratories for physician office referral testing. The
independent laboratories of the nation have faced a number of dynamic
changes. Among them was realignment of the major commercial interest owning
the laboratories, a highly competitive entrance into the marketplace of
hospital laboratories seeking out patient work, and finally the challenge
of aggressive marketing of new technologies which created high levels of
cost benefit for the physician office laboratories.

These factors have caused substantial realignment in the independent
clinical laboratory field and create an entirely different world for the
professionals operating these organizations.

Technological advancement, both in hard scientific techniques and
information technology, an increasing appetite for economy in insurance
coverages and appropriateness of medical treatment have all caused a
reduction in overall demand for laboratory work, despite a technological
trend in which new testing provides broad areas of more precise medical
information than has ever been available before. I shall attempt then, in
this presentation, to highlight the major forces causing the organizational
changes and provide a snapshot of the clinical laboratory both as it exists
in hospital and independent environment today and present several thoughts
with regard to future trends which will dictate the strategies necessary
for maintenance, expansion and general improvement of the clinical
laboratory.

Diagnostic related group reimbursement was originally adopted by the

Congress of the United States in 1983 as a method to drastically curtail
the payment levels of the Medicare program which covers the aged of the
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United States. The technique was adopted because of the achievements of
similar programs in four state environments over the previous five years.
It should be noted that reimbursement by diagnosis was hardly a new theory.
Its foundations can be found in European systems that date back to the
1930’'s. In the course of medical economics, various government and private
experiments have attempted to link payment with diagnosis every four of
five years, somewhere in the world. Certainly, the imposition of the
methodology for the reimbursement of the large number of Medicare
recipients in the U.S. was the largest, direct application of the theory
and it has had profound impact.

Prior to this methodology hospitals were basically reimbursed by
reviewing their actual cost. This type of reimbursement was started in the
30's by the Blue Cross plans of the U.S. Though commercial coverage and
private payment created a reason for the hospitals to continue to have a
system of charges for each service, the expansion of the Blue Cross
program, the addition of Medicare in 1966, and the growth of a number of
new type HMO and PRO organizations in the U.S. all prompted more
concentration on cost reporting, cost analysis and cost reimbursement.
Though the American hospital system is generally dominated by a not-for-
profit institution, all of the cost systems generally allowed some level of
"cost plus” reimbursement.

At the time of adoption, the projected funding for the Medicare
program was inadequate to actuarily support its long run existence. The
cost of health care was virtually increasing at twice the rate of other
costs in the national economy and Congress, as well as the private sector,
was frantically seeking a solution that would halt this escalation.

As a practical matter, hospitals started to work under the yoke of
three reimbursement methodologies. There still was enough commercial
reimbursement and private payers to require the maintenance of the system
of charges. Though the federal government moved swiftly into the DRG
payment methodologies, the Blue plans and many developing HMOs essentially
stayed with the older cost reimbursement methodologies. The DRG system was
implemented using historic costs as they could be apportioned across
hospital departments and generally related to the mix of DRG patients the
institution had historically treated. It’s important to understand that a
good deal of the inaccuracy that developed was because DRG coding system
was not standardized as a medical diagnostic system. In many cases it had
overlaps and in other areas it had insufficient codes. Hence, reclassifying
cases into the DRG matrix for evaluation of their previous cost to the
hospital was at best a nebulous process.

Also key to interpreting what has happened in a managerial sense, to
clinical laboratories, is understanding that the DRG system also had the
effect of providing an incentive to administrations. It said, in essence,
that any amount of money that can be saved by altering the method of
delivery of laboratory services to the hospital could be kept, since the
DRG payment would continue to be adjusted by a mix of national, regional
and local cost factors. In short, the previous year’s cost did not become
the standard by which the next year'’s reimbursement was determined at least
by the major governmental program. This provided some profound shifts in
the administration’s economic philosophy in a majority of the hospitals.

In retrospect, the nation’s hospitals have had greater prosperity
under the DRG reimbursement system than ever before recorded. The
completion of their fiscal years in both 1985 and 1986 demonstrated much
higher numbers of institutions with greater operating reserves and improved
financial results. One must finally realize that the threat of the DRG
reimbursement caused a substantial management re-thinking by the
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administrations, provided an incentive to economize and triggered a number

of management innovations and changes in operational philosophy, which has

indeed altered the operating structure and modality of the average hospital
clincial laboratory.

Most profound among the management shifts for the hospital clinical
laboratory was the realization that the laboratory was just another cost
center of the hospital. For years laboratories have enjoyed the position of
being money-making centers for the hospitals. Often they were able to
achieve favorable consideration and capital expenditures as well as maximum
operating staffing because of this situation. The shift away from cost
reimbursement by a major program, which minimized this "privileged" status
created a situation in which the hospital looked at the laboratory as just
another set of increasing expenses. This, coupled with the general fear by
hospitals of the reimbursement impacts, caused a tightening of budgets and
a series of management constraints which required the managers of clinical
laboratories to change the way they did operational planning and caused a
large number of changes for the laboratory. Some of these were:

o There have been a large number of job re-evaluations. In many cases
the credentials and experience required to operate highly
sophisticated scientific computer oriented analyzers decreased. This
happened both because of equipment simplification and because of
higher speed technology in which the operator can have a lower impact.
Automatic transfer of information from testing apparatus into data
collection systems has also hastened this process. Hence, generally,
the educational credentials, certification and level of pay of the
operators of computerized analyzers decreased. Operational analysis
increasingly revealed the ebb and flow on a time basis of the work
demands placed on the laboratory as well as operational systems which
segregated stat testing into separate units, creating a higher
utilitarian approach to getting work that required a great deal of
speed without interrupting more intense medical interpretive
procedures. Hence we end up with a smaller number of workers doing a
much higher number of the tests. They have lesser training and are
totally production oriented. At the average hospital, the set of
esoteric tests was redefined, with fewer tests performed at the
hospital because it was not cost effective.

o Personnel Utilization - many laboratory staffing policies have changed
with more part time workers being utilized. Variable hours have left
employees completing two short shifts at the hospital at peak
production periods, achieving a total time less than the normally
mandated 8 hours, but receiving reimbursement for the full 8 hours
because of their effective contributions in a highly productive mode
of operation.

o Enhanced management and supervisory training. The introduction of
numerous commercial factors into the independent laboratories have
also caused substantial change of the last five years. The impact of
this higher level of awareness is use of automated equipment with
higher data transfer capacity and the rapid expansion of high
technology testing. Laboratory management has also become much more
economically aware that due to increased competition, they must
maintain the price levels for testing at a low enough level to compete
with a generation of equipment which allows physicians to do their own
laboratory work within their offices and to charge the patients for
it.

This trend towards massive expansion of doctors’' office laboratory
testing with improved technology using smaller, cost effective
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equipment has not been as great as first anticipated. The trend is
being slowed as newer reimbursement methodologies are taking the
incentive away from physicians charging for such testing.

In short, independent laboratories have suffered heavy competitive
challenges, both from each other and from expanding technology in the
doctor's office, but long term trends promise a return of a majority
of the physician ordered testing to the independent laboratory.

In my previous comments I have separated the hospital and the
independent laboratory. It’s terribly important to realize as well,
that approximately 18% of the laboratories in the U.S. have changed
ownership. A majority of these have been hospitals setting up the
laboratories as separate corporate entities, sometimes in clusters
with several other hospitals, but always in a situation where they had
the capacity to competitively compete and provide the physician-
ordered outpatient laboratory work. These new laboratories have a
tendency to be greater in capacity and larger providers of laboratory
service within their given community.

Increased volumes of work coupled with automated work control systems
have required a virtual explosion in the clerical needs of most
laboratories. In 1978 the average ratio of technical workers to
clerical personnel in the laboratory was six to one. In a recent
survey, in 1985, those odds have changed to one clerical per one and a
half technically trained personnel. These clericals are inputting
data, splitting specimens, performing the phlebotomy tasks and
providing overall direction to result reporting.

Another discrete and very important differential in the operation of
the clinical laboratory is the time classes of work. For years there
was stat testing, which was done immediately, and normal turn-around
time. Today, a sophisticated laboratory has up to five levels of work,
1) stat, which generally means immediately done upon receipt, the
outside parameter being a result phoned back to a user in two hours,
2) as soon as possible, meaning the next time a major analyzer is run,
results usually turn-around in as little as an hour and as high as
five hours, 3) end of day, this methodology promises work received by
some given cutoff point during the day, (generally noon) will have
results reported at the end of the lab’s major operating day (6:00 pm
in most laboratories), 4) overnight, virtually guarantees the results
the following day, and, of course, 5) timed testing such as
microbiology and other reference testing which requires more than a 24
hour turn-around time. This time emphasis, which has also been
supported by the need to classify cases quickly for DRG purposes has
had great impact upon the need to control the operational flow of the
work through the laboratory.

In summary then, the following provide a view of the clinical

chemistry laboratory in the United States in 1987:

1.
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There are less clinical chemistry laboratories. Compared to 1975 there
are approximately 20% less licensed laboratories of all types.

The laboratory is much larger in its work volumes. The volumes have
been contributed to by new technology of broader and more definitive
testing. They have also been expanded by programmatic expansions of
testing such as employment drug testing and Aids exposure testing.
Their volumes are not as great as they might have been since there
have been definitive programs controlling overutilization of inpatient



ordering and restrained diagnostic developmental programs for first
treating attending physicians.

3. The increased volume, compressed number of laboratories and broadened
repertoire have created more specialized divisions of the laboratory
and have provided enhanced professional development opportunities in
these specialization areas.

4.  The modern clinical chemistry laboratory is better equipped with lower
cost equipment because of vast technological development. The
equipment is enhanced in technical capacities, quality control, and
accuracy. But, even more impressive is the capacity of the equipment
in data generation, retention and comparison.

5. In fact, these data capacities are so great that many medical planners
look forward to the integration of virtually all laboratory data for
inpatient and outpatient episodes for a majority of American patients
by the year 1995. More of the laboratories are operated by for-profit
corporations, despite the fact that a majority serve at least one
hospital’s needs directly. This shift, in a majority of the
laboratories, to profit orientation has created greater opportunities
for individual economic achievement and in general, through profit
plans and broader retirement, have created a more secure economic
future for the laboratory worker.

6. Laboratory professionals generally have a much greater need for
supervisory and management skills. This need is being met by
continuing educational opportunities as well as changes in basic
training programs.

7. The number of persons working in laboratories is relatively static.
The largest change is that there are many more with clerical training
and no technical training occupying the current positions. These
personnel are developing semi-technical skills such as phlebotomy and
specimen alloquoting, et cetera, but they are not professionals as we
have known and viewed them in the laboratory previously.

In short then, the clinical laboratory stands as a marvel of
technological improvement, drastically improving its capacity to
provide high quality and rapid testing results in an environment which
is requiring highly developed management skills and is perfecting
operational turn-around time and techniques.
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THE ROLE OF CLINICAL CHEMISTRY IN PREVENTIVE MEDICINE

K. Miyai

Department of Laboratory Medicine, Osaka University Medical
School, Osaka, Japan

The recent trend in clinical medicine has been to emphasize the
treatment of incurable diseases rather than their prevention. However, as
the saying goes, "Prevention is the best treatment"; that is, medical care
should try to prevent a disease before it occurs rather than to treat a
disease after it has developed. It is, therefore, imperative that
laboratory methodology develop to the extent that it can detect subclinical
conditions and predispositions to diseases prior to their clinical
manifestations.

It is in this area of presymptomatic diagnosis that clinical chemistry
must play a prominent part. In this regard, there are several approaches
and strategies that one can follow. In this lecture I will be discussing
two such examples, mass screening and DNA diagnosis, with examples derived
from research activities in my laboratory.

[I] MASS SCREENING FOR EARLY DIAGNOSIS OF ASYMPTOMATIC DISEASES

At present, various screening approaches can be found as part of
different health examination protocols. One such approach is Automated
Multiphasic Health Testing and Services (AMHTS). However, these algorithms
are generally unsuccessful when applied to the healthy population because
of the following complications: (1) There is a high frequency of random
abnormalities not related to the specific disease state being evaluated.
(2) A high incidence of false positives puts unnecessary cost on the
patient and society. (3) There is a false sense of confidence in those
patients with intermediate testing results.

In order to carry out mass screening effectively, it is necessary to
meet the conditions listed here. (1) The frequency of the disease must be
sufficiently high. (2) Early diagnosis by clinical features alone must be
difficult. (3) The laboratory analysis itself must be suitable for
screening; that is, it must have adequate sensitivity, ease of use and
acceptably low cost per sample. (4) Presymptomatic treatment must have an
overall benefit to and be accepted by the people as a whole.

Frequently methods used for routine testing or diagnosis of a disease
that has already developed are inappropriate for screening programs. For
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instance the effectiveness of the combination of tumor markers for
detecting early stage of cancer is still controversial.

In order to overcome these difficulties, it is necessary to develop
new methods and/or criteria that are specific for screening objectives.

I-1 MASS SCREENING FOR PROLACTINOMA

Prolactin secreted from a prolactinoma stimulates breast function and
inhibits gonadal function that cause amenorrhea-galactorrhoea syndrome, so
that its diagnosis is not so difficult in women. On the other hand, in men,
the signs and symptoms are so obscure that the tumors are rarely detected
until they grow and compress the optic nerve causing visual disturbance. We
therefore, tried to perform mass screening by measuring serum prolactin by
radioimmunoassay for the early diagnosis of this disease (1).

Materials and Methods

Principle of Paired Assay: To reduce the labor required for mass
screening, we devised a new method so called "Paired assay" in which we
measured prolactin concentration not in each serum sample but in mixture of
serum samples from two subjects. Since the normal range of serum prolactin
is 7.5 to 28 ug/l, the concentration in the mixed sample of two normal
subjects (normal pair) should be less than 28 ug/l. On the other hand, if
serum of patient with over 50 ug/l of prolactin is mixed, the prolactin
concentration in this mixed sample (abnormal pair) must exceed (7.5 + 50)/2
= 29 pg/l, thus, differentiating the abnormal pair from the normal pair is
possible. If the paired sample is abnormal we measure again the prolactin
in each sample of this pair to determine which subject is abnormal. The
reliability of this method was confirmed by the fact that the prolactin
values measured by the paired assay (y) are well correlated with the
expected mean values (x) calculated for the values of individual assays (y
=1.0x + 0.9).

Protocol of Mass Screening: In practice we designed the protocol as
shown in Fig. 1. When the prolactin concentration was over the cut off
point in the first paired assay using 25 pl each of serum, the second and
third individual assays using 50 pul serum were carried out. When the values
were over the cut off point, a questionnaire was sent and a new blood
sample was requested. When the cause of the hyperprolactinemia, such as
pregnancy or drug, was not clear and serum prolactin was again over the cut
off point, we recalled the subjects and examined them by X ray, CT scan and
so on.

Results and Discussion

We carried out this mass screening testing as part of a health
examination for the employees of some firms. As shown in Table 1, out of
10,550 so called normal subjects, 5 patients with pituitary prolactinoma
were found. The prevalence is estimated to be 1 : 2800 in men and 1 : 1050
in women. Since the adult population of Japan is 67 million there are
presumably about 44,000 cases of prolactinoma in Japan.

All of the patients with prolactinoma found by this mass screening
test have no signs and symptoms, and other hormones are within normal
limits except a slight decrease in testosterone in some male patients. For
example, one male patient had macroprolactinoma and deformation of the
pituitary fossa. The tumor was removed by surgery and he is now doing well.
In another married women, microprolactinoma was demonstrated by CT scan.
She had menstruation and no signs and symptoms but she had no children.
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Table 1. Screening for prolactinoma in the general population
Male Female Total
Total subjects screened 8450 2100 10550
Hyperprolactinemia 15 26 41
Examined 10 16 26
Prolactinoma 3 2 5
(1 : 2800) (1 : 1050)
Empty sella syndrome 1 0 1
Pregnancy - 6 6
Drugs 4 4 8
"Big" prolactinemia 1 2 3
Normalized 1 2 3
Adult population in Japan 67,000,000
Estimated number of prolactinoma 44,000
(See ref. 1)

l 1st paired assay

2 nd individual assay
3rd individual assay

questionnaire

pregnancy.drugs etc

NO

individual assay
for new specimen

l YES

X ray, CT scan
endocrinological test
etc.

Fig. 1. Protocol of mass screening for prolactinoma



After she was treated with bromocriptin she finally succeeded in pregnancy
and delivered a healthy baby.

The cost benefit of this screening program is uncertain since the
prolactinoma is benign. However early diagnosis and follow up of these
patients seem helpful for the selection of an adequate treatment.

I-2 MASS SCREENING FOR INBORN ERRORS OF METABOLISM

During the past 20 years neonatal screening programs for inborn errors
of metabolism have been instituted throughout the world. The main diseases
for neonatal screening include phenylketonuria, maple syrup urine disease,
homocystinuria, histidinemia, galactosemia, hypothyroidism and so on. For
this purpose of neonatal screening small amounts of blood are taken from
heel pad of babies. The blood specimens are dried on the filter paper, and
sent to laboratories. The most common method is the measurement of the
amino acid by the bacterial inhibition assay, so called Guthrie test.

However, the most important recent development in this field is the
introduction of immunoassays. For example, adrenogenital syndrome with 21-
hydroxylase deficiency is screened by measuring 17- OH progesterone. Cystic
fibrosis, one of the common lethal autosomal recessive disorder, can be
detected by measuring trypsin. Neural tube defect of fetus also can be
predicted by an elevation of a fetoprotein in mothers’ serum during
pregnancy. These substances can be measured by immunoassay.

I-2-1 NEONATAL SCREENING FOR HYPOTHYROIDISM

The most effective mass screening program using immunoassay is
screening for neonatal hypothyroidism. Since thyroid hormone is known to be
essential for the development of the brain from the late fetal to the
neonatal period, congenital deficiency of this hormone results in their
growth retardation and irreversible mental retardation. Such tragic
disturbances can be prevented by early treatment with thyroid hormone by 3
months of age. But early diagnosis is difficult by signs and symptoms
alone. Mass screening is therefore considered to be effective.

Materials and Methods

Fig. 2 shows the incidence and changes in parameters of various types
of congenital hypothyroidism. A decrease in total thyroxine (T4) is useful
for detecting all types of the disease except thyroid hormone resistance
but it gives false negative results for mild primary hypothyroidism and
false positive results for various conditions such as thyroxine binding
globulin (TBG) deficiency which does not have to be treated. Measurement of
free T4 can reduce the false positive results due to TBG deficiency but the
method is still insensitive. TSH which increases by a negative feedback
mechanism is useful in detecting even mild cases of primary hypothyroidism,
although rare cases of tertiary and secondary hypothyroidism are missed.

Until now these parameters in dried blood samples on filter paper have
been determined by radioimmunoassay as follows:
total T4 (2), free T4 (3), TBG (4), TSH (5, 6).

However, the severe restrictions on the use of radioisotopes is one of
barriers to promoting the spread of mass screening. Thus non isotopic
immunoassays such as enzyme immunoassay, fluorescence immunoassay and
luminescence immunoassay have been developed as follows: total T, (7), free
T4 (8), TBG (9), TSH (10, 11, 12, 13).
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Fig. 2. Parameters for neonatal screening for hypothyroidism

Results and Discussion

Results of the one step semiautomated sandwich enzyme immunoassay of
TSH are shown here (14). In this assay, antihuman TSH rabbit IgG coated
tubes and anti TSH IgG-B-galactosidase conjugate were used. The enzyme
activity of the tubes was measured using 4-methyl-umbelliferyl-g-D-
galactophyranoside as substrate by an autoanalyzer which was manufactured
for this purpose. The calibration curve and the distribution of the TSH
values are printed out automatically as shown in Fig. 3.

Table 2 shows a summary of neonatal screening for hypothyroidism in
Japan. It was 1975 when our pilot study started and in 1979 a nation wide
screening program began. Since then more than 700 patients have been
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Fig. 3 Calibration curve and distribution of TSH by semiautomated enzyme
immunoassay for neonatal hypothyroid (14)
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Table 2. Summary of neonatal hypothyroid screening by TSH assay

Osaka Japan
RIA EIA RIA + EIA
1975-1983 1983-1986 1979-1983

Total

screened 281,468 70,280 7,417,034
Hypothy-

roidism 48 14 735
Incidence 1/5800 1/5020 1/10091

detected in 7.4 million babies and almost all patients are normal after
thyroid hormone therapy. At present, 1.5 million babies are born per year
and 99% of them are screened.

One of the reasons that mass screening for neonatal hypothyroidism is
so widespread is its high cost benefit. Assuming that one TSH test costs
$7, and that live births in Japan are 1.5 million, 200 hypothyroid patients
can be detected by the test, at a total cost for mass screening of $10
million. On the other hand, if the screening tests are not performed the
expenditure for one case of untreated hypothyroidism is estimated as
$20,000 per year the expenditure for 200 patients per year would be $4
million, which cumulates to $200 million for 50 years. Thus we can say that
this mass screening for neonatal hypothyroidism yields a cost benefit ratio
of 1 : 20.

Successful prevention of mental retardation due to congenital
hypothyroidism by mass screening is one of good example of the role of
clinical chemistry in preventive medicine.

[II] GENETIC ANALYSIS FOR PREDISPOSITION TO DISEASES

Although there are undoubtedly several approaches that can be used to
clarify a subject’s predisposition to disease, the genetic approach is
amongst the most fundamental. Recent developments in gene technology have
made this a reality. The results are that such information can now be
included in genetic counseling programs.

II-1 HLA ANTIGENS AND DISEASE SUSCEPTIBILITY

The association of specific HLA antigen with disease susceptibility
has been extensively investigated. The first group is the association
common in any race. As an example a significant combination of HLA B27 with
. ankylosing spondylitis is well known. A second group is the association of
HLA and some organ specific autoimmune diseases such as the association of
HLA DR or DQ with insulin dependent diabetes (IDDM).

II-1-1 HLA AND CONGENITAL HYPOTHYROIDISM

Table 3 shows an example of our data on the relationship between
congenital hypothyroidism due to thyroid dysgenesis and their HLA A and B
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Table 3.Frequencies of HLA-A24 antigen and congenital hypothyroidism

Frequency
Congenital
Phenotype hypothyroidism
A24 A24
+ - + -
General population 0.568 0.432 1/5,000
Patients’' mother 0.962 0.038 1/3,000 1/57,000

(See ref. 15)

antigens in Japan (15). The frequency of A24 antigens in control subjects
in the general population is 0.568 in Japan. The frequency of this antigen
in patients’ mothers is 0.962 which is significantly higher than controls.
The incidence of congenital hypothyroidism in the general population is
estimated to be 1 : 5000 as mentioned previously. Thus the frequency of the
disease in babies whose mother have A24 would be calculated as 1 : 3000
whereas the frequency in babies whose mother have no A24 is only 1 : 57000.
If HLA antigens were measured routinely, families with a high or low risk
of congenital hypothyroidism could be predicted.

II-2 DNA ANALYSIS FOR GENETIC DISEASES

Several efforts are being made to investigate predispositions to
diseases on the basis of DNA. For example, restriction fragment length
polymorphism analysis is effective in this purpose. As an example, Rotwein
carried out restriction fragment length polymorphism analysis in the 5'
flanking region of the insulin gene and found that allelic frequency of
presence of 1.6 KB insertion in the region is significantly higher in non
insulin dependent diabetes mellitus (NIDDM) (0.316) when compared with
nondiabetic controls (0.195) and IDDM (0.192). Although it is a
controversial subject, it is emphasized that this polymorphism may provide
a genetic marker of this disease (16).

On the other hand many congenital malformations and genetic defects can now
be directly diagnosed by DNA analysis prior to pregnancy, and genetic
counseling can be performed.

II-2-1 GENETIC ANALYSIS OF CONGENITAL TSH DEFICIENCY

As an example we describe our data of congenital familial isolated TSH
deficiency, which was discovered by us in 1971 (17). In this family, the
proposita were 2 sisters of 3 siblings. Their parents’ marriage was
consanguineous with an inbreeding coefficient of 1/64 and their pituitary
thyroid functions were normal. The patients had typical signs, symptoms and
laboratory findings of congenital hypothyroidism. Serum TSH assessed by
bioassay and radioimmunoassay using different antibodies were consistently
undetectable and showed no response to TRH indicating that the patients
have TSH deficiency. TSH and gonadotropin are glycoprotein hormones which
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Fig. 4. Role of clinical chemistry in prevention medicine

consist two peptide chains designated a and B subunits. The a subunit
(common a) is identical among these hormones. The secretion of gonadotropin
is normal in these patients. The serum levels of the free a subunit were
very high and showed an increase response to TRH. These findings indicate
that the TSH producing cells are present and the a-subunit gene is intact.
Thus we thought that abnormalities of the TSH B gene is most likely the
cause of this disease. We therefore, attempted to isolate the normal human
TSH B gene and succeeded in the identification of the structure (18). We
then tried to clone and analyze the TSH R gene of the patients and finally
we found one point mutation. The codon GGA corresponding to G1y29 is
substituted by AGA (Argzg). In order to differentiate this abnormal mutant
sequence from the normal sequence, we used a restriction enzyme Mae I. This
enzyme splits for the abnormal sequence (CTAG) and produces shorter
fragment but does not split normal sequence (CTGG).

By this method, we analyzed the family and we could find heterozygous
carriers of this disease in some members of the same family. We could
advise them of the risk of this disease before pregnancy. If they have a
risk, we can diagnose the child at birth and prevent mental retardation by
early treatment.

&%, H#HF&
LEERRLA EGRCRESIOREET
THE BEST DOCTORS PREVENT THE DISEASES

hEERRZF FERREALKRTIREET

THE BETTER DOCTORS TREAT THE DISEASES
AT EARLY STAGE

TEEERZRK TEIEIEHIOREET
THE MEDIOCRE DOCTORS TREAT THE
SEVERE DISEASES

Fig. 5. For explanation see text
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Although TSH deficiency is rare, this is one of example that gene
analysis or DNA diagnosis may play an important role in prediction and
prevention genetic diseases.

ITII CONCLUSION

To summarize this lecture on "Role of clinical chemistry in preventive
medicine”, I propose a scheme (Fig. 4) although it is rather dogmatic and I
introduce words of a famous ancient orient doctor (Fig. 5).

In conclusion I believe that the role of clinical chemistry in preventive
medicine is rapidly expanding and will become one of the most significant
aspects of clinical chemistry in near future.
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RECOMBINANT DNA TECHNOLOGY IN THE DIAGNOSIS OF HUMAN INHERITED

DISEASE

J. Schmidtke* and D.N. Cooper**

*Institut fur Humangenetik der Universitdt Goéttingen, FRG
**Haematology Department, King’'s College Hospital, London, UK

Over 3,000 Mendelian traits implicated in the pathology of human
inherited disease, have been catalogued to date (1). Only a very small
proportion can be diagnosed either antenatally or preclinically by
conventional protein analysis. Moreover, many diseases are not amenable to
antenatal genetic analysis since their diagnostic proteins are not present
in the accessible foetal tissues. The advent of recombinant DNA technology
has promised to circumvent these problems since direct investigation of the
genetic material obviates the need for specific tissue samples. In
addition, antenatal diagnosis and carrier detection of many genetic defects
should be possible without the prerequisite of needing to identify either
the primary gene product or the biochemical mechanism of the disease.
Differing approaches to disease diagnosis will be described and the extent
of their application to disease diagnosis to date, presented.

DIRECT ANALYSIS OF GENETIC DISEASE USING GENE PROBES

In order for the base-pair change or deletion event responsible for
the disease phenotype to be detectable using restriction enzymes, two
conditions must be met. First, the nature of the disease must be
sufficiently well understood for the locus responsible to be identified,
isolated, and used as a hybridization probe to examine the disease-
associated allele(s). Second, for the aberration to be detected, a
restriction site must be introduced or removed in the case of a point
mutation, or the length of DNA between sites must be altered by sequence
additions, or rearrangements.

Although the application of direct analytical technique to disease
diagnosis is still in its infancy, Table la illustrates the extent to which
it has already been applied. Coverage of the thalassaemias and
haemoglobinopathies is by no means exhaustive here due to the
disproportionate number of globin gene mutations detected to date. This is
well reviewed (2).

Direct analysis of intragenic defects may also be accomplished using
chemically-synthesized oligonucleotide probes thereby obviating the
requirement for the mutation to lead to an altered restriction site.
Discrimination between genotypes relies upon a base-pair mismatch between
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the oligonucleotide and a given allele being sufficient to abolish
hybridization under the conditions used. This approach has been used for
analysis of aj-antitrypsin deficiency, sickle-cell anaemia, and the
thalassaemias (Table la). However, its application to the diagnosis of
diseases known to be molecularly heterogeneous requires extensive
investigation of each specific mutation.

The analysis of various diseases characterized by severe chromosomal
lesions has also been attempted using a variety of cloned probes. These are
listed in Table 1b.

A veritable armoury of gene probes is at present available which are
potentially useful in the direct analysis of disease loci (3).

INDIRECT ANALYSIS OF GENETIC DISEASE USING RFLPS DETECTED BY GENE PROBES

If a gene defect is not a gross deletion, then it may often go
undetected due to the lack of a suitable restriction enzyme (Table 2). One
alternative is to use DNA polymorphisms flanking the locus of interest as
genetic markers. RFLPs are neutral base-pair changes which introduce or
remove a restriction site, or sequence deletions, additions or
rearrangements which affect the length of DNA between sites. RFLPs are not
rare, occurring in the human genome approximately every 200 to 300 base-
pairs (4, 5), a frequency which demonstrates the extensive variation still
to be exploited in clinical medicine. Inheritance of a disease allele can
thus be monitored over the generations by following the inheritance of
readily detectable RFLPs linked to the gene in question. A list of diseases
to which this approach has been applied is given in Table 3.

INDIRECT ANALYSIS OF GENETIC DISEASE USING RFLPS ASSOCIATED WITH LINKED DNA
SEGMENTS

When for a particular disease, the relevant gene is not available as a
probe, direct analysis is impossible. Instead, linkage between a cloned DNA
segment and the locus of interest can be established and the inheritance of
RFLPs associated with the linked DNA segment investigated. The use of
linked RFLPs is merely an extension of classical linkage analysis; it
provides the indirect means to detect the presence, and follow the
inheritance of, genetic lesions and base-pair substitutions at a particular
locus without needing to possess a cloned copy of the locus itself. The
tighter the linkage between the DNA segment and the locus of interest, the
smaller will be the number of recombinants as both loci tend to segregate
together. A list of genetic diseases for which linkage with polymorphic DNA
segments has been established is given in Table 4.

Most of the DNA polymorphisms identified to date are due to the
presence or absence of particular restriction sites, while deletions,
insertions, and copy number variation seem to occur less frequently.
Although RFLPs seem to be abundant in the genome, most exhibit a low allele
frequency. Clearly much effort must be indirected toward the further
identification and localization of clinically useful RFLPs before such
analysis becomes a routine procedure in medical genetics.

Disease diagnosis is an essential basis for causal therapy and
presymptomatic diagnosis is in many instances a prerequisite for successful
treatment or prevention. The ability to detect presymptomatically a disease
which is at present not amenable to therapy may however present serious
ethical problems. Furthermore, the relative simplicity of the methodology
and the low cost incurred in prenatal diagnosis may well divert both
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interest and financial resources away from curative
believe that in this context, the focus of research
directed toward the analysis of the molecular basis
and its cure by substitution or direct somatic gene

and social measures. We
attention should be

of inherited disease
therapy.

Note: References to table 1 - 4 may be obtained from the authors.

