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QUEBEC COOPERATIVE STUDY
QOF FRIEDREICH'S ATAXIA

The Quebec Cooperative Study of Friedreich’s
Ataxia:
1974-1984 — 10 Years of Research

A. Barbeau

ABSTRACT: Inthis paper the author reviews the progress accomplished in the understanding of Friedreich’s disease since the start
of the ‘*Quebec Cooperative Study of Friedreich’s Ataxia’’ in 1974, The last ten years have indeed seen important strides taken in the
definition and nosography of the hereditary ataxias and the characterization of a number of new entities. Biochemically, the principal
leads uncovered during the initial prospective survey, have been pursued to great detail. Unfortunately no clear-cut constant and
severe enzyme block in the principal metabolic pathways has yet been identified, despite intensive studies. It is postulated that the
defect may instead be a regulatory one and involve a decreased availability or utilization of one of the vitamin cofactors that are
known experimentally, or clinically, to produce central nervous system damage with ataxia: Vitamin E, Biotin or Pantothenic Acid.
Studies in that direction and in molecular genetics to localize the Friedreich’s disease gene are being untertaken for the next phase of
the Cooperative Study.

RESUME: Dans le présent article I'auteur passe en revue le progrés enregistré dans la compréhension de la maladie de Friedreich
depuis le début de I’Etude Coopérative du Québec, en 1974, Ces derniéres dix années ont été marquées par une évolution importante
dans la définition et la classification des ataxies héréditaires et la caractérisation de plusieurs nouvelles entités. Biochimiquement
nous avons investigué en grand détail les principaux indices mis en lumiére lors de I’étude prospective initiale. Malheureusement
nous n’avons pas trouvé de bloc enzymatique évident, constant et sévére, comme celui qui a permis d’élucider la maladie de Refsum.
Nous proposons que le défaut dans la maladie de Friedreich se situe plut6t au niveau de la disponibilité ou de I'utilisation d’une des
vitamines (co-facteurs) connues pour causer expérimentalement, ou cliniquement, des lésions du systéme nerveux, surtout sensitif,
avec ataxie: il s’agit de la vitamine E, de la biotine ou de I'acide pantothénique. Nous avons entrepris des études dans ce sens ainsi
qu’une investigation, par des méthodes de génétique moléculaire, du site de localisation chromosomique du géne de la maladie.
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In November 1974, Claude Saint-Jean (see I-1*), despite his Philosophy and Plan of the Investigation

severe handicap, courageously founded ‘'L’ Association Can-
adienne de I’ Ataxie de Friedreich’” and immediately decided
that all the monies raised would be spent on research into the

The Scientific Committee in 1975 made a series of decisions
which, atthe time, were considered innovative, if not revolutionary.
In contrast to aimost all other disease-related Foundations, the

cause and treatment of Friedreich’s disease and allied disorders.
When he asked the author in 1975 to form a Scientific Advisory
Board to direct that research, Claude Saint-Jean also gave us a
challenge and a goal: to find the cause of Friedreich’s disease
within 10 years. We are now entering the 10th year of this
investigation (the Quebec Cooperative Study of Friedreich’s
Ataxia or QCSFA) and, unfortunately, we cannot yet state that
we clearly know what causes the disease, but we have taken
important strides in that direction. It is the purpose of the
present paper to review the progress made and to outline the
approaches that should be followed in the next few years to
reach that goal.

grant or award system was forfeited in favour of orientations in
research formulated by a Scientific Advisory Board and con-
tracts for specific investigations negotiated by the Scientific
Director with researchers chosen for their particular expertise
in the desired field. These contracts were for a finite period and
to answer a definite question. No promise of renewal or contin-
ued support was made beyond the original purpose, thus many
researchers were involved in the Cooperative Study only for a
short period, but their contribution was always important. The
answers obtained in this way, whether positive or negative,
helped in completing the mosaic of knowledge on Friedreich’s
disease which we were patiently building.

From the Department of Neurobiology. Clinical Research Institute of Montreal.

Reprint requests for the complete supplement (Phase 3. Part 3) to: Prof. André Barbeau. Clinical Research Institute of Montreal, 110 Pine Avenue West, Montreal. Quebec,

Canada T2W IR7.
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Another decision made early in this program was to involve
multidisciplinary teams from each of the four Medical Schools
in the Province of Quebec. This was to simultaneously stimu-
late competition and foster cooperation in a way that permitted
the verification of findings by different teams and different
laboratories. Voluntary duplication was programmed into the
protocole, preferably with different methodologies. Later, labo-
ratories from other countries were also recruted, particularly
from other continents. Finally, taking heed of human nature,
we opted to avoid conflicts of priority between our numerous
contributors by ruling that publications, refereed and edited by
the Scientific Board and by outside consultants, would always
appear at the same time as all the others. Thus special regular
(12-18 months) supplements to the Canadian Journal of Neuro-
logical Sciences were used as results were compiled instead of
random publications in various journals. In addition, each fall,
we gathered all ouractive researchers and some outside consult-
ants for a three day scientific retreat with no formal presentations,
but long animated discussions on the significance of recent
findings from our Cooperative Study Group or from other
laboratories. Plans and protocoles for the following year were
elaborated at that time. Unproductive lines of investigation
were dropped in favour of more promising ones.

A final point is of importance: as much as was feasible, the
same patients identified in the initial elaboration of the diagnos-
tic criteria and in the homogeneity tests were used time and
time again for all the biochemical studies. This permitted corre-
lation of different findings and also gave a picture of disease
evolutionary changes.

From such a philosophy, a 5 phase program of action was
elaborated (Table 1): it was first decided to carry out a complete
prospective study (clinical and biochemical) of some 50 cases
of Friedreich’s disease to search for clues to any biochemical
abnormality and to define strict diagnostic criteria for the disorder.
To this purpose a systematic survey of all metabolic pathways
was carried out. The second phase was to involve detailed
biochemical investigation of the clues thus uncovered and to
sort out secondary manifestations of the disease from possible
etiologic leads. From the array of biochemical modifications
observed, it was the role of the third phase to explain the
pathophysiology of the various symptoms previously defined

“and to outline the final paths of investigation towards the cause.
This is approximately where we now stand, as seen in the
present special issue. The next phase of this research will
involve, we hope, the identification and characterization of the
basic defect and the localization on a specific chromosome of
the site of the gene mutation. Finally, phase 5 will carry out
experimental therapeutic approaches, preferably in a double
blind fashion and will concentrate on possible preventive
measures.