Table la. Direct analysis of a genetic disease using gene probes to detect
intragenic defects. Data shown in Tables 1 - 4 include reports
published up until 31st May 1987

Disease

Gene Probe

Achondroplasia

Adenosine deaminase deficiency
Adrenal hyperplasia
Antithrombin III deficiency
Alpha-1-Antitrypsin deficiency

Apolipoprotein E deficiency

Atherosclerosis

Chorionic somatomammotropin
deficiency

Chronic granulomatous disease (CGD)

Diabetes mellitus (maturity onset

diabetes of the young)

Ehlers-Danlos Syndrome (Type II)

Elliptocytosis, hereditary

Factor X deficiency

Growth hormone deficiency (Type A)

Gaucher’s disease

Haemochromatosis, idiopathic

Haemoglobin C & SC disease

Haemophilia A

Haemophilia B

Heavy chain disease

Hereditary persistence of fetal
haemoglobin

Hypercholesterolaemia

Hyperproinsulinaemia

Hypoxanthine-guanine phosphori-
bosyltransferase (HPRT) deficiency

Immunoglobulin K-chain deficiency

Lesch-Nyhan syndrome

Leukaemias and Lymphomas

Lymphomas

Marfan syndrome

Ornithine transcarbamylase
deficiency

Osteogenesis imperfecta (Type II)

(Type I)
(mild atypical form)
Phenylketonuria

Collagen (type II)
Adenosine deaminase

Steroid 21-hydroxylase
Antithrombin III

Synthetic oligonucleotide
Alpha-l-antitrypsin
Apolipoprotein E
Apolipoprotein A-1
Chorionic somatomammotropin

CGD 'candidate gene’
Insulin

Alphal (1) Collagen

Protein 4.1

Factor X

Growth hormone

Glucocerebrosidase

HLA-DR-beta

Synthetic oligonucleotide

Factor VIII

Factor VIII and synthetic
oligonucleotide

Factor IX

Synthetic oligonucleotide

Immunoglobulin heavy chain mu

Beta-globin, Gamma-globin,
Synthetic oligonucleotide

Low density lipoprotein receptor

Insulin

HPRT

Immunoglobulin C-kappa

HPRT

T-cell receptor alpha-chain

T-cell receptor beta and gamma-chain
Immunoglobulin heavy chain
Alpha-2(I) collagen

Ornithine transcarbamylase

Alpha-1(I)
Alpha-2(I)
Alpha-1(I) collagen
Alpha-2(I) collagen
Phenylalanine hydroxylase

collagen
collagen
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Table la (cont’d)

Disease

Gene Probe

Prealbumin amyloidoses, autosomal
dominant

Porphyria

Purine nucleoside phosphorylase
deficiency

Sandhoff disease (infantile form)

Severe combined immunodeficiency

Sickle cell anaemia

Steroid sulphatase deficiency
Tangier disease

Thalassaemias

Thrombophilia, hereditary

Triose phosphate isomerase de-
ficiency

Tyrosinemia II

von Willebrand’'s disease (Type III)

Prealbumin

Uroporphyrinogen decarboxylase
Purine nucleoside phosphorylase

Beta-hexosaminidase
Adenosine deaminase

Beta-Globin, Synthetic oligonucleotide

Steroid sulphatase

Apolipoprotein AI

Alpha- and beta-globin, Synthetic
oligonucleotide, Beta-globin,
Alpha-globin, Zeta-globin

Protein C

Triose phosphate isomerase

Tyrosine aminotransferase
von Willebrand factor
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Table 1b. Analysis of chromosomal deletions and aneuploidies using cloned
genes and DNA segments as probes

Disease Gene Probe
Adrenal hypoplasia Chromosome X
DNA segments
Aniridia Catalase
Beckwith-Wiedeman-Syndrome Chromosome 11 DNA segments,
Insulin, Insulin-like grotwh factor
Bladder Cancer Insulin, C-Ha-ras 1
Cat-eye syndrome Chromosome 22 DNA segment
Cri du Chat Syndrome Chromosome 5 DNA segments
Choroideremia DXYS1, DXS3
Chronic granulomatous disease Chromosome X DNA segments
Down- syndrome D21K9, DS21D1, SOD-1
Duchenne and Becker muscular Chromosome X DNA segments
dystrophy
Glycerol kinase deficiency Chromosome X DNA segment (DXS84),
Chromosome X DNA segments
Ichthyosis, X-linked Chromosome X DNA segment (GMG X9)
Klinefelter syndrome Chromosome X DNA segments
McLeod syndrome Chromosome X DNA segments,
Norrie's disease Chromosome X DNA segment DXS7
(L1.28)
Prader-Willi-Syndrome Chromosome 15 DNA segments
Retinitis pigmentosa Chromosome X DNA segments
Retinoblastoma Chromosome 13 DNA segments
Esterase D
Wilms' tumour Chromosome 11 DNA segments
Wilms’ tumour/aniridia Follicle-stimulating hormone
beta-subunit
Wolf-Hirschhorn syndrome Chromosome 4 DNA segments
5p-deletion Chromosome 5 DNA segments
5q-syndrome c-fms

Granulocyte-macrophage colony
stimulating factor

7q-deletion c-met, D7S8, D7S18

18p-syndrome Chromosome 18 alphoid repeat

20q-syndrome c-src

Xq-deletion Chromosome X DNA segments,
Factors VIII, IXa

Yp-deletion Chromosome Y DNA segments

8peletion of gene or DNA segment excluded
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Table 2.
DNA probes

Studies which failed to detect gene defects using cloned gene and

Disease

Gene Probe

Abetalipoproteinaemia

Adenine phosphoribosyl transferase
(APRT) deficiency

Adenosine deaminase deficiency

Analbuminaemia

Angioneurotic edema

Apolipoprotein Al/C3 deficiency

Apolipoprotein CII deficiency

Apolipoprotein E deficiency

Ataxia telangiectasia

Atopic dermatitis

Bare lymphocyte syndrome

Charcot-Marie-Tooth disease
(HMSN-1b)

Citrullinaemia

Complement C2 deficiency

Congenital afibrinogenaemia

Cystic fibrosis

Dihydropteridine reductase
deficiency

Dysplastic Nevus syndrome

Familial dysautonomia

Glucosidase (alpha) deficiency

Gyrate atrophy

Hereditary fructose intolerance

Hunter disease

Hypercholesterolaemia

Hypoparathyroidism, dominant

Immunoglobulin A deficiency

Langer-Giedion syndrome

Leukaemia (acute promyelocytic)

McArdle'’s disease

Malignant melanoma

Manic depressive illness (bipolar-
affective disorder)

Marfan syndrome

Muscular dystrophy, Emery-
Dreyfuss type

Multiple endocrine neoplasia
(type 2A)

Myotonic dystrophy

Neurofibromatosis (peripheral)

Osteogenesis imperfecta (type IA)
Sandhoff disease (juvenile)
Senile erythroderma
Schizophrenia
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Apolipoprotein B-100
APRT

Adenosine deaminase

Albumin

Complement 1 inhibitor
Apolipoprotein A4
Apolipoprotein CII
Apolipoprotein E

T cell antigen receptor-beta
Immunoglobulin C-epsilon
Beta-2-microglobulin, HLA genes
Antithrombin III

Agrininosuccinate synthetase

Complement C2

Fibrinogen

Chromosome 4 DNA segments,
Chromosome 19 DNA segments,
Neuropeptide Y

Dihydropteridine reductase

Chromosome 1 DNA segments

Beta-nerve growth factor

Alpha-glucosidase

Ornithine aminotransferase

Aldolase B

X chromosome DNA segments

Apolipoprotein CII

Parathyroid hormone

Immunoglobulin alpha-1, alpha-2

Thyroglobulin

Tumour antigen p53

Glycogen phosphorylase

c-Ha-ras-1

Tyrosine hydroxylase, Insulin,
c-Ha-ras 1

Alpha-2(I) collagen, Alpha-I(III)
collagen

Chromosome X DNA segments

Various

Insulin receptor

Beta-nerve growth factor, Complement
C3, Apolipoprotein C2, Chromosome 1

DNA segments, Chromosome 4 DNA

segments, Minisatellite
Alpha-1 (II) collagen
Beta-hexosaminidase
Immunoglobulin C-epsilon
Pro-opiomelanocortin



Table 2 (cont’d)

Disease

Gene Probe

Spinocerebellar ataxia (autosomal
dominant)

Thrombosis

Torsion dystonia

Uroporphyrinogen decarboxylase
deficiency (porphyria)

von Willebrand’s disease (Type I)

Wilms’ tumour

Various

Antithrombin III

pro-opiomelanocortin, glutamic acid

decarboxylase
Uroporphyrinogen decarboxylase

von Willebrand factor
c-Ha-ras 1
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Table 3. Indirect analysis of genetic disease using gene probes to detect
closely linked polymorphisms

Disease

Gene Probe

Alpha-1-Antitrypsin deficiency
Apolipoprotein CII deficiency
Atherosclerosis
Carbamyl phosphate synthetase
I deficiency
Cataract, Coppock-like
Diabetes mellitus* (Type II)
Ehlers-Danlos syndrome (Type IV)
Growth hormone deficiency

Type I
Haemophilia A
Haemophilia B
Hypoparathyroidism
Hypothyroidism
Hypercholesterolaemia
Hyperlipidaemia (Type III)
Hypertriglyceridaemia
Lesch-Nyhan syndrome

Marfan syndrome

Ornithine transcarbamylase
deficiency

Oestogenesis imperfecta

Types I, IV (mild autosomal
dominant)

(Type I)

(Type IV)

Phenylketonuria

Sickle cell anaemia

Thalassaemia-beta

Thrombosis

von Willebrand’'s disease
(autosomal dominant)

Alpha-1-Antitrypsin
Apolipoprotein CII
Apolipoprotein A-1

Carbamyl phosphate synthetase

Gamma-crystallin
Insulin

Alpha-3 (I) collagen
Growth hormone

Factor VIII

Factor IX

Parathyroid hormone gene

Thyroglobulin

Low-density lipoprotein receptor gene

Apolipoprotein A-1, Apolipoprotein C2

Apolipoprotein A-1

Hypoxanthine-guanine phosphoribosyl-
transferase (HPRT)

Alpha-2 (I) collagen

Ornithine transcarbamylase

Alpha-2 (I) collagen

Alpha-1 (I) collagen, Alpha-2 (I)
collagen

Alpha-2 (I) collagen

Phenylalanine hydroxylase

Beta globin

Beta-globin, Gamma-globin

Antithrombin III

von Willebrand factor

* A firm association between diabetes and polymorphisms 5’ to the

insulin gene is questionable.
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Table 4.

Indirect analysis of genetic disease using linked DNA segments to

examine the co-inheritance of DNA polymorphisms

Disease

Gene Probe

Adrenoleukodystrophy
Adult polycystic disease

Alport syndrome-like hereditary
nephritis

Alzheimer's disease

Agammaglobulinaemia

Anhidrotic ectodermal dysplasia

Charcot-Marie-Tooth disease
(dominant, X-linked)

Chorioderemia

Chronic granulomatous disease

Cleft palate/ankyloglossia
(X-1linked)

Cystic Fibrosis

Dyskeratosis congenita

Emery-Dreyfuss muscular dystrophy

Fragile X-mental retardation
syndrome

Haemophilia A

Haemophilia B

Huntington’s chorea

21-hydroxylase deficiency

Hypohydrotic ectodermal dysplasia
Hypophosphataemia (dominant)
Hunter syndrome
Ichthyosis, X-linked
Immunodeficiency, X-linked
with hyperimmunoglobulinaemia
Kennedy disease (spinal muscular
atrophy)
Lowe oculocerebrorenal syndrome
Lymphoproliferative syndrome,
X-linked
Manic depression (bipolar affective
disorder)
Menkes kinky hair disease
Muscular dystrophy
Becker

Duchenne

DXS52 (Stl4)
Alpha-globin/hypervariable repeat
region 3’ to alpha-globin gene

DXS3, DXS1, DXS17

D21S16

DXS3 (pl9-2), DXS17 (S21),
Chromosome X DNA segments

DXS146 (pTAKS8)

DXYS1

DXYS1, DXS11, DXYS12
DXS164 (PERT 84), DXS84 (754)
DXYS1 (pDP34)

D7S15 (LAM4-917), c-met, D7S8
(pJ 3.11), T-cell receptor-Beta,
Alpha-2(I) collagen, D7S518 (7C22)
DXS52, Factor VIII, DXS15
DXS15, Factor VIII
Factor IX, DXS52 (Stl4), DXS15

DXS15 (DX13), DXS52 (Stl4)
DXS51 (52a), DXS100 (p4SH, p4Sd)
D4S10 (G8)
HIA class
I and II probes
DXYS1, DXS14 (58-1), DXS3 (19-2)
DXS41, DXS43
DX13, various
DXS143
DXS42

DXYS1

DXS10, DXS42
DXS42

c-Ha-ras-1, Insulin
DXS7 (LI.28)

DXS85 (782), DXS9 (Lambda-RC8),
DXS41 (99.6), DXS43 (D2), DXS84
(754), Ornithine transcarbamylase,
DXS7 (LI.28), DXS28 (C7), DXSlé4
(PERT 87)

DXS85 (782), DXS9 (Lambda-RC8),
DXS41 (99.6), DXS43 (D2), DXS84
(754), Ornithine transcarbamylase,
DXS7 (LI.28), DXS28 (C7), DXS67
(B24) DXS164 (PERT 87)
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Table 4 (cont’d)

Disease

Gene Probe

Myotonic dystrophy

Neuropathy, X-linked

Norrie's disease

Ocular albinism (X-linked)

Retinitis pigmentosa

Retinoschisis

Spastic paraplegia

Skeletal dysplasia X-linked

Spinocerebellar ataxia

Steroid-sulphatase-X-linked
ichthyosis

Wilson’s disease

Complement C3 gene, Apolipoprotein
CII, D19S7, Chromosome 19 DNA
segments, D19S19, D19S16 (pJSB1ll),
D19S15 (pJSB6), D19S19 (LDT152)

DXYS1, DXS14 (p58-1)

DXS7 (L1.28)

DSX85

DXS7 (L1.28)

DXS52 (Lambda-RC8), DXS85, DXS16

DX13, DXS52 (Stl4)

DXS52 (Stl4), DXS15 (DX13)

Chromosome 6 DNA segments

DXS9 (Lambda-RC8)

D13S4, D13S10
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PATHOGENESIS AND (PRENATAL) DIAGNOSIS OF INHERITED DISEASES:

GENETIC HETEROGENEITY AND CLINICAL DIVERSITY

A.J.J. Reuser

Department of Cell Biology and Genetics, Erasmus University
Rotterdam

Diagnosis of human genetic diseases is performed at different levels.
In many instances, the patient is first seen by the general practitioner
who may refer to a specialist for detailed clinical investigation.
Laboratory tests on blood, urine or tissue specimens may be required to
support a differential diagnosis. These tests are often performed by the
clinical chemist. Blood cells or tissue sections are analyzed by the
pathologist, and a karyotype analysis by the cytogeneticist may be needed
in addition. At a following level, molecular defects of proteins are
studied, whereas analysis of DNA can be considered as the ultimate level of
diagnosis of inherited diseases.

The new options and the limitations, the advantages and the
disadvantages of DNA analysis as a diagnostic tool in comparison with other
methods of investigation are discussed. Attention is specifically devoted
to the phenomenon of genetic heterogeneity, a major problem for diagnosis
at the gene level, and to prenatal diagnosis of inherited diseases, a major
field of application.

SOME FIGURES

A total of 3,907 hereditary traits are listed in the 1986 edition of
McKusick’s catalogue of Mendelian inheritance in man (1). The present
estimation of the total number of genes in man is between 50,000 and 70,000
(1, 2). Thus, mutations in only 4 to 8% of the genes are known to be
associated with a human genetic disease. This percentage is expected to
increase in future, but it may be limited by nature in that mutations in
certain genes are not compatible with life or, in contrast, do not abolish
an essential function.

At present, the number of cloned genes is about 400, but "new" genes
are added almost daily to the list (2, 3). Many of these cloned genes are
associated with inherited diseases, and have been assigned to specific
human chromosomes or segments thereof. In addition, cloned DNA segments
with unknown function, pseudo-genes (without protein product), and
unspecified sequences homologous to known genes have been "mapped". Their
total number is at present also about 400 (3), and together with the cloned
genes they can serve as marker in linkage analysis studies.
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The chromosomal localization of many genes has been determined by
correlating the segregation of human cellular and molecular traits with
human chromosomes or chromosome fragments in man-rodent somatic cell
hybrids. Cloned DNA fragments can be used in this procedure as a probe to
identify human genes on Southern blots. An alternative procedure is gene
localization by direct in situ hybridization of DNA or RNA probes with
metaphase spreads of human chromosomes. At present the assignment of 500
loci has been confirmed, an additional 250 loci have been assigned,
provisionally (4). The relative positions of 160 loci associated with
inherited diseases are indicated in the catalogue of McKusick (1). The
function of these loci is not always known, but diagnosis of associated
diseases is sometimes possible via DNA analysis.

METHODS OF DNA ANALYSIS

Linkage analysis is based on the fact that DNA sequences among
different individuals are polymorphic, especially in non-coding regions. As
a result, a restriction enzyme cutting the DNA at a site determined by a
highly specific order of 4 to 8 nucleotides may find a restriction site in
one molecular species of DNA whereas this site is absent in another. DNA
fragments of different length will arise which can be separated in agarose
gels and visualized after transfer to nitrocellulose filters by
hybridization with a radioactivity labeled complementary DNA probe
(Southern blot analysis). The method is discussed in detail by Prof. Dr. J.
Schmidtke, in these Proceedings. Within one family the disease trait will
be linked to a specific pattern of restriction fragments. A great advantage
of linkage analysis is that it allows (prenatal) diagnosis of diseases
without knowledge of the metabolic or protein defect.

Diagnosis by this method is in principle applicable to all inherited
diseases provided that polymorphic sites are present around the mutant gene
and probes are found which are sufficiently close to the affected gene to
minimize the risk of a recombination event between the probe and gene in
question during meiosis. The chances for recombination will be smaller as
the distance between the probe and mutant gene is shorter. Knowledge of the
chromosomal localization of the mutant gene is a prerequisite for the
selection of suitable probes.

A disadvantage of linkage analysis is that an informative polymorphism
is not encountered in all families. Each family needs to be investigated
separately. Participation of the index patient, parents and sometimes
further relatives is essential.

Some of the problems related to linkage analysis are overcome when
probes are available of the mutant gene itself, allowing a more direct
analysis of the mutation. The risk of recombination can be eliminated and
only the index patient (and parents) need to be tested. Gene deletions are
detectable by altered length of DNA fragments on Southern blots, when a
suitable gene probe and proper restriction enzymes are applied. There are
two methods for the detection of point mutations. When a restriction site
is altered by the mutation, a restriction fragment with altered length will
be obtained when the DNA is cut with the proper restriction enzyme. A more
general method to diagnose point mutations is one in which oligonucleotide
probes are used which specifically hybridize with either the wild type or
the mutant gene. Both methods are discussed by Prof. Dr. J. Schmidtke. The
major limitation of these direct procedures is that they are only
applicable when the exact type and location of the mutation are known. The
occurrence of genetic heterogeneity in the form of allelic mutations poses
a problem and makes the method suitable for homogeneous monogenic diseases
only.
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Sickle cell anemia is an example of such a disease and is
characterized by substitution of glutamic acid by valine in the B chain of
haemoglobin, caused by a mutation in the middle of the 6th codon. a-1l-anti-
trypsin deficiency is another example of a disease that can be diagnosed
with a probe directly directing the point mutation, but in this case the
type of mutation needs first to be confirmed. In northern Europe the Z-type
mutant is most common whereas the S-type mutation prevails in southern
Europe.

Indeed, allelic heterogeneity can severely hamper direct diagnosis at
the DNA level. For example, almost 500 genetic variants of the 4 types of
globin genes have been described (5). In many instances it is more
practical to perform diagnosis by linkage analysis (following the pattern
of inheritance of the mutant gene via linkage to nearby polymorphic sites)
than by direct analysis of the point mutation which first needs to be
determined. Great reliability is ensured when DNA sequences of the gene in
question are used as a probe. When the incidence of a disease is high in
semi-isolated populations, such as R-thalassemia in Cyprus and Sardinia, a
genetically homogeneous disease may be anticipated and it becomes
worthwhile to identify the exact type of mutation to make diagnosis even
more reliable, and to develop a simple method for carrier detection.

ADVANTAGES OF DIAGNOSIS BY DNA ANALYSIS

The possibility of carrier detection either by linkage analysis or
more favourably by direct analysis of the mutant gene is one of the major
advantages of DNA analysis over other methods of investigation for the
diagnosis and prevention of inherited diseases. Assessment of the
heterozygous state by assay of metabolic function is both impractical and
unreliable in recessive diseases. Establishment of heterozygosity by
measurement of the deficient enzyme activity or protein level is often
impeded by overlap of heterozygous and control levels. These problems are
encountered by DNA analysis directly establishing the genetic status.
Moreover, in carrier detection for X-linked diseases DNA analysis avoids
the pitfalls of procedures relying on gene expression which are influenced
by X-inactivation (6, 7).

The heterozygous state of siblings of patients may be established
using linkage analysis. However, linkage studies are not informative in
studying non-related individuals. As mentioned above, this restriction does
not apply when probes directly detecting the mutation are used. Carrier
detection by direct analysis of the mutation may become an important tool
for the prevention of diseases with a relatively high incidence in a
population. A number of these diseases are listed in Table 1. The
applicability in population screening will depend on the homogeneity of the
disease, and the availability and price of the technology.

Another advantage of DNA analysis in the diagnosis of inherited
diseases is that any cell type (except erythrocytes) can be used as a
source of DNA diagnose diseases that are exclusively or selectively
expressed in tissues not easily accessible for diagnosis at the protein or
metabolite level. This is of particular advantage in the prenatal diagnosis
of inherited diseases.

DNA ANALYSIS IN PRENATAL DIAGNOSIS

Before DNA analysis became feasible, prenatal diagnosis of metabolic
disorders was limited to those expressed in amniotic fluid cells
(fibroblasts and epithelial cells), and to disorders as, for instance,
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Table 1. Prevalent Human Inherited Diseases

Disease incidence mode of gene/marker
inheritance on
chromosome

Adrenal hyperplasia 1/10,000 ASR 6
Cystic fibrosis

(U.S. whites) 1/ 2,000 ASR 7
Duchenne muscular

dystrophy 1/ 6,000 XLR X
Haemophilia 1/10,000 XIR X
Huntington’s chorea 1/ 2,000 ASD 4
Myotonic dystrophy 1/10,000 ASD 19
Phenylketonuria 1/10,000 ASR 12
Polycystic kidneys

(dominant type) 1/ 2,500 ASD 16
Sickle cell anemia

(U.S. blacks) 1/ 625 ASR 11
Tay-Sachs disease

(U.S. Jews) 1/ 3,000 ASR 15
Gaucher'’s disease 1

(U.S. Jews) 1/ 2,000 ASR 1

ASD; autosomal dominant, ASR; autosomal recessive,
XLR; X-linked recessive (data adapted from Weatherall, 1985 Ref. 13,
and Galjaard, 1980 Ref. 14).

cystic fibrosis which is almost invariably accompanied by decreased
activity of fetal intestinal enzymes in the amniotic fluid supernate (8,
9). Amniocentesis is routinely performed in the 16th or 17th week of
pregnancy with less than 1% risk for loss of the pregnancy. Fetal blood
sampling by ultrasonically guided umbellicalcord puncture or under
fetoscopic control enables diagnosis of disorders only detectable in blood
or blood cells. However, availability of DNA analysis has reduced the
number of indications for some of these diseases (haemoglobinopathies,
haemophilia etc.), and extended the possibilities of prenatal diagnosis for
diseases not expressed in amniotic fluid (cells) or fetal blood.

Nowadays, prenatal diagnoses are carried out on chorionic villi
biopsies which are taken in the 10th week of pregnancy. Karyotype analysis
can be performed without culturing cells from the villi and also most
enzyme assays are carried out directly on the biopsy material. Cell culture
is sometimes needed, for instance, in the diagnosis of Lesch-Nyhan syndrome
when incorporation of 3H-thymidine is measured. A sufficient amount of DNA
can be extracted from 40 mg of chorionic villi for analysis via restriction
enzyme polymorphism or oligonucleotide hybridization. By September 1986,
the world-wide experience with first trimester diagnosis was almost 17,000
procedures (data collected by Prof. Dr. H. Galjaard). Chromosome anomalies
form the majority of indications, metabolic diseases are a minority at
present. This may change in some areas with high incidence of disorders now
detectable by DNA analysis. Diseases that have been diagnosed at the DNA
level in the first trimester are listed in Table 2. In our Department of
Clinical Genetics, the experience with diagnosis at the gene level includes
cystic fibrosis, a-l-anti-trypsin deficiency and haemoglobinopathies: The
number of tests is still small compared to the total number of
approximately 1,000 first trimester diagnoses performed in Rotterdam since
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Table 2. World-wide Survey of First Trimester Fetal Diagnosis by DNA
Analysis (up to July 1986)

Adrenoleukodystrophy Haemophilia A Phenylketonuria
a-l-antitrypsin def. Haemophilia B Polycystic kidney dis.
Becker'’s musc. dystr. 21-hydroxylase def. Retinitis pigmentosum
Chr. granulom. dis. Myotonic distr. Retinoblastoma

Cystic fibrosis Norrie's dis. Sickle cell anemia
Duchenne’s mus. dystr. Osteogenesis imp. a-thalassemia
Huntington’s chorea Polycyst. kidney dis. B-thalassemia

A total of 950 pregnancies at risk have been investigated and 270
affected embryo’s were detected. (These data were collected by Prof.
Dr. H. Galjaard, of the Department of Cell Biology and Genetics,
Erasmus University, Rotterdam, The Netherlands).

1985. This will change in future considering the rate in which new disease
markers are detected.

The amniocentesis program in our Center (Table 3) monitored nearly
13,000 pregnancies; the birth of over 600 severely handicapped children was
prevented, but even important was the reassurance given to parents of the
other 12,000 children.

PROBLEMS RELATED TO DIAGNOSIS AT THE GENE LEVEL

For every single disease it must be established whether DNA analysis
is preferable to diagnosis at the metabolite or (enzyme) protein level. As
mentioned above, the disease may be genetically heterogenous implying that
the same metabolic disorder can be caused by allelic mutations of the same
gene. This makes analysis at the DNA level for such a disease impractical.

Glycogenosis type II, a rare inborn error of metabolism, is chosen to
illustrate this. This disease is caused by deficiency of the enzyme acid a-
glucosidase which is localized in lysosomes and essential for the
degradation of glycogen. Enzyme deficiency results in lysosomal glycogen
accumulation, predominantly in skeletal and heart muscle cells. Clinical
symptoms of the disease may be evident immediately from birth, with rapidly
progressive muscular weakness and cardiomegaly causing death in the first
or second year of life. However, clinical variants exist with onset of
symptoms in the second or even third decade of life. This adult form of the
disease is much less progressive and patients may live beyond the sixth
decade. The primary cause of clinical diversity appears to be allelic
heterogeneity, whereby each mutation has its own, rather specific effect,
on the transcription of the mutant a-glucosidase gene, the biosynthesis of
the mutant enzyme, or its intracellular transport to the lysosomes. In some
cases of glycogenosis type II mRNA is completely or partially absent, in
others only precursor forms of acid a-glucosidase are formed. Some mutant
precursors do not find their way to the lysosome by lack of a recognition
signal for binding to the mannose-6-phosphate receptor which mediates
selective transport to these organelles (10, 11).

The data indicate that there is not a single specific mutation that
leads to either the infantile, the juvenile or the adult form of this
disease. Thus, the clinical phenotype will be hardly predictable on the
basis of the gene mutation detected, and diagnosis at the gene level
becomes unpractical. Enzyme activity measurements are more suitable for
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Table 3. Experience with Prenatal Diagnosis in the Department of Clinical
Genetics, University Hospital, Rotterdam (September 1986)

Indication number of number and percentages
pregnancies of fetal anomalies
investigated

Advanced maternal age 5,258 143 2.7

Advanced paternal age 29 - -

Previous chromosomal

anomaly 1,162 14 1.2

Parental chrom. transl. 239 122 51.0

X-linked diseases 249 116 46.6

Risk for neural tube defect 4,157 - 60 1.4

Metabolic diseases 700 141 20.1

Other indications 834 86 10.3

Total 12,628 630 5%

diagnosis of the different clinical forms of glycogenosis type II. The
residual activity of acid a-glucosidase in cultured fibroblasts and muscle
cells from adult patients is significantly higher than in cells from
patients with the severe infantile form of the disease (11). This directly
affects the accumulation of lysosomal glycogen which is more abundant in
infantile than adult forms of glycogenosis type II (12).

Enzyme or protein function is mostly generated by a series of complex
processes including transcription, translation, posttranslational
modification and transport to the intracellular or extracellular site of
action. Therefore, the effect of a mutation at the functional level will
often be unpredictable and diagnosis at the metabolite or protein level is
advisable unless the disease is extremely homogeneous with respect to type
of mutation and clinical expression. Even the same mutation may give rise
to a variable phenotype because of differences in the genetic background of
individuals and diversity of epigenetic factors.

Besides genetic heterogeneity there are problems of a different nature
related to diagnosis at the gene level. Recombinant DNA technology is a
relatively new methodology and not yet available in all countries where DNA
analysis of inherited diseases is desired. This applies for example to the
(prenatal) diagnosis of haemoglobinopathies with a high incidence in
African and Asian countries.

Multifactorial diseases are less likely to become diagnosable at the
DNA level, unless a "major" gene turns out to be responsible for such
common malformations as spina bifida, congenital heart defects, facial
clefts etc.

IMPLICATIONS OF DNA ANALYSIS IN GENETIC COUNSELING

Major improvements and new perspectives from diagnosis at the DNA
level are carrier detection, and prenatal diagnosis of an increasing number
of genetic disorders. Especially in autosomal dominant traits with late
onset of (often neurological) symptoms, the availability of a polymorphic
DNA marker may open the possibility of presymptomatic diagnosis. This may
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have far reaching consequences for those at risk to suffer later in life
from an incurable disease. Huntington’s chorea is such a disease. Through
linkage analysis with a marker on chromosome 4, a 95% accurate diagnosis in
informative families can be obtained. The risk of misdiagnosis due to
genetic recombination is 5%. An individual identified as carrier of the
dominant mutant gene needs careful support to minimize psychological and
social dysfunction. Conflicts of interest may arise with spouse, children
or insurance company. While diagnosis of Huntington’s chorea at the DNA
level does not improve the prognosis of the disease, it may contribute to
prevention of the disease via genetic counseling and family planning.

DNA analysis will certainly help to unravel the molecular cause of an
increasing number of inherited diseases. This may not only lead to a (more)
reliable diagnosis, but also to the development of strategies for therapy.

CONCLUSIONS

DNA analysis is an important complementary tool in the diagnosis of
human inherited diseases. Diagnosis at the gene level is sometimes required
for the (prenatal) diagnosis of diseases that are not expressed in amniotic
fluid or amniotic fluid cells, in fetal blood, or in chorionic villi cells,
and more in general for the diagnosis of diseases expressed in tissues not
easily accessible for studies at the (enzyme) protein or metabolite level.
For diseases with an unknown molecular cause, diagnosis at the DNA level
via linkage analysis is the only alternative. Carrier detection is
undoubtedly most reliable at the DNA level. Diagnosis of inherited diseases
by DNA analysis can be sufficient, but diagnosis at the protein and
functional level is often preferable because of genetic heterogeneity and
variable clinical expression. Diagnosis at the clinical or pathological
level will always be essential, but is not always feasible (e.g. prenatal
diagnosis and carrier detection), or sufficient. The patient will benefit
most from the combined clinical, pathological and molecular (genetic)
approaches for the most accurate diagnosis and the best treatment.
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The aldolase isoenzyme family, because of its phenotypic properties,
can be taken as a model system with which to approach the study of some
fundamental problems of cell biology studied at the molecular level, as
well as the study of the molecular biology of an inherited disease, namely
hereditary fructose intolerance (HFI) (1). The tissue-specific expression
of the same gene or of a gene family, the modulation of gene expression, in
relation to development and differentiation, and the cell de-differentia-
tion, that are very often involved in neoplastic transformation, and that
lead to resurgence of foetal enzyme or isoenzymes expression, are still
largely unknown in their biochemical correlations.

In this paper, after a very brief description of some of the
properties of the aldolase isoenzyme family at protein level, we shall
concentrate on studies performed by us on the aldolase isoenzyme family,
both at messenger RNA and gene level.

PHENOTYPIC PROPERTIES OF THE HUMAN ALDOLASE ISOENZYME SYSTEM

The reaction mechanism for the aldolase enzyme is an aldolic fission
at a carbon bond that results in the production of two trioses, the
substrate being either the fructose-bisphosphate or the fructose-
monophosphate (see reviews in 2, 3). The main isoenzyme forms, A, B and C,
show completely different kinetic properties with respect to substrate
affinity measured by the activity ratio toward the two substrates, the
bisphosphate and the monophosphate sugars (see Table 1). The activity ratio
varies from fifty for the muscle aldolase A to one for the liver-specific
aldolase B, being intermediate for the brain-specific aldolase C. All these
main Ehree forms are made of four identical monomers with an Mr of 40-
37x10°. The amino acid composition is different and this determines no
cross-reactivity when each isoenzyme is tested against specific antisera
versus the others. The hybrid tetrameric forms, made of two different
monomers, are A-B in kidney and A-C in brain (see 2, 3). Table 1 also
provides the chromosomal localization of the three genes that are
responsible for the phenotypic expression of the isoenzyme family, i.e.,
the gene for the A monomer on chromosome 16 (4), the gene for the B monomer
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Table 1. The aldolase isoenzyme family: molecular properties*

Type Main Mr Sub- Subunit Substrate FDP/FIP Human
localization units Mr affinity ratio chromosome

localization

A muscle 160x103 4 A 40x103 FDP>>FIP 50 Chromosome 16

B liver 158x103 4 B 39x103 FDP = FIP 1 Chromosome 9

C brain 148x103 4 C 37x103 FDP > FIP 25 Chromosome 17

A-B kidney / 4A-B / / /

Hybrids (A3B,A252,AB3)

A-C brain / 4A-C / / /

Hybrids (ASC’AZCZ’ACB)

* The data are summarized from the available literature (see in 2, 3) on

the protein molecules, except those of the last column, which are
taken from our own recent data (6).

on chromosome 9 (5), and the gene for the C monomer on chromosome 17 (6).
These results were obtained by us (6) using the Southern blot technique to
analyze DNA from a series of rodent versus human somatic cell hybrids, for
the presence of specific aldolase A, B or C related sequences.

The tissue specificity, already known on the basis of protein
isoenzyme occurrence (see 2, 3) has been supported by various groups (see
in 2, 3), including ours, using Northern blot hybridization experiments.
Our results confirm that the C enzyme is expressed only in brain, while the
A enzyme is expressed in muscle, kidney and brain, and as a minor spot in
lung; there is no hybridization in the liver (7). The B enzyme is expressed
in the liver, and also the kidney shows some expression of this type of
aldolase (7). The observation that the levels of mRNA correlate with the
levels of the isoenzyme protein present in various tissues suggests that
aldolase expression is regulated via the control of mRNA levels.

The aldolase system is also highly modulated during development
(embryogenesis and growth). In fact, the level of aldolase A mRNA decreases
from the beginning of gestation to birth, and it continues to decrease
during growth to the adult stage, whereas the level of aldolase B in the
liver increases drastically up to birth and during development to the adult
stage (8, 9).

A third feature of this system concerns gene expression during
carcinogenesis and cell neoplastic transformation (10). In particular, the
phenomenon of resurgence of the expression of a messenger which is not
present in the adult stage, is shown in rats treated with a chemical
hepatocarcinogen (11). In these animals there is a drastic increase of
aldolase A messenger expression starting from the fourth week after the
chemical treatment. Aldolase B expression, on the other hand, remains
unchanged. We obtained similar results by hybridizing total RNA extracted
from various human tissues and from human hepatoma cell lines to a human
aldolase A cDNA probe (12). Interestingly, no hybridization occurred with
normal human liver, whereas the hepatoma cell lines showed a strong
hybridization signal (12).
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Therefore, it can be said that the aldolase system shows all the
phenotypical features of an ideal system with which to approach the study
of the above-mentioned basic problems of cell biology.

MESSENGER RNAs OF THE HUMAN ALDOLASE SYSTEM

Table 2 reports a list of all the messenger RNAs sequenced during the
last four years (7, 13-23). Here we shall describe our contribution to
cloning, characterization and sequencing of cDNA for aldolase C, A and B.
The aldolase C cDNA was isolated for the first time by us in a mouse brain
library; however we elucidated only the NH,-terminal part (7). More
recently, another partial sequence of a ra% brain aldolase C cDNA,
referring to the COOH-terminal portion, has appeared (23).

Two cDNA of the human aldolase A, one from the liver sequenced by
Sakakibara et al. (20), and one from the fibroblast sequenced by us (22),
have been recently published. These two sequences led to the complete
elucidation of the human aldolase A sequence, which was only partially
known from protein chemistry analysis (24). These cDNA sequences are
identical except for the 5’ non-coding region.

The importance of the detection of two mRNAs is that it demonstrates
the multiplicity of human messenger RNA for aldolase A. Furthermore, the
known mRNAs are completely different in the 5’ non-coding region, and
therefore they will be useful in studies on this region at the gene level,
particularly for tissue-specificity.

THE ALDOLASE ISOENZYME GENE FAMILY

The study of the structure and expression of aldolase genomic clones
has been approached by several groups, including ours (25-29). In fact, we
have fully characterized and sequenced the human aldolase A genomic clone
(28), and also the human aldolase C gene (29).

By using the mouse aldolase C cDNA as probe we screened a human
genomic library and have cloned, characterized and sequenced about 4500 bp
of the aldolase C gene (29). The sequenced gene is split in nine exons
including all the coding regions and the 3' non-coding region and part of
the 5’ non-coding region. After nucleotide sequence translation, we showed
the complete amino acid sequence of this specific human brain protein,
which was previously thought to be thirty amino acids shorter than the
other aldolases (2): therefore, unless a post-translation partial
proteolytic event occurs as a maturation process, the earlier data will
have to be revised.

The structural organization of the aldolase A gene shows the presence
of eight exons, which include the complete coding region and the 3' non-
coding region up to the polyadenylation signal. However, in the 5’ non-
coding region, upstream from the initiation codon, there are four exons
that correspond to part of the sequences found in the corresponding region
of mRNAs, both in man and in other mammals (18, 20-22) (see Figure 1).

A structural analysis comparison between the sequences at the gene
level and the cDNAs isolated so far and sequenced, both from man and higher
mammals, allowed us to conclude for the existence of three classes of human
messenger RNA. The first one includes a minor species of aldolase A
messenger RNA found in human liver (20). The second class includes rabbit
(18) and rat muscle aldolase A (21). Class three includes, besides the
human fibroblast mRNA (22), the rat II and rat III species of messenger
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Table 2. Sequenced aldolase messenger RNAs

Isoenzyme Tissue Length (bp) References
(without poly A)

Rabbit muscle 1,375 Tolan et al., 1984 (18)

Rat muscle 1,343 (Rat I) Mukai et al., 1986 (21)

Mouse muscle 772 (partial) Paolella et al., 1986 (7)
A Rat ascites hep. 1,392 (Rat II) Mukai et al., 1986 (21)

1.440 (Rat III)

Human liver 1,464 Sakakibara et al., 1985
(20)
Human fibroblast 1,437 Izzo et al., 1987 (22)
Rat liver 1,547 Tsutsumi et al., 1984 (15)
Human liver 115 (partial) Costanzo et al., 1983 (13)
B Human liver 571 (partial) Besmond et al., 1983 (14)
Human liver 1,596 Paolella et al., 1984 (16)
Human liver 1,389 (partial) Rottman et al., 1984 (17)
Human liver 1,652 Sakakibara et al., 1985
(19
Mouse brain 741 (partial) Paolella et al., 1986 (7)
¢ Rat brain 725 (partial) Skala et al., 1987 (23)

RNA, isolated from ascites hepatoma (21). We demonstrated that the
fibroblast messenger species is present in various organs and tissues,
thereby providing evidence for the ubiquitary presence of this messenger in
mammalian tissues. The S, mapping experiments, in fact, indicates that only
muscle contains the specific messenger RNA which includes exon III within
the 5' non-coding region; this is not present in hepatoma or in fibroblast
tissue. Therefore, the muscle species is very specific for this tissue. On
the other hand, in muscle, fibroblast and hepatoma there are at least two
species of messenger containing exon IV within the 5' non-coding region.
These RNAs are both ubiquitary and differ only in their length at the 5'
non-coding region.

In summary, we have a conclusive pattern of four different messengers
starting from the unique 5’ non-coding region of the aldolase A gene. The
interesting feature of the system is that, as has been found only in a very
few other cases (30-33), the different messengers are produced by multiple
promoters on the same gene sequence that initiate transcription and proceed
through a differential splicing mechanism. This differential splicing is
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Fig. 1. Intron/exon organization of the 5' end of human aldolase A gene
(upper part) and various mRNA classes (lower part).

guided to the appropriate target defined by the presence of the splicing
consensus signals.

Therefore, when the first messenger is to be formed, the first two
exons are cut and the splicing proceeds until the AG sequence, which is in
close vicinity to the ATG initiation codon. When muscle mRNA is to be
formed, its promoter proceeds, and after transcription of the exon III,
splicing occurs up to the previous point. Finally, for the formation of the
ubiquitary fibroblast species, a third and a fourth promoter are operative,
and they transcribe the fourth exon by consecutive splicing at the same
point as the previous one. In conclusion, the data allow us to conclude for
a peculiar model of gene transcriptional control, which produces multiple
messenger RNA from a unique gene sequence. The presence of a TATA box, or a
TATA-like structure upstream from exons I, III, IV supports the envisaged
mechanism of mRNA formation (see Fig. 1).

ALDOLASE B AND HEREDITARY FRUCTOSE INTOLERANCE

Aldolase B is mainly devoted to the utilization of exogenous fructose,
after its phosphorylation to fructose monophosphate. Therefore, the B
isoenzyme exerts a physiological function different from that of aldolase
A; the latter being devoted mainly to the glycolytic and glycogenetic
pathways, which are prevalent in muscle, liver, kidney and intestine (2,
3). The lack of the B enzyme is the cause of hereditary fructose
intolerance (1). Hopefully, this disease will in future be diagnosed using
DNA recombinant techniques, and therefore patients will no longer be
subjected to cumbersome and, on occasions, painful liver needle biopsy. We
were one of the first groups to unravel the complete human sequence of
this human liver enzyme from the cDNA nucleotide structure (14, 16).

The aldolase B probe was hybridized to peripheral DNA after digestion

with several restriction enzymes, and it revealed the presence of a few
bands for each restriction enzyme (16). Furthermore, utilizing as probes
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Fig. 2. Southern blot of DNA digested with Pvu II and hybridized to

Fig.
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3. Restriction map of human aldolase B gene; the Pvu II polymorphic
site is indicated with the asterisk. (Taken from ref. 35, with the
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Table 3. Allelic frequencies for Pvu II RFLP in the normal population

No. analyzed subjects 83
No. heterozygous subjects 19
No. homozygous subjects for the frequent allele 63
No. homozygous subjects for the rare allele 1

Allelic frequencies

Frequent allele (2.1 kb) 0.873

Rare allele (2.3 kb) 0.127
Expected frequencies for each genotype

Homozygote for the frequent allele 0.764 (76.4%)
Heterozygote 0.22 (22%)
Homozygote for the rare allele 0.016 (1.6%)

limited regions at the 5’ and 3’ ends, the number of bands appeared even
less numerous, which indicates the likely existence of only one gene copy.

In an attempt to identify possible restriction fragment length
polymorphisms (RFLP), a variety of enzymes have been used on DNA from
several subjects. Only with the Pvu II enzyme, did we find a pattern that
is different from the most common one, in that it showed an extra 2.3 kb
band (34) (see Figure 2). We have also isolated and partially characterized
a genomic clone of aldolase B. It contains the whole coding region, and the
5’ and 3' non-coding regions. In order to map the polymorphic site,
subclones have been used as probes to selectively detect the hybridization
bands. The bands obtained after digestion with Pvu II enzyme were then
ordered along the gene (see Fig. 3, upper part). Then, utilizing as probe a
subclone corresponding to the 2.1 kb band and using a double digestion with
other restriction enzymes, namely Hind III and Bgl II (see Fig. 3, lower
part) that have a restriction site within the segment, it has been possible
to map the polymorphic site (35). We choose two individuals with DNA that
showed the extra 2.3 kb band and two individuals without the extra band.
The four DNA were digested with Pvu II, electrophoresed and hybridized with
a probe corresponding to the 2.1 kb fragment at the extreme 3’ of the gene.
The probe hybridized with the 2.1 kb band in all individuals and to the 2.3
kb band in the individuals having the extra band. This result, together
with the decreased intensity of the 2.1 kb band in the presence of the 2.3
kb band, indicates that the 2.3 kb band derives from the 2.1 kb band. To
identify which of the two terminal Pvu II sites generated the polymorphism,
the subclone previously described was hybridized to genomic DNA digested
with Pvu IT plus Hind III and with Pvu II plus Bgl II, which asymmetrically
cut the 2.1 kb band. When Hind III was used, the larger band increased in
size in the polymorphic subjects, thus indicating that the Pvu II site,
situated on the left, is the one which is lacking in the polymorphic
subjects. The smaller band, in fact, was unchanged. When Bgl II was used
together with Pvu II, the larger band did not show any variation in the
variant individuals, thus confirming that the Pvu II on the left site is
the one involved in the polymorphism (see Fig. 3).

Out of 83 subjects analyzed, 19 were found to be polymorphic. Table 3

shows the frequency of the polymorphism: 0.127 for the rare allele and
0.873 for the frequent allele. The genotypic frequencies are 76.4% for the
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homozygote for the frequent allele, 22% for the heterozygote and 1.6% for
the homozygote for the rare allele (see Table 3).

Now this polymorphism and its mapping are known, it is possible to
conduct studies in families with one or more members affected by HFI. These
studies may lead to a reliable tool for the diagnosis of the disease and of
the heterozygous state.

ACKNOWLEDGEMENTS

This work was supported by grants from' the C.N.R. (Rome), with special
reference to the P.F. Ingegneria Genetica and the P.F. Oncologica, and from
M.P.I., Rome, Italy.

REFERENCES

1. Gitzelmann R, Steinmann B, Van den Berghe G. In: Stanbury JB, et al.,
eds. The Metabolic Basis of Inherited Disease, 5th ed. New York:
McGraw-Hill Book Company 1983: 118-140.

2. Horecker BL, Tsolas O, Lai CY. In: Boyer PB, ed. The Enzymes. New
York: Academic Press 1972; Vol 7: 213-258.

3. Salvatore F, Izzo P, Paolella G. In: F. Blasi, ed. Human Genes and
Diseases. Wiley & Sons. Chichester. Horiz Biochem Biophys 1986; Vol 8:
611-665.

4, Kukita A, Yoshida MC, Fukushige S, Sakakibari M, Joh K, Mukai T, Hori
K. Hum Genet 1987; 76: 20-26.

5. Henry I, Gallano P, Besmond C, et al. Ann Hum Genet 1985; 49: 173-180.

6. Santamaria R, Buono P, Paolella G, et al. Ninth International Workshop
on Human Gene Mapping. Paris, 6-11 September 1987; n 440; 350.

7. Paolella G, Buono P, Mancini FP, Izzo P, Salvatore F. Eur J Biochem
1986; 156: 229-235.

8. Hommes FA, Draisma MI. Biochim Biophys Acta 1970; 222: 251-252.

9. Kellen JA, Chan A, Caplan B, Malkin A. Enzyme 1980; 25: 228-235.

10. Schapira F, Hatzfeld A, Weber A. In: Markert CL ed. Isozymes New York:
Academic Press 1975: 987-1003.

11. Daimon M, Tsutsumi K, Sato J, Tsutsimi R, Ishikawa K. Biochem Biophys
Res Commun 1984; 124: 337-343.

12. 1Izzo P, Costanzo P, Lupo A, Salvatore F. In: Cisimo F et al., eds.
Human Tumor Markers. Berlin: Walter de Gruyter 1987: 889-898.

13. Costanzo F, Castagnoli L, Dente L, et al. EMBO J 1983; 2: 57-61.

14. Besmond C, Dreyfus JC, Gregori C, et al. Biochem Biophys Res Commun
1983; 117: 601-609.

15. Tsutsumi K, Mukai T, Tsutsumi R, et al. J Mol Biol 1985; 181: 153-160.

16. Paolella G, Santamaria R, Izzo P, Costanzo P, Salvatore F. Nucl Acids
Res 1984; 12: 7401-7410.

17. Rottman WR, Tolan DR, Penhoet EE. Proc Natl Acad Sci USA 1984; 81:
2738-2742,

18. Tolan DR, Amsden AB, Putney SD, Urdea MS, Penhoet EE. J Biol Chem
1984; 259: 1127-1131.

19. Sakakibara M, Mukai T, Yatsuki H, Hori K. Nucl Acids Res 1985; 13:

5055-5069.

20. Sakakibari M, Mukai T, Hori K. Biochem Biophys Res Commun 1985; 131:
413-420.

21. Mukai T, Joh K, Arai Y, Yatsuki H, Hori K. J Biol Chem 1986; 261:
3347-3354.

22. 1Izzo P, Costanzo P, Lupo A, et al. Eur J Biochem 1987; 164: 9-13.
23. Skala H, Vibert M, Lamas E, Maire P, Schweighoffer F, Kahn A. Eur J
Biochem 1987; 163: 513-518.

70



24.

25.
26.
27.
28.

29.

Freemont PS, Dunbar B, Fothergill LA. Arch Biochem Biophys 1984; 228:
342-352.

Burgess, DG, Penhoet EE. J Biol Chem 1985; 260: 4604-4614.

Joh K, Arai Y, Mukai T, Hori K. J Mol Biol 1986; 190: 401-410.

Tolan DR, Penhoet EE. Mol Biol Med 1986; 3: 245-264.

Costanzo P, Izzo P, Lupo A, Rippa E, Paolella G, Salvatore F. It J
Biochem 1987; 36, in press.

Buono P, Paolella G, Mancini FP, Izzo P, Salvatore F. It J Biochem
1987; 36, in press.

Young RA, Hagenbichle O, Schibler U. Cell 1981; 23: 451-458.

Ingrahm MA, Evans GA. Mol Cell Biol 1986; 6: 2923-2931.

Battey J, Moulding C, Taub R, et al. Cell 1983; 34: 779-787.

Frunzio R, Chiarotti L, Brown AL, Graham DE, Rechler MM, Bruni CB. J
Biol Chem 1986; 261: 17138-17149.

Paolella G, Santamaria R, Buono P, Salvatore F. Nucl Acids Res 1986;
14: 5568.

Paolella G, Santamaria R, Buono P, Salvatore F. Hum Genet 1987; 77:
115-117.

71



CHAPTER 3
THERAPEUTIC DRUG MONITORING AND TOXICOLOGY

Therapeutic drug monitoring: importance of measuring metabolites
F.A. de Wolff and P.M. Edelbroek

Biological monitoring of exposure to toxic measuring trace elements
J. Savory and M.R. Wills

Practical applications of therapeutic drug monitoring:
the impact of technological developments
D.W. Holt and A. Johnston

Laboratory diagnosis of acute poisoning: consequences for treatment
A. Heath



THERAPEUTIC DRUG MONITORING AND TOXICOLOGY: RELEVANCE OF MEASURING

METABOLITES
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The Netherlands

1. INTRODUCTION

Therapeutic Drug Monitoring and Toxicology or TDM-T is a relatively
young branch of clinical chemistry. In some countries it is not considered
as being part of clinical chemistry but of pharmacology or other
disciplines. However, as TDM-T is based on chemical analysis of patient
samples, it forms without doubt a specialty in clinical chemistry. This
justifies the incorporation of a symposium on TDM-T in this international
congress on chemical chemistry.

TDM-T consists of two closely related subjects:

1. Therapeutic Drug Monitoring, which is defined as the measurement of
prescribed drugs in body fluids - usually serum - in order to
individualize the dosage regimen and to prevent toxicity or
underdosage, and

2. the toxicology component of TDM-T, which can be defined as the
identification and measurement of drugs which are not necessarily
prescribed to the patient, and of other potential poisons, both in
body fluids and tissue samples. The aim of these toxicological
analyses is not only to establish the diagnosis in poisoned patients,
but also to provide a basis for specific treatment of the
intoxication.

It should be stressed that the definition of toxicology given here is
not generally applicable; toxicology as a biomedical science is usually
defined as the study of the interaction between potentially noxious
substances and living organisms. When in this article the term "toxicology"
is used, the first mentioned definition applies.

2.  HISTORY OF TDM-T
TDM-T came into real existence in the 1970's. Before that date, very

few drug analyses were used for therapeutic purposes, e.g. sulfonamides (1)
and salicylate (2). Diagnosis of poisoning in that period was mainly

75



Table 1: List of drugs for which TDM may be useful

1. Anticonvulsants: phenytoin, carbamazepine, valproate
2. Cardiac drugs: digoxin, anti-arrhymics?

3. Antibiotics: aminoglycosides, sulfonamides

4. Antiasthmatics: theophylline

5. Analgesics: salicylate

6. Antidepressants: lithium, tricyclics

7. Cytostatics: methotrexate, cisplatinum

8. Immunosuppresives: cyclosporin

limited to forensic post-mortem cases. At the end of the 1960's, the first
more specific drug assays were designed thanks to the development of gas
chromatography and the dawn of clinical pharmacology. One of the most
important landmarks was the introduction of the analysis of the
anticonvulsant drug phenytoin in the laboratory, and its clinical
application (3).

In the "Silver Seventies" the literature on TDM-T increased
tremendously. Some general characteristics in that period are, that
analytical and clinical studies have been published on a very large number
of prescribed drugs. Many people believed that medication with most, if not
all, drugs could be improved by measuring serum levels. Technically, this
was made possible by the development of new techniques such as capillary
gas chromatography and high-performance liquid chromatography. In addition,
many studies advocated the use of exotic matrices such as saliva,
cerebrospinal fluid, hair, sweat, or even tissue biopsies instead of serum.
And those who preferred to continue using serum were often tempted to
measure the fraction of drug which is not bound to serum proteins even on a
routine basis. Also, the measurement of drug metabolites came into being,
which was strongly facilitated by the introduction of HPLC in the clinical
laboratory. Many of these sophisticated procedures, however, did not
survive or were not introduced in the routine clinical laboratory, mainly
because their contribution to diagnosis and treatment was very small in
comparison to the high cost. The present status of TDM-T is such that drug
analysis is really useful for a very limited number of substances. A list
of these drugs, which is by no means exhaustive, is given in Table 1.

It may also be noted that serum is in most instances the matrix of
choice for drug analysis. In addition, the assay of the non-protein bound
fraction of a drug in serum is only required in some special cases. The
measurement of metabolites in the TDM-T laboratory, however, is of
increasing importance, which will be expounded below.

As was mentioned before, TDM-T is a relatively young branch of
clinical chemistry. It is therefore interesting to have an impression of
the quantitative contribution of it to the whole of clinical chemical
assays. Therefore, the figures which were obtained in 1986 in the
‘University Hospital of Leiden, which is a 1000-bed general teaching
hospital, were analysed. "Classical" general clinical chemistry had a
production of over 1.8 million assays and endocrinology of 80,000 analyses,
whereas the contribution of TDM-T amounted to 15,000 assays, which is only
0.8% of the production of the chemical laboratories excluding haematology
and immunology.

If these figures are compared with the number of publications on TDM-T

which appeared in the 1986 issue of "Clinical Chemistry", it is noted that
84 articles (11.5%), including three major review articles, deal with this
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subject. In this number of publications, those on toxic trace elements,
which play an important role in TDM-T, are included. These observations may
indicate that, although the number of analyses is relatively small, TDM-T
is still in a process of development and draws the attention of many
clinical chemists.

3. MEASUREMENT OF METABOLITES

As mentioned before, measurement of metabolites draws attention of
clinical chemists working in the TDM-T field. It may be questioned whether
this feature is really relevant, or that it is more or less superfluous
like some other topics such as routine measurement of unbound fractions or
saliva levels. An attempt is made to answer this question using 4 examples
from different fields:

Active metabolites in TDM

Inactive metabolites in TDM
Metabolites in clinical toxicology
Metabolites in post-mortem toxicology.

a0 oe

3a. Active metabolites in TDM

Assessment on a routine basis of metabolites in addition to the parent
drug is, generally speaking, only useful when this contributes
significantly to the diagnosis or treatment. This is the case, e.g., with
the tricyclic antidepressant amitriptyline (AT) which is demethylated to
the active substance nortriptyline (NT). This compound is, in turn,
hydroxylated mainly to E-10-hydroxynortriptyline which may have an
antidepressant effect, and probably contributes to the cardiotoxicity of AT

4).

The interpretation of AT and NT levels is still a matter of debate.
There is no consensus on the therapeutic range of AT, but probably it is
between 75 and 200 pg/L for the sum total of AT and NT. Most studies do not
find a significant correlation between plasma levels and the derived
antidepressant effect. Only a few studies describe a positive relationship
(5). Others suggest a positive relationship between the NT/AT ratio and
clinical improvement (6, 7). Patients with a high demethylation capacity
seem to respond better to the therapy than those with a lower capacity to
form NT from AT.

A good example of a drug of which the determination of metabolites is
essential is the new anticonvulsant, oxcarbazepine, which is chemically
related to the classical anti-epileptic carbamazepine (CBZ).

CBZ itself is an active substance, and so is its major metabolite, CBZ-
epoxide. CBZ is a strong enzyme inducer, which may interfere with the
metabolism of co-medication, whereas the epoxide, as a reactive substance,
is probably responsible for at least part of the side-effects which are
seen in CBZ therapy. Therefore, oxcarbazepine was developed, which does not
induce cytochrome P-450 liver enzymes and which is not converted into the
epoxide but into an active metabolite, 10,11-dihydro-10-hydroxy-CBZ. Both
substances are ultimately metabolized to the inactive substance CBZ-diol.
At steady-state of a therapeutic dosage of CBZ, the parent drug is present
in plasma in a concentration of approximately 7 mg/L. The level of the
epoxide is approximately 15% of this concentration and as this percentage
is rather constant, it is usually sufficient for TDM to measure only the
parent compound. In the case of oxcarbazepine, however, the parent drug is
present in plasma in very low concentrations. The active metabolite 10,11-
dihydroxy-10-hydroxy-CBZ is especially responsible for the therapeutic
effect of this drug. In the case of oxcarbazepine medication it is
therefore more important to measure the metabolite than the parent drug.

77



3b. Inactive metabolites in TDM

With regard to measurement of metabolites, there is a common misbelief
that only active metabolites should be determined but there is no place in
TDM for the analysis of inactive metabolites. This statement is not always
correct, as can be demonstrated with another anticonvulsant, phenytoin
(PHT). This drug is oxidized in the liver by a cytochrome P-450 isozyme to
the inactive hydroxy compound hydroxyphenylphenylhydantoin (HPPH), which,
in turn, is conjugated to glucuronide prior to excretion in the urine.

PHT is an effective but very difficult drug to administer, first,
because there is a strong interindividual variation in metabolism, and
secondly because it is subject to saturable kinetics in the therapeutic
range. This means that a small dose increase may lead to a large increase
in plasma levels, and hence toxicity (8).

Measurement of the inactive hydroxy-metabolite in addition to the
parent drug can be very helpful to differentiate between hypo- and
hypermetabolism on the one hand, and other causes of disarranged therapy,
such as noncompliance or overdosage, on the other. This can be demonstrated
with the following case:

A 68-year-old retired postman was admitted with a cerebral infarction.
After dismissal he developed a focal epilepsy for which PHT was prescribed
in the usual starting dosage of 300 mg daily. Eleven days after onset of
the medication he was admitted for the second time with a number of
symptoms which lead the neurologist to differential diagnosis of either a
second cerebral infarction, or a PHT intoxication. A toxic serum
concentration of 37.4 mg/L was found, the upper limit of the therapeutic
range being 20 mg/L. This finding explained the symptoms observed. The dose
was decreased by 50%, but in spite of that two weeks later an even higher
serum level of 41.3 mg/L was measured. It was then decided to discontinue
medication completely, and during this drug-free period a serum half-life
of 7.5 days was found, which is about 10 times longer than in the average
patient. Finally, maintenance dosage of 100 mg daily was found to produce
an effective serum level in the lower therapeutic range, and with this
medication the patient was kept free from epileptic fits until his death 5
years after the first admission.

A number of possibilities were considered as the cause of this
intoxication. Accidental or intentional overdosage were deemed unlikely by
the clinician. Liver function tests were normal except for a slightly
elevated gamma-GT activity which is almost always seen in patients treated
with the enzyme-inducer PHT. Hypometabolism as a result of liver disease
could therefore be excluded. This patient also received the anticoagulant
phenprocoumon, and it could be possible that this drug, like its relative
dicoumarol, interfered with phenytoin oxidation. Such interaction, however,
has never been reported in patients on this particular drug combination. It
was therefore considered most likely that the observed PHT intoxication in
this patient was the result of a deficiency of the enzyme responsible for
phenytoin oxidation.

To evaluate this hypothesis, four different tests were performed:
debrisoquine hydroxylation, antipyrin plasma half-life, antipyrin
metabolite formation, and the PHT to HPPH metabolic ratio in the urine.
Contrary to expectations, this patient was a rapid oxidizer of debrisoquine
and a rapid metabolizer of antipyrin, which could be explained by selective
induction of hydroxy-antipyrin formation by PHT. The PHT to HPPH ratio in
the urine of this patient, however, was increased threefold in comparison
with a normal group.
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This observation leads to the conclusion that the observed
intoxication must be ascribed to PHT hypometabolism (9). Another important
conclusion is, that this diagnosis could only be confirmed by measuring the
inactive metabolite of phenytoin, HPPH. All other, established, methods to
diagnose impaired drug oxidation failed to demonstrate hypometabolism.

3c. Metabolites in clinical toxicology

In acute clinical toxicology, overdosage with hypnotic drugs is very
common. Over the last decade, intoxication with drugs of the benzodiazepine
group has gradually replaced barbiturate overdosage almost completely.
Although the morbidity and mortality from hypnotic overdosage is reduced
because benzodiazepines are less toxic than barbiturates, it poses special
problems for the laboratory diagnosis of drug-induced coma. The reason for
that is that these drugs are present in serum in low concentrations even in
overdose because of their large volume of distribution, and that they are
usually extensively metabolised. This can be demonstrated with e.g.
flurazepam. Even in poisoning, the parent drug is usually not detected,
because it is rapidly metabolised into the mono-desethyl and N-1l-desalkyl
compounds. The latter metabolite, which is active, has an elimination half-
life of 50-100 hours. For diagnosis of benzodiazepine overdosage it is
therefore necessary to have at one’s disposal a method with which the
metabolites can be identified. This can be achieved for instance by
capillary gas chromatography.

A special problem in the clinical drug laboratory is drug abuse, which
is defined here as long-term intake of relatively low doses of a substance
and is, in a way, "chronic clinical toxicology". A class of drugs which is
commonly abused and poses problems to the clinician and the laboratory are
the laxatives. These drugs can easily be obtained as over-the-counter
drugs, and are abused mainly by people suffering from obstipation or from
psychiatric eating disorders such as anorexia nervosa or bulimia. Chronic
laxative intake may lead to symptoms like chronic diarrhea, catharic colon
or hypokalemia. In these cases it is advisable to screen patients for
laxative abuse.

A most commonly abused laxative is bisacodyl, an acetylated diphenol
compound. The acetyl groups are readily hydrolysed in the stomach, and the
unchanged compound is never found in the urine as such. In addition, the
diphenol compound is hydroxylated in the liver, and therefore in urine
extracts of patients taking bisacodyl the hydrolysed products plus the
hydroxylated metabolite are found. The detection method of choice is high-
performance thin-layer chromatography of urine extracts. Urine has to be
pretreated with a-glucuronidase before extraction to enhance sensitivity.
The metabolic pattern of spots on the chromatogram is specific for
bisacodyl intake. The method is very sensitive; even a single 5 mg dose can
thus be detected as long as 32 hours after intake (10).

If we look for the unchanged drug, bisacodyl abuse can never be
confirmed because it never appears in the urine as such. This shows that
metabolite detection in a case like this is a prerequisite.

3d. Metabolites in post-mortem toxicology

In post-mortem toxicology it may be essential to know not only which
drug may be the cause of death, but also when the drug was taken or
administered. Drug levels in body fluids or tissues alone can seldom, if
ever, be interpreted such that it can be estimated when ingestion took
place. The following case demonstrates that assay of metabolites in
addition to the parent drug may be helpful to elucidate a forensic
toxicological problem.
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This young man was a former heroin addict who was treated with a
relatively low methadone dose of 20 mg daily and the benzodiazepines
chlordiazepoxide and flurazepam. He was arrested in a riot and locked in in
a police cell. The next morning he was found deceased. At autopsy no signs
of violence were observed. At toxicological examination the following
substances were found: ethanol, amphetamine and diazepam very low levels,
and chlordiazepoxide and flurazepam metabolites in concentrations which
were in agreement with the prescribed doses. Methadone was also found in
the urine, but since the deceased took 20 mg of it daily it could not be
concluded that this drug contributed or lead to death on the basis of this
qualitative test only. Therefore, it was deemed necessary to quantify
methadone and its metabolite in different samples.

Methadone is mainly metabolised to 2-ethylidene-1,5-dimethyl-3,3-
diphenyl-pyrrolidine (metabolite I). Both substances were measured in
blood, urine, and liver by means of HPLC and GC-MS. The blood level of
unchanged methadone was 0.6 mg/L. From published pharmacokinetic data (11,
12) it is concluded that the expected plasma level at 20 mg daily is in the
range of 0.04-0.16 mg/L. This means that the methadone level in the
deceased was 4-15 times higher than could be expected. It was therefore
very likely that the victim died from methadone overdosage. However, one
question could not be answered at that stage. For the judicature it was
essential to know whether this intoxication was the result of acute or
chronic overdosage. To answer this question, the assay of metabolite I in
addition to the parent compound proved to be of utmost importance. In
patients on chronic methadone, the metabolite to methadone ratio in urine
greatly exceeds one, whereas in patients who died from an acute overdose
this ratio is always lower than one (13, 14). In this victim, a metabolite
to methadone ratio of 0.74 was found. From this result it could be
concluded that he died from an acute methadone overdose. This finding
proved to be in agreement with the results of the morbid anatomist, and was
later confirmed by witnesses from the drug scene who told that the deceased
had ingested all available pills before being locked in. A case like this
could never have been solved satisfactorily if only the unchanged drug had
been determined. This means that in forensic toxicology, like in clinical
toxicology, it is of utmost importance to be aware of drug metabolites, and
to measure them when necessary.