State of Art In 1974

Before analyzing the possible progress accomplished over
the last ten years by members of the Quebec Cooperative Study
and by outside laboratories, it is useful to take stock of the
comprehension of Friedreich’s disease as it was in 1974, our
starting point. Luckily four papers published at about that time
reviewed the situation: the clinical features were detailed by

* For references to QCSFA papers, sece note in Reference section. All
other references cited as usual.
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Table 1: Research on Friedreich’s Disease 1974-1984

PLAN OF INVESTIGATION

A PROSPECTIVE SURVEY
Part One: Literature Review
Part Two: Preparation of Protocole
Part Three: Screening Procedure
Part Four: Collating Results (1976)

BIOCHEMICAL INVESTIGATIONS
Part One: Clinical and Biochemical Studies
(1978)
Part Two: Further Clinical and Biochemical
Studies (1979)

CLINICAL PATHOPHYSIOLOGY
Part One: Clinical Pathophysiology (1980)
Part Two: Enzymology and Clinical Trials
(1982)
Part Three: Further Clinical and Biochemical
Studies (1984)

ETIOLOGY AND MOLECULAR GENETICS
Part One: Identifying the basic defect
Part Two: Gene Localization

TREATMENT AND PREVENTION
Part One: Experimental Therapeutics
Part Two: Therapeutic Trials

(---) date of publication of results

Tyrer (1975) in the Handbook of Neurology; the biochemistry
by Lubozynski and Roelofs (1975); the pathology by Hughes et
al. (1968), and the electrophysiology by McLeod (1970). What
did we know? Not much. The clinical definition of Friedreich’s
disease as given by Tyrer (1975) is little ahead of the original
description (I-2).* It is vague and encompasses dominant and
sporadic cases as well as recessively inherited ones, cases with
increased tendon reflexes and others without, cases associated
in the same kindreds (albeit as ‘‘formes frustes’’ or ‘‘formes
atypiques de passage’’) with a bewildering assortment of other
disorders, and intermediate forms with olivo-ponto-cerebellar
atrophy, extrapyramidal syndromes, myoclonia, neurogenic
muscle atrophy, myopathies and polyneuropathies! The review,
except where it concerns pes cavus and scoliosis, is only a
compedium of previous opinions by many authors, and not a
statement of the author’s personal views on the subject. The
place of Friedreich's disease within hereditary ataxias is not
well defined.

The biochemistry of Friedreich’s disease was essentially non
existant in 1975 (Lubozynski and Roelofs, 1975) except for the
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recognition of the high prevalence of diabetes. Patient investi-
gations by Robinson and his collaborators had probably accu-
mulated most of our knowledge on tissue enzymes, lipids and
amino acids in Friedreich’s disease (Robinson, 1966 a, b; 1968;
Robinson et al., 1965 a, b). The most significant finding was
probably the demonstration, thought to be secondary because
not specific, that concentrations of aspartic acid, glutamic acid
and leucine were decreased in affected white matter of the
spinal cord (Robinson, 1968). Mostly forgotten were Kraus-
Ruppert’s suggestion (1964) that the changes resulted from
‘*premature degeneration of the enzymes controlling the oxida-
tive processes in the cell”” and the observation by Szanto and
Gallyas (1966) that red blood cell average life span was decreased
in Friedreich’s disease. These findings will be recalled later.

The pathology of Friedreich’s disease was well defined by
1975. In fact, the most extensive study still known was pub-
lished by Hughes et al. in 1968 on 18 cases of the disease. The
following characteristic changes in the spjnal cord were found
to be invariably present: degeneration of the posterior columns,
spino-cerebellar tracts and pyramidal tracts. In the peripheral
sensory pathway these authors found extensive neuronal
degeneration, especially involving the large neuron cell bodies
in the posterior root ganglia and of the central and peripheral
large myelinated axons from these cell bodies, with preserva-
tion of the fine unmyelinated nerve fibers in the posterior spinal
nerve roots and the peripheral sensory nerves. Dyck and Lam-
bert (1968) also described a selective degeneration of the dorsal
root ganglion cells and of large, myelinated fibers.

Finally, the state of electrophysiologic investigations at the
start of our study is best summarized in the paper by McLeod
(1970). The major finding is a marked reduction or absence of
sensory action potentials in median and sural nerves. This was
confirmed by Dunn (1973). Cardiac anomalies were also investi-
gated and reviewed by Hewer (1968, 1969), by Boyer et al.
(1962) and by Thorén (1964).

Clinical Contributions From the QCSFA (1975-1984)

As noted above, the first task of the Cooperative Study was
to carry out a survey of the situation of hereditary ataxia in the
Province of Quebec. This survey was summarized by Barbeau
(Barbeau, 1980). Over the years special attention was paid to
specific disorders, some never before described, such as ataxic
erythrokeratodermia (Giroux and Barbeau, 1972; Barbeau and
Giroux, 1972), and the autosomal recessive spastic ataxia of
Charlevoix-Saguenay (ARSACS) for which extensive clinical
(11-2), electrophysiological (I11-6, 7, 8, 10) and radiological
(I111-9) investigations were carried out; some better defined
through the study of geographic and genetic isolates: olivo-
ponto-cerebellar degeneration (11-4) and Machado-Joseph dis-
ease (VI-3); or through extensive investigations of a few rare
cases: familial periodic ataxia (VI-7) and lysosomal deficiencies
(VI-17).

From the results of such a survey, attempts were made to put
some order into the confusing issue of classification of heredi-
tary ataxias. A pilot study (V-{) onrecessive ataxias led eventu-
ally to a new classification scheme which is easily coded for use
with personal computers (VI-1) and which will now be submit-
ted for discussion and possible adoption by the International
Research Group on Hereditary Ataxias of the World Federa-
tion of Neurology. Concommittent with these efforts, a scoring
and staging system for the ataxias was developed by members of
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the group (IV-1, 3) and submitted to a number of successful
field tests (1V-1; VI-3, 4). Simultaneously, objective evaluation
schemes utilizing sophisticated physical measurements were
developped and tested in double-blind assays of experimental
therapeutic approaches (I11-19; IV-5; V-9, 10, 11, 12, 13; VI-8).

The most important clinical development occurred early and
was essential to all the biochemical studies subsequently car-
ried out. This is the strict and clear definition of ‘‘typical
Friedreich’s disease’ (I-3) and the outlining of criteria to be
used for its diagnosis (I-2; 11-1). This *‘must’’ step in the descrip-
tion of the disease has permitted definitive characterization of
its genetics: it is now universally recognized that typical
Friedreich’s disease is always inherited as an autosomal recessive
trait (1-4). The fact that other transmission modes appear to be
present in families with some but not all the obligatory clinical
features of “‘typical’’ Friedreich’s ataxia did not deter from our
conclusion, but in fact permitted the delineation of new genetic
entities (VI-6) and the differentiation from previously described
ones, like Charcot-Marie-Tooth (V-2) and the so-called Roussy-
Levy Syndrome (VI-5).

The same criteria were useful in carrying out the genetic and
genealogical studies of isolated clusters (IHI-11) of hereditary
ataxia, and in identifying the common origin of most cases of
Friedreich’s ataxia in the French Canadian population (I-5;
VI-2). This commonality in origin is an extremely important
point when studying the genetic background of the patients on
whom we carried out our biochemical studies. It can now be
stated that French Canadian Friedreich’s disease cases are
homogenous and that they are essentially similar to cases of the
same disease in Italy, Spain, France and South America (IV-34;
V-2, 14; VI-6) despite claims to the contrary. Whether they are
similar to cases of Friedreich’s disease in Great Britain and the
U.S.A. must still be verified.