4. FUTURE TRENDS IN TDM-T

It is tempting to conclude this chapter on TDM-T by presenting some
views on possible trends which will mark the future of this branch of
clinical chemistry. When observing the literature on TDM, it may be noted
that, generally speaking, the situation has stabilized over the last few
years. Most experts in this field agree that TDM is useful for a relatively
small number of commonly used drugs by measuring the parent compound in
plasma or serum. From an analytical point of view, the development and
subsequent introduction of immunochemical methods such as those using
enzymatic of fluorescing labels were an important breakthrough. These
methods are extremely useful for routine TDM. Only for special cases e.g.
as those described in sections 3a and b, more versatile methods such as GC,
HPLC and GC-MS are indispensable. It goes without saying that these
techniques should be available in specialized TDM-T laboratories in
addition to immunochemical techniques. For acute toxicology, a situation
similar to that of TDM exists. Likewise, no big changes may be expected in
the next few years.

As to chronic toxicology, it is expected that important changes in

this field may impinge strongly upon the workload of the clinical
laboratory. Until recently, the human toxicologist mainly dealt with the
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toxicology of comparatively high doses. These lead, generally speaking, to
high concentrations which are comparatively easy to deal with from an
analytical point of view. Over the last few years, however, there is an
increasing concern about health effects of chronic exposure to low levels
of chemicals, both at the workplace and from the environment.

Some groups of chemicals which may have an effect on human health in
the long run are metals, organic solvents, pesticides, and mutagenic
substances. Toxic metals such as Pb, Cd, Hg, Al etc. show different toxic
effects which often depend on the chemical state (organic, inorganic,
metallic) of the element. Organic solvents or volatiles may be neurotoxic
at chronic low-level exposure. Pesticides have a wide range of toxicity,
but neurotoxicity and mutagenicity may be mentioned as the most common
biological effects. Mutagenic substances other than pesticides may
originate from tobacco, food, polluted air, etcetera.

The major pitfall in the biological monitoring of exposure to these
environmental chemicals is that, as a rule, very low amounts are absorbed
in the body. This often poses special problems to the analyst, and
extremely sensitive methods and hence expensive equipment are required. On
the other hand, in many cases the onset of a biological effect is very slow
and may occur when the noxious substance can no longer be detected in the
body even with the most sensitive techniques. Much of this type of work is
still in the research phase, but it is very likely that the results will
find their way to the clinical laboratory in the years to come.

It may be expected that in the future the specialized clinical
laboratory will play an increasing role in the biological monitoring of
exposure to industrial and environmental chemicals. One method that is very
promising for this purpose, is the estimation of exposure to alkylating
substances by measurement of adducts to hemoglobin in blood and to nucleic
acid bases in urine. Exposure to ethylene oxide, for instance, can be
estimated by measuring the extent of hemoglobine alkylation (15). Another
type of monitoring is the measurement of health effects, or rather
biological effects, after chronic exposure (biological effect monitoring).
Classic examples are the assay of urinary R, -microglobuline excretion to
detect an early effect of cadmium on the kidney, and of Zn protoporphyrin
to indicate lead exposure.

These examples accentuate the close relationship between human
toxicology and clinical chemistry. As most of these "health effect
parameters" are - though sensitive - not specific for the toxic substance,
their application has some limitations. In conclusion, the developments in
the human toxicology of chronic exposure deserves the attention of the
clinical chemist. In this field, measurement of metabolites may perhaps be
even more important than in TDM.
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BIOLOGICAL MONITORING OF EXPOSURE TO TOXIC TRACE ELEMENTS

J. Savory and M.R. Wills
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VA 22908 USA

INTRODUCTION

The evaluation of trace metal status has usually been accomplished by
the analysis of either urine or blood. Serum or plasma are the biological
fluids which are most frequently analyzed with the anticipation that the
trace metal concentration will reflect tissue levels; the assumption being
that an equilibrium exists between the circulation and the tissues. This
assumption is not always valid and in many instances either the serum or
plasma trace metal concentration is not a good indicator of tissue levels.

Direct tissue analysis is considered to be the best means of assessing
trace element toxicity, but the difficulties of performing this invasive
procedure make it of marginal value as a routine monitoring procedure.

One technique for assessing body burden of toxic metals has been to
measure plasma concentrations following infusion of a chelating agent.
Pilot studies of in vivo neutron activation analysis have also yielded some
promising results.

The analytical methodology is a critically important aspect of any
toxic metal monitoring program. Major problems exist with establishing
trace metal methods in the laboratory. Contamination of specimens during
collection, storage, shipping and analysis are major difficulties because
of the ubiquitous nature of many metals in the environment. Combination of
reagents and equipment pose similar concerns. Sensitivity, accuracy and
precision are difficult to achieve, and there are very few reference or
definitive methods available. Matrix differences affect results and the way
in which standardization is carried out. Among the most commonly used
techniques are flame and electrothermal atomic absorption spectrometry,
inductively coupled plasma emission spectrometry and neutron activation
analysis. Tissue localization can be accomplished using histochemical
stains, energy dispersive x-ray microanalysis or laser microprobe mass
spectrometry.

Many toxic metals are measured routinely in the modern clinical
chemistry laboratory. From the 1960's onwards, particular attention has
been focussed on lead, arsenic, cadmium, and mercury mainly due to their
relative abundance as both industrial and overall environmental
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contaminants. Selenium, nickel and manganese also have received
considerable attention. However, at the present time, aluminum is the most
widely monitored toxic metal in the hospital and clinic setting. A review
of aluminum monitoring provides an excellent means of describing a
monitoring program for a wide variety of toxic metals. Aluminum
measurements are difficult, contamination control is a serious problem, and
interpretation of results provides a real challenge to the clinical
chemist.

Aluminum toxicity is only well established in individuals with
chronic renal failure particularly those being treated by intermittent
hemodialysis.

ALUMINUM TOXICITY

Aluminum is the most abundant metal and the third common element in
the earth’s crust. In nature it occurs only in the combined state and is
never found in the metallic form. In the combined state it is most commonly
found in minerals where it is present as aluminum silicates and slightly
less commonly as aluminum oxides. Aluminum is also found in varying
quantities in vegetation and in animal tissues. Aluminum as the metal is
used extensively for a variety of industrial purposes and various salts of
aluminum are used in a wide variety of industrial, medicinal and domestic
applications. Because of its widespread occurrence in the environment and
foodstuffs, it is virtually impossible for the human species to avoid
exposure to aluminum; there is no evidence that it is an essential ion in
any biochemical process or pathway.

The major routes of exposure to aluminum are by either the inhalation
of dust orally in foods, fluids and medicines. Attention was first drawn
to the potential role of aluminum as a toxic metal over fifty years ago. At
that time aluminum cooking utensils were being introduced, the metal in
these together with the aluminum present in city drinking-water supplies
and a variety of medicines were considered to represent a potential health
hazard (1). Betts in this monograph on aluminum poisoning refers to several
early studies on aluminum toxicity. One of the earliest of these
investigations was by Professor J.W. Mallet of the University of Virginia
who in 1888 published a series of experiments on the effects of aluminum-
containing baking powders upon gastric digestion. Professor Mallett
reported: "From general nature of the results obtained, the conclusion may
fairly be deducted that not only alum itself, but the residues which its
use in baking powder leaves in bread cannot be viewed as harmless but must
be ranked as objectionable and should be avoided when the object aimed at
is the production of wholesome bread". Another one of these early reports,
this by Cushing in 1906, is of significance in that neurotoxicity due to
aluminum administration was observed in experimental animals. Although the
subject has been controversial, with the exception of the health hazards
associated with industrial exposure, aluminum was dismissed as a toxic
metal in comprehensive reviews in 1957 and 1974 (2, 3).

Although the toxicity of aluminum in the presence of normal renal
function remains to be clearly defined, it has been established, in the
past decade, that aluminum accumulates in serum and tissues and has a toxic
action in patients with chronic renal failure. An increased serum aluminum
concentration, and toxicity, may occur in patients with chronic renal
failure who are on long-term treatment with either hemodialysis or
peritoneal dialysis; it may also occur in some patients who have not been
dialyzed (4). The latter group of patients usually consists of children who
are receiving oral treatment with aluminum hydroxide (5, 6).
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Hyperaluminemia, which is associated with toxic clinical sequelae, may also
occur in adults who are not on dialysis treatment (7). In patients with
chronic renal failure the clinical toxic phenomena associated with an
increased body burden of aluminum include a specific encephalopathy
(dialysis encephalopathy), a metabolic bone disease (osteomalacic dialysis
osteodystrophy), and an anemia; aluminum may also be responsible for some
of the other clinical features associated with end-stage renal disease (4).
In patients with chronic renal failure the source of the increased
concentration of aluminum in serum and its accumulation in various tissues
is derived from the intestinal absorption of aluminum from either aluminum-
containing medications or tap-water and also by the passage of aluminum
from the dialysate across the dialysis membrane.

ALUMINUM MONITORING

The upper limit of the reference range for serum aluminum
concentration is up to 10 pg/L. Low concentrations of aluminum occur in
tissues (less than 10 mg/kg), except for lung tissue where over 100 mg/kg
of aluminum can be found in adults. Brain gray matter from normal subjects
contains approximately 2 mg/kg. Aluminum excretion in urine has a median
value of approximately 17 pg/L (8). Recommendations on aluminum monitoring
in hemodialysis programs have been made in a report of an International
Workshop held to study the hazards of aluminum toxicity related to renal
insufficiency (9).

Reverse osmosis is the recommended method for water treatment since it
provides water with a low aluminum content (less than 10 pg/L) a low
content of other cations and eliminates organic contaminants which may
contribute to the problems associated with hemodialysis. Deionization of
the water is the next preferred mode of treatment, but is is recognized
that it requires more careful monitoring since aluminum loading of the
resin can occur with the danger of subsequent erratic elution.
Concentrations of water aluminum not exceeding 10 to 15 pg/L are necessary
to minimize significant body uptake of aluminum during dialysis. These
concentrations can be achieved using reverse osmosis and are recommended.

Between-batch differences in the aluminum content of dialysate
concentrate exist. The recommendation is that the final aluminum
concentration of the dialysate after dilution with treated water should be
less than 15 ug/L and preferably less than 10 ug/L.

There is evidence that chronic ambulatory peritoneal dialysis ,
(C.A.P.D.) treatment can remove some of the aluminum present in the plasma.
The effectiveness of transfer of aluminum species during this type of
treatment is of importance and needs further investigation.

Because of these factors the concentration of aluminum in the C.A.P.D.
fluid should be less than 10 ug/L.

In view of the problems with maintaining extremely low serum aluminum
concentrations, especially with patients taking aluminum binders, the
following criteria are recommended for the management of dialysis patients:

- Serum aluminum concentrations should never exceed 200 pg/L. Levels in
excess of this concentration correlate with the development of
dialysis encephalopathy or osteodystrophy.

- Concentrations over 100 pg/L should be viewed with concern and require
careful monitoring.

- Concentrations from 60 to 100 ug/L appear to cause no problems to the
patient in the short-term.
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In industrial exposure, urinary excretion of aluminum is markedly
increased but the significance of this increase is not known. Serum
concentrations of aluminum are not increased in such individuals.

FREQUENCY OF MONITORING

Hospital hemodialysis: It is considered appropriate for the main water
supply, the treated water, and the dialysis fluid to be monitored weekly.
If a reverse osmosis system is used and has been shown to be reliable,
then monthly monitoring should be adequate. The dialysis fluid to be
monitored should be sampled immediately before it comes into contact with
the membrane since contamination by metal parts of the system is a
possibility. Serum aluminum should be monitored in all dialysis patients
four to six times each year.

Home hemodialysis: It is considered appropriate for the main water
supply, the treated water, the dialysis fluid, and serum aluminum to be
monitored when the patient comes for check-up (usually two or three times
per year). If there are important fluctuations in the aluminum content of
the main water supply and if reverse osmosis is not employed, then more
frequent monitoring is desirable. For peritoneal analysis and C.A.P.D.
serum aluminum should be monitored every two or three months.

ALTERNATE MEANS OF ASSESSING ALUMINUM ACCUMULATION

The infusion of desferoxamine (DFO) has been used as a diagnostic
test for aluminum related osteodystrophy (10, 11). In one of these reports
(10) the effect was studied of a standard intravenous dose of DFO on plasma
aluminum concentrations in 54 patients on hemodialysis. Stainable bone
aluminum, bone histologic findings, and bone aluminum content were studied.
Baseline plasma aluminum concentrations of greater than 200 pg/L were
associated with aluminum-related osteodystrophy (specificity, 93%), but
concentrations of less than 200 pg/L did not exclude the diagnosis
(sensitivity, 43%). After administration of DFO the increase in plasma
aluminum concentration was 534 * 260 (SD) and 214 * 92 ug/L in patients
with and without aluminum-related bone disease, respectively (p less than
0.001), and correlated with the bone aluminum content (r = 0.64). An
increment in plasma aluminum concentration of greater than 200 pg/L
identified 35 of the 37 patients with aluminum-related osteodystrophy;
sensitivity was 94% and specificity, 50%. These workers concluded that the
DFO infusion test was noninvasive, well tolerated, and of value
particularly in excluding the diagnosis of aluminum-related osteodystrophy.

Recently Kelleher et al. (12) have applied the exciting new technique
of in vivo neutron activation analysis and have examined total body and
partial body (hand) aluminum levels in patients with end-stage renal
failure. Patients maintained on chronic hemodialysis had higher mean body
burdens of aluminum than did those managed clinically without dialysis.
Most of the patients examined indicated elevated levels of body or skeletal
aluminum. A significant correlation was observed between the in vivo
aluminum/calcium ratio obtained for the hand measurement and the increase
in serum aluminum levels following a desferoxamine infusion test. The
direct in vivo monitoring of hand Al/Ca values in patients may provide an
alternative means of detecting aluminum intoxication.

Bone biopsy specimens provide the best means of assessing aluminum
accumulation. Levels of bone aluminum are elevated in nearly all patients
undergoing hemodialysis especially those with osteomalacia (13).
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We have attempted to use lymphocytes as a readily accessible "tissue"
as a specimen for the evaluation of both aluminum and nickel accumulation
in hemodialysis patients (14). Lymphocyte aluminum levels were increased in
these patients but did not correlate with serum concentrations. In other
studies we have found no correlation between lymphocyte aluminum
concentration and total body aluminum content using neutron activation
analysis (in published data).

SPECIMEN COLLECTION AND TRANSPORTATION

The blood collection procedure that is used at the present time in the
authors’ laboratory involves drawing blood with a stainless steel needle
into a plain glass vacuum tube (No. 6430, Becton-Dickinson and Co.,
Rutherford, NJ 07070). The blood is allowed to clot for approximately 20
minutes before centrifugation. Serum is then transferred to a 17 x 100 mm
polypropylene tube (Falcon, Oxnard, CA) and stored for final analysis. A
reference range was established using this method by collecting and
analyzing blood specimens from 50 healthy individuals. The resulting
aluminum range was 1-12 ug/L.

The above procedure does involve some contamination because of
exposure of the blood to glass. Aluminum is rapidly leached out of glass
presumably by transferrin which is a strong binder of aluminum. For more
exact work especially for trace metals such as chromium, nickel and cobalt,
it is best to use acid washed plastic containers. Blood specimens can be
obtained by use of polyethylene I.V. cannulae.

The ideal method of collection for plasma aluminum is to use a plastic
collection tube containing lithium heparinate as an anticoagulant. Ten ml
polycarbonate tubes containing lithium heparinate are available from
Sherwood Medical Industries, Ltd. (Crawley, West Sussex, U.K.) and as they
become more widely available they should replace the glass vacuum tubes for
collection of blood for aluminum measurements.

The present authors have developed procedures for collection and
storage of urine and fecal specimens as follows: Twenty-four hour urine
specimens are collected in plastic containers (Scientific Products, McGraw
Park, IL) and the total volume is recorded. A 10 ml aliquot is transferred
to a polypropylene tube (Falcon, Oxnard, CA) which is stored at 4°C.

Fecal specimens are collected directly into plastic bags which are
weighted at the end of a 24-hour time period, placed in a plastic container
and frozen.

Bone specimens for aluminum analysis are taken from the iliac crest at
the time of biopsy or at autopsy (15, 16) and the specimen placed in an
aluminum-free plastic container. Bone for histological staining is fixed in
10% buffered formalin.

As stated above, blood drawn into glass vacuum tubes should be
transferred within one hour after blood is collected into a plastic tube
with a tight fitting cap. If the tube is to be shipped, the tube'’s cap must
be wrapped in such a way as to prevent leakage upon handling. There is no
indication in the literature that storing the specimen at room temperature
results in a change in the aluminum concentration as compared to storing
the sample at 4°C. Specimens for aluminum analysis have been received in
the authors’ laboratory both at room temperature and on ice packs. Samples
from healthy individuals when shipped at room temperature through the U.S.
mail gave aluminum values all within our reference range.
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Tissue samples should be placed into aluminum-free plastic containers.
Brain specimens need to be frozen until analysis (17), but bone can be kept
at room temperature.

Specimen collection for aluminum analysis has the potential of
contributing varying amounts of the element into the specimen. Each step of
the collection procedure must be scrutinized to determine if it is
contributing any contaminating aluminum to the sample. Each laboratory
should check all materials before collecting patient specimens. Once the
collection procedure is established, the procedure should be checked
regularly to verify that little or negligible contamination is being
contributed by the technique. A quality control check involves drawing
blood from healthy individuals once a week, which monitors the sample
collection procedure and method of transport for any spurious aluminum
contamination. An aluminum value within the reference range would be
acceptable for this specimen. Tissue samples from healthy, non-diseased
persons at autopsy can serve as controls for bone, brain and muscle
aluminum determinations.

Urine and fecal specimens can be shipped frozen on dry ice. Urine
specimens are then stored at 4°C, but for convenience, and aesthetic
reasons, feces are sealed into 32 oz. plastic containers (Cole-Palmer,
Chicago, IL) and kept frozen until processing.

SOURCES OF CONTAMINATION IN ANALYSIS

As in specimen collection, every item used during analysis should be
regarded as a potential source of aluminum contamination. Glassware, pipet
tips, plastic tubes, sample cups, the working environment and the water
utilized must all be checked to ensure that they are adding negligible
amounts of aluminum to the procedure. The room chosen for the analyses
should have a limited access to ensure that dust in the working environment
is being circulated as little as possible. Sample preparation should be
carried out in an environmental laminar flow hood; this precaution helps to
minimize contamination by dust particles.

Water utilized for standard curve preparation, rinsing of glassware
and sample dilutions must be of high purity. The water should produce a
resistivity of at least 18 megaOhms. All glassware should be made aluminum-
free, which can be accomplished by using either acid solutions or saturated
disodium EDTA.

STANDARD REFERENCE MATERIALS AND QUALITY ASSURANCE

The availability of standard reference materials is of considerable
importance in the application of reliable assays for aluminum. Aqueous
standards are available from commercial sources, one being Fisher
Scientific Company (Fair Lawn, NJ 07410 USA). This material is in acid
solution and is a stock solution of 2 g/L. Dilution to working standards
must incorporate an intermediate standard if accuracy is to be maintained.
The National Bureau of Standards (Washington, DC 20234 USA) also provides
an aqueous standard solution which contains 10.00 mg/L of aluminum in a 10
percent acid medium. In addition, bovine serum (NBS-RM-8419) with a quoted
aluminum concentration also is available from the National Bureau of
Standards.

Quality assurance in aluminum measurements follows established

principles used in all areas of clinical chemistry. Internal quality
control materials, usually pooled plasma at two or three different
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concentrations, should be used on a daily basis. The concentrations of
aluminum in these materials should coincide with various decision levels.
Interlaboratory control materials also are an important part of any quality
assurance scheme. Presently, such a program is conducted by Dr. Andrew
Taylor through the Robens Institute (University of Surrey, Guildford
Surrey, GU2 5XH England). The institute mails 3 water and 3 serum samples
monthly to laboratories for aluminum analysis. The data and statistical
information of the 38 participating laboratories is then made available for
review.

One useful material to use for monitoring the performance of aluminum
assays is plasma from normal individuals. Such a pool would have an
aluminum concentration of approximately 5 pug/L and is useful for examining
the recovery of aluminum added to normal serum.

ANALYTICAL METHODS FOR THE DETERMINATION OF ALUMINUM

The key to the success in aluminum monitoring lies in the availability
of accurate and precise analytical methods together with guidelines for
contamination-free specimen collection. Many problems have existed in the
past with aluminum methodology and these have been detailed in the study of
Versieck and Cornelis (18) on the variability in reported normal plasma
concentrations. Even with reliable methods, mean normal values varied
between 0.07 and 1.55 pmol/1l (2 and 42 pg/l). Other reports have listed
normal mean concentrations ranging from 2.67 to 54 umol/l (72 to 1460 ug/l)
although obvious interferences were present in these methods (18).

Several methods are available for the determination of total aluminum
in biological materials. Chemical and physiochemical methods are
insensitive and inaccurate; X-ray fluorescence is specific but lacks
sensitivity; neutron activation analysis is complex and subject to
interferences, although it is a sensitive technique.

The greatest degree of success of any technique for the determination
of aluminum in biological specimens has been with electrothermal atomic
absorption spectrometry (EAAS). In this technique the sample is placed in a
graphite tube mounted in the light path of the spectrophotometer. The
source of the light is a hollow cathode lamp that contains the metal being
analyzed and emits characteristic wavelengths. First, the graphite tube is
heated with direct current to dry the sample at a low temperature, then the
sample is ashed to destroy organic matter and burn off inorganic species
that may interfere, and finally the temperature is quickly raised and the
metal under analysis vaporizes and absorps the light being passed through
the graphite tube. There are several advantages of the graphite furnace
techniques. Sample pretreatment can usually be eliminated, sample
requirements are small (2-100 ul), graphite furnaces are capable of
attaining the high temperature needed to form ground state atoms, and the
atoms stay in the light path for a relatively long time resulting in
increased sensitivity.

Several problems may be encountered in the EAAS determination of
aluminum, including difficulties with untreated graphite tubes (19), matrix
interferences (19, 20), and standardization procedures (20).

Most EAAS procedures have been developed with the use of auto-sampling
to improve precision. Pyrolytically coated graphite tubes are recommended
together with a pyrolytic graphite platform. These tubes minimize reactions
between the analyte and the graphite tube. Argon is preferred over nitrogen
as the purge gas since argon produces a larger and less variable signal.
Furnace signals occur rapidly and in order to follow the absorbance
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profile, it is necessary to incorporate fast digital electronics into the
instrument. The absorbance signal must be integrated to provide accurate
results; peak absorbance signals will produce inaccurate quantitative
measurements. Measurements also require elimination of matrix effects
between samples and standards, usually accomplished by some type of
background correction. The Zeeman correction system in the authors’
experience provides the most sensitive and reliable results.

Matrix modifiers are an important part of the modern atomic absorption
technology. Most analytes require a matrix modifier in order to stabilize
the analyte until thermal conditions have become constant. For aluminum,
magnesium nitrate permits the use of high char temperatures without losses.

The procedure recommended by the present authors uses a stabilized
temperature platform with pyrolytically coated graphite tubes. In this
procedure aqueous aluminum standards and serum samples are diluted with an
equal volume of an aqueous solution containing magnesium nitrate (2 g/L).
The autosampler is programmed to deliver a 10 pl aliquot of the sample or
standard onto the platform for final analysis. Aqueous standards are
prepared fresh daily and the linearity range is 0-125 ug/L.

The present authors have developed a procedure which minimizes any
potential matrix effects by protein precipitation (21). This protein
precipitation technique was originally developed for serum nickel (22) and
markedly reduces matrix effects in the final atomic spectroscopic analysis.
One attractive feature of this protein precipitation method is that the
protein free supernatant can be used for the measurement of other trace
metals such as nickel, chromium and cobalt. For urine analysis sample
aliquots are diluted 1:1 with distilled water before application to the AAS
stabilized temperature platform (23).

Fecal analysis requires considerably more complicated preparation
steps than serum or urine analysis. The procedure developed in the authors’
laboratory (24) is summarized as follows: Frozen specimens are thawed and
weighed in the original plastic container used for collection. Distilled
water is added (1 ml per 2 g feces) and the sample is homogenized in a
sealed can on a paint shaker. A 10 ml aliquot is ashed at 550°C in a muffle
furnace, dissolved in dilute HN03, and analyzed by EAAS.

Solid tissues must be homogenized, dried, ashed, and/or dissolved to
produce a liquid sample prior to EAAS analysis. Bone samples for analysis
are washed free of marrow by a strong stream of distilled water. Any
existing fat or muscle is scraped with a plastic knife or other blade found
to be aluminum-free. The bone sample can then be processed by any of
several methods to obtain a solution for injection into the graphite
furnace.

Soft tissue samples, such as brain, liver, or muscle, can be
homogenized before processing, and this can be accomplished easily by
pummelling the tissue in a "Stomacher" blender (Fisher Scientific).
Distilled water 5 ml is added to the bag with the tissue. The sealed bag is
placed in the blender and blended for 5-15 min. which completely
homogenizes the sample (25). The homogenate can then be processed as
described for the fecal samples.

A potentially valuable new technique involves wet ashing of biological
samples in a microwave oven under pressure. A recent report describes such
a technique (26). We use a similar technique for ashing bone, liver and
brain for aluminum measurements. We use a teflon-lined microwave
transparent acid digestion pressure bomb (Parr Instrument Co., Moline, IL
61265 USA). Pure 50% HNO3 is used with 1-2 minutes digestion in the
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microwave. No contamination or losses are observed with this technique, and
complete ashing is accomplished.

Aluminum can be localized in tissue by histochemical staining,
electron probe X-ray microanalysis, and by laser microprobe mass
spectrometry. These last two are sophisticated techniques which will be
powerful tools in future studies of aluminum toxicity.

SUMMARY

Biological monitoring of exposure to toxic trace elements is a
specialized but important part of clinical chemistry. Although each element
has its own unique needs, there are some common approaches especially for
monitoring many of the toxic metals. The present review uses aluminum
monitoring as a means of addressing some of these important aspects common
to many toxic metals.

Choice of specimen to be used to predict toxic element accumulation is
important. Also of importance are guidelines for monitoring, specimen
collection, transportation, processing, analysis and quality assurance. For
aluminum and many other toxic metals, electrothermal atomic absorption
spectrometry is the technique used in most laboratories. Future work will
probably involve tissue localization with some of the newer microprobe
analyzers.
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PRACTICAL APPLICATIONS OF THERAPEUTIC DRUG MONITORING:

The impact of technological developments

David W. Holt* and Atholl Johnston**

*Poisons Unit, Guy's Hospital, London SE1 9RT
and **Clinical Pharmacology St Bartholomew’s Hospital, London
EC1l 7BE

This brief review will focus on three topics related to our practice
of drug measurements as a guide to therapy. It will attempt to show how
technological developments are improving both our ability to measure drug
concentrations and to interpret the findings.

1. IMPROVEMENTS IN SENSITIVITY AND SELECTIVITY

The demand for analytical techniques capable of measuring low drug
concentrations, using small sample volumes, with resolution from either
endogenous or exogenous compounds is due to a number of factors. For the
investigation of new molecules and some established compounds, single-dose
pharmacokinetic studies are common practice. The trend to highly potent
compounds, given in low dosage, results in the need for analytical methods
capable of measuring concentrations in the ug/l range. Even greater demands
for sensitivity are made if free-drug concentration measurements are
required, or if only very small sample volumes are available, for instance
from neonatal patients.

Selectivity is of utmost importance because patients are frequently on
multiple drug therapy and because many compounds are extensively
metabolised to closely related molecules which may be implicated in the
pharmacological or toxicological properties of the parent compound.

Over the past decade our principal approach to the development of drug
assays, chiefly for the measurement of cardio-active compounds, has been to
use high-performance liquid chromatography (HPLC), using unmodified silica
columns together with non-aqueous eluents containing ionic promoting agents
(1). Whilst ultraviolet detection has been suitable for a broad range of
compounds, enhancement of sensitivity and, in some instances, selectivity
has been achieved by the use of fluorescence and electrochemical detection.

The following examples serve to show some of the practical problems
which have been encountered and the methods used to resolve them.
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Fig. 1. i.v. Flecainide. Patient Bl (age 15). Plasma flecainide
concentrations following intravenous administration of 2 mg/kg to a
15 year old child.

1.1 Pediatric use of flecainide

This Class lc antiarrhythmic agent has proved useful for the control
of a variety of arrthythmias in pediatric patients. Its pharmacokinetics
are poorly documented in this age group and we have used a sensitive HPLC
assay for its measurement following single intravenous dosage in children
(2). The assay, based on a sample size of 50 ul, uses fluorescence
detection and has a limit of accurate measurement which is adequate for
measurements of plasma flecainide for up to 50 hours following a 2 mg/kg
injection of the drug (Fig. 1).

Data from such studies have been used to establish that the
elimination half-life of this drug in paediatric patients is markedly
shorter than in adults. Furthermore, routine measurements as a guide to
therapy have been performed in patients as young as one day old. Much
higher doses than those used in adult patients (on a mg/kg basis) have been
required, together with an increased frequency of dosing. The availability
of this assay has been most useful, particularly when distinguishing
between therapeutic failure and underdosage.

1.2 Free-drug concentrations of penticainide

This Class la antiarrhythmic drug, structurally related to
disopyramide, possesses concentration-dependent binding to plasma proteins.
During the early clinical evaluation of this compound we have had to
develop methodology suitable for the measurement of free-drug
concentrations, obtained by equilibrium dialysis or ultracentrifugation, at
concentrations below 100 pg/l. Whilst a method developed using UV detection
(3) had adequate sensitivity for the measurement of total plasma
concentrations of the drug the sample size obtained following
ultracentrifugation was insufficient to achieve the required sensitivity.
However, use of electrochemical detection enabled a limit of accurate
measurement of 10 pg/l to be obtained using a 50 ul sample volume. This
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Fig. 2. Simultaneous HPLC chromatograms with UV detection (lower) and
electrochemical detection (upper) of an extract of an enzymatic
placental digest, following lignocaine anaesthesia. The original
lignocaine (1) concentration was 0.39 mg/kg wet weight and the
sample size was 79 mg.

assay is now being used to investigate the effects of other protein-bound
drugs on the binding of penticainide.

1.3 Obstetric use of lignocaine

The use of drugs during pregnancy is always accompanied by concern
that harm could be inflicted on the developing fetus. A recent problem
referred to this laboratory involved the use of lignocaine as a local
anaesthetic during trans-uterine chorionic villus sampling (CVS) and intra-
uterine blood transfusion. The obstetricians wished to document whether
significant uptake of lignocaine was occurring in fetal tissue during CVS,
or into the fetal circulation during transfusion.

The method of analysis adopted was based on an initial enzymatic
digestion of small tissue samples obtained during therapeutic abortion,
exposed to the same anaesthetic procedure as was used during CVS. This was
followed by HPLC of an organic extract of the digest. A simultaneous
chromatogram showing both UV and electrochemical detection (Fig. 2) shows
the potential for increased selectivity and sensitivity using
electrochemical detection. Using tissue sample sizes of 100 mg and blood
sample sizes of 100 ul we have achieved lower limits of accurate
measurement of 0.25 mg/kg wet weight and 25 ug/l, respectively. The
reference range for this drug when used as an antiarrhythmic agent is 2-5
mg/1.
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Fig. 3. HPLC chromatograms of extracts of (a) enzymatic digest of post-
mortem liver and (b) plasma standard containing desethylamiodarone
(DEA) (1) and amiodarone (A) (2). The original tissue
concentration, before dilution of the digest in human plasma, was
44 mg/kg (A) and 170 mg/kg (DEA). The plasma standard contained 1
mg/1l of both compounds.

Whilst tissue concentrations as high as 10 mg/kg and plasma
concentrations as high as 17.5 mg/l have been measured in samples from
this study, the clinical significance of these findings is not yet clear.

1.4 Tissue concentrations of amiodarone

The Class III antiarrhythmic agent amiodarone has an exceptionally
large volume of distribution (4). We have used enzymatic digestion of small
tissue samples, followed by HPLC analysis of organic extracts of these
digests, to establish a data base for the tissue distribution of
amiodarone and its desethyl metabolite (5). The combined effects of the
organic extraction at defined pH and an absorption maximum for both
compounds of 240 nm has provided sufficient selectivity to effect the
measurement of both compounds in a variety of tissues, without interference
from endogenous compounds (Fig. 3).