The homogeneity in clinical presentation of ‘‘typical”
Friedreich’s disease in French Canadians is such that it led,
because of some small but constant differences, to the recogni-
tion of two variant disorders in French-speaking patients of
Acadian origin. The first is associated with severe familial
amyotrophy (IV-2), the second with a slower evolution form of
areflexic recessive ataxia (VI-4). The same clinical picture was
found in *‘Cajuns’ of Louisiana, 200 years after their separa-
tion from the area of origin in Acadia (VI-4).

Afterthe delineation of strict diagnostic criteria for Friedreich’s
disease, the efforts of the Cooperative Study Group were directed
to the electrophysiological and pathological characterization of
these patients and to the analysis of specific symptomatic
components. It was thus demonstrated that the clinical and
genetic homogeneity of our patients was also present at post-
mortem, whether for the heart (I-15; IV-8), the dorsal root
ganglia (V-8) orthe brain (111-5; VI-16). French Canadian patients,
in this respect at least, are similar to the cases reported from
Great Britain (Hewer, 1968, 1968; Hughes et al., 1968; I1I-5).
Studies with standard electroencephalography (I-4, 7), electro-
myography and nerve conductions (I-8) and electronystagmo-
graphy (II-3; VI-11) confirmed and extended findings from the
literature cited above. Thus it was shown that sensory evoked
potentials were absent or markedly decreased in the sural nerve
of all typical patients, even early in the disease or before the
appearance of ataxic symptoms (V-29). This crucial observa-
tion indicates that, whatever the biochemical defect causing
Friedreich’s disease, it must exert its deleterious effects extremely
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early in the developmental period (before age 3), at least upon
the posterior columns, dorsal root ganglia and large myelinated
sensory fibers. Later studies and observations (V-29) deline-
ated other fragile periods in the progression pattern of Friedreich’s
disease: puberty with rapid body growth and episodes of fever
or of malnutrition. Interestingly during these episodes both
scoliosis and vibration sense decreases can act as markers of
the progression. Determinants of an earlier death and of more
severe disease evolution have been identified (V-29), mainly as
the presence of clinical diabetes and that of a decompensated
hypertrophic cardiomyopathy.

While absent sensory action potentials, in the lower limbs
particularly, are early signs of the illness and vary little with
progression of the disease, other evoked potentials, on the
other hand, can be used as markers of progression in severity
and extent. Visual potentials (111-4; V1-10), and brain stem audi-
tory potentials (V-7) can be used with reliability to measure the
spatial progression, and appear to be abnormal only after a few
years of the illness (Jabbari et al., 1983) although the processing
isnormal (Cacaceetal., 1983). Their presence cannot, however,
guide us towards the basic cause of Friedreich’s disease.

Similarly, the Cooperative Study Group expanded much effort
in the functional analysis of individual symptoms. Perhaps the
best examples of this are the numerous studies on the form,
extent, diagnosis and progression of the cardiomyopathy. Clinical
signs and symptoms were first investigated in the initial group
of typical patients (I-9), then the use of electrocardiography and
vectocardiography (I-10), of echocardiography (I-11), of
angiography and hemodynamics (I-12, 13)and of thallium (V1-15)
were evaluated as diagnostic tools. It was shown that a combi-
nation of tests (preferably ECG + Vecto + Echo) must be used
to demonstrate the hypertrophic cardiomyopathy which is found
presentinnearly all cases. The symmetric or asymmetric nature
of this hypertrophy was also debated clinically (IV-6) and patho-
logically (1-15;1V-8). Finally the presence of a similar cardiomy-
opathy was excluded in obligate heterozygotes and other relatives
by some (1II-1) but not by others (1-4). The evolution of this
cardiomyopathy was equally studied (I11-2). Pulmonary func-
tion also received special attention, particularly with the view
of delimiting its contribution to the progression of the disease
(I-14; 11-7) and the regulation of respiration (111-3). Urodynamic
evaluations were also reported (V-6).

Finally, the pathophysiology of scoliosis and of pes cavus were
explored in detail. New instruments were designed to position
the patients for the X-Ray study of scoliosis (IV-7; V-3; VI-14)
and the evaluation of its natural history. In this way it was
demonstrated that between the ages of 10 and 15 years, there
was a substantial increase in the Cobb angle values. Associated
with this sudden increase in the Cobb measurements was a
relative torsion between the thoracic and lumbar segments. A
computer program generating a tri-dimensional display of the
spine from the standardized radiographs was developed. Simi-
lar investigations of the pes cavus deformity and kinematics
were also undertaken (V 4, §5; VI-12, 13).

To investigate in more detail the pathophysiology and the
biochemistry of inherited ataxias it is necessary to develop
animal models. The Cooperative Study Group did not neglect
this aspect. Indeed the various models analyzed over the years
were: 3-acetylpyridine injections in rats which produced a degen-
eration of the cerebellar climbing fibers and changes in the
concentrationof variousaminoacids (11-14;111-12;[V-21; V-15);
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thiamine deficiency in the rat (111-13): acrylamide injections in the
rats which produce a peripheral neuropathy, mainly affecting
the hind limbs (V-16, 17) and finally, as a model of the cardiac
hypertrophy and the effect of taurine feeding upon thisanomaly:
the Syrian golden hamster (11-5: 111-14; IV-18). Diabetes was
investigated with the Alloxan model (11-15). Recently a new
mouse model called ‘* dystonia musculorum’ was described which
showed ataxic dystonic postures reminiscent of advanced
Friedreich’s and biochemical changes in glutamate and GABA
similar to those reported in humans with Friedreich's disease
(V-18). This mouse model is the most promising one yet found,
particularly since it is now known that aspartate is the likely
neurotransmitter in cerebellar climbing fibers (Wiklund et al.,
1982).

Biochemical Contribution From the QCSFA (1975-1984)

The systematic biochemical survey which we carried out
during the first phase of the Study presented us with five main
findings to be investigated (I-21):

(1) A defect in glucose and insulin metabolism

(2) A defect in pyruvate metabolism

(3) A defect in the transport or handling of certain amino acids

(4) A mild defect in lipids and lipoproteins (decreased plasma
cholesterol and decreased 8-lipoproteins)

(5) A defect in hepatic cell function, particularly in bilirubin
metabolism

Further studies were undertaken to explore the significance
of each of these possible disturbances (1V-13; V-25).

(a) Glucose Metabolism

As stated previously, the only facts on the biochemistry of
Friedreich’s disease known in 1975, at the start of the Coopera-
tive Study, were the increased prevalence of diabetes (Podolsky
etal., 1964) and the decrease in spinal cord glutamic and aspartic
acids (Robinson, 1968). As planned in the protocole (I-1 and
above), we first carried out a systematic survey of most meta-
bolic pathways (I-16) which confirmed the increased preva-
lence of clinical and chemical diabetes (circa40%) in Friedreich’s
disease, as well as a frequently abnormal insulin response
(increased) to a glucose load (I-17). Further studies were car-
ried out in obligatory heterozygotes and relatives and again
indicated an increased incidence of glucose intolerance (111-16;
IV-9, 10). Insulin binding to erythrocytes was slightly abnormal
among diabetic Friedreich’s disease patients but normal in the
non-diabetic ataxic group. Similarly, glycosylated hemoglo-
bins are abnormal only in diabetic ataxic patients (IV-11). Finally,
insulin resistance was shown to correlate well with the duration
of neurological symptoms and appears to reflect the degree of
immobility (VI-23). An insulin receptor defect in circulating
monocytes isolated from these patients was also demonstrated
(VI-23). At the present time, the anomalies relating to the
presence of diabetes: an abnormal glucose tolerance curve and
hyperinsulinemia under the same circumstances, appear to be
due respectively to a slow down in glucose transport across cell
or mitochondrial membranes and to a receptor defect for insu-
lin on these membranes.