The clinical value of tissue measurements of the drug and its
metabolite in the differential diagnosis of their toxic effects is
illustrated by a recent case. A 64 year old woman with a history of atrial
fibrillation refractory to quinidine and disopyramide received amiodarone
200 mg three times daily for seven days, then 200 mg daily. She died after
a very short course of the drug, having developed jaundice, elevated
hepatic enzyme concentrations and signs of hepatic encephalopathy. Plasma
and liver concentrations of amiodarone/desethylamiodarone at the time of
death were 0.6/0.7 mg/l and 44/170 mg/kg wet weight, respectively. These
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concentrations were consistent with the low dose of the drug she had been
prescribed but were substantially lower than concentrations we have seen
previously when amiodarone-induced hepatic toxicity has been diagnosed (6).
Whilst an idiosyncratic reaction to amiodarone could not be excluded in
this case, there was a low probability that it was implicated in the cause
of death.

1.5 Obstetric use of verapamil

The administration of digoxin and verapamil to pregnant patients in an
effort to control fetal arrhythmias is well established (7). For optimal
dosing of a drug under such circumstances documentation of maternal/fetal
transfer of the drug is useful to assess the potential for maternal drug
measurements as a guide to fetal therapy.

However, several factors may modify the interpretation of results. In
the case of drugs metabolised by the liver, such as verapamil, the
pregnancy induced increase in hepatic clearance may necessitate very high
maternal doses and limit the practicality of such therapy. Furthermore,
there are virtually no data concerning the end-organ sensitivity of fetal
tissue to the effects of such antiarrhythmic drugs.

With these points in mind we have monitored a number of cases in which
verapamil has been used for the control of fetal tachyarrhythmias. A
sensitive and selective HPLC method for the measurement of verapamil and a
number of its metabolites has been developed (8). Fluorescence detection
has been used and the limit of accurate measurement, using a 100 pl sample
volume, is 5 ug/l.

Date Verapamil Verapamil Norverapamil
(mg/d) (ng/1)
03/20 240 5 10
03/23 360 5 30
03/26 480 4 22
03/27 480 10 22
Delivery Maternal 40 42
Cord 8 15

The main finding has been that, despite high maternal doses of
verapamil, very low concentrations are achieved in maternal plasma and
there is a low transplacental passage of the drug to the fetus. The Table
illustrates the results from one case, in which there was a poor fetal
response to oral verapamil given to the mother, despite an encouraging
response when the mother received intravenous verapamil. The very low
verapamil levels achieved in the mother (reference range for these doses
100-300 pg/l) and limited placental transfer perhaps explain the poor fetal
response. However, a clinical response has been achieved in some cases with
similarly low concentrations of verapamil. Whether this is due to increased
fetal sensitivity to the drug or to the natural progression of the
underlying condition has not been established.

1.6 Selective measurement of propafenone and its metabolites

This class lc antiarrhythmic agent is metabolised to 5-
hydroxypropafenone (5-OHP) and N-depropylpropafenone (NDPP), the former
pathway being genetically linked. For the assessment of the relationship
between plasma propafenone concentrations and clinical effect selective
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Fig. 4. Simultaneous HPLC chromatograms with UV detection (lower) and
electrochemical detection (upper) of an extract of a plasma
standard containing propafenone (1), 5-hydroxypropafenone (2) and
N-depropyl propafenone (3). Original propafenone concentration 50
pg/l, remaining compounds 25 ug/l.

methodology, with the sensitivity necessary to measure both metabolites has
proved essential. We have used an HPLC method with UV detection at 215 nm.
A considerable improvement in sensitivity for 5-OHP has been achieved using
electrochemical detection, since the phenolic hydroxy group of this
metabolite has an excellent electrochemical response (Fig. 4).

Our preliminary clinical findings have shown a comparatively long
elimination half-life for propafenone in a patient who was a poor
metaboliser of debrisoquine. Plasma concentrations of 5-OHP were measurable
using our methodology, at variance with one group who were unable to
detect this metabolite in poor metabolisers of debrisoquine (9).

2. MONOCLONAL ANTIBODIES FOR RADIOIMMUNOASSAY

Monoclonal antibodies have been introduced for some drug immunoassays
with improvements in specificity. The implications of two monoclonal
antibodies developed by Sandoz AG for the measurement of cyclosporin will
be discussed here.
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There are a number of problems associated with the measurement of this
novel immunosuppressant drug, whether HPLC or radioimmunoassay (RIA) is
used (10). To date, the underlying problem of RIA has been the specificity
of the antibody supplied with commercial kits. Only polyclonal, polyvalent,
antisera have been available and this has resulted in discrepancies between
HPLC and RIA results. Higher results are produced by RIA because the
antibodies cross-react with metabolites of the parent compound. This
difference has not precluded a clinical application of the RIA results (11)
but, following liver and heart transplantation, particularly high results
may be produced by RIA, reducing the clinical value of the measurement.

Monoclonal antibodies with high specificity for a selected portion of
a molecule can be produced. Once the strain has been established the
antibody can be supplied indefinitely, with a guaranteed spectrum of cross-
reactivity towards metabolites of the drug, endogenous and exogenous
molecules. From over 180 monoclonal anti-cyclosporin antibodies (12) Sandoz
have selected two for inclusion in a new RIA kit. One antibody is specific
for the parent compound, exhibiting virtually no cross-reactivity with
metabolites of the drug. There is very good agreement between the results
produced by the monoclonal specific RIA and HPLC, even for samples from
patients who have received liver or heart transplants (Shaw L, personal
communication).

The other monoclonal antibody has a broader spectrum of cross-
reactivity with the metabolites of cyclosporin than the current,
polycloncal, antisera. Results produced by the RIA based on this monoclonal
antibody are, in general, 30-50% higher than those produced by current RIA
procedures.

These monoclonal antibodies, in particular the specific, are likely to
have a substantial impact on the monitoring of cyclosporin. Preliminary
clinical findings in renal transplant patients suggest that measurements
made by the specific antibody are more closely associated with graft
rejection than measurements made using a polyclonal antibody (Taube D,
personal communication). In addition, the specific antibody will be of
value in defining the pharmacokinetics of the drug, especially in
paediatric patients, since only small sample volumes are necessary for the
RIA, with increased sensitivity compared with HPLC.

The role of the monoclonal non-specific antibody has not yet been
defined. Research is in progress to establish whether an assay which
includes some measure of metabolite concentrations correlates better with
signs of cyclosporin toxicity than reference to a specific measurement of
the drug.

3. COMPUTERISATION

Two aspects of the effects of computerisation on the application of
drug measurements to therapeutics will be considered.

3.1 Computer-optimised dosing

Bayesian forecasting of drug dosing is based on a statistical approach
which utilises pharmacokinetic data derived in a large patient population.
From these data estimates of the dose necessary to achieve plasma
concentrations within a specified range can be made. The dose is
individualised by the input of specific patient data including age, sex,
clinical status and plasma drug concentrations.
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The population-based pharmacokinetic factors for a drug are derived
from concentration data collected at a variety of time points following
intravenous or oral drug dosing. As a result, the interpretation of plasma
concentration data is less dependent on sampling time. Thus, it is not
essential to collect samples pre-dose (trough), with obvious benefits for
the use of the system in an out-patient setting.

The errors of prediction of plasma concentrations tend to diminish as
more individual patient data points are added to the original equation. One
group (13) has shown this trend for three drugs in common use, in addition
demonstrating the superiority of Bayesian forecasting over the use of a
'simple’ approach based on a nomogram.

There are some practical limitations to the use of this computerised
approach. Firstly, a large data base is needed if clinically useful
predictions are to be made for patients suffering a wide range of
illnesses. It is worth noting, however, that one group has shown that the
use of a relatively small data base of non-specific RIA cyclosporin
measurements gave a good prediction of achieved concentrations (14).

Secondly, there is a need for good laboratory/clinician communication.
The hardware necessary to achieve this is easily available; the will to put
it into operation is often harder to find. Good communication between the
two specialties may be hampered by staff change-overs and in the basic
level of understanding of the value of the approach to drug monitoring.
Such problems can only be overcome if there is a continuing policy of
education for all staff and a fundamental commitment by the laboratory
staff to involve themselves in the problems facing the clinician.

Thirdly, data relating drug concentrations to clinical effect are
required if clear guidance on dosage requirements is to be offered. Some of
the practical problems involved in the assessment of this relationship will
be mentioned in the next section.

If Bayesian forecasting is to be put into operation as a routine it is
clear that good quality commercially available software would be an
advantage to most users without the resources to develop their own data
base. One manufacturer (Abbott Diagnostics) has ventured into this field to
produce a pharmacokinetic package. The menu-driven packages are simple to
operate and run on IBM compatible equipment. The population-based
statistics can be modified by the input of individual patient data, to
obtain estimates of drug doses necessary to produce plasma concentrations
within an optimum range. There is a clear graphical output of data which
can be incorporated into patient records. The system is also useful as a
teaching aid to show the effects of such factors as disease, or alterations
in formulation, on the expected range of plasma concentrations within a
dosage interval. Currently, the Abbott Pharmacokinetic System is available
for theophylline, gentamicin and tobramycin; future releases will include
digoxin and amikacin.

3.2 Fitting concentration/effect data

Establishing a relationship between clinical events and measured drug
concentrations is beset by difficulties; measuring the drug is rarely the
most difficult! There are a number of factors which warrant careful
attention.

Firstly, there should be clear clinical end-points and it is best if
these can be judged by objective, recordable, methods. Secondly, it may be
necessary to take into account the effects of drug metabolites or the
effects of other drug therapy. In some instances only one sterioisomer is
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active, limiting the value of total concentration measurements. Finally,
there may be a natural variation or progression of the symptoms or signs
being recorded. Hence, good control data are needed.

Antiarrhythmic drugs are ideally suited to the use of this approach
since suppression of arrhythmia can be recorded either in the clinical
laboratory or by ambulatory monitoring. The response to therapy can then be
compared with control data and drug concentrations.

Recently, we have used a non-linear least squared regression model of
time, drug concentration and drug effect (15) to examine the relationship
between plasma propafenone concentrations and the suppression of
ventricular extrasystoles. Very good fits have been achieved for some
patients. However, it should be noted that, even with objective data in
patients deemed to have a good clinical response, the between patient
variation in the quality of fit and in effective concentration range was
very large.

CONCLUSIONS

This review has set-out to show that sensitive and selective
methodology is available for the measurement of a wide range of drugs at
the concentrations attained during chronic therapy or following single
dosage. These measurements can be used to investigate both the basic
properties of the compounds and to assist in optimising their clinical use.
In some instances the sensitivity which can be attained out-strip our
ability interpret the clinical findings.

The introduction of monoclonal antisera for the RIA measurement of
cyclosporin, in particular that specific for the parent compound, is
likely to have a substantial impact on the routine monitoring and
investigation of the drug.

Finally, computerisation greatly facilitates our ability to perform
the lengthy and tedious calculations needed to utilise population derived
pharmacokinetic data as a guide to dosage optimisation. In addition, the
rapid transmission of the findings to clinical colleagues, together with a
clear written and graphical summary should help to reduce the potential for
inappropriate dosage adjustments. For the analysis of the relationship
between pharmacokinetic and pharmacodynamic data easily usable programs can
be devised to establish clinically useful parameters, such as the minimum
effective concentration.
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LABORATORY DIAGNOSIS OF ACUTE POISONING:

CONSEQUENCES FOR TREATMENT

Andrew Heath

Poisons Therapy Group, Department of Anaesthesia and
Intensive Care, Sahlgren's Hospital, 413 45 Gothenburg
Sweden

The use of analytical techniques in the diagnosis of acute poisoning
is nothing new - such methods were well known to characters such as
Sherlock Holmes and Hercule Poirot. The mechanisation and computerisation
of clinical chemistry have to some extent left the sleuths behind,
replacing individual acumen with a computer printout. Such a printout may
or may not contain data relevant to the patient, often arriving or being
recognized too late to contribute to the outcome of the poisoning. How then
can resources best be utilized? Seen from a clinical perspective, this
presentation will examine the limitations, possibilities, and impact on
therapy of laboratory diagnosis in acute poisoning.

The objectives of any laboratory service to a clinical toxicology
program should be clearly defined, and specific characteristics recognized.
An understanding of the clinical contribution of laboratory support to
diagnosis in the individual patient must be realised. Finally a forum for
interchange between chemist and clinician must be established. A structured
communication can be organised, maintaining mutual understanding of both
parties expertise (1l). This review will address these questions and more
specifically look at:

basic requirements for emergency toxicological analysis
indications for a full toxicological screen

indications for repeated "stat" toxicological analysis
pitfalls in the interpretation of laboratory results
clinical biochemistry - useful analyses.

* X X ¥ X

The objectives set up for a laboratory service should parallel
clinical resources and ambitions. At a hospital admitting only a small
number of poisonings yearly, it may be too costly to have a full screening
program as part of an on-call service. Limited resources should be centered
around the important minority of cases where a stat toxicological analysis
is essential in evaluating and monitoring therapy - such as hemodialysis,
hemoperfusion, repeat dose activated charcoal, and hyperbaric oxygen.

Table 1 is based upon local pattern of poisoning. On a regional basis,
larger hospitals with more patients and expertise in toxicology should
provide a full screening service. A structured system of regional
laboratories exists in many countries, for example the Federal Republic of
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Table 1. Basic requirements for emergency toxicology analysis for

hospitals admitting emergency toxicology cases, Sweden, 1984 (2)

Analysis Toxin Type of analysis Therapy
Essential Paracetamol Quantitative Antidote
Iron Quantitative Antidote
Methanol Quantitative Antidote
Ethanol Quantitative Antidote
Salicylate Quantitative Elimination
Lithium Quantitative Elimination
COHb Quantitative Elimination
Ethyleneglycol Qualitative Elimination
Useful Digoxin Quantitative Antidote
Acetylcholin-
esterase Quantitative Antidote
Theophylline Quantitative Elimination
Isopropanol Quantitative Elimination
Paraquat Qualitative Elimination
Possible Amatoxin Qualitative Elimination
Barbiturate Qualitative Elimination
Tricyclics Qualitative Symptomatic
Phenothiazines Qualitative Symptomatic
Methemaglobin Quantitative Antidote

of Germany. Access to a tertiary laboratory with a full screening service
is an essential ingredient of any toxicology research and teaching program,
and for evaluating toxicological trends. Criteria should exist whereby a
graded increase in resources is employed if required. For example, in a
severely ill patient poisoned with an unusual toxin, a full screen may be
necessary although not available at a small health care facility.

A number of characteristics must be recognized to ensure an optimal
relationship between laboratory and clinician. The list above (Table 1) is
adapted to Swedish conditions existing in 1984; many countries need
barbiturate and paraquat analyses available at all levels. The analyses
offered should match poisoning trends; since the pattern of poisoning is
constantly changing (Fig. 1) any list of available analyses should be
regularly reviewed.

Let us then look at the impact of laboratory resources on the
diagnosis and management of acute poisoning. The diagnosis of acute
poisoning is based on the case history, a physical examination of the
patient, and the results of toxicological analysis. In the overwhelming
majority of cases of poisoning the diagnosis is apparent from the case
history, and supported by the clinical examination. A hurried, tired
resident may often find it easier to order a battery of laboratory tests
than take an extensive history. It is, however, the history which usually
provides the diagnosis, to be confirmed or rejected by a laboratory test.
The case history also provides vital information of the circumstances
behind the overdose; for example if the patient has left a letter or if
there were other signs of a planned suicide. Such facts are of great help
when deciding on the degree and type of psychiatric intervention. In most
western countries benzodiazepines, tricyclic antidepressants, and other
tranquillizers are together with alcohol the major cause of admission for
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self-poisoning (Fig. 1). In these cases a quantitative, stat analysis is
unlikely to affect the clinical course. Indeed, most of these patients
improve very quickly. In tricyclic antidepressant poisoning 90% of patients
are awake within 24 hours, and it is obvious that in many such situations
full laboratory screening is not justified. However, there is no question
that a full screen provides a better service - i.e. is superior - to a
system which requests the analysis of specific substances. With both blood
and urine samples and using different analytical techniques Hepler et al.
(3) have shown a positive incidence of 72% compared to 49% when only blood
was available; in this study two or more toxins were found in 61% of
patients in whom both blood and urine were analysed as compared to 24%
where only blood was available. Of 252 patients, in only 30% were the
clinicians predictions 100% correct; in 36% of patients screened no history
or evidence other than a "suspected" ingestion was reported, and in 16% no
toxins were found at all.

When then should widespread screening be performed? Routine samples
should be collected in all cases, and include blood, urine and gastric
contents as well as samples of the suspected poison (4). In most of these
cases samples can be discarded within 24 hours as the patient improves. If
the diagnosis is unclear, or the toxin unusual, or an antidote required,
the samples exist from admission, allowing if necessary a full screen to be
performed. It is the responsibility of the admitting doctor to ensure that
samples are taken; it is the responsibility of both chemist and clinician
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Fig. 1. Self-poisonings admitted to ICU. Admissions expressed as % of
total admissions in 1972, 1976, and 1983. Bar = barbiturate, met =
methaqualone, other hypn = other hypnotic, tric = tricyclic
antidepressant, anx = anxiolytica, analg = analgetic. No drug
includes poisonings from non-medicinal agents.
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Table 2. Patient categories indicating full
toxicology screening

coma

unexplained acidosis

head injury

poor case history

seizures (particularly children)
unclear cardiotoxicity

* % ¥ % ¥ X

to decide what analysis should be performed and how quickly. Criteria
indicating a full screen should be established (1). In, for example,
certain groups of severely ill patients such criteria can be defined
(Table 2). Some of the screen may need to be performed stat - such as
methanol in unknown metabolic acidosis - whereas the remainder of a screen
may be completed at a more convenient time.

In some of these groups poisoning may be an important differential
diagnosis - or may exist concurrently, complicating clinical evaluation -
for example a patient who is drunk with a head injury. In young adults
poisoning is the most common cause of seizures among non-epileptic
patients.

Another question which should be addressed is when repeated,
quantitative stat analysis is indicated (Table 3). The widespread use of
sustained release preparations is a common indication for a repeat level,
particularly for drugs with a narrow therapeutic margin such as
theophylline, where peak concentrations may develop upto or later than 12 -
24 h (5).

An assessment of the severity of the poisoning from a single plasma
concentration without due consideration of the clinical picture is a common
pitfall. For example, a level taken after ingestion may produce unnecessary
concern if the test was taking in the distribution rather than elimination

Table 3. Some indications for repeated stat analysis in clinical toxicology

* continued absorption (sustained release preparations, formation of
bezoars)
Examples - theophylline, beta-blockers, lithium, early
paracetamol, meprobamate poisoning.

* to terminate dialysis or hemoperfusion
Examples - ethylene glycol, theophylline poisoning.

* to terminate treatment with hyperbaric oxygen
Examples - carbon monoxide poisoning.

* to terminate therapy with repeat dose activated charcoal
Examples - ASA, carbamazepine, theophylline, barbiturate
poisoning.

* to monitor antidote therapy
Examples - digoxin concentrations during FAB therapy,
methemaglobin levels induced by cyanide antidotes, ethanol
therapy in methanol poisoning.
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Table 4. Pitfalls in the interpretation of single quantitative
toxicological analyses

* level interpreted too early (theophylline, paracetamol)

* discrepancy between toxic levels and symptoms in acute compared to
chronic overdose (lithium, ASA, theophylline)

* "toxic" level may be asymptomatic (methanol)

phase. When assessing paracetamol overdose plasma levels taken before 4
hours should not be used as a guideline for antidote therapy. On the
contrary, if absorption continues an initial low level may induce false
security. Another pitfall is the evaluation of toxic levels in patients in
acute versus chronic overdose. In several poisonings, the clinical
symptomatology differs in chronic overdose, with severe symptoms presenting
at lower plasma levels. For example, in theophylline overdose the risk for
seizures is much greater at a given plasma concentration in chronic
overdose, with a 50% probability at 40 mg/l compared to 120 mg/l for acute
overdosage patients (6).

In lithium poisoning, neurological sequelae are seen in chronic
overdose at plasma levels which may be only half of those seen in patients
after acute overdose and with no sequelae (7). In salicylate poisoning a
non cardiogenic pulmonary oedema is a feature of chronic ingestion rather
than acute overdose. The conclusion to be drawn from such observations is
that treatment should be based on both toxicological analysis and a
clinical assessment, where both the case history and the presence of
symptoms of prognostic value are considered.

The use of hemodialysis in methanol poisoning is usually based on
blood methanol concentrations. However, a number of reports suggest that
chronic alcoholics drinking methylated spirits can develop high methanol
concentrations when stopping drinking (8). As the blood ethanol level
falls to zero methanol concentrations may be as high as 50 mg/dl. However,
these patients develop no formate or lactic acidosis, and do not show any
of the classical symptoms of methanol poisoning. Thus the decision to
dialyse should again be based on the case history, clinical signs, and
presence of a metabolic acidosis, and not on blood methanol concentrations
only. The results of routine clinical biochemistry tests can be of
considerable help in the diagnosis of acute poisoning, when a specific
toxicological analysis may not be readily available. Furthermore,
the assessment of fluid and electrolyte disturbances, acid-base changes,
and renal and hepatic failure with biochemical tests is essential for
prognosis and therapy. The correlation between organ function and a given
biochemical test is often far greater than between organ function and a
single plasma toxin level.

Thus it is my firm conviction that clinical .biochemistry results may
be of far greater value in the initial assessment of the overdose patient
than many specific toxicological analyses. In the work up of a patient with
alcohol poisoning the difference between the measured and calculated
osmolality indicates the presence of alcohol or other low volatiles (9). If
then ethanol, methanol and isopropranol do not make up the difference, then
ethylene glycol should be suspected, and treatment instigated, even if a
specific analysis is not available (10). The diagnosis of ethylene glycol
poisoning is supported by a metabolic acidosis and the presence of
monohydrate and dihydrate crystals in the urine. As previously mentioned,
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Table 5. Elements necessary to a successful clinician - laboratory dialogue

* agreed criteria upon which toxicological evaluation is initiated
* a delineation of the type of samples necessary for the laboratory
* a programme by which the samples are transported to the laboratory

* a recognition of the limitations of the service to be performed by the
laboratory

*

a mutual understanding of how best to serve the patient

blood gas analyses are of great help. An anion gap metabolic acidosis
(excepting salicylate, methanol and ethylene glycol) usually indicates the
formation and accumulation of lactate due to hypoxia or shock, and may be
used as a rough guide to the severity of the poisoning - for example, in
cyanide, strychnine, camphor or carbonmonoxide poisoning.

Total creatine phosphokinase concentrations are another example of a
readily available analysis of value. Although non-specific, very high
values may indicate muscle cell necrosis and provide an early warning of
impending acute renal failure. S-potassium concentrations are another
analysis of particular value in certain poisonings. In acute digoxin
poisoning there is a clear relationship between the severity of poisoning
and the degree of hyperpotassemia; on the other hand in poisoning with
beta,-agonists, such as terbutaline, the S-potassium falls with increasing
toxicity (12).

The correct utilisation of both specific, toxicological analyses and
other clinical biochemistry resources requires considerable communication
between clinician and chemist. My own experience is that such a dialogue
cannot be taken for granted but must be worked with; unfortunately a lack
of interdisciplinary exchange is common in many larger hospitals. Hepler
(1) outlines a number of points which, when recognized may contribute to
better medicine (Table 5).

By mutual understanding and direct communication we can hopefully
obtain the best value for the resources available. Good medicine can be
practiced with surprisingly few resources by combining toxicological
analysis, biochemical tests and clinical acumen. However, a comprehensive
analytical approach is superior to a system of requests for specific
toxins. At county and regional hospital level, a wider program is
essential for following toxicology trends, teaching, and as a reference.
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ABSTRACT

After an introduction concerning the basic features of extra- and
intracorporeal measurement of blood chemical constituents and in this
context the application of an ISFET catheter-tip pH-sensor, experimental
results are reported and discussed, achieved with the Sentron 6F pH
catheter during post-operative monitoring following coronary artery bypass
surgery.

1. INTRODUCTION

The measurement of blood chemical constituents can be performed in
various ways, as illustrated in Figure 1 and listed below.

Off-line determination of chemical and biochemical quantities from
blood samples in the hospital laboratory. The advantage of this technique
is that, depending on the analysis equipment which is available, a large
variety of blood chemical constituents can be determined from one sample,
with the best possible accuracy. A disadvantage is the fact that the
measurement is related only to one particular moment and that the sample
should be treated carefully during the time lag between sample collection
and actual measurement. For the determination of transients and moreover
the short-term prediction of a trend, this technique is not appropriate.

On-line analysis with bedside laboratory equipment, in which case two
systems can be distinguished, operating with blood waste or with blood
recycling.

Due to the extracorporeal placement of the sensor, measuring, rinsing and
recalibration procedures can intermittently be carried out in the waste
system, resulting in fact also in a sampling technique, however with a
much higher frequency than in the off-line case mentioned above. In this
case the biocompatibility of the sensor is less stringent due to the
possibility of rinsing with heparinized calibration liquids or adding
heparine to the input bloodstream.

With the recycling system the methods mentioned above are less
convenient. The sensor should obey nearly the same requirements as in the
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Fig. 1. Various ways to determine blood chemical constituents

case of an intracorporeal measurement. In both cases of extracorporeal
bedside measurements the amount of blood, which is necessary for a chemical
analysis, should be as small as possible, which requirement can be better
fulfilled the smaller and faster the applied sensors are. This is the
reason that Sibbald used ISFET based sensors for his four-function
microanalyser, applied as a bedside monitor for pH, pNa, pK and pCa
measurement (1).

A real continuous measurement can only be fulfilled with an in vivo
electrode. The sensor is in this case placed directly in the bloodstream by
means of a catheter-tip mounting. The best suitable sensor is in this case
again an ISFET, due to its small dimensions and solid-state character as
well as to the ease of a multi-sensor design. The Sentron pH catheter-tip

Si SiO, [AlzO3 | liquid
4 OH _, neutral

K
10" _A-OH=2A-0"+H¢
(proton donor)

. Kb
1 OH; __A-OH+H¢* = A-OH,*
(proton acceptor)

Fig. 2. Schematic representation of inorganic oxide-electrolyte interface
with corresponding chemical reactions
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sensor, as described below, is the most far developed example of this type
of in vivo pH determination.

A serious problem with catheter-tip sensors is the impossibility to
recalibrate the sensors after implantation. This means that the stability
of the sensor characteristics, including the signal conditioner, should be
such that a reliable long-term measurement can be guaranteed within the
desired accuracy, as for instance 0.02 pH over 10 hours.

A desirable approach is of course a transcutaneous measurement which
decreases the risk of infection as is the case with the methods mentioned
above. Transcutaneous measurement of blood chemical constituents is however
limited to blood gases which can diffuse through the skin, for instance
under temperature activation. Ionic components can not be measured with
this technique.

2. THE ION SENSITIVE FIELD EFFECT TRANSISTOR (ISFET)

Basically the ISFET is composed of a piece of silicon, covered with a
thin layer of Si0Op, usually provided with a thin additional layer of an
inorganic material such as Al903 or TagOs5 (see Fig. 2).

The ion sensitivity of the device originates from the acidic and basic
inorganic oxide-solution interface, resulting in a surface potential ¥,(2).

The theory which describes the interaction between an inorganic
insulator and an adjacent electrolyte is based on the existence of a
discrete number of hydroxyl groups, the so-called surface sites, which are
dissociated in dependence of the pH of the electrolyte. It is usually
considered that only one type of site is present in the case of a chosen
inorganic gate oxide, such as Si0j, Al903 or Taj0s. This means that each
particular surface site (OH-group) can be neutral, act as a proton donor
(acidic reaction) or as a proton acceptor (basic reaction), as
schematically represented in Figure 2.

The corresponding acidic and basic reactions are characterized by
their equilibrium constant K; and Kj. Using the site-dissociation model,
the resulting surface potential ¥, can be calculated from the total
number, Ng, of surface sites per unit areas and the equilibrium constant K,
and Kp:

- kT B_ _
Yo = 2.3 q B+l (pszc PH) (1)

The sensitivity parameter g can be expressed in terms of K,, Ky, Ng and the
double layer capacitance Cpy;:

2 172
. 247 N, (K, K) )
- kT CDL
while
K 172
= - a (3)
pszc = - log [+]

K

is the pH at the point of zero charge (pzc), thus the pH for which ¥, = o.

So the actual ion sensitivity of an ISFET originates from the
interfacial phenomenon at the gate oxide-solution interface, which is fully
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Fig. 3. Response of Al903-ISFET. ¥, is insulator-electrolyte interface
potential, Vg,,¢ is amplifier output voltage

determined by the characteristics of the particular oxide. For measurements
in blood it appears that Al903 is a very suitable oxide. It combines a
relatively high and linear pH sensitivity, as can be seen from Figure 3,
with an acceptable degree of biocompatibility, probably related to the
value of its pHpzc, which is 7.9. This means that the surface is a little
positively charged around pH = 7.

Note that the surface potential ¥,, which is the measurand of
interest, exists at the surface of an insulator. This means that it can not
be measured in the usual way by connecting it to an amplifier. Only the
ISFET concept, makes it possible to measure insulator surface potentials.
By connecting a reference electrode which is inserted in the electrolyte to
the silicon substrate, the surface potential ¥, is applied over the oxide
layer, resulting in a corresponding electric field. This field controls the
amount of electrons at the surface of the silicon, the so-called inversion
layer.

The density of electrons can be measured by means of two diffused
contacts, the so-called source and drain of the field effect transistor, as
schematically shown in Figure 4. Connecting a voltage V35 between the
source and the drain, will result in a drain current I, which is
proportional to the density of electrons and thus to tge electric field
and its origin, to which the surface potential 3%, contributes.

Ig = C1 + S(¥ + C2) (4)
where C; and Cy are constants depending on various solid-state parameters
of the device and of the reference electrode and S is the electronic
sensitivity of the ISFET, depending mainly on its geometry.

For an actual ISFET measurement, special electronic circuits have been

developed (3) which convert the value of I4 into a voltage which exactly
reflects the value of ¥,, as given by V,,¢ in Figure 3. So in fact an ISFET
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including its amplifier, measures the value of ¥, as given by equation

(1), but in such a way that there is no galvanic connection between the
electronics and the electrolyte. A thin layer of insulating oxide,
typically 100 nm thick, separates the "electronic world" from the "ionic
world", which is however enough to prevent any undesired electrochemical
reaction which would certainly occur with a galvanic connection. It will be
obvious that, besides this capacitive nature of the ISFET concept, also the
solid-state and rigid performance and the small dimensions are very
favorable for incorporating ISFET chips in a catheter wall.

3. THE SENTRON CATHETER-TIP PH-ISFET SENSOR

Mounting an ISFET chip behind a side window of a catheter does not
result directly in a realistic clinical product. A complete catheter-tip pH
sensor, including a tip reference electrode and signal conditioner, has
been developed by Sentron in Roden (The Netherlands) (4, 5, 6). The system
consists of a floating analog amplifier, necessary for patient safety, and
a digital processing system, and provides the user with automatic
compensations for temperature sensitivity and long-term drift. For this
reason the chip also contains a temperature sensitive resistor, while the
catheter is provided with a connector containing a Programmable Read Only
Memory (PROM). This memory contains all the essential parameters of the
ISFET and integrated temperature resistor, such as pH sensitivity,
temperature behavior, predicted drift behavior etc. In this way the system
recognizes the individual ISFET properties and can calculate the actual
blood pH during a certain time span, using only one initial calibration.
This calibration value can be achieved by means of a sample, collected at
the start of a measurement and being analysed with a conventional blood-pH
analyser.

The ISFET is protected against possible electrostatic damage and
electrocutery interference and can measure the actual blood pH
continuously during 36 hours within an accuracy of 0.02 pH units.

4, THE CLINICAL APPLICATION

In the circumstances of major surgery, substantial changes in pH may
occur in the early post operative period (7), with important consequences
for the condition of the patient (8, 9). In the first clinical report (10),
on the continuous intra-arterial measurement of pH in patients who had
undergone coronary artery bypass surgery, interesting phenomena were
discovered, particularly during weaning of mechanical ventilation. The
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Fig. 5. Simultaneous recording of pH and end-tidal CO7 during shivering

above described way of monitoring pH appeared to be reliable and stable,
and showed a remarkably short response time.

Since pH is mainly determined by changes in ventilation in this post-
operative episode, a study was undertaken to verify if the continuous
intra-arterial pH-monitoring could be compared with a conventional way of
monitoring ventilation, i.e. end-tidal CO9 by means of a capnograph.