(b) Pyruvate Metabolism

Based on the above observations, the first finding of impor-
tance was the abnormal response of pyruvate and lactate noted
after a glucose load in patients with Friedreich’s disease (Barbeau,
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1975: 1-20). This led to a great number of investigations in our
laboratories and in many other centers and has been the focus
of attention since 1975,with oscillating fervour. At the same
time, Kark and co-workers (1974) were outlining a possible
deficiency in muscle pyruvate dehydrogenase (PDH) and partic-
ularly in its third component lipo-amide dehydrogenase (LAD)
(Blass et al, 1976; Kark et al., 1979 a, b). Most of our own
studies were summarized in 1980 (1V-22). In short, after investi-
gating the kinetics of the enzyme complexes in question (11-10),
we were able to show essentially normal values for PDH in
platelets (1-20; 11-10; 1V-14), and in fibroblasts (1I-11: 111-17,
IV-12), but decreases in serum LAD (1-20; 1I-10; IV-13). It is
interesting that the slight kinetic defects noted in serum LAD
were abolished after treatment with Lecithin (phosphatidyl
choline) (IV-13) favouring a still unknown substrate deficiency.
Other authors not connected with the Cooperative Study were
also unable to confirm the specificity of muscle and fibroblasts
changes in PDH or LAD (Evans, 1980; Stumpf and Parks, 1978,
1979). We can summarize the current status of the problem by
stating that all the evidence indicates that the in vivo oxidation
of pyruvate is slow in Friedreich’s disease, but that this is not
specific. These facts also indicate that the primary genetic
defect is not to be found in the PDH/LAD complex per se, but
that in Friedreich’s disease the smooth interaction between
these components may be abnormally regulated, possibly even
under genetic control, by a factor or factors operating in blood
or cell membranes, or both (see infra for further details). The
30-40% decrease in serum LAD activity values were also found
reflected in the activities of other important complexes where
this third component is essential: alpha-keto-glutarate dehydro-
genase (Kark et al., 1974) and valine dehydrogenase (V-27, 28).
In neither case was the deficiency of a sufficient magnitude to
be called primary.

The focus of research centered upon Krebs cycle enzymes
and energy production (1V-22) as being responsible for most of
the symptoms of Friedreich’s disease was also taken up by
other laboratories and researchers who found defects in other
steps of this fuel utilizing system. Thus,intermittent ataxia was
found after multiple carboxylase deficiencies (Sander et al,
1980, 1982; Thoene and Wolf, 1983). Dijkstra and co-workers
(Dijkstra et al. 1983) even demonstrated an important decrease
in the activity of pyruvate carboxylase in Friedreich’s disease.
This finding has not yet received the attention it deserves, nor
has it been duplicated by others.

Similarly, our finding that glutamate and aspartate were appar-
ently deficient in the brain (I111-20), spinal cord (Robinson, 1968;
Butterworth and Giguére, 1982), and heart (VI-20) of patients
with the disease, probably secondarily to specific nerve fiber
damage (Wiklund et al., 1982) because this decrease was not
present elsewhere (VI-18), was duplicated in certain forms of
olivo-ponto-cerebellar atrophy (Perry et al., 1978) and in many
animal models of hereditary ataxia (1114; I11-12, 13; V-18). We
were even able to show that intra-ventricular injections of
glutamate and aspartate could reverse the sign of ataxia in rats
(IV-21). Nevertheless glutamate transport in fibroblasts was
found normal in Friedreich’s disease (111-22). These results led
to the investigation of glutamate dehydrogenase (GDH), the
enzyme that catalyses the formation of glutamate. GDH con-
centrations in Friedreich’s disease were slightly decreased
(1V-15),possibly through a substrate deficiency, but not to the
extent found in certain forms of recessive olivo-ponto-cerebellar
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ataxias by Plaitakis and others (Plaitakis et al., 1980 a, b, 1981,
1982, 1983, 1984; Chokroverty et al., 1983; Duvoisin et al. 1983;
Yamaguchi et al., 1982). Our findings in Friedreich’s disease
were confirmed by others (Filla et al., 1984). Recently Plaitakis
et al. (1984) demonstrated that in the recessive OPCA patients
the leukocyte GDH decrease in activity was limited to the
‘‘particulate-heat labile’” component, the ‘‘particulate heat-
stable’’ component being normal. Like other **ataxic multisystem
degenerations’’ this entity is clearly different from Friedreich’s
ataxia, even if it shares its recessive mode of transmission.
The most important development in the field of energy sup-
ply in Friedreich’s disease was published by Stumpf and his
group (Stumpfet al., 1982; Stumpf 1982; Stumpfet al., 1983). In
such patients these authors reported a 90% decrease in the
fibroblast activity of mitochondrial malic enzyme. They consid-
ered that this could be the primary defect, particularly in view
of the importance of malic enzyme in the heart (Stumpf, 1982),
and the fact that they found intermediate values in heterozy-
gotes (Stumpf et al., 1983). Most of these conclusions were
corroborated by Bottachi and Di Donato (1983) who reported
low values of the NADP -linked mitochondrial malic enzyme in
muscles, but at alevel about 35% that of controls. Unfortunately,
our own investigations could not confirm the original results in
fibroblasts (VI-26) or in the heart (VI-27). Unless methodologi-
cal differences are uncovered between the various centers, or
unless we are talking about different diseases our present con-
clusion is that a malic enzyme deficiency is not the primary
defect in most cases of Friedreich’s disease. Whether its rela-
tive presence contributes to some of the symptoms is still a
possibility, particularly if mitochondrial malic enzyme serves
as a safety valve for Krebs cycle intermediates towards pyr-
uvate and alanine. In such a situation, malic enzyme would be
“*down-regulated’’ in Friedreich’s disease as a consequence or
reflection of the energy defect, not as a cause. The fact that
linoleic acid-treated patients have higher activities of the enzyme
(VI1-27), is a further argument for this interpretation. However,
even without a defect in mitochondrial malic enzyme, there is
strong evidence (reviewed in V-29) that many of the symptoms
of Friedreich’s disease are secondary to a deficiency in energy
production, a finding on which all authors seem to agree.

(c) Transport and Handling of Amino acids

During the initial survey, we had demonstrated that the uri-
nary excretion of taurine was increased in many, but not in alli,
patients with Friedreich’s disease (I-19). Later it was shown
that these patients do not handle a taurine load in a normal
manner, excreting a higher proportion of the ingested load
within a given time period, despite a normal pattern of their
blood curve (I11-24). In both these traits they resemble subjects
with muscular dystrophy (VI-19). The extent of taurine han-
dling appears to follow a genetic pattern (V-23), as described in
other entities and normal control subjects by Goodman et al.
(1980). The concentration of taurine in the cerebrospinal fluid is
normal (II-13), but it is slightly elevated in the cerebellum
(I11-20) in Friedreich’s disease. Studies on the uptake of taurine
in platelets (II-12) and in fibroblasts (I1[-19; IV-19) are essen-
tially normal in this disorder. Tissue concentrations in vivo, as
measured in platelets, are normal in Friedreich’s disease (VI-18),
as is the serum concentration after a taurine load. Because of
these considerations, a taurine transport defect causal to the
disorder is now fairly well excluded. The explanation for the
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increased urinary taurine excretion at rest and after a taurine
load still escapes us, but it is either related to a decrease in the
muscle mass in these patients (and of the total taurine retention
capacity), or to a taurine renal reuptake defect secondary to the
primary biochemical deficit. For example, an increased taurine
excretion is found in states of pantothenic acid deficiency, thus
when co-enzyme A availability for energy related processes
may be deficient (Koyanagi and Obori, 1965). Similarly, taurine
excretion can be abnormal when the membrane content of
linoleic acid is deficient (Yorek et al., 1984), asitisin Friedreich’s
disease (IV-17). As we will see later, both these possibilities
should be explored further in that disorder.

Despite the fact that the taurine uptake mechanism is normal
(11-12; L11-19; IV-19) it should be remembered that when large
amounts of taurine are needed for immediate protective purposes,
such as when the heart hypertrophies (11-5; I11-18), or for osmotic
homeostatism (van Gelder, 1983; Thurston et al., 1981), this
taurine can only come from the muscie pool. However, the
muscle pool of taurine is progressively reduced in Friedreich’s
disease (VI-19). It is thus possible that these patients are in fact
in a state of local relative taurine deficiency during periods of
stress. Years ago, we had demonstrated a link between taurine
and zinc (Barbeau and Donaldson, 1974). This aspect was
investigated further in these patients, but zinc concentrations
in hair were found to be essentially normal (VI-21) and not to be
correlated to taurine levels in urine (VI-22). Zinc transport,
however, may not be totally normal (VI1-22).

Finally, it should be noted that the concentrations of other
amino acids in blood, urine and tissues in vivo, were essentially
normal in Friedreich’s disease except for a few deviations
whose significance is still unknown: increased urinary excre-
tion of B-alanine (I-19); decreased blood concentration of gly-
cine and aspartic acid (I-19) and increased serine/glycine ratio
in platelets (VI-18).

As we stand in 1984, it is obvious that the basic defect in
Friedreich’s disease is not to be found in amino acid metabolism,
but certain signs are probably a direct result of changes in the
available concentration, at receptor sites (III-21), of specific
amino acids: glutamic and aspartic acids for ataxia; taurine for
cardiac hypertrophy, and possibly glycine for conjugation (see
infra).

(d) Lipid and Lipoprotein Metabolism

Lipids and their transport lipoproteins are known to be involved
in two entities closely related clinically to Friedreich’s disease:
Refsum’s phytanic acid storage disease (Refsum, 1946) and
a-betalipoproteinemia, or Bassen-Kornzweig disease (Bassen
and Kornzweig, 1950). The finding of low normal cholesterol
levels in most patients, coupled to significantly higher but still
normal mean triglyceride levels (I-16) were also a stimulus for
this work. Following upon these leads, the lipoprotein composi-
tion of the patients was studied. Major differences from control
were reported in the high density lipoprotein (HDL) fraction
(11-18). Their total amount was reduced and their composition
was abnormal: the relative proportion of cholesterol and triglyc-
erides was increased, while the relative protein content was
greatly reduced. In further studies (III-23) it was shown that the
protein fraction of HDL was normal in composition. Apoproteins
A and A, were within normal limits and so was the gel electro-
phoresis pattern. In more recent studies (VI1-24), apoprotein E
was also shown to be normal in quantity and in isoenzyme
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patterns. It was thus in the other fractions that it was necessary
to search for the HDL anomaly. It was indeed shown that the
fatty acid profile of the cholesteryl-ester (CE) fraction was
deficient in 18:2 (linoleic acid) in both total plasma and HDL..
Thisreductionin 18:2 was also present in the HDL phospholipid
fraction.

The reduction in linoleic acid availability and transport has
direct effects upon cell membrane structure and function. Because
of substrate unavailability, Lecithin: cholesterol acyltransferase
(LCAT) tends to be lower in these patients (IV-17) and red
blood cell membranes have a lower content of phosphatidyl
choline 18:2 (IV-17). These results have been confirmed
(Amaduccietal., 1983). Similarly, lipoprotein lipase and hepatic
lipase, because of substrate restriction, have lower activities in
Friedreich’s patients (V-20). Some of these findings were con-
firmed by Filla et al. (1980) in Italy and by Yao and Dyck (1978)
inthe U.S.A., but not by Walker et al. (1980) in England. There
is no clear reason yet found to explain these differences. How-
ever it should be noted that such findings are not specific to
Friedreich’s disease (Yao and Dyck, 1979).

It is known that modifications in cell membrane fatty acid
composition can change membrane ‘‘fluidity’” and interfere
with the function of a number of membrane-related enzymes
(see review in 1V-22). A remarkable correlation between the
red blood cell membrane 18:2 content and each of the mitochon-
drial enzymes studied was observed in 7 patients with Friedreich's
disease (V-29), thus confirming that the energy production
defect is not the result of a primary Krebs cycle enzyme defect,
but secondary to either a membrane deficit or the unavailability
of substrate or co-factors during metabolic stresses. These
conclusions are reinforced by the observation that correction
of alinoleic acid deficiency also modifies the previously observed
PDH deficit (V-25). The proportion of membrane linoleic acid,
by affecting the structure of phospholipids (I11-25) also influ-
ences the transfer of substances through membranes (Launay
et al., 1981). Some evidence for membrane fluidity modifica-
tions have been presented in Friedreich’s disease (111-26, 27)
but the changes are not major and appear to reflect secondary
involvement of the protein structure of the membrane (I11-26).
However protein kinase activity in red blood cell membranes is
normal (IV-16).

Obviously, membrane modifications in permeability, or
“fluidity’’, would be reflected in changes at the level of mem-
brane receptors. Only fragmentary evidence of this now exists.
Thus some neurotransmitter receptors are not entirely normal
in the cerebellum (I1I-21) and there is a strong possibility that
insulin receptors are abnormal in the brain and elsewhere, as
they are in diabetic Friedreich’s patients in the monocytes
(VI-23), to explain the observed insulin resistance. Although o
and B-adrenergic receptors have not yet been studied, it should
be noted that catecholamines (dopamine and norepinephrine)
are evelated in those patients, as if there was an increased
catecholamine resistance (V-21, 22). Such an increase in circu-
lating catecholamines could be a contributing factor in the
development of the hypertrophic cardiomyopathy (Cohen, 1974;
Stanton et al., 1969) seen in these patients and of dysautonomia
and labile hypertension (Margalith et al., 1984).