5. CLINICAL CONDITIONS

In 20 patients, who had undergone uncomplicated CABG, with a normal
left ventricular function and no signs of peripheral vascular disease, a 6F
pH-catheter was inserted into a femoral artery through a valved introducer
system (11). All patients were mechanically ventilated (Siemens
Servoventilator), aiming at a pCO9 between 35 and 45 mm Hg and a pOy above
100 mm Hg.

Monitoring consisted of the conventional monitoring systems with
respect to the circulation, consisting of ECG, heart rate, systemic and
pulmonary artery pressures, left and right filling pressures, cardiac
output, systemic and pulmonary vascular resistance. Rectal and peripheral
temperatures were continuously monitored as well. Apart from minute volume
and airway pressure, end-tidal COg-monitoring (Siemens capnograph, main
stream analyser) was applied to verify the right setting of the ventilator.
Both the readings of the pH-catheter and from the capnograph were
simultaneously recorded on a flat-band recorder (Kipp). At specific moments
during ventilation, attention was focussed on these readings, assuring that
the observed changes in pH could not be explained by substantial changes in
for example cardiac output.

6. THE CLINICAL RESULTS

The simultaneous readings of pH and end-tidal CO; appeared to
correlate satisfactorily during stable mechanical ventilation. Changes in
CO,-production caused by for example shivering (Fig. 5) and bronchial
suction (Fig. 6) were recorded in both the pH- and COj-readings. It
appeared that the pH-readings were more stable, even during substantial
movements of the patients, but that the capnographic recording lost it's
usefullness in those conditions. In Figure 7 a typical weaning pattern is
depicted, in which the patient starts to breath on his own, causing
unreliable readings of COp, as opposed to the pH-recording, which remained
very stable. After extubation continuous COp-monitoring is impossible, but
continuous pH-monitoring is not interrupted, as is depicted in Figure 8.
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Fig. 6. Simultaneous recording of pH and end-tidal CO7 during bronchial
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Fig. 7. Simultaneous recording of pH and end-tidal CO9 during weaning of
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Fig. 8. Simultaneous recording of pH and end-tidal CO7 during suction and

extubation
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7. DISCUSSION

The findings of the study indicate that continuous monitoring of pH
and end-tidal COp correlate well in patients who had undergone major
surgery, assuming that these changes cannot be attributed to other factors
than COp-production and elimination. During stable conditions both ways of
monitoring are reliable, but when circumstances like movements and
bronchial suction influence the stability, pH-monitoring appeared to remain
constantly reliable as opposed to end-tidal COj-readings.

As was reported in an earlier clinical report (10), the in vivo blood
pH monitoring by means of an ISFET showed also very short response times,
indicating that the intermittent determination of pH by means of an off-
line blood-gas analyser could not have disclosed the phenomena which were
depicted. In patients with a stable circulatory condition, relatively
substantial changes in the acid-base status don’t cause dramatic problems,
but in unstable patients they might have detrimental consequences.
Continuous monitoring will not completely replace intermittent blood gas
analyses, but particularly the continuous pH-monitoring by means of an
ISFET gives additional information which might influence the clinical
management of the patient.
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1. INTRODUCTION

Advances in sensor technology have opened the way for new and
sophisticated measurement techniques and instrumentation for
biotechnological process control, environment control, and medical
diagnosis. Among various sensors, a biosensor can offer high selectivity
for a specific substance, which has not been attained by synthetic sensor
materials. The new breed of biosensors will present a unique combination
of matrix-bound biochemical, transducer, and microelectronic components to
allow almost instantaneous determination of substrate, analyte, or ligand
concentrations (1, 4).

Molecular recognition of substrates by enzymes, organelles,
microorganisms or tissue slices is followed by conversion into the
corresponding products which are detected and recorded by the electronic
device. The physico-chemical changes associated with molecular recognition
caused by binding of the substance to be determined or by the enzymatic
substance conversion are transduced by potentiometric or amperometric
electrodes, thermistor, field effect transistors (FET), optoelectronic
detectors, optical fibers, or other devices into an electrical signal.
Biosensors are classified into enzyme sensors, microbial sensors,
immunosensors, and others.

The molecular recognition part of enzyme sensor consists of the
matrix-bound enzyme which converts a specific substance (determinant)
selectively into products. The enzymatic reaction is accomplished by a
change in chemicals, photons, and temperature. Such a change is transduced
into electric signals at the transducer. Enzyme sensors may be classified
as:

(1) Enzyme electrode

(2) Enzyme thermistor

(3) Enzyme transistor

(4) Enzyme field effect transistor (ENFET)

(5) Enzyme photodiode

(6) Optical enzyme sensor.

The interaction between antigen and antibody molecules may be
extremely specific under favorable condition as a consequence of binding
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geometries. Immunoassay, which relies its high selectivity and sensitivity
on the molecular recognition of antibody is classified into two categories:
non-labeling and labeling ones. Since the pioneering work of Yalow and
Berson radioisotopes have been employed as the label of choice. However, a
number of nonisotopic alternatives have been developed including electron
spin resonance for detecting radical labels, nephelometry, fluorescence,
chemiluminescence and enzyme labels. Moreover, immunoassay with an
electroactive label has become attractive due to the wide dynamic range and
low detection limits of modern electroanalytical methods. On the basis of
these immunoassays, there have been proposed variety of immunosensors,
which are classified as follows:
(1) Non-labeled Immunosensors

a) Transmembrane potential

b) Electrode potential

c) Piezoelectric

d) Polarographic

e) FET

f) Surface plasmon

g) Capacitance

(2) Labeled Immunosensors

a) Enzyme-linked amperometry

b) Enzyme-linked potentiometry

c) Enzyme-linked luminescence

d) Liposome-linked luminescence

e) Electrochemical luminescence

f) Other optical immunosensors

g) Electro-active immunosensors.

2. ENZYME SENSORS

Enzyme Electrodes for Glucose: A glucose sensor installed in a
glucose analyzer became commercially available in the mid-1970s. In the
early 1980s, extensive development of glucose analyzers and sensors has
taken place. These analyzers, which have been developed for clinical use,
require 5-20 pl of serum sample for blood glucose analysis.

The sensor consists of a glucose oxidase (GOD) membrane and a Clark-type
oxygen electrode. Glucose in a sample solution is oxidized with the
resulting consumption of oxygen when contacted with the membrane-bound
GOD. The decrease of dissolved oxygen is sensitively detected with the
oxygen electrode. The output change of the sensor reflects the
concentration of glucose in solution (5). Hydrogen peroxide is formed in
the GOD catalyzed reaction. A GOD membrane may be coupled with a hydrogen
peroxide electrode to form another type of glucose sensor. Both oxygen
electrode and hydrogen peroxide electrode-based glucose sensors are now
commercially available.

Aizawa et al. modified the platinum electrode surface with a GOD-
entrapped polyaniline thin layer (6). The modification was accomplished by
the electropolymerization of aniline in the presence of GOD in a neutral
aqueous solution. The GOD-entrapped polyaniline membrane rejects the
permeation of chemicals except gas molecules such as dissolved oxygen. A
microenzyme sensor can be fabricated by the electrochemical polymerization.
Higgins et al. developed an alternative amperometric detection

method, based on glucose oxidase, that is not dependent on oxygen as a
mediator of electron transfer (7). The electrode uses a substituted
ferricinium ion as a mediator of electron transfer between immobilized
glucose oxidase and a graphite electrode.

In the condition diabetes mellitus, the determination of blood

glucose levels rapidly, conveniently, precisely, and economically is
important for its diagnosis and effective management. The minituarization
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of a glucose monitoring system is an essential requirement for its clinical
application. Shichiri et al. have developed a needle-type glucose sensor
using a platinum electrode covered with immobilized glucose oxidase (8).
The current output was not significantly altered by changes in the oxygen
tension of the solution in the range from 25-150 mmHg. The glucose sensor
was connected with a microcomputer system to calculate the insulin infusion
rate and a syringe-driving system to deliver insulin.

Biosensors have considerable advantages over conventional techniques.

Serum or blood are the most common fluids tested and the first biosensor
will probably be geared to the usage of these samples. A bench-top type of
glucose analyzer has been commercially available and is being used in
clinical chemistry laboratories. The blood or serum sample is injected onto
a membrane impregnated with glucose oxidase, and the concentration of
glucose is read out within 40 s. The instrument is automatically flushed
and calibrated at the push of a button.

Varied Enzyme Electrode: In a similar manner to the glucose sensor,
a number of enzyme electrodes have been developed for determination of
various organic substrates as listed in Table 1.

Enzyme electrodes for enzyme activity: Enzyme electrodes are sometimes
mistaken for electrodes which measure enzyme activities. There are
electrode systems which are specifically designed to assay for enzyme
activity such as the use of the NH3 gas electrode for kinetic determination
of trypsin activity based on the hydrolysis of a synthetic substrate.
However, most enzyme electrodes couple an amperometric device with a
specific enzyme that acts upon selected substrates. An enzyme electrode
for pyruvate, which consists of membrane-bound pyruvate oxidase and an
oxygen electrode, was coupled with immobilized oxaloacetate decarboxylase
to determine glutamate pyruvate transaminase (GPT) and glutamate
oxaloacetate transaminase (GOT) activities.

Enzyme FET Sensors: A family of new biosensors has been studied in
the last decade using the MOSFET structure. The new biosensors consist of
immobilized enzyme attached to ion-sensitive field effect transistor
(ISFET) which is essentially an insulated gate field transistor without a
metal gate. The interfacial potential at the electrolyte/insulator
interface produced by the ions in solution will affect the channel
conductance of the ISFET in the same way as the external gate voltage
applied to the reference electrode. Several ISFETs have been developed for
the determination of pH, Na', K*, and Cca2t (9-11).

An enzyme FET (ENFET) sensitive to penicillin was constructed by
depositing a co-cross-linked penicillinase albumin layer over a pH
sensitive FET (12). Immobilized penicillinase recognizes penicillin in
solution with a resulting change in pH, which is detected by the FET. There
have been developed so many enzyme FETs (13-15). Lundstrom et al. showed
that the Pd-5i07-Si structure of MOSFET can be used for monitoring hydrogen
dissolved in electrolytes (16). The NH3 sensitivity is enhanced by
depositing small amounts of other catalytic metals such as Ir on the Pd
film. These Pd-MOSFETs were used to form a new type of biosensor, the
enzyme transistor (17). The advantages of these bioelectronic sensors,
including enzyme FETs and enzyme transistors, are the possibilities of
minituarization and direct integration with microelectronics. It should
even be possible to develop multichannel devices with several different
enzymes combined with different sensitive areas on the chip.

Enzyme Photodiode Sensors: A photodiode or photo transistor is
coupled with immobilized enzyme which catalyzes a luminescent reaction.
The device is termed enzyme photodiode (or transistror) (18). The
concentration of hydrogen peroxide is determined by counting photons at a
constant concentration of luminol. Peroxidase was immobilized onto a Si
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Table 1. Enzyme Sensors for Organic Molecules

Biosensor Assemblies

Determinant Biosensor
Receptor Transducer
Saccaride Glucose Enzyme sensor GOD 09,H909 elec.
Enzyme thermistor GOD/Catalase Thermistor
Microbial sensor P.fluorescens 07 electrode
Alcohol Ethanol Enzyme sensor Ethanol oxidase 09 electrode
Microbial sensor T.Brassicae 09 electrode
Amino Glutamate Enzyme sensor Glutamate DH NH*,electrode
acid Microbial sensor E.coli COp electrode
Acid Acetic Enzyme sensor Alcohol oxidase 09 electrode
acid Microbial sensor T.brassicae 09 electrode
Uricate Enzyme sensor Uricase 09 electrode
Enzyme thermistor Uricase Thermistor
Lipid Choleste- Enzyme sensor Cholesterolesterase Pt electrode
rol Cholesteroloxidase Hjp0jelectrode
Enzyme thermistor Cholesteroloxidase Thermistor
Phosphaty Enzyme sensor Phospholipase HpOjpelectrode
dilcho- Choline oxidase HgOgelectrode
line
Anti- Penicil- Enzyme sensor Penicillinase HY electrode
biotics lin Enzyme thermistor Penicillinase Thermistor
Cepharose- Microbial sensor C.freundii H' electrode
pollin Enzyme thermistor Cepharosepollinase Thermistor
Urea Enzyme sensor Urease H+, NH3, COy
electrode
Enzyme thermistor Urease Thermistor
ATP Enzyme thermistor Hexokinase Thermistor

photodiode to form an enzyme photodiode sensitive to hydrogen peroxide. A
glucose sensor was constructed by incorporating glucose oxidase together
with peroxidase onto a Si photodiode.

Enzyme Optrode: The term optrode, formed by combining "optical" and
"electrode" emphasizes that the use of optical sensors is very similar to
that of electrodes (19). The devices involve a molecular recognition part
on the end of a fiber optic. In operation, interactions with the
determinant lead to a change in optical properties of the molecular
recognition part, which is probed and detected through the fiber optic.
Depending on the particular device, the optical property measured can be
absorbance, reflectance, luminescense, or something else. Several enzyme
optorodes have been developed.
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Table 2. Electrochemical Label Immunoassays

Label Electroactive Determinant Investigator
species
Catalase Oxygen AFP, HCG Aizawa et al.
IgG, IgA, IgM
Glucose oxidase Oxygen Albumin
Peroxidase I- HBs Biotieux et al.
F IgG Alexander et al.
Urease NH3 Albumin, c-AMP Van Weeman et al.
Alkaline Phenol a. -Acid Heineman
phosphatase glycoprotein
Ferrocene Ferrocene Codeine Weber et al.
Morphine
Lidocaine Gleria et al.
Mercury Mercury Estriol Heineman et al.
DTPA-In3+ In3t Albumin Heineman et al.
-NOy -NOy Estriol Wehmeyer et al.
Erythrocyte TMPAt Antibody Meyerhoff et al.

3. LABELED IMMUNOSENSORS

Enzyme Immunosensors Using Oxygen Electrode: An enzyme immunosensor
is an analytical device which is dependent on the immunochemical affinity
for selectivity and on the chemical amplification of a labeling enzyme for
sensitivity (20-29) (Table 2).

In case that catalase, which catalyzes the evolution of oxygen from
hydrogen peroxide is a labeling enzyme for an antigen, the enzyme
immunosensor is constructed by assembling an antibody-bound membrane and an
oxygen sensing electrode. In heterogeneous enzyme immunoassay, the labeling
enzyme is measured by amperometry with the oxygen sensing device. The
enzyme immunosensor requires an extremely short time for measuring the
labeling enzyme. Consequently, rapid and highly sensitive enzyme
immunoassay may be accomplished with the enzyme immunosensor (26-29).

The enzyme immunosensor is prepared by attaching the antibody-bound
membrane to a Clark-type oxygen electrode which has an oxygen permeable
plastic (e.g. Teflon) membrane on the cathode surface and responds
sensitively and rapidly to oxygen.

A sheet of anti-a-fetoprotein (AFP) antibody membrane, attached to

the sensor was placed in contact with 260 "catalase units" of catalase-
labeled AFP at pH 7 and 37°C for 1 h. After thorough washing, the sensor
was placed in phosphate buffer. When it gave a steady state current from
dissolved oxygen, 100 ul of 3% hydrogen peroxide was injected. The sensor
responded very rapidly to the generation of oxygen (29). A steady state
current was obtained within 30 s.
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A calibration curve for competitive enzyme immunoassay for_ AFP with the
sensor shows that AFP can be determined in the range 5x10°11 - s5x10-
g.ml'l. The standard deviation for 25 assays of 10-9 g of AFP was 15%.
All the assays were performed with different antibody membranes. It is
noted that the enzyme immunosensor provides very rapid and sensitive
enzyme-linked immunosorbent assay (ELISA) as compared with photometric
ELISA.

Ochratoxin A (OTA), a secondary metabolite of Aspergillus ochraceus,
Penicillium viridicatum and strains of some other species of both genera,
causes nephropathy in animals and most probably in man. Recently also
carcinogenicity has been demonstrated in feeding experiments. Its occurence
specially in grains seems to be prevailing in not only European and North
American countries but also in Asian countries. OTA has most commonly been
determined by chemical analysis which requires a tedious separation from a
sample. Biossay and radioimmunoassay have also been conducted with problems
in operation. A simplified and rapid analysis of OTA is urged to be
developed. An enzyme immunosensor for OTA has recently been developed (30).
The toxin sensor consists of an amperometric oxygen electrode and an
OTA-bound membrane. Catalase-labeled OTA, which is added at a fixed
amount to a sample solution, may competitively react with membrane-bound
OTA and free OTA to be determined. The sensor is then assayed for
amperometric determination of catalase activity. OTA was selectively and
sensitively determined by measuring the sensor output. Competitive
immunoassay of OTA was carried out using the immunosensor for OTA. OTA was
determined under a constant concentration of catalase-labeled antibody.
Sensor response was obtained for each concentration of free OTA, where the
experiment was carried out in the PBS buffer at 35°C. The change of sensor
output decreased with the addition of free OTA to be determined. The
standard curve shifted to the lower concentration range with a decrease in
antibody concentration. The minimum detection limited was in the order of
10-10 %.ml'l, when the concentration of labeled antibody was fixed at 20

pg.ml

Bioaffinity Sensors with Preformed Metastable Ligand-Receptor Complex:
A new biosensor has been designed on the basis of biocaffinity difference
between two ligands, i.e., one a determinant and the other an analogue
compound in a given binding reaction. In general an analogue compound shows
lower affinity to the binding protein than a determinant does. Therefore,
one can expect the following displacement reaction when a membrane-bound
analogue compound complexed with its binding protein is exposed to a
determinant molecule. The binding protein is displaced from the
membranebound analogue molecule. The displacement is supposed to depend on
the bioaffinity difference of an analogue molecule and a determinant as
well as the determinant concentration. The determinant concentration may be
easily measured by detecting the residual molecular complex which remains
on the membrane surface. High sensitivity can be attained by chemical
amplification by the usage of an enzyme catalyst as a label. A biosensor
based on the above principle may be termed "Bioaffinity sensor" (31-33).
A bioaffinity sensor for thyroxine (3,5,3',5'-tetraiodothyroxine:
T4), a thyroid hormone, is composed of membrane-bound T4 and enzyme-labeled
antibody, i.e., thyroxine is chemically immobilized on a membrane. The
membrane-bound T is undergone immunochemical reaction with enzyme-labeled
anti-T, antibody to form an immunocomplex. Membrane-bound T, has less
affinity to the antibody than free T4 in solution. Attachment of the
membrane where antigen-antibody complex is formed on the surface of a
galvanic-type oxygen electrode results in a bioaffinity sensor for Ty.
When the sensor is immersed in a solution containing free T4 to be
determined, the antigen-antibody complex will be dissociated upon exposure
to T4. The dissociation may be enhanced with an increase in the analyte
concentration. The released enzyme-labeled antibody will then form a
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stable complex with T4. Consequently, T4 can be determined by measuring
the enzyme activity of enzyme-labeled antibody on the T, membrane.

In case of a bioaffinity sensor for bovine insulin, porcine insulin
is used as the analogue compound. A porcine insulin-bound plate is
undergone immunoreaction with peroxidase-labeled anti-bovine insulin
antibody to form an immunocomplex. When the plate on which surface the
immunocomplex is formed is immersed on a solution containing free bovine
insulin to be determined, the complex may be dissociated. The dissociated
enzyme-labeled antibody then forms a stable complex with bovine insulin in
a solution. Insulin is thus determined by measuring peroxidase retained
on an immunoplate. The luminol-H909 system is employed to detect peroxidase
activity. The emitted light is transferred to a photomultiplier through an
optofiber.

Electrochemical Luminescence-Based Optical Immunosensor: The authors
aimed at employing aromatic hydrocarbon such as pyrene as an electroactive
label for immunoassay. It was found, however, that the electrochemical
luminescence of the label was extremely sensitive to immunochemical
reaction. The new findings have lead us to establish a novel immunosensor
for homogeneous immunoassays (34). The electrochemical luminescence
immunoassay is based on the following principle. The antigen (human serum
Albumin) labeled with an aromatic hydrocarbon (aminopyrene) was prepared.
The pyrene-labeled HSA emits luminescence by electrochemical technique,
while the labeled HSA complexed with antibody generates less luminescence
depending on the antibody concentration. This may probably be caused by
the steric hindrance to the access of the aromatic hydrocarbon to the
electrochemical luminescence (ECL) detection. In the further investigation,
luminol was found to exhibit electrochemical luminescence in an aqueous
solution. Luminol was also employed as an electroactive label for
immunoassay. In addition, an optical fiber electrode has been developed to
improve the ECL measurement. The optical fiber electrode is an optically
transparent electrode which is fabricated on the top of an optical fiber.
Any electrochemically induced optical changes can be sensitively detected
with the optical fiber electrode. Such a device should pave the road to
optical chemical sensors and biosensors.
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ANTIBODIES TO THE THYROTROPIN (TSH) RECEPTOR AND AUTOIMMUNE THYROID DISEASE
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INTRODUCTION

Graves’ disease is an autoimmune disorder of the thyroid characterized
by a) a diffusely enlarged thyroid gland (goiter); b) symptoms of
hyperthyroidism; and, on occasion, c) two connective tissue complications:
exophthalmos and pretibial myxedema. The weight of evidence suggests that
Graves' disease is a disturbance of the immune system which results in the
entrance, into the sera, of thyroid stimulating autoantibodies (TSAbs)
which stimulate the thyroid and induce the hyperthyroid state. The idea
evolved that TSAbs were related to the thyrotropin (TSH) receptor since
IgG preparations from the sera of many Graves'’ patients could stimulate
thyroid adenylate cyclase activity as did TSH and could inhibit TSH binding
(1, 2).

The concept that all the signs and symptoms of Graves' disease
reflected the action of autoantibodies to the TSH receptor developed,
however, several problems (3). First, when numerous laboratories
simultaneously evaluated Graves’' IgG preparations for their thyroid
stimulatory (TSAb) and TSH binding inhibition (TBIAb) activities, at least
one-third of the preparations existed with only one activity and no
correlation existed between the levels of activity when both were present
simultaneously. Second, there appeared to be a distinct class of antibodies
in Graves' sera which stimulated thyroid cells to grow and form goiters
which were not TSAbs (4, 5). Third, evidence in experimental models which
suggested that the TSH receptor might be involved in exophthalmos (6) were
argued to be nonapplicable to the human situation. Last, no evidence
existed that TSAbs had any relationship to pretibial myxedema (7, 8).

In sum, clinical data led to a belief that antibodies to thyroid
membranes existed in the sera of Graves’ patients and were important in the
pathogenesis of the disease. It was, however, less clear that these
antibodies were all directed against the TSH receptor. Resolution of these
discrepancies required a greater understanding of the characteristics of
individual antibodies within the spectra present in a single patient’s
serum. Resolution also required knowledge of the potential role of
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ganglioside component. After the TSH f-subunit interacts with the
receptor, the hormone changes its conformation and the a-subunit is
brought into the bilayer where it interacts with other membrane
components. The end result includes a change in organization of the
membrane bilayer, a change in the transmembrane electrochemical
gradient, changes in lipid turnover, and the expression of other
receptors in addition to the initiation of growth and cAMP signals.
The B-subunit of TSH is presumed to carry the primary determinants
recognized by the glycoprotein receptor component but in no way
does the model exclude an a-subunit contribution either direct or
by conformational perturbations of B. The high affinity TSH binding
site on the glycoprotein receptor component is also the site where
autoantibodies which inhibit TSH binding (TBIAbs) interact. The
stimulatory antibodies (TSAbs) interact primarily with the
gangliosides. The interaction of a TSAb with the ganglioside
results in stimulation of adenylate cyclase activity. The ability
of a TBIAb to block TSH stimulation of adenylate cyclase actionm,
together with the observation that there is competitive agonism of
TSAbs with respect to TSH, establishes that TSH must interact with
the ganglioside to stimulate adenylate cyclase activity. TBIAbs are
not necessarily inactive biologically, rather they can, like TSH,
stimulate functional responses linked to a phosphoinositide/
catt/phosphoinositol signal system. "Mixed" antibodies interact
with both components of the TSH receptor. Growth of thyroid cells
can be derive from either signal system but is maximal if both are
operative simultaneously.



different determinants on the TSH receptor for TSH binding, thyroid cell
growth, adenylate cyclase stimulation, pretibial myxedema, or exophthalmos.

THE THYROTROPIN RECEPTOR: A COMPLEX STRUCTURE OF MORE THAN ONE MEMBRANE
COMPONENT

Perhaps the problem of the relationship of the autoantibodies to the
TSH receptor might have been resolved more rapidly if there had been a
clear idea of the structure of the TSH receptor. Two membrane components
were identified which bound TSH with specificity (9, 10, 11) (Figure 1).
The first, a membrane glycoprotein, was generally agreed to be that
component of the TSH receptor which bound TSH to the cell with high
affinity; its loss, for example when cells were exposed to trypsin,
resulted in a loss in both TSH binding and TSH stimulated functions. The
role of the second component, a membrane ganglioside, was more
controversial. The evidence for its physiologic importance derived mainly
from the observations that (i) higher order gangliosides, with the ability
to interact with TSH, were absent in a thyroid tumor which had lost its
functional TSH receptor; (ii) resynthesis or reconstitution of gangliosides
in membranes from this tumor could cause both a return of TSH binding and
the ability of TSH to stimulate adenylate cyclase activity; and (iii) this
reconstitution was effected by a thyroid specific ganglioside. The
ganglioside was suggested to modulate the apparent specificity, affinity,
and capacity of the glycoprotein receptor component and induce a
conformational change in the hormone believed necessary for subsequent
message transmission. It was suggested to couple the high affinity binding
site to the adenylate cyclase signal system by acting as an emulsifying
agent to allow bound hormone to intercalate within the lipid bilayer and
interact with other membrane components within the hydrophobic environment
of that bilayer. Since the relationship of either binding component to
autoantibodies in Graves' patients was not clear, a monoclonal antibody
approach was undertaken (12, 13, 14, 15, 16, 17).

MONOCLONAL ANTIBODIES CONFIRM THE TWO COMPONENT TSH RECEPTOR MODEL AND
RELATE THE MULTICOMPONENT RECEPTOR STRUCTURE TO AUTOANTIBODIES IN THE SERA
OF GRAVES' PATIENTS

The monoclonal antibody approach merged two separate sets of studies.
In the first, crude solubilized thyroid membrane preparations were injected
into mice followed by spleen cell fusion with non-IgG producing mouse
myeloma cells. In the second, lymphocytes from patients with active Graves'
disease were fused with a non-IgG secreting mouse myeloma cell line, since
each Graves'’' autoantibody could be presumed to be the product of a B cell
present in these patients. In each case hybridomas secreting antibodies
capable of binding to thyroid membranes in the absence but not in the
presence of TSH were isolated. The following criteria were then used to
identify anti-TSH receptor producing clones. (i) The antibody had to
inhibit TSH binding to thyroid membranes, or, conversely, be itself
prevented from binding to thyroid membranes by TSH. (ii) Binding inhibition
had to be specific and had to be competitive as opposed to noncompetitive
or uncompetitive. (iii) The antibody had to competitively inhibit TSH-
stimulated thyroid functions, i.e., adenylate cyclase activity, iodide
uptake, or thyroid hormone release, or, conversely, had to mimic TSH
activity and exhibit properties of competitive agonism in all the
functional assays. Over 30 antibodies satisfying the above criteria have
now been identified; using these criteria, the antibodies can be broadly
grouped into three classes: inhibitors, stimulators, and mixed antibodies
(Table 1).
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Table 1. Representative monoclonal antibodies to the TSH receptor

TSH Growth Pretibial

receptor Primary activity Exophthalmogenic myxedema
Clone No. source classification (degree) activity activity
13D11 bovine inhibitor no yes no
11E8 bovine inhibitor no yes no
59C9 human inhibitor no no no
60F5 human inhibitor yes (++) no --
129182 human inhibitor yes(+) weak no
1226328 human inhibitor no weak no
22A6 bovine stimulator yes(+) no no
206H328 human stimulator yes (++) no --
307H62+®  human stimulator yes(++) yes weak
304D32:P  human stimulator yes(+) no no
308L22:®  human stimulator yes(+) no no
410F98 human stimulator yes(+) no no
52A8 human mixed yes (++++) no yes
208F72 human mixed yes(+++) no yes
8Heterohybridomas.

bFrom the same patient who had exophthalmos.
CInhibitor = TBIAb; Stimulator = TSAb.

The first group, termed "inhibitor" antibodies, are representative of
thyrotropin binding inhibiting antibodies (TBIIs or TBIAbs) in patients.
These antibodies competitively inhibit TSH binding to thyroid membrane
preparations but do not stimulate adenylate cyclase activity. Rather, they
competitively inhibit TSH stimulated adenylate cyclase activity; TSH
stimulated iodide uptake by thyroid cells; or TSH stimulated thyroid
hormone release by mice in vivo. These antibodies inhibit TSH binding to
the glycoprotein component of the TSH receptor but do not interact with
thyroid gangliosides. We can thus conclude that (i) the glycoprotein
component of the TSH receptor (Figure 1) is the initial site of TSH binding
to the thyroid cell; (ii) TBIAbs are antibodies to this component of the
receptor; and (iii) a TBIAb is not a thyroid stimulating antibody (TSAb).

The second group of antibodies (Table 1), the stimulators, are
representative of the thyroid stimulating antibodies (TSAbs) in patients.
They stimulate adenylate cyclase activity in thyroid cells; stimulate
iodide uptake; and causé release of thyroid hormones in a mouse bioassay
(Table 1). They are competitive agonists with respect to TSH. Although
these antibodies bind to thyroid membranes and are sEecifically inhibited
in this binding by TSH, they are weak inhibitors of 251-TsH binding and do
not significantly inhibit 1251 7sH binding to the glycoprotein component of
the TSH receptor. Instead they react with thyroid ganglioside preparations;
this reaction is specific in that they do not react with brain ganglioside
preparations. We can thus conclude the following. First, TSAbs interact
with a thyroid ganglioside (Figure 1) and not the high affinity TSH binding
site on the glycoprotein component of the receptor. Second, the ganglioside
is not the initial binding site for TSH on the thyroid cell membrane;
however, TSH must interact with a ganglioside on the thyroid membrane in
order to stimulate adenylate cyclase activity. TSAbs, which interact with
the gangliosides, would otherwise not exhibit competitive agonism with
respect to TSH. Third, the ganglioside must be a component of the TSH
receptor since TSH and TSAbs are competitive agonists. Fourth, the TBIAbs
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and TSAbs are both TSH receptor autoantibodies but are directed at
different domains of the TSH receptor. This is confirmed in mixing
experiments (18, 19) wherein a TBIAb, 11E8, can be shown to inhibit TSH
activity but not the activity of the 22A6 or 307H6 TSAb monoclonals or the
activity of Graves'’ thyroid stimulating IgG.

A third group of monoclonal antibodies to the TSH receptor are termed
"mixed" antibodies (Table 1). They can be distinguished since they both
stimulate in the cAMP, iodide uptake or mouse bioassays and competitively
inhibit of 1231-TsH binding. Their monoclonal nature is established by
repetitive subcloning and typing. They interact with both the glycoprotein
and ganglioside components of the TSH receptor. They are different from a
TSAb in that a TBIAb, 11E8, can partially inhibit the activity of "mixed"
antibody, 208F7, in mixing experiments. The existence of these antibodies
initially suggested that the ganglioside and glycoprotein receptor
components might exist as a tight complex. As noted below they
subsequently were recognized to be important in thyroid cell growth and
appear to recognize a portion of the insulin-like growth factor (IGF) as
well as TSH receptor.

An important clinical implication of the mixing experiment using
monoclonal antibodies is as follows. If a Graves'’ patient has both an
"inhibiting", "stimulating", or "mixed" antibody present in his or her
serum, the phenotypic expression will be a hyperthyroid state. This is
evident since the TBIAb will not significantly inhibit a TSAb or mixed
antibody despite its capacity to inhibit TSH.

GROWTH AUTOANTIBODIES IN GRAVES' DISEASE

As noted in the introduction, recent studies indicated that Graves'
patients had antibodies in their sera which could promote growth but which
did not bear a simple relationship to autoantibodies related to thyroid
hyperfunction. The existence of a panel of monoclonal antibodies to the TSH
receptor allowed the asking of several simple questions. What was the
activity of the TSH receptor monoclonals on growth? Were there TSH
receptor antibodies which could stimulate growth but not cause
hyperfunction? If such antibodies existed, what was their relation to TSH
receptor structure and transducing signals?