When membranes are damaged, this is sometimes reflected
in other biochemical changes. In patients with Friedreich's
ataxia, an abnormality in protoporphyrins was noted (III-15),
but the most important change is in the increase in cholesteryl
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sulfate (VI-25) which was recently identified but is not yet fully
explained.

The question remains as to the origin of the 18:2 deficiency in
patients with Friedreich’s disease. This deficiency is clearly
illustrated by our so-called ‘‘FA index’’ (V-29) which appar-
ently discriminates between patients with the disease, and nor-
mal controls. Enzymatic incorporation into intestinal phos-
pholipids was actually found to be normal (V-29) and there is no
reason to suspect a dietary imbalance, at least in adolescence
and adult life. Studies to be detailed later may infact increminate
bile phospholipids as the source of this 18:2 deficit. It should,
however, be stressed that such an 18:2 deficiency is not specific
to Friedreich’s disease.

In summary, we feel that a secondary defect in 18:2 availabil-
ity or incorporation (in the liver most probably) can affect many
of the enzymes essential to cell energy production, whose
activities would be proportionally reduced and would favour
the development of some of the major signs of the disease.

(e) Liver Function

The initial observation was made early and unexpectedly in
this investigation (1-18): nearly 35 % of our patients with typical
Friedreich’s disease had total and unconjugated bilirubin val-
ues above normal limits. This observation was confirmed in
other series (IV-3, 4) but not in all patients. Combined meta-
bolic stresses of fasting and injections of nicotinic acid did not
modify the pattern (1I-8): the high bilirubin ataxics maintained
abnormally elevated levels of bilirubin under these conditions,
while normal bilirubin ataxics behaved like the normal controls.
The only conclusion justified from these studies is that, in some
patients with Friedreich’s disease, a conjugation defect is pres-
ent in the liver. It is obvious,moreover,that a defect in bilirubin
metabolism is not the primary defect in Friedreich.

This focus on the liver has recently been justified by other
apparently unrelated studies. A qualitative metabolic profiling
of a-keto acids in Friedreich’s disease (V-26) uncovered fortu-
itously that the urinary concentration of hippuric acid was
considerably decreased in ataxic patients (163.4 mg/l) versus
normal control subjects (298.5 mg/l). Hippuric acid is formed
from the conjugation of benzoic acid with glycine in the liver. In
1936, Quick recommended the estimation of hippuric acid as a
test of liver function. This test is probably the most practical to
evaluate the ability of the liver to detoxify or conjugate, although
itis rarely performed these days. As stated above, hippuric acid
is formed from the conjugation of benzoic acid with glycine.
This is a two step process: first benzoic acid reacts with coen-
zyme A (Co A) in the presence of Mg**, and ATP to be
“*activated’’ into benzoyl S Co A by the action of Co A ligase,
probably within the endoplasmic reticulum. This activated ben-
zoyl CoA then conjugates with glycine, probably within
lysosomes, to give hippuric acid. This step is favoured by an
N-acyltransferase, possibly specific for phenolic acids.

In Friedreich’s disease, hippuric acid formation from ben-
zoic acid and glycine is markedly decreased, at metabolic rest
(V-26) and during Quick’s test (V-24) / 2.99 g hippuric acid (or
benzoic acid) formed in 4 hours in normal controls - versus 1.55
g in ataxic patients; p < 0.001 /. From our present available
knowledge, a deficiency in the immediate availability of Coen-
zyme A under such a metabolic stress test, would be sufficient
to explain all these findings. Such a defect may also be reflected
in decreased acetylcholine formation in Friedreich’s disease
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(Gibsonetal., 1975) and explain the partial improvement observed
after physostigmine administration (Kark et al., 1977; 11-19).
Because the extent of the biochemical defect appears to vary
with time, evolution of the disease, diet and other unknown
factors, it is most likely that diminished activation by CoA is
not the direct response of one or more defective enzymes in the
liver, but rather the result of CoA availability restrictions in
that organ. CoA is directly synthetized in the liver when needed
rapidly, from pantothenic acid in the portal circulation. In rest
conditions, most of the CoA utilized for normal metabolic
activities is recycled CoA from acetyl CoA and other CoA
complexes. If pantothenic acid were deficient, or not immedi-
ately available for rapid synthesis of CoA, deficient *‘activation’
processes would result. Thus much recent evidence would
favour in our patients a possible defect in CoA availability in
the liver in periods of metabolic stress or rapid turnover. The
resulting biochemical lesions would seriously impair, for
example,the incorporation of many fatty acids into phospholipids,
the formation of phosphatidyl choline (Mahboob, 1975), and
most bile conjugation and transport mechanisms (see supra).

Friedreich’s Disease 1984: Accomplishments and Prospects For
the Future

Where do we stand in 1984 after nearly 10 years of very
intensive investigation? Did we progress in a way that justified
the expanditure in time, money and personnel? There is no
doubt that we have made important and crucial advances in the
clinical definition and nosology of the various hereditary atax-
ias and have unravelled many of the diagnostic criteria which
permit further biochemical investigations to be carried out
systematically. The horizon of hereditary ataxias and particu-
larly of Friedreich’s disease is much clearer in 1984 than it was
in 1974. Many of the causes of confusion have been eliminated
or clarified. The picture,unfortunately, is not as obvious with
regards to the progress in biochemistry.

When this Cooperative Study was conceived, it was hoped
that a systematic survey of the known biochemical and meta-
bolic pathways would clearly point the way to the primary
defect in Friedreich’s disease and that this approach would be
far superior to the *‘classical’’ serendipity approach. The initial
survey during Phase One did uncover at least five promising
leads which were subsequently explored systematically: possi-
ble defects in glucose and insulin metabolism, in pyruvate
metabolism, in the transport and handling of certain amino
acids, in lipid and lipoproteins and finally in hepatic cell func-
tion (see above). Unfortunately the final answer was not to be
found directly at the foot of the rainbow. All these leads eventu-
ally contributed to the understanding of the pathophysiology of
many signs and symptoms (ex.: low aspartate and glutamate
concentrations and ataxia;low energy productionand the dying-
back phenomenon), but no major and constant enzymatic defect
was uncovered in any of these metabolic pathways that could
be conclusively called the cause of Friedreich’s disease, like
the defect in o-hydroxylation of phytanic acid in Refsum’s
disease, although very few steps were left unexplored. Some
apparent defects received momentary limelight, but could not
withstand the test of time.

Where did we go wrong.. . . ordid we? Friedreich’s disease is
an autosomal recessive disorder, so it was normal to consider
that an enzyme block would be found in a given biochemical
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pathway. When this occurs, abnormally high precursors or
abnormally low metabolites are usually found along the involved
pathway. None of our studies were successful in identifying
such changes. The focus of our attention was drawn to so-called
‘‘metabolic’’ pathways, because the frequent presence of diabe-
tes led us to think that way. Again all our detailed investigations
of these pathways were unrewarding.