The answer to this question depended on an assay using a continuous
line of functioning rat thyroid cells whose growth had been shown to be
dependent on the presence of TSH and on measurements of cell number or
radiolabeled thymidine incorporation (US patent 4,608,341, 1986). When the
monocloncal TSH receptor antibodies were tested it was found that all TSAbs
stimulated the growth activity of FRTL-5 rat thyroid cells, whether
measured as cell number or as [3H]-thymidine uptake (Table 1). All "mixed"
antibodies also stimulated growth activity but had 3-fold or higher ratios
of growth to adenylate cyclase stimulatory activity than the TSAbs, when
normalized to equivalence with respect to adenylate cyclase activity.
"Inhibitor" antibodies could, surprisingly, be either inhibitors of TSH
stimulated growth as well as adenylate cyclase activity (122G3, 59C9) or
stimulators of growth but inhibitors of TSH binding and TSH stimulated
adenylate cyclase activity (129H8, 60F5). Although these data clearly state
that the same structural TSH receptor is used to signal growth as well as
adenylate cyclase activity, differences in signal coupling and differences
in the linkage of the receptor components to the signals seemed likely.

That this was true was suggested by the following observations. TSH

growth activity could be partially inhibited by indomethacin; indomethacin
is a cyclooxygenase inhibitor which limits arachidonic acid processing to
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fibroblast assays and originated from a patient with exophthalmos who also
had TSAbs without fibroblast activity. The 307H6 data clearly established
that an antibody to the thyrotropin receptor could exist which also
stimulated fibroblasts; separate studies using patient IgGs established
that the fibroblast assay was a good measure of exophthalmos. Thus
approximately 90% of Graves’ patients with exophthalmos were positive in
this assay whereas patients with thyroid disease but no exophthalmos were
uniformly negative in the assay.

The fibroblast stimulating activity of 307H6 was not dependent on a
CAMP signal, since similar, or up to 100 times higher antibody
concentrations did not cause cAMP elevations in the fibroblasts and TSH
itself was inactive in both assays.

Consistent with this observation, some monoclonal antibodies to the
TSH receptor which were in the "inhibitory" group were found to have potent
activities as stimulators of collagen biosynthesis in fibroblasts. Thus, in
the same assay, 11E8 and 13D11 (Table 1), two mouse monoclonal antibodies
to the bovine TSH receptor were as active in stimulating collagen
incorporation of [3H]proline as the most potent IgG preparations from
exophthalmos patients but were active at -1000- to 10,000-fold lower IgG
concentrations. It seemed possible to conclude (i) that the fibroblast
collagen biosynthesis assay was a valid means of measuring exophthalmogenic
autoantibodies whether TSAb positive or not and (ii) that selected
populations of autoantibodies to the TSH receptor did appear able to induce
this exophthalmos-linked activity.

The antibodies clearly reflected a common thyroidal and connective
tissue antigen. Thus, preadsorption of the 11E8 antibody on thyroid
membranes resulted in the loss of fibroblast activity whereas preadsorption
on liver or kidney membranes had no such affect. Nevertheless TSH was not
only inactive in the fibroblast assay, it also did not inhibit the activity
of these monoclonals in the fibroblast assay. This was of interest in
several respects. First it fit with data in experimental exophthalmos
studies wherein TSH and the antibody were additive activators not
antagonists. Second, it indicated that more than the TSH receptor
determinant was necessary for the fibroblast activity. Since exophthalmos
has been linked to cellular rather than humoral immunity (26), one possible
explanation was that a T-cell-like recognition phenomenon existed wherein a
tissue specific antigen determinant was also involved in the recognition
phenomenon.

To further ascertain the specificity of this phenomenon, we have
tested IgGs prepared from the sera of a number of patients with different
autoimmune diseases in which the thyroid system was not involved, for
example, patients with myasthenia gravis, rheumatoid arthritis, or systemic
lupus. All were inactive in the fibroblast collagen synthesis system, with
one exception: IgGs prepared from two of four patients with type B insulin
resistance, a form of insulin resistance due to the development of
autoantibodies to the insulin receptor. The activity of the two positive
antibodies was more than additive with the 11E8 and 307H6 activities they
were also antibodies capable of interacting only weakly with the insulin
receptor, and more potently with the IGF-I receptor. The two negative
antibodies reacted only with the insulin receptor. Neither insulin nor IGF-
I alone could enhance collagen biosynthesis in the fibroblasts nor could
they, alone, inhibit the activity of the 11E8 monoclonal to the TSH
receptor, thereby raising the issue that TSH and IGF-I, are both required
for the expression of the fibroblast activity.

Pretibial Myxedema - Since the data presented above provided a new
approach to understanding the pathogenesis of exophthalmos in Graves'
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derivatives such as prostaglandins. Indomethacin partially inhibited the
growth activity of the mixed antibodies 208F7 and 52A8; it had no affect
on the growth action of TSAbs such as 307H6; but it completely inhibited
the growth activity of the 129H8 and 60F5 TBIAbs. In short, it appeared
that the TSH modulated growth activity of the thyroid cell involved both
adenylate cyclase and Ca**/phospholipid modulation signals. Further,
phospholipid signalling seemed to be linked more to the glycoprotein
receptor component; adenylate cyclase action to the ganglioside component.

Several clinical implications emerge from these data. First, thyroid
growth promoting activity and thyroid adenylate cyclase stimulatory
activity should not bear a simple relationship since mixtures of these
antibodies exist in any one patient. Second, it is possible, based on the
monoclonal antibody studies, that thyroid stimulation in Graves' disease
might result from a small goiter potently stimulated by a 307H6 type
antibody to actively release thyroid hormones. Alternatively Graves’' might
be associated with a large goiter, caused by 129H8 antibody, whose release
of excess thyroid hormone reflects the existence of an excess of responsive
tissue. It is also possible that the presence of (i) a mixed antibody or
(ii) a mixture of a TBIAb antibody which is a growth stimulator and a TSAb,
such as 307H6, would result in two independent and potent stimulators being
present simultaneously and, most likely, the most severe cases of thyroid
stimulation. In the last mixture, it must be remembered (see above) that
the 129H8 TBIAb would not inhibit the TSAb; the presence of the two
autoantibodies would thus be complementary in their pathogenic action.

Recent studies indicate that insulin and insulin-like growth factor I
(IGF-I) are necessary for TSH to exert its growth action. The action of
insulin and IGF-I, with respect to growth, has been associated with the
tyrosine kinase activity and/or phosphorylation of the fB-subunit of the
insulin and IGF-I receptors (20). This association rests, on the evidence
that there is sequence homology and immune cross-reactivity between viral
oncogene products and the f-subunits of the insulin and IGF-I receptors.
Recent studies suggest that the mixed monoclonal antibodies directed
against the TSH receptor can also immunoprecipitate the phosphorylated g-
subunit of the IGF-I receptor (21). This result suggests that the
interrelatedness of the growth activity induced by the insulin, IGF-I, and
TSH receptors has its counterpart in a close association of the structural
components of the two receptors.

MONOCLONAL ANTIBODIES TO THE TSH RECEPTOR, NONTHYROIDAL TSH RECEPTORS, AND
THE CONNECTIVE TISSUE COMPLICATIONS OF GRAVES' DISEASE

Exophthalmos - Nonthyroidal TSH "receptors" have been argued to be
important in the pathogenesis of exophthalmos and the connective tissue
complications of Graves’ disease (22, 23, 24). Thus, in the 1970's, studies
of exophthalmos in experimental animal models suggested that there was a
TSH receptor in retroorbital tissues and that exophthalmos involved
expression of the TSH receptor in the presence of an abnormal serum gamma -
globulin found in exophthalmos patients. Until the monoclonal antibody
approach cited above, there was no simple approach which could be
reasonably anticipated to prove or disprove this point.

Monocloncal antibodies derived from the lymphocytes of patients with
Graves' disease without exophthalmos were compared with those of patients
with Graves’ disease plus exophthalmos. One stimulating antibody (307H6),
derived from the exophthalmos group, was found to stimulate collagen
biosynthesis in human skin fibroblasts (25); this antibody had all the
characteristics of a stimulator antibody to the TSH receptor defined above.
It was only one of over a dozen TSAb monoclonals which were active in the
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patients the same monocloncal approach was applied to a second connective
tissue complication of Graves’ patients, pretibial myxedema (27).

A glucosaminoglycan (GAG) is an acidic polysaccharide chain which
consists of repeating disaccharide (acetylated hexosamine and uronic acid)
units. GAGs are usually covalently bound to a protein backbone; in that
state, they are termed proteoglycans (28, 29). Proteoglycans are localized
in matrices between and on the surface of both connective tissue and
epithelial cells. Elevated levels of proteoglycans have been reported in
the affected skin of patients with pretibial myxedema. Evidence also exists
that lymphocytes from patients with pretibial myxedema, but not their IgGs,
can increase glycosaminoglycan production of human fibroblasts.

This last evidence was consistent with our own observations (30).
Thus, IgGs from Graves'’ patients, either with or without exophthalmos and
pretibial myxedema, were not able to significantly affect
glycosaminoglycan production of skin fibroblasts. We, fortunately, however
turned our attention to the continuous line of differentiated rat thyroid
cells, FRTL-5, to establish if these cells were able to synthesize
proteoglycans and to see if this biosynthetic activity could be stimulated
by TSH, by a select group of monoclonal antibodies directed against the TSH
receptor, or by polyclonal IgG preparations from Graves' patients.

FRTL-5 thyroid cells can incorporate [3H]-g1ycosamine into
proteoglycans. TSH increases the biosynthesis of proteoglycans associated
with the cell layer (10-fold); the TSH effect is mediated by cAMP; however,
the TSH effect on proteoglycan synthesis requires the presence of insulin
or IGF-I. In the absence of TSH, and insulin and in the presence of only
0.2% serum, IGF-I was, however, noted to stimulate proteoglycan
biosynthesis. Under the same conditions, fifteen of fifteen patients with
Graves' disease and pretibial myxedema, independent of the presence of
exophthalmos, significantly increased proteoglycan biosynthesis in FRTL-5
cells by comparison to IgG from normal subjects. The same IgG preparations
had no effect on proteoglycan synthesis in fibroblasts. Polyclonal IgGs,
purified from the serum of Graves’ patients without pretibial myxedema, as
well as from normal subjects or patients with non toxic diffuse goiter,
were not able to significantly increase proteoglycan biosynthesis in FRTL-5
cells. IgGs from patients with Graves' disease but without pretibial
myxedema, behaved on average as did normal subjects in this assay despite
the fact that 80-90% had TSAb activity.

A number of monoclonal TSH receptor autoantibodies linked to the
pathogenesis of the thyroid abnormalities of Graves' disease were tested
for their ability to stimulate proteoglycan biosynthesis in FRTL-5 cells.
Two antibodies were stimulatory 52A8 and 208F7 (Table 1). Many antibodies
had no effect (Table 1). The active antibodies, 52A8 and 208F7, fit a
single grouping: "mixed" antibodies. These are also the most potent growth
stimulators of FRTL-5 thyroid cells and appear to interact with both TSH
and IGF-I receptor determinants.

In sum, there is good evidence which links pretibial myxedema to the
activity of a select group of monoclonal antibodies to the TSH receptor
which appear to also react with the IGF-I receptor. They act by a noncAMP
mechanism and are distinct antibodies from those triggering ophthalmopathy,
despite the fact both are subgroups of TSH receptor autoantibodies which
circulate in the sera of patients with Graves'’ disease.
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ANTIBODIES TO THE TSH RECEPTOR AND THE FUNCTION OF THE THYROID CELL

The prime function of the thyroid cell is to produce thyroid hormones.
Thyroid hormone formation requires the thyroid cell to take up iodide,
synthesize thyroglobulin, and iodinate thyroglobulin. Evidence has
accumulated that iodide uptake is a TSH regulated, cAMP mediated process
wherein TSH induces the synthesis of key components of the iodide transport
system (31, 32). In contrast, iodination of thyroglobulin involves changes
in phosphoinositides, increases in Ca't and arachidonic acid, and the
formation of leukotriene intermediates (33, 34, 35, 36, 37, 38, 39, 40).

Just as in growth, the presence of insulin and IGF-I are key
components of the functional events. Thus, in recent studies (41), insulin
and IGF-I have been shown to be able to induce the synthesis of
thyroglobulin in the absence of TSH and by their action at a mRNA level.
The TSH-cAMP signal potentiates the IGF-I/insulin stimulation of
thyroglobulin biosynthesis.

The monoclonal antibodies can be used to evaluate which components of
the receptor structure and signal system are important for the regulation
of function (Figure 2). In these studies, a pure TSAb can mimic the ability
of TSH to induce the synthesis of the iodide transport system. A TBIAb, but
not a TSAb, can cause iodination of thyroglobulin, i.e., the Ca*t/phos-

Fig. 2. Proposed model of thyroid hormone formation in rat FRTL-5 thyroid
cells. TSH acts through more than one signal. Multiple other
hormones are necessary for full expression of function,
particularly insulin, IGF-I, and aj-adrenergic agents. TSH, using a
cAMP signal is key for concentrative iodide uptake into the cells;
a phosphoinositide/Ca*t signal is used for iodide efflux into the
follicular lumen and for iodination of thyroglobulin. aj-Adrenergic
agents can replace TSH in the latter but not the former situation.
Insulin/IGF-I are prime inducers of thyroglobulin synthesis; TSH
amplifies and modulates thyroglobulin synthesis and processing.
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pholipid signal system seems more directly coupled to the glycoprotein
receptor component. Neither a TSAb nor a TBIAb, even one of the latter
which cross reacts with the insulin and IGF-I receptor B-phosphorylated
subunit, can alone induce thyroglobulin biosynthesis, i.e., insulin and
IGF-1I are absolute requirements for this function even without a
simultaneous growth effect.

In sum, as is the case for growth, a wealth of hormonal factors are
necessary for full expression of thyroid hormone formation. In a population
of autoantibodies, the normal complex regulation process can break down if
the appropriate mixture of antibodies is not present. Further, although the
antibody mechanisms are identical to TSH, each antibody elicits only a
portion of the TSH action because, presumably, of its ability to interact
with only a portion of the total TSH receptor. These observations suggest
that the diversity of the presenting clinical syndrome in Graves' disease
may reflect, at least in part, the diversity of the autoantibody
population. Patients with large as opposed to small goiters and patients
with greater or lesser degrees of hyperthyroidism may reflect the imbalance
of the autoantibody population.

USE OF THE MONOCLONAL TSH RECEPTOR ANTIBODIES TO FURTHER DEFINE THE
STRUCTURE OF THE TSH RECEPTOR

Current data suggest that the holo-TSH receptor is a ~70K protein
which forms ~280K aggregates (42). TSH causes a dramatic change in receptor
turnover without down regulation. Under these conditions there is protease
breakdown of both the ~280K and 70K fragments. One prominent fragment is
40-50K. This has been shown in separate experiments to be the site of
binding of the TSH receptor ganglioside (43).

The ganglioside from rat FRTL-5 cells is a unique minor component by
comparison to the total FRTL-5 cell ganglioside pool. It separates as a
disialoganglioside on DEAE, yet migrates in an area on thin layer plates
which is ordinarily associated with low order gangliosides, i.e., GM, and
GM3. The ganglioside can inhibit the ability of a TSAb to increase cAMP
levels in FRTL-5 thyroid cells; it can also reconstitute TSAb and TSH-
stimulable cyclase activity in a 1-8 thyroid tumor cell previously shown to
have no TSH receptor activity in association with a defect in ganglioside
synthesis. The ganglioside appears to contain fucose, as previously
suggested, and loses its reactivity with the TSAb after neuraminidase
digestion (44).

The TSH receptor appears to have been cloned using an identification
procedure involving autoantibodies to Graves'’ disease and the monoclonal
antibodies to the TSH receptor. It has no sequence analogy to the IGF-I
receptor; in humans it is on chromosome 22 but can be identified as a
pseudogene on the X chromosome; and it appears to be identical in Graves'’
and non-Graves' thyroids. Pursuit of the cloning will hopefully explain the
major unknowns of Graves' which remain. For example, why do the antibodies
emerge? Why is there a female preponderance of the disease?

SUMMARY

The present report summarizes experiments with monoclonal antibodies
to the TSH receptor. The data provide further insight into the TSH receptor
structure and into the basis of autoimmune antibodies implicated in the
pathogenesis of Graves' disease. They resolve many clinical questions and
provide new approaches to enhance our understanding of autoimmune disease.
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PREDICTING TYPE I DIABETES

George S. Eisenbarth

Joslin Diabetes Center, Boston, Mass., USA

Accumulating data has led to the general hypothesis that Type I
diabetes of the NOD mouse (non-obese-diabetic), BB rat (BioBreeding rat)
and man results from chronic autoimmune beta cell destruction (1). The
information supporting this hypothesis is briefly summarized in Table 1 and
includes the detection of anti-islet autoantibodies prior to diabetes;
presence of T lymphocytic islet infiltrates; the observation that in all
three species a gene within the major histocompatibility complex is
essential for the development of diabetes; the ability of multiple forms of
immunotherapy to prevent diabetes in animal models and randomized placebo
controlled trials of cyclosporine A in man (2) (the nephrotoxicity of
cyclosporine is a major concern which prevents widespread clinical
application of cyclosporine therapy of Type I diabetes); the recurrence of
disease in transplanted islets which have been treated to prevent tissue
rejection in animal models and similar recurrence in identical twin
pancreatic transplants; and in the finding both animal models that T
lymphocytes can transfer diabetes.

With the information concerning immunopathogenesis (Table 1) it is not
surprising that immunologic and genetic assays are being applied to predict
the development of diabetes in susceptible populations. Table 2 lists a
number of immunologic assays studied to date. Populations in whom such
assays are utilized include:

a. Evaluation of individuals with transient or stress related
hyperglycemia (4). This occurs even in the pediatric age group and it
would be useful to be able to reassure individuals not developing Type
I diabetes and alert those at high risk (e.g., autoantibody positive).

b. Identification of gestational diabetics with Type I diabetes (-5 to
10% of the individuals in whom diabetes develops during pregnancy).
These individuals are at risk for ketoacidosis after pregnancy even if
hyperglycemia transiently resolves.

c. Evaluation of potential living related renal transplant donors to
diabetic recipients. Living related donors are usually selected
because of HLA identity to the family member with diabetes and thus
are at increased genetic risk of diabetes though this risk is
decreased by the usual long-term discordance at the time of renal
failure. There is fear that if diabetes develops in an individual with
a single kidney (e.g., transplant donor) there would be more rapid
progression of diabetic renal disease.
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Table 1. Evidence for autoimmunity in Type I diabetes

NOD MOUSE BB RAT MAN
Autoantibodies yes yes yes
Lymphocytic infiltrate yes yes yes
MHC association 1-A betalNOD RT1-u DQ beta 3.2
DR3
Effective immunotherapy yes yes yes
(? safety)

Recurrence of disease in

transplants without tissue

rejection yes yes yes
Transfer disease with T

lymphocytes yes yes Not studied

d. Identification of the 5 to 10% of "clinical" Type II diabetics over
age 40 who are actually Type I diabetics, will rapidly require insulin
therapy and are at risk for ketoacidosis (5).

e. Population screening including relatives of Type I diabetics and
eventually the general population to identify individuals with
approximately an 8% risk/year of developing diabetes (6-8). Islet cell
antibody positive women who are deciding when to have children may be
able to complete childbearing prior to overt diabetes and its fetal
risks.

f. Monitoring of immunotherapy of Type I diabetes and identification of
diabetic candidates for immunotherapy.

Autoantibody identification with several available assays provide the
best current predictors of the development of diabetes. In particular, the
two assays which provide useful prognostic data are:

a. "Cytoplasmic islet cell" antibodies (ICA) by indirect
immunofluorescence (depending on the assay format).

b. Radioassay determined insulin autoantibodies (depending on the assay
format).

There are other potential important autoantigens including data that
detection of autoantibodies to a 64K protein may provide useful
information.

INDIRECT IMMUNOFLUORESCENCE ICA ASSAYS

Approximately 8%/year of relatives of Type I diabetics expressing
"cytoplasmic" islet cell antibodies determined with several specific assays
and develop overt diabetes (9). In Bottazzo and co-workers family study
(Barts-Windsor) 12/24 CF-ICA positive relatives have developed diabetes in
7 years. In contrast with their standard ICA assay only one of 33 ICA
positive relatives (but CF-ICA negative) developed diabetes. The latter is
little different from the approximately 1/20 relatives who will develop
diabetes independent of ICA knowledge (10).

Assays of islet cell antibodies which utilize frozen sections of
normal pancreas vary tremendously between laboratories (11). For reasons
which are not clear, results of Maclaren and co-workers standard ICA assay
(FITC anti-IgG) are similar to our protein-A assay or Bottazzo's
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Table 2. Immunologic assays for prediction of Type I diabetes

Specific
Prevalence (<0.25% normals)
1. Anti-insulin autoantibodies
a. Radioimmunoassay ~60% yes
b. ELISA assays ~40% no
2. "Cytoplasmic" ICA
a. Human pancreas
i. Protein A, complement fixing ~60-80% yes
ii. Anti-IgG ICA 70-90% no (depending on
assay)
b. Rat pancreas
i. Protein A ~60% yes
ii. Monoclonal anti-IgG ~60% no
c. Anti-Surface
i. Rat islets 30% no
ii. RINmSF 30% no
3. Anti-64K 80%
4. Anti-ganglioside ?

complement-fixing ICA assay. In part differences between assays are
secondary to a lower sensitivity in end-point titers of the protein-A and
CF-ICA assay in contrast to routine ICA assays. Thus defining a titer
greater than for example 1:20 as positive for many routine FITC anti-IgG
assay would probably increase the specificity of such standard ICA assays.
The immunofluorescent ICA assays are limited by the supply of normal human
pancreas, subjective microscopic readings and low titers of the antibodies
detected. We have recently found that an assay utilizing rat pancreas can
provide an alternative to human pancreas sections with modifications of our
standard protein A assay (12).

In our own studies of 36 ICA+ relatives with follow-up from months to
9 years, 12 have developed overt diabetes and no one has gone a decade ICA+
without becoming diabetic. Within 3 years, 70% of ICA+ relatives have lost
first phase insulin secretion on intravenous glucose tolerance testing with
diabetes developing after loss of first phase insulin secretion. Overt
diabetes occurs with a mean of 10 months for children and 30 months for
adults after first phase insulin secretion on IVGIT is below the first
percentile of normal secretion. An islet cell antibody screening program in
the general population by Maclaren and co-workers indicates that similar to
the family data, ICA positivity in the general population (1/400 school
children are ICA positive) is predictive of Type I diabetes.

An obvious pathway is to purify and characterize the target antigen of
cytoplasmic islet cell antibodies and develop either a radioassay or ELISA
assay based on purified antigen. Our studies suggest that the target
antigen of cytoplasmic islet cell antibodies is a glycoconjugate and most
likely a ganglioside (13). Treatment of human or animal pancreas sections
with periodate destroys reactivity, borohydride reduction subsequently
restores reactivity similar to effects on binding of anti-ganglioside
monoclonal antibody 3G5 (consistent with the oxidation and reduction of
sialic acid residues). The antigen of sections is sensitive to
neuraminidase (cleaves sialic acid residues), stable to acetone and
sensitive to treatment with methanol or chloroform:ethanol.
Chloroform:methanol extraction of whole pancreas followed by Folch
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partition and subsequent purification by thin layer chromatography, DEAE
chromatography and C18 Sep Pak purification results in recovery of material
which upon incubation with ICA positive sera blocks ICA staining as well as
islet reactivity of monoclonal anti-ganglioside antibodies (but not anti-
protein antibodies) (14).

Development of assays utilizing such glycolipids will probably require
extensive purification and characterization of the target antigen as
related glycolipids are targets for naturally occurring antibodies such as
blood group antigens. To date despite considerable . indirect data that the
cytoplasmic islet cell antigen is a glycolipid, few assays based on direct
binding of patients autoantibodies and giving a positive signal have been
developed.

INSULIN AUTOANTIBODIES

Quantitation of autoantibodies to insulin provides the first
radioassay providing prognostic information (15). We detect cytoplasmic
islet cell antibodies in approximately 60% of individuals developing Type I
diabetes and insulin autoantibodies in the same percentage of children
developing diabetes. Ninety percent express one or the other autoantibody
(16). There are ELISA solid phase assays for insulin autoantibodies as well
as fluid phase radioimmunoassays. Standardization of these assays similar
to ICA is currently a problem being addressed by the IDW committee
(Immunology of Diabetes Workshop) with a recent meeting in Australia
(January 1987) and a planned meeting in the United States (October 1987).
Initial studies indicate that ELISA assays have relatively high false
positivity (17) (50% in long-term discordant twins, 5-10% in the general
population) and do not correlate with the results of radioassays suggesting
that dramatically different species of antibodies are detected by the two
assay formats.

Dr. Soeldner and co-workers at the Joslin have developed a competitive
insulin autoantibody radioassay (17). This radioassay appears as sensitive
as ELISA assays but more specific. Sixty percent of children developing
diabetes but only 10% of adults developing diabetes are positive, while
none of approximately 100 normal individuals were positive. Insulin
autoantibodies are highest in the youngest pre-diabetic individuals and may
correlate with the rate with which different patients develop diabetes.

ADDITIONAL AUTOANTIBODY ASSAYS

Antibodies to a 64K protein are present in approximately 60-80% of
patients developing Type I diabetes (18). These_antibodies have been
detected by Baekkeskov and Lernmark utilizing S°--methionine labeled human
islets, followed by immunoprecipitation, polyacrylamide gel electrophoresis
and autoradiography. The difficulty of the assay and source of tissue
(human islets) has limited specificity testing.

A number of assays measure islet cell antibodies reacting with the
"surface" of normal rat islet cells or tumor rat islet cell lines (19, 20).
Many of these assays have suffered from a high false positive rate which
limits their utility (with as many as 30% of first degree relatives
positive). A recent study from Australia (Colman and Harrison) indicate
that antibodies to bovine albumin are present in children with diabetes and
may give artifactual islet surface staining with bovine albumin adsorbed to
the surface of islet cells.
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Other islet antigens have not been studied as autoantigens and in
particular monoclonal antibodies identify a series of islet proteins shared
with other tissues (22-24).

PREDICTIVE VALUE OF CURRENT ASSAYS

Clinically relevant autoantibody assays are available for insulin and
by immunofluorescence for cytoplasmic ICA. Selected assays when positive
identify individuals at high risk of developing Type I diabetes (in our
studies, Maclaren and co-workers studies, and Bottazzo and co-workers
studies, approximately 8%/year of antibody positive relatives develop
diabetes). Utilizing a "specific" ICA assay (e.g., protein-A double
immunofluorescence, complement fixing ICA) one can calculate predictive
parameters with Bayes theorem, assuming 60% of first degree relatives who
develop diabetes are ICA+ and less than 1/200 individuals in the general
population are antibody positive.

As is apparent from Table 3 a positive result with a specific ICA
assay, provides useful information for both relatives of Type I diabetics
and the general population (for relatives, prior odds 5%, post test odds of
developing diabetes = 98%) but a negative assay changes the probability of
Type I diabetes very little (5% to 2.1%). For each ICA positive individual
found, 400 "normal" school children need to be screened or 50 relatives of
Type I diabetics.

Unanswered questions concerning anti-islet assays include how often
would one screen and what factors would justify screening? Obviously if
effective preventive therapy (after activation of autoimmunity) were
developed, population based screening would become mandatory. Barring such
therapy, screening would be designed to prevent metabolic morbidity or
mortality at onset or in specialized situations (military career,
consideration for the timing of pregnancy, insurance purposes). I believe
it is likely that some forms of preventive therapy will be a reality within
a decade and thus screening may assume major importance.

Screening at one year, at school entry and at high school and perhaps at
age 30 would probably identify the great majority of individuals developing
diabetes as there is a latency of years of ICA positivity preceding
diabetes. The duration of this latency period apparently increases with the
age at which diabetes develops. At present a combination of specific assays
(cytoplasmic ICA and anti-insulin antibodies) would need to be utilized.
For such generalized screening improved quantitative assays are needed to
replace current indirect immunofluorescent assays.

ENDOCRINOLOGY PREDICTOR ASSOCIATED WITH THE DEVELOPMENT OF TYPE I DIABETES

An accumulating body of data from family studies (in particular from
Boston, Gainesville, Denver and Barts-Windsor) indicate that the rate at
which Type I diabetes develops can be tracked using a radioimmunoassay for
insulin concentrations following administration of intravenous glucose
(first phase insulin secretion) (8, 9). In our studies from the time
insulin secretion reached the first percentile 88% (7/8) became diabetic
with an average of 10 follow-up months, while amongst adults similarly
defined, 44% (4/9) became diabetic within 30 months. Currently we routinely
employ intravenous glucose tolerance testing in antibody positive
individuals. Insulin radioimmunoassays with low "backgrounds" when there is
no insulin in a human sera and sensitivity of 5 uU should prove adequate
for defining risk.
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SUMMARY

The information concerning the prediction of diabetes which I have
summarized is of recent "vintage" and a number of significant controversies
remain. In particular with some immunologic assays autoantibodies appear to
be transient. Nevertheless, a concensus is developing that with the most
specific immunologic assays such transient abnormalities are not detected.
Larger numbers of immunologically abnormal individuals need to be followed
for a longer time period to more precisely define the predictive value of
current and future assays. The promise of this area of investigation
coupled with development of safer immunotherapy is the prevention of Type I
diabetes.

REFERENCES

1. Eisenbarth GS. Type I diabetes mellitus. A chronic autoimmune disease.
N Engl J Med 1986; 314: 1360-1368.

2. Feutren G, Assan G, Karsenty G, et al. Cyclosporine increases the

rate and length of remissions in insulin-dependent diabetes of recent
onset. Results of a multicenter trial. Lancet July, 1986: 119-123.

3. Sutherland DE, Sibley R, Xu XZ, et al. Twin to twin pancreas
transplantation: reversal and reenactment of the pathogenesis of Type
I diabetes. Trans Assoc Am Physicians 1984; 97: 80-87.

4. Herskowitz RD, Ricker AT, Srikanta S, et al. Asymptomatic or transient
hyperglycemia in children: Identification by IVGTT of a subgroup with
rapid progression to diabetes. Society for Pediatric Research 1986.

5. Irvine WJ, Gray RS, Steel JM. Islet cell antibody as a marker for
early stage Type I diabetes mellitus. In: Irvine WJ, ed. The
Immunology of Diabetes. Edinburgh Teviot Publishing, 1980; 117-154.

6. Gorsuch AN, Spencer KM, Lister J, et al. Evidence for a long
prediabetic period in Type I (insulin-dependent) diabetes mellitus.
Lancet 1981; 2: 1363-1365.

7. Riley W, Maclaren N. Islet cell antibodies are seldom transient.
Lancet 1984; 1: 1351-1352.

8. Srikanta S, Ganda OP, Soeldner JS, Eisenbarth GS. First degree
relatives of patients with Type I diabetes mellitus: Islet cell
antibodies and abnormal insulin secretion. N Engl J Med 1985; 313:
461-464.

9. Srikanta S, Ganda OP, Gleason RE, Jackson RA, Soeldner JS, Eisenbarth
GS. Pre-Type I diabetes: linear loss of beta cell response to
intravenous glucose. Diabetes 1984; 33: 717-720.

10. Gale EAM, Bottazzo GF. Can we predict Type I (insulin dependent)
diabetes? In: World Book of Diabetes Practice, Elsevier, 1987; 2: 25-
29.

11. Gleichmann H, Bottazzo GF. Progress toward standardization of
cytoplasmic islet cell antibodies. Diabetes 1987; 36: 578-584.

12. Dib SA, Colman PG, Dotta F, Tautkus M, Rabizadeh A, Eisenbarth GS.
Expressior: of "cytoplasmic" islet cell antigens by rat pancreas.
Diabetes 1987; in press.

13. Nayak RC, Omar MAK, Rabizadeh A, Skrikanta S, Eisenbarth GS.
"Cytoplasmic" islet cell antibodies: Evidence that the target antigen
is a sialoglucoconjugate. Diabetes 1985; 34: 617-619.

14. Colman PG, Nayak RC, Connelly J, Rabizadeh A, Soeldner JS, Eisenbarth
GS. Islet cell antibodies: Clinical utility and target antigen(s). In:
Jaworski MA, Molner GD, Ragotti RV, Singh B, eds. The Immunology of
Diabetes Mellitus. Excerpta Medica, Amsterdam. Elsevier Science
Publishers, Netherlands, 1986, pp. 345-350.

15. Palmer JP, Asplin CM, Clemons P, et al. Insulin antibodies in insulin
dependent diabetes before insulin treatment. Science 1983; 222: 1337-
1339.

148



16.

17.

18.

19.

20.

21.

22.

23.

24,

Vardi P, Dib SA, Tuttleman M, et al. Competitive insulin autoantibody
RIA: Prospective evaluation of subjects at high risk for development
of Type I diabetes mellitus. Diabetes 1987; in press.