Because theoretical considerations made it obvious that the
energy production mechanism could be severely impaired, at
least in large myelinated fibers and cell bodies, most of our
efforts (and they were numerous) were concentrated upon the
enzymes of the Krebs cycle or of phosphorylation. Many defects
were reported (PDH, LAD, VDH, GDH and more recently
malic enzyme), but controlled studies eventually showed all
these deficiencies to be secondary, partial or inconstant, proba-
bly because they reflected an underlying changing environment
(11-20; 111-28).

Was this approach wrong and wasteful, while the defect lies
hidden in a still unexplored metabolic pathway? We think not.
It appears to us that the systematic investigation was done
thoroughly and covered a sufficient number of bases to avoid
missing important steps along the way, and it is more than
probable that the pathways least explored, like purine metabo-
lism (II-17), prostaglandins (II-6) and others would not reveal
major blocks after more thorough investigation.

We must then look at our facts in a different, and new way:
could it be that all the small and relative changes in glucose,
pyruvate, amino acids, lipids and their enzymes are real, but
secondary to a defect outside these metabolic pathways, a com-
mon regulatory type of deficiency which has the main character-
istic of being variable over time according to the circumstances
(or to diet?). Such a possibility, for example, could be a defi-
ciency in co-factors, vitamins or trace metals (zinc, see VI-22).

Recent interest has focussed on the neurological syndromes
accompanying deficiencies in three vitamins: Vit. E, Biotin and
Pantothenic acid. The study of how these deficiencies cause
their specific neurological damage deserves further attention if
we are to unravel the mysteries of Friedreich’s ataxia, as possi-
ble models or as important clues to the eventual etiology of the
disease.

(a) Vitamin E

Initial studies on the pathophysiology of Bassen-Kornzweig
disease at first tried to blame entirely the absence of beta-
lipoproteins and the subsequent defects in other lipids and
lipoproteins. Now it appears that the entire neurological disor-
der is due to lack of Vitamin E resulting from impaired intes-
tinal absorption of lipids and lipidsoluble vitamins (Muller et
al., 1983; Bieri et al., 1983; Rowland, 1983). Rowland best
reviewed the accumulated evidence for this conclusion:

1. “*The neurologic disorder of abetalipoproteinemia includes
cerebellar ataxia, loss of posterior column sensory functions,
sensori-motor peripheral neuropathy, and myopathy (Nelson
etal., 1981 -reviewin Mulleretal., 1983). All of these manifesta-
tions have been seen in other forms of human Vitamin E defi-
ciency (often non genetic) due to malabsorption in celiac disease,
impaired secretion of bile salts, exclusive bowel resection, or
cystic fibrosis’’ (Elias et al., 1981: Werlin et al., 1983). The
syndrome can even occur in the absence of overt malabsorp-
tion (VI-9).
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2. *“‘Untreated, almost all children withabetalipoproteinemia
had neurologic abnormality by age 10, the minimal sign was
loss of knee and ankle jerks. Muller et al. (1983), Elias and
Muller (1983) have treated abetalipoproteinemic children with
Vitamin E. If treatment started before there were signs of
neurologic disorder, none appeared. In other patients there was
no progression of prior disability, and in a few there was improve-
ment of ataxia, nerve conduction velocities, or tests of retinal
function’’. (Bieri et al., 1984; Bishara et al., 1982).

Thus these secondary spinocerebellar disorders are pheno-
copies of genetic entities such as Bassen-Kornzweig disease
and possibly Friedreich’s disease. Inall these entities a Vitamin
E deficiency seems to be the cause of the neurological impairment.
Nelson et al. (1981) have suggested that chronic and severe
Vitamin E deficiency in rats, monkeys, and human beings leads
to degeneration and loss of sensory axons in the posterior
columns, sensory roots, and peripheral nerves with a selective
loss of large calibre myelinated sensory axons.They also postu-
lated that this degeneration results from axonal membrane
injury and then develops as a distal and dying-back type of
axonopathy. The mode of action of Vitamin E in the nervous
system is not yet established. It appears to be important in
maintaining the integrity and stability of biological membranes
(Muller et al., 1983).

Vitamin E status has been determined in typical cases of
Friedreich’s disease because an early finding was the low con-
centration of betalipoproteins in some of these patients (I1-4:
controls 713 =+ 248; Friedreich 569 * 277 mg %). The results
(I11-24) were at the lower limits of the normal range (controls
0.69 = 0.04; Friedreich 0.61 = 0.04 mg%) in adult cases of the
disease. Thus, although a deficiency in Vitamin E may have
existed in the very early years of development and growth (still
to be demonstrated), there is no evidence of a severe Vitamin E
deficiency in advanced cases of Friedreich’s disease. Still to be
investigated is the possibility that despite almost normal
concentrations, Vitamin E does not exert its effects in Friedreich’s
disease because of membrane changes or interference with its
post-receptor biochemical mechanism, or ‘‘dependancy’’.

(b) Biotin

Biotin is possibly one of the least known of the vitamins.
Bound biotin plays a role as an intermediate carrier of carbon
dioxide during the action of certain carboxylating enzymes.
Tricarboxylic acid cycle intermediates can be replenished by
special enzymatic reactions called anaplerotic (‘‘filling-up’’)
reactions. The most important in the liver and kidneys is the
enzymatic carboxylation of pyruvate to form oxaloacetate.
Malic enzyme is also involved in an anaplerotic reaction. Pyr-
uvate carboxylase is a mitochondrial enzyme and contains four
molecules of biotin covalently attached to the four subunits of
the enzyme. This enzyme is allosteric. Its forward reaction,
leading to oxoloacetate formation, is negligible unless Aceryl-Co
A, its positive modulator, is present. This point may be very
important to remember in understanding Friedreich’s disease.

Biotin-responsive multiple carboxylase deficiencies are herit-
able metabolic disorders that present in the neo-natal period as
aform of congenital lactic acidosis (Parkman et al., 1981 a) and
later in infancy with skin rash, alopecia and intermittent ataxia
(Packman et al., 1981 b; Sander et al., 1980; Thoene and Wolf,
1983). Sander et al. (1982), in a rat model of biotin deficiency,
demonstrated that hepatic pyruvate carboxylase activity was
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3% of control, whereas pyruvate carboxylase activities of all
brain sections, including the cerebellum, were 53 to 71% of
control. Cerebellar pyruvate carboxylase activity is therefore
not distinctly low or labile and is in fact preferentially main-
tained despite severe cofactor deprivation. This may explain
why the cerebellar symptomatology is slow in developing.

In preliminary studies pyruvate carboxylase activity was
shown to be markedly reduced in Friedreich’s disease (Dijkstra
et al., 1983), particularly in liver biopsies.

(c) Pantothenic Acid

The third vitamin which may be responsible for neurological
signs like those found in Friedreich’s disease is pantothenic
acid. Pantothenic acid is one of the B vitamins and thus cannot
be synthesized by animals. Microorganisms, on the other hand,
make this vitamin from its precursors, pantoic acid and beta-
alanine. Pantothenic acid forms one of the most important
coenzymes, coenzyme A, in which the SH group represents the
active site of the molecule; its highly energetic bond with acyl
radicals forms thioesters called acyl-CoA. Such Acyl-CoA are
the ‘‘active’” form of these radicals and can be used as such by
the organism. The main function of coenzyme A is thus to
confer to fatty acids a high energy potential which allows them
to react. Pantotheine is the functional group of CoA acyl carrier
protein and guanosine 5’'-triphosphate (GTP)-dependent acyl
CoA synthetase. CoA is enzymatically involved in acetylation
of amines (including choline sulfonamides, p-amino-benzoate),
oxidation of pyruvate and o-ketoglutarate, and fatty acid
B-oxidation. It is also involved in the synthesis of fatty acids,
cholesterol, sphingosine, citrate, acetoacetate and porphyrins.