Wilkin T, Hoskins PJ, Armitage M, et al. Value of insulin
autoantibodies as serum markers for insulin dependent diabetes
mellitus. Lancet 1985; 2: 480-482.

Baekkeskov S, Landan M, Kristensen JK, et al. Antibodies to a 64,000
Mr human islet cell antigen precede the clinical onset of insulin
dependent diabetes. J Clin Invest 1987; 79: 926-937.

Lernmark A, Freedman ZR, Hoffman C, et al. Islet cell surface
antibodies in juvenile diabetes mellitus. N Engl J Med 1978; 299: 375-
380.

Eisenbarth GS, Morris MA, Scearce RM. Cytotoxic antibodies to cloned
rat islet cells in serum of patients with diabetes mellitus. J Clin
Invest 1981; 67: 403-408.

Colman PG, Campbell IL, Kay TW, Harrison LC. The molecular weight
64,000 autoantigen in Type I diabetes: Evidence against its surface
location on human islets. Diabetes 1987; in press.

Eisenbarth GS, Shimizu K, Bowring MA, Wells S. Expression of receptors
for tetanus toxin and monoclonal antibody A2B5 by pancreatic islet
cells. Proc Natl Acad Sci (USA) 1982; 79: 5066-5070.

Crump A, Scearce R, Doberson M, Kortz WJ, Eisenbarth GS. Production
and characterization of a cytotoxic monoclonal antibody reacting with
rat islet cells. J Clin Invest 1982; 70: 659-666.

Srikanta S, Eisenbarth GS. Islet cell antigens. Molecular Biol Med
1986; 3: 113-127.

149



ANTIBODIES TO ACETYLCHOLINE RECEPTORS IN MYASTHENIA GRAVIS

Angela Vincent

Department of Neurological Science, Royal Free Hospital
London, England

INTRODUCTION

Myasthenia gravis is a condition in which there is weakness which
increase with effort, and improves with the rest and treatment with
anti-cholinesterase drugs. It often effects eye and facial or bulbar
muscles; respiratory weakness is less commmon but can be life-threatening.
In a high proportion of cases the thymus gland is hyperplastic with
germinal centres, and about 10% of patients have a thymoma.

An autoimmune basis for myasthenia gravis (MG) had been suspected
for some time but it was not until the late 1950s that serious attempts
were made to prove the nature of the defect. Nastuk found fluctuating
complement levels in MG sera (1) which lead him to suggest an immunological
basis for the disease, and Strauss et al. demonstrated the presence
of anti-muscle antibodies (2). Meanwhile Simpson (3) recognised the high
female incidence, the increased prevalence of autoimmune diseases, and
the occurrence of neonatal myasthenia in infants born to myasthenic
mothers, and proposed that myasthenia was an autoimmune disease due to
antibodies to an ’‘endplate protein’. In the 1970s this hypothesis was
validated.

PHYSIOLOGY OF NEUROMUSCULAR DEFECT

Neuromuscular transmission in normal tissue is dependent on the
nerve-evoked release of about 50 packets or quanta of acetylcholine
(ACh) from the nerve terminal. ACh diffuses across the synaptic cleft and
binds to postsynaptic ACh receptors (AChR). This opens the AChR-ion channel
which allows Na' to enter and depolarise the muscle fibre, the endplate
potential (epp). The epp activates voltage-dependent Na' channels,
resulting in a muscle action potential. In MG the number of AChRs is
reduced (4) and the epp is therefore, reduced in amplitude (5). If it
falls below the critical threshold for activating the Na' channels the
muscle fails to contract. The miniature endplate potentials (mepps),
which are the result of spontaneous release of individual packets of ACh,
are also reduced in amplitude (5), and measurement of mepp amplitude on
intercostal biopsies is a sensitive diagnostic test for MG.
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ACETYLCHOLINE RECEPTORS

The ability to measure AChRs in muscle biopsies (4) followed the
demonstration that a polypeptide from the venom of Bungarus multicinctus
(alpha-Bungarotoxin, a-BuTx) blocked neuromuscular transmission
irreversibly, and that the radiolabelled toxin bound specifically and
irreversible to the endplate. This 8000 MW toxin has now been used
extensively to quantify AChRs in muscle, to assay for AChRs during
purification and to label AChRs for immunoprecipitation assays. Related
neurotoxins from other species have been used in affinity chromatography to
purify AChR from extracts of skeletal muscle of electric organ (see 6).

The AChR is an oligomeric protein consisting of five subunits
(a2,B,7,6) arranged around the central ion channel (see 7). a-BuTx binds to
the two alpha subunits and its binding is blocked by cholinergic ligands.
The amino acid sequence is now known (as the result of DNA cloning
techniques, see 8) and predictions based on the primary sequence suggest
that each subunit is looped through the membrane four times by hydrophobic
alpha helices. In addition a fifth amphipathic helix is consistent with the
presence of an extracellular NH2 terminus and an intracellur COOH terminus.

ANTIBODIES TO ACETYLCHOLINE RECEPTORS

In 1973 Patrick and Lindstrom (9) found that rabbits injected with
purified Torpedo electroplax AChR developed the typical weakness of MG
including improvement with anti-acetylcholinesterase treatment. This
condition, termed experimental autoimmune myasthenia gravis, EAMG, was
associated with small mepps and could be transferred between animals by
injection of serum containing anti-AChR antibodies (see 6).

Rat and mouse monoclonal antibodies have been raised against purified
AChR preparations from various species. In the large studies performed by
Lindstrom and his colleagues a substantial proportion of the antibodies
against intact AChR bind mutally exclusively to a region on each alpha
subunit called the main immunogenic region (m.i.r.) and these antibodies do
not bind strongly to denatured receptors (10). Antibodies against the
m.i.r. appear to bind to sequences between amino acids 37 and 85 on the
alpha subunits (11).

The demonstration that EAMG could be induced by immunisation against
purified AChRs stimulated the search for antibodies against AChRs in MG.
Appel et al. showed that MG IgG could inhibit the binding of a-BuTx to rat
AChR, and could immunoprecipitate AChR (12). Immunoprecipitation of 12575
BuTx labelled human AChR was found to be positive in over 85% of MG
patients and this is now the assay in common use (13).

In our laboratory (14) human muscle is taken from_ amputated limbs and
extracted in Triton X 100 detergent and labelled with 1257 . a-BuTx. 1-5 ul
MG serum is incubated overnight with 30-50 fmoles of 125.1-BuTx binding
sites and the patient’s IgG is precipitated with a goat anti-human Ig
serum. Radioactivity in the pellet shows_a linear relationship with the
amount of MG serum added, until all the 125_1.2-BuTx-AChR is precipitated,
and indicates the presence of anti-AChR antibodies after subtraction of
control serum results (Fig ).

Muscle from ischaemic limbs is frequently denervated and contains
larger amounts of AChR due to the appearance of extrajunctional receptor.
Some MG sera react preferentially with endplate or with extrajunctional
AChR and we use a mixture of different extracts in the assay. Rat muscle is
a more convenient source of AChR but gives a lower percentage of positive
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results; fetal calf AChR is probably almost as good as human (15). There
have been several reports of ELISA assays for anti-AChR determination.
These are generally not so satisfactory since it is difficult to purify
sufficient AChR from muscle to coat the plates, and it is difficult to
exclude the possibility that anti-muscle, rather than anti-AChR, antibodies
are being detected. The great advantage of the immunoprecipitation assay is
that it uses the unique specificity of a-BuTx to identify the protein to
which the antibodies bind. On the other hand an ELISA using a m.ab against
the cytoplasmic aspect of human AChR as first layer might be useful for
detecting antibodies against the extracellular aspect.

Normal sera give values which can be regarded as negative and are less
than 0.2 nmoles/litre if individual specificity controls are performed.
However some sera from other conditions e.g. thymoma without MG,
penicillamine-treated rheumatoid arthritis and primary biliary cirrhosis,
do give low positive results but this may be related to an increased
incidence of MG in these conditions. We found a very low incidence of
anti-AChR in asymptomatic first degree relatives of MG patients or in
elderly individuals (see 14).

In MG patients the titre of antibodies varies widely. About 70% are
between 2.0 and >1,000 nM and form a fairly normal distribution when
plotted on a semi-log scale (Fig 1). Below 2.0 nM, however, there is a
subgroup of patients, often male, whose antibodies frequently show
specificity for endplate AChR. Some of these are negative (<0.2 nM in our
hands) on repeated testing, while others may become positive over a period
of time if serial samples are taken before treatment is initiated (14).

The anti-AChR titre gives little indication of disease severity
between individuals: whereas patients with purely ocular symptoms
frequently have low antibody titres even patients in sustained clinical
remission may have high levels. Although the absolute level in an
individual is no indication of their clinical state a fall in antibody of
about 50%, as happens following plasma exchange, is often sufficient to
produce dramatic improvement (16).

PATHOGENIC EFFECTS OF ANTIBODIES

The pathogenic significance of anti-AChR is now hardly disputed.
Passive transfer of MG IgG to mice resulted in small mepps and reduced
a-BuTx binding (17). Plasma exchange produced temporary clinical
improvement which followed the same time-course as changes in anti-AChR
(16). The clearest evidence for a specific pathogenic action of anti-AChR
came from the work of Engel and his associates. They showed that IgG and
complement was present at MG endplates and their distribution was similar
to the distribution of AChRs, as indicated by peroxidase-a-BuTx staining
(18).

MECHANISMS OF ANTIBODY MEDIATED ACHR LOSS

The mechanisms by which anti-AChR produces a loss of functional
receptor are probably diverse. Anti-AChR can induce an increased rate of
degradation of endplate receptors. This was demonstrated both in tissue
culture and at intact endplates of animals with passively transferred MG
(19). However, an increase in AChR synthesis was also found in passive-
transfer experiments (20) and the role of increased AChR degradation in
human MG is difficult to establish.
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washing which suggests a non-immunological basis (e.g. 21).

Fig.
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Table 1. Different clinical subgroups of myastenia Gravis patients

Young onset Thymoma 01d onset

Age of onset <40 yrs 30-60 yrs >40 yrs
Thymic

pathology Hyperplastic Tumour Atrophy
Anti-AChR

synthesis by

thymic cells ++ +,- +, -
Most frequent

HLA association B8, Dr3 none B7, Dr2

A functional defect of receptors due to binding of an antibody to the
ACh binding site, the ion channel or some other part of the AChR molecule
has been difficult to establish. Most physiological studies on muscles
incubated in MG sera have shown no effect, or the effect was reversed by

The role of complement in MG is clearly important and can account
for the marked morphological changes found at most endplates. Both C3 and
C9 have been demonstrated histochemically and the latter is present mostly
on the debris which is found in the synaptic cleft (see 18). This not only
explains the simplification of the postsynaptic membrane and loss of normal
architecture of the endplate but raises the possibility that release of
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AChR/anti-AChR/Complement complexes into the extracellular space may
provide antigenic stimulus to regional lymphnodes.

The role of antibodies in anti-AChR negative patients has been
investigated by passive transfer of Ig to mice (22). The presence of a
defect in transmission was confirmed in mice treated with 10/12 anti-AChR
negative preparations: there was substantial electromyographic decrement
without any evidence of AChR loss or antibody bound. Thus in these patients
a defect in transmission may be the result of antibodies binding to non-
AChR determinants at the endplate. Further electrophysiological studies on
treated mice suggest that in some of the anti-AChR negative patients a
presynaptic abnormality may be present (Burges, Wray, Vincent and Newsom-
Davis unpublished observations 1986).

HETEROGENEITY OF ANTI-ACHR ANTIBODIES

It is clear from a number of studies that anti-AChR antibodies are
restricted to IgG class but unrestricted in their light chain or subclass
(e.g. 23). Moreover they can be shown to cross-react variably with
different mammalian AChR preparations although they do not react well with
Torpedo receptor. Further heterogeneity is indicated by the variable
reaction with the a-BuTx binding sites on the AChR, and the ability of some
sera to discriminate between rat or human endplate and extrajunctional
AChR.

A different approach to looking at the specificity of the anti-AChR is
to use monoclonal antibodies as probes in competition experiments. There
was marked variability between different sera, each of which gave a unique
profile of inhibition by different m.abs. M.abs directed against the main
immunogenic region (m.i.r.) inhibited a high proportion of MG antibodies
suggesting that this is also the immunodominant region of human AChR in MG
(24).

We have used ten m.abs directed at human AChR to characterise MG
antibodies by competition. These m.abs bind to five regions on the
extracellular surface of the receptor (25), probably on the alpha subunits.
Antibodies binding within a region share idiotopes, whereas those binding
to different regions are idiotypically distinct. Two of the regions appear
to be part of the m.i.r. (26). The remaining three may be present on only
one of the alpha subunits, and one of them is available only on
extrajunctional AChR.

ANTI-ACHR IN DIFFERENT SUBGROUPS OF MG PATIENTS

There is good evidence for the existence of three main groups of MG
patients defined by their age of onset, thymic pathology and HLA
associations (27) (see Table 1).

Anti-AChR specifities, as demonstrated by inhibition by m.abs showed
some significant differences between the three groups. In particular
inhibition by m.ab C3 was higher in young onset patients than in the other
two groups (26). This suggested the possibility that thymic anti-AChR was
contributing this particular antibody specificity but anti-AChR made by
thymic lymphocytes had almost identical specificity to that present in the
serum of the same individual (26) and anti-AChR specificities did not
change significantly after thymectomy even when total anti-AChR fell
considerably. Moreover, immunofluorescent staining of thymic tissue with
m.abs showed that all antigenic regions of the human AChR were present on
thymic myoid cells in both control and MG thymus (28).
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PROSPECTS

Our knowledge of the pathogenetic role of anti-AChR in MG should make
it possible to devise specific forms of treatment rather than relying on
immunosuppression for those cases which do not respond to thymectomy.
Unfortunately, this is proving to be more difficult than anticipated. The
idiotypes produced appear to be heterogenous and differ between patients
(29) which makes the prospects of specific B cell killing based on anti-
idiotype antibodies very remote. On the other hand T cell lines specific
for AChR are now being raised from MG patients (30), and the exact peptide
sequences which stimulate the T cells is beginning to be established. This
approach does offer some hope of treatment based on eradicating the cells
involved in the autoimmune response.

CONCLUSIONS

The defect in neuromuscular transmission in MG is mainly due to
antibody binding to acetylcholine receptors at the neuromuscular junction
of skeletal muscle. This antibody is present in about 85% of MG patients
but is frequently negative in ocular MG and in a small proportion of
patients with generalised disease. It is best measured by
immunoprecipitation of 125 1.a-BuTx-labelled human AChR which is a specific
and quantitative test.

In general the antibodies do not bind to functional determinants on
the AChR but cause loss of receptor by increased degradation and complement
mediated damage. Anti-AChR negative sera may effect some other pre or
postsynaptic function.

The antibodies in MG are very heterogeneous and each patient shows a
unique profile of specificities for different regions on the human
receptor. There are some differences in specificity between different
groups of patients, however, and these may relate to the role of the
thymus. Nevertheless antibody produced by thymic lymphocytes is similar in
specificity to that made elsewhere, and the receptor found on thymic myoid
cells does not differ from muscle AChR. The involvement of the thymus in
young onset patients, and the nature of the association of MG with thymoma
is still not clear.

Specific therapy directed at the T cells which are sensitised to AChR
is a possibility when the exact peptide sequences involved have been
defined.
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POLYGLANDULAR AUTOIMMUNE SYNDROME AND BRONCHIAL ASTHMA

Melvin Blecher

Department of Biochemistry, Georgetown University Medical
Center, Washington, D.C. 20007 (USA)

INTRODUCTION

One of the basic caveats in endocrinology is that glandular
abnormalities tend to occur together. As many as 25% of patients with
evidence of hypofunction in one gland have evidence of other end organ-
specific or non-specific autoimmune disease.

Ever since the early studies of Hashimoto and of Schmidt, which
established an autoimmune etiology to polyglandular failure, the
association of multiple autoimmune endocrine disorders has been termed
variously as Schmidt’s Syndrome, Organ Specific Autoimmunity, Polyglandular
Failure Syndrome, and Polyglandular Autoimmunity Syndrome.

These names do not accurately describe the syndrome as we are now
aware that concurrent multiplicity of autoimmune diseases is not limited to
endocrine glands. The neuromuscular junction is also a target for
lymphocytic infiltration and consequent autoimmune disease. There is also
evidence that neurological disorders such as schizophrenia and Alzheimer's
syndrome may be autoimmune diseases. I will present evidence later that in
a subset of bronchial asthmatic patients lung smooth muscle may become
autoantigenic. It is also clear that autoimmune disorders involving
connective tissues may be associated with polyglandular autoimmune
disorders. Thus, it is probably more accurate to describe the associations
as Polyautoimmune Disease; however, for historical reasons, I will continue
to refer to the associations as Polyglandular Autoimmunity (PGA).

CLASSIFICATION OF AUTOIMMUNE DISORDERS

On the basis of disease associations, Neufeld, Maclaren and Blizzard,
at the Universities of Florida and Virginia, in 1980 suggested a
nomenclature for dividing PGA into several discrete syndromes, based upon
the incidence of associations and clinical characteristics. Although the
substantial overlap of clinical entities makes categorization difficult,
three broad categories have been distinguished by Neufeld and his
colleagues, and named, appropriately, Types I, II and III. As will be seen
later, these divisions are of great value for clinical and laboratory
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Table 1. Clinical characteristics of polyglandular autoimmunity

Characteristic Type I Type II

Age at onset 12-15 20-60

HLA association none B 8/DR 3/Dw 3

Chromosome location 6 (MHL)

Genetics autosomal multiple generations
recessive affected

Female:male 1.4 1.8

Table 2. Discordance of times of onset of pairs of autoimmune diseases

Autoimmune combination Average interval
between appearance

Addison’s disease and IDDM 6 years
Graves' disease and pernicious anemia 3.3

Table 3. Frequency distribution in polyglandular autoimmune syndromes

Incidence in

Disorder Type I % Type II
1. Addison’s disease 60 100
2. Hypoparathyroidism 89 0
3. Chronic mucocutaneous candidiasis 75 0
4, 2 +3 70 0
5.1 +2+3 33 0
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diagnoses of present disorders and for predicting what autoimmune diseases
may occur in the future.

Table 1 describes the clinical characteristics of the Types I and II
syndromes. Generally, Type I appears in childhood, with the peak age at
about 12, whereas Type II is an adult syndrome with the peak appearance at
about age 30.

No consistent HLA association has been found in population studies
with Type I patients, whereas HLA B-8, DR3, Dw3 loci are clearly associated
with Type II syndrome.

This distinction is considered significant because it suggests
different etiologies for each syndrome. Expression of HLA-DR antigens
(class II major histocompatibility antigens) on cells in humans is normally
restricted to B lymphocytes, activated T lymphocytes, antigen-presenting
cells, capillary endothelium, and certain epithelial cells. It is thought
that the principal function of these antigens is to facilitate recognition
among cells of the immune system. In particular, helper T lymphocytes
cannot initiate an immune response to an antigen unless the antigen is
"presented" to them by a cell expressing HLA-DR. It has been proposed that
the initial event in organ-specific autoimmune disease may be an aberrant
expression of HLA-DR by the target cells. The presence of these class II
antigens would convert the target cell into a functional antigen-presenting
cell, and an autoantigen specific for the target cell could then be
presented to helper T lymphocytes, which might then initiate an autoimmune
reaction. In support of this hypothesis, aberrant expression of HLA-DR has
been seen on thyrocytes in autoimmune thyroid diseases, on bile duct
epithelium in primary biliary cirrhosis, and on insulin-containing beta
cells in recent-onset Type I diabetes mellitus.

There are several exceptions to the aforementioned triad of HLA
antigen associations. In Hashimoto's goitrous thyroiditis, the association
is limited to DR5. The triad is also not associated with pernicious anemia
(PA), except when this disease is associated with other endocrinopathies.
In myasthenia gravis (MG), this HLA triad is present in young females with
the disease, but not in males with associated thymomas. And Type I
diabetes mellitus patients with associated Hashimoto's thyroiditis are
essentially HLA B8 negative, whereas the B8 association is strong in Type I
diabetes mellitus patients with associated Addison’s disease, Graves'
disease and atrophic thyroiditis.

Studies of families of patients with PGA have demonstrated that the
haplotypes involved in transmission of disease susceptibility are often B8-
DR3 negative, whereas the patients are positive. This suggests that
expression of the disease requires complementation with a B8-DR3-linked
gene. It has been suggested that DR3 is in linkage disequilibrium with a
defective immuno suppression gene, which predisposes to the development of
autoimmune disease.

Diseases of the Type I syndrome are inherited in an autosomal
recessive pattern, whereas in Type II patients it is common to find
multiple affected siblings, although not a parent and a child with the
syndrome.

In both types, there is a pronounced female preponderance, and the
explanation for this is not yet forthcoming.

Table 2 provides data that demonstrates that, although there is some

correlation between the age of onset of multiple members of the PGA
syndrome, many years may separate the onset of different diseases. Thus, it
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Table 4. Frequency distribution (continued)

Disorder Type I % Type II
Addison’'s disease 60 100
Graves' disease 12 60
Type I diabetes mellitus 1 52

Table 5. Frequency distribution (continued)

Type I % Type II

Alopecia 29 <1
Malabsorption syndrome 2 <1
Pernicious anemia 14 <1
Premature gonadal failure

(primarily ovarian) 15 3.5
Chronic active hepatitis 13 <1
Vitiligo 9 4.5
Myasthenia gravis ND

Table 6. Frequency distribution of steroidal cell autoantibodies in
polyglandular autoimmunity

Autoantibodies to Type I % Type II
Adrenal cortex 100 86
Steroidal cells

(ovary, testes, placenta) 96 13

Elder M, et al. J Clin Endo Metab 1981; 52: 1137
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is probably clinically wise periodically to monitor patients with one
expression of a potential PGA syndrome for the appearance of others.

The next group of figures shows the disease associations that
constitute Types I and II PGA.

Table 3 describes the triad of diseases that is the hallmark of the
Type I syndrome, namely, Addison’s disease, hypoparathyroidism and chronic
mucocutaneous candidiasis (CMC). Of this triad, hypoparathyroidism and CMC
occur in about 70% of the cases. The presence of any two of this triad is
sufficient to make the diagnosis. A patient with only & single element of
the syndrome must still be considered if any members of her family are
known to have one or more of any of the other components.

Of the triad of diseases that is characteristic of Type I, only
Addison’'s disease also appears in Type II patients. However, a different
triad distinguishes Type II PGA patients from Type I. This is shown in
Table 4. The Type II syndrome is distinguished by the occurrence of two or
more autoimmune disorders in the same patient, selected from among
Addison’'s disease, Graves' disease, and Type I diabetes mellitus. The
incidence of the latter two diseases is quite low in the Type I patient.

Several non-endocrine diseases also occur in these patients. The
incidence of evidence of alopecia, celiac disease, pernicious anemia,
gonadal failure, chronic active hepatitis and vitiligo is rather
substantial in Type I patients, much lower in Type II. Myasthenia gravis is
occasionally seen in Type II patients, but its incidence is not known with
certainty (Table 5).

Types I and II associations are also distinguished by the presence and
types of steroidal cell autoantibodies (Table 6). Type I patients who
present with both adrenal and gonadal failure (primarily premature ovarian
failure) exhibit autoantibodies against adrenal cortical, gonadal and
placental tissues. As circulating steroidal autoantibodies cross react with
antigens on all steroid-producing tissues it is logical to suggest that all
of these tissues have an autoantigen in common, perhaps the cell surface
receptor for trophic pituitary hormones, or perhaps the enzymes of the
steroid producing pathways which are known to be shared by all steroid
producing cells.

Associations of autoimmune endocrine diseases without the occurrence
of primary adrenal insufficiency are well known. In most such cases,
thyroid autoimmune disease coexists with a second tissue-specific
autoimmune disease. These are categorized as Type III PGA, and the nature
of the coexisting disease provides the subclassification. This is shown in
Table 7.

In subtype IIIA, the associated disease is Type I diabetes mellitus.

In subtype IIIB there is a high incidence of associated pernicious
anemia. Because of the high prevalence of autoimmune thyroid disease among
patients with pernicious anemia, routine evaluation of all pernicious
anemia patients should include a serum T4, T3 resin uptake, and TSH. In
addition, an evaluation of thyroid microsome autoantibody status may
provide a parameter by which to assess the risk and future development of
thyroid autoimmune disease. In patients with autoimmune thyroid disease,
routine assessment of Bl2 status should also be considered, particularly
for patients over the age of 40 in whom there is the greatest chance for
such an association.
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Table 7. Disorders associated with Type III polyglandular autoimmunity

Autoimmune thyroid disease without Addison’s disease, plus:

Subtype Associated disease
IIIA Type I diabetes mellitus
IIIB Pernicious anemia

IIIC Connective tissue disorders

(vitiligo, alopecia, etc.)

Table 8. Autoimmune connective tissue disorders

Disorder HLA type
Acanthosis nigricans types A & B DR 4

with insulin resistance
Systemic lupus erythematosus DR 3/DR 4
Sjogren’s syndrome Dw 3/DR 3/Dw 2/D
Rheumatoid arthritis DR 4

Progressive systemic sclerosis -
(diffuse scleroderma)

Table 9. Autoantibody cross reactivity in multiple organ autoimmunity

Combination tested Cross reactivity

Thyroid microsomes

+ gastric parietal cells 0
+ thyrotropin receptors 0
+ thyroglobulin 0

Knight JG, et al. Nature 1984; 308: 318
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In subtype IIIC connective tissue autoimmunity is the associated
disorder.

The major autoimmune connective disease disorders are listed in Table
8. Acanthosis nigricans with associated insulin resistance is associated
with HLA- DR4. Systemic lupus erythematosus (SLE) is associated with HLA
loci DR3 and DR4. Sjogren’s syndrome with many HLA loci, namely, Dw3, Dw2,
DR3 and D. Rheumatoid arthritis (RA) is primarily associated with DR4. No
HLA associations have been found for scleroderma.

The disease associations just described, along with the cross
reactivity among steroidal cell autoantibodies, have given rise to the
rather obvious suggestion that some patients may produce autoantibodies
that recognize autoantigens on more than one involved tissue, and that this
cross reactivity is responsible for the clustering of disease entities.
This notion has received support from the observations of Notkins and
colleagues at the National Institutes of Health (USA) that monoclonal
antibodies raised against antigens in single organs extensively cross
reacted with autoantigens in other tissues.

Despite this prediction, Knight et al. (Table 9) could find no
evidence of cross reactivity among autoantibodies directed to different
autoantigens derived from patients with autoimmune thyroid and gastric
diseases. However, the hypothesis may still be valid in other cases, as
Robert Schwartz has provided striking evidence that the autoantibodies
produced in SLE recognized antigenic determinants occurring in several
seemingly unrelated molecules.

In the next group of tables, I will consider the different
autoantigens that have been recognized in autoimmune disorders, and will
discuss the tests of which I am aware that are currently employed both to
detect and to quantify the corresponding autoantibodies.

Table 10 lists the techniques currently employed to detect
autoantibodies. Highly sensitive, but not lending themselves to routine
assays in a clinical chemistry laboratory, are immunohistochemical and
indirect immunofluorescence techniques, both of which are microscopic
methods. Highly sensitive and lending themselves both to quantification and
routine assay are ELISA methods (both solid state and in free solution),
radioimmunoassay (RIA), radioimmunodisplacement (otherwise known as
radioreceptor assays (RRA) or immunoradiometric assays (IRMA), and
immunoblotting. 32P-labeled DNA probes are beginning to become available,
and quantification should be possible by combining radioautography with
instruments that measure the intensity of spots.

Less sensitive and of limited quantitative value are the serological
tests and those based upon a preliminary separation of protein by SDS-PAGE,
followed by immunoblotting with radiolabeled antigens or antibodies.
Functional assays are generally not particularly sensitive, and thus not
very suitable for routine analysis. There are exceptions, however;
functional assays based upon inhibition by anti-receptor antibodies of
hormone-stimulated adenylate cyclase activity in plasma membrane
preparations or of glucose entry into adipocytes can be quite sensitive,
precise and accurate.

In Type I diabetes mellitus various types of islet cell autoantigens,
including a cytoplasmic glycolipid, have been studied, primarily by
immunofluorescence microscopic techniques, for which a commercial kit is
available. However, an ELISA method has been developed for islet cell
cytoplasmic proteins, and work is in progress to commercialize this
technique (Table 11).
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Table 10. Methods to detect and quantify autoantibodies

Highly sensitive Less sensitive

1. Immunohistochemical 1. Serological

a) Indirect immunofluorescence a) Immunodiffusion

b) ELISA b) Hemagglutination

2. Radioimmunoassays c) Complement fixation

3. Radioimmunodisplacement 2. Functional assays

4. Immunoblotting 3. SDS/PAGE with immunoblotting
5. DNA probes

Table 11. Type I diabetes mellitus

Pancreatic autoantigen Autoantibody assays
Islet cells Immunofluorescence*
Islet cytoplasmic protein Immunofluorescence*

(Bouin’s fixed pancreas)
ELISA (biotin-avidin)
Islet cytoplasmic Immunofluorescence
glycolipids (unfixed)

* Commercial kits available

Table 12. Autoimmune insulin resistant diabetes mellitus

Autoantigen Autoantibody assays

Insulin receptor Immunodisplacement (RRA)
Functional assays: e.g.,

glucose uptake

tyrosine kinase
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In Type II diabetes mellitus of the autoimmune type, the insulin
receptor is the autoantigen (Table 12). Anti-insulin receptor
autoantibodies have been associated with profound insulin resistance and
hyperglycemia, reflecting the insulin binding blocking action of the anti-
receptor IgG antibodies. This property of the autoantibody is the basis of
currently employed assays for the presence and titre of this serum protein:
a competition radioreceptor assay, and two types of functional assays. In
some patients, however, the anti-receptor antibody mimics insulin’s
actions, and can lead to profound, even intractable, hypoglycemia, and
death. The same kinds of assays can be used for such autoantibodies,
although the direction of the changes in the functional assays will be the
opposite.

What is known and conjectured about the laboratory diagnosis of
autoimmune hypoparathyroidism is shown in Table 13. What are available
currently are indirect immunofluorescence assays for non-specific
parathyroid cell autoantigens. Such assays are employed in those cases in
which the parathyroid gland is immunocompromised and primary
hypoparathyroidism is the diagnosis. However, cases have been reported in
which patients suffering from PGA are resistant to endogenous and
administered parathormone, just as in pseudohypoparathyroidism. In such
instances, it is quite likely that the PTH receptors of bone cells and
renal tubular cells have become autoantigenic and lymphocytic infiltration
produces anti-receptor antibodies. By analogy to other anti-receptor
autoimmune disorders, one can conceive of assays for circulating anti-PTH
receptor antibodies based upon competitive radioreceptor assays or those
based upon inhibition of cAMP synthesis in tissue preparations. Once the
purified PTH receptor protein becomes available, it should be a simple
matter to devise a solid state ELISA assay for such an autoantibody.

Addison’s disease and premature gonadal failure can be considered
together, as both involve steroid-producing cells (Table 14). Currently,
indirect immunofluorescence methods applied to cryocut sections, for which
commercial kits are available, are the methods of choice for visualizing
autoantigenic structures in steroid-producing tissues, such as the adrenal
cortex, ovary, testis and placenta. An example of such autoantigens are the
cytoplasmic cell antigens recently found in adrenal cells. However, in view
of the distinct possibility that, in at least some cases, cell surface
protein receptors for the trophic hormones ACTH, FSH, and HCG/LH have
become autoantigenic, blocking autoantibodies are likely to be found in the
serum of such patients. In such cases, both radioimmunodisplacement and
functional assays would make possible routine assays for the
autoantibodies. Examples of simple functional assays would be those based
upon the ability of the autoantibodies to inhibit the effects of trophic
hormones as activators of adenylate cyclase in plasma membrane preparations
or as stimulators of steroidogenesis in cultured steroid-producing cells.
Again, with the advent of the availability of solubilized and purified
trophic hormone receptors, solid assays will become available. A new assay
for anti-adrenal cell surface antigen serum antibodies was described last
month at the U.S. Endocrine Society meeting. The Lernmark group in Denmark
together with Maclaren’s group in Florida have devised a solid state assay
using a mouse adrenal cell line that detected and titred adrenal cell
surface antibodies in the sera of 60% of Addisonian patients.

For historical reasons assays for autoantibodies in autoimmune thyroid
disease have probably been subject to more research and development and
controversy than any other autoimmune disorder, and, consequently, more
assays are available.

Thyroid microsomes and thyroglobulin have long been recognized as
major autoantigens in autoimmune thyroid diseases, and at least five assays
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Table 13. Autoimmune hypoparathyroidism

Autoantigens Autoantibody assays

Parathyroid tissue Indirect immunofluorescence

PTH receptors Radioimmu<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>