The normal intake of pantothenic acid by human beings
taking mixed diets is between 7 and 10 mg per day. Serum
contains free pantothenic acid, but CoA is the form found in
tissue including red blood cells. Free pantothenic acid is con-
tained in plasma in amounts of 6 to 8 pg per deciliter. Panto-
thenic acid is present in whole blood in amounts ranging between
100 and 180 pg per deciliter. Values less than 80 ug per deciliter
would be considered to be suggestive of pantothenic acid
deficiency.

Pantothenic acid deficiency occurs rarely in humans because
the vitamin is frequent in most foods in the North American and
British diets (Walshetal., 1981; Tarretal., 1981; Bull and Buss,
1982). However, an old literature exists which makes the possi-
bility of pantothenic acid deficiency pertinent to Friedreich’s
disease: in pigs, pantothenic acid deficiency produces ataxia,
spasms, pareses, postural anomalies, walking disturbances.
Pathologically the sensory neurons and the dorsal column and
dorsal root ganglia bear the brunt of the changes (Wintrobe et
al., 1942, 1943; Swank and Adams, 1948). Some of these changes
are responsive to therapy with pantothenic acid, others only to
pyridoxine. In more recent studies Hurley and Volkert (1965)
found that pantothenate and CoA levels in livers of fetal guinea
pigs increased abruptly at 58 days of gestation after remaining
constant from 33 to 48 days. These results suggested that the
period just before birth might be very critical with respect to
pantothenic acid. A deficiency at that time may be sufficient to
favour lesions in the dorsal columns and ganglia, very early in
the life of the Friedreich’s patients. This aspect should be
studied in more detail.

As noted before mammalian tissues synthesize CoA from
pantothenate, cysteine and ATP with pantotheine asaninterme-
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diate step. In the liver, hormonal regulation of the pantothenate
CoA metabolic pathway occurs independent of the influx of
metabolic fuels (Smith et al., 1978). Pantothenic acid is indeed
taken up by tissues under metabolic or hormonal control.
Decreased uptake by muscle and increased uptake by liver may
represent a mechanism for shifting large body stores of panto-
thenic acid present in muscles to the liver, in which endogenous
pantothenic acid concentrations are normally low (Reibel et al.,
1981). Again, it should be noted that CoA from the blood does
not permeate well into liver cells (Domschke et al., 1971),
therefore new CoA needed in conditions of metabolic stress
such as exposure to cold (Tsujikawa and Kimura, 1981) must be
synthesized locally in the liver from free pantothenic acid. The
availability, uptake or supply of pantothenic acid, as well as its
incorporation into CoA, then become the crucial limiting fac-
tors for rapid liver synthesis of new CoA for a host of metabolic
reactions (previously listed). This availability can be reduced at
given moments during life, either by dietary deprivation or
through the effects of diabetes and other metabolic diseases
upon its uptake system. Thus a mechanism exists for a relative
deficiency of pantothenic acid early in life and as a progressive
phenomenon later, for example, in the presence of diabetes.
Nevertheless, it should be remembered that even in the face of
low pantothenic acid concentration, tissue CoA levels (heart
and liver) tend to remain at control levels, or even increase in
fasting and diabetes (Reibel et al., 1982), probably to compen-
sate for the inability to form new CoA in an emergency. Despite
this normal or elevated liver level of CoA in pantothenic acid
deficiency, neurological and growth damage still occur, con-
firming the hypothesis that we are in the presence of a func-
tional deficiency of new CoA formation in these conditions.

Few data exist on the actual tissue and blood levels of panto-
thenic acid and CoA in ataxic syndromes, and particularly in
Friedreich’s ataxia, despite the numerous arguments in favour
of the involvement of this vitamin in this disorder. These stud-
ies are being carried out. If a functional deficiency could be
demonstrated, a certain number of biochemical observations
made during our Cooperative Study could be partially explained:
thus in pantothenic acid deficiency there is an increased urinary
excretion of taurine (Koyanagi and Obori, 1965; Marks and
Berry, 1962) and of porphyrins (Mahboob and Estes, 1978),
while this deficiency is accompanied by a significant decrease
in phosphatidyl choline formation (Mahboob, 1975) and an
impairment of the elongation and desaturation process of poly-
unsaturated fatty acids, particularly linoleic acid (Fidanza and
Audisio, 1982).

Although we have not detailed the arguments for such a
possibility, one must remember that the co-factor defect we are
searching for could be at the level of trace metals. The most
likely element for investigation should be zinc (Barbeau and
Donaldson, 1974; VI-22).

CONCLUSIONS

The autosomal recessive form of ataxia known as Friedreich’s
disease has resisted the systematic investigation of most meta-
bolic pathways during the nearly ten years of the Quebec Coop-
erative Study, without yielding its final secret. No abnormal
increase in precursor substances, or unwanted decreases in the
concentration of metabolites, were found which could have
given us the kind of lead which helped solve Refsum’s disease.
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Nor did we find, histologically, evidence for a form of storage
disease like in the lysosomal disorders. In brief, no clear-cut,
marked, constant and undeniable block in the activity of a given
enzyme was found.

Instead, the biochemistry of Friedreich’s disease is character-
ized by a multitude of partial enzymatic deficiencies in some
but not all patients. Most of these deficiencies concern the
energy production mechanisms, but this is not exclusive. In an
attempt to explain the above-noted failure in localizing the
enzyme block and the partial deficits, we have been forced to
turn to new hypotheses. Thus we first postulated that some of
these defects are secondary to a breakdown in membrane fluid-
ity and integrity (which the body tries to correct by increasing
cholesteryl sulfate, a membrane stabilizer, for example; see
VI1-25) at the level of important cells in the dorsal root ganglia
and myelinated fibers from that ganglion.

The other postulate we would like to make is that most of the
previously noted partial defects are the results of a decreased
functional availability of some cofactors at certain moments of
increased need, such as metabolic stresses (fasting, diabetes)
or growth (birth, puberty, pregnancy). Selected for special
attention were Vitamin E, Biotin, Pantothenic acid which can
all produce, singly or in combination, damage to the nervous
system, particularly the sensory nervous system. By ‘‘decreased
availability™’, at this stage, we encompass defects in the supply
in the diet, malabsorption, abnormal transport or incorporation
and specific receptor reactivity. Thus deficiency or dependancy
states both have to be considered, studied and evaluated. At
this time, the author feels that this is the best line of research to

pursue in view of the present knowledge, patiently accumu-
lated as a mosaic of data over the last 10 years.

In parallel, because of the unique opportunity offered research-
ers by the concentration of so many cases descending from a
single ancestor (see VI-2), the author feels that a major effort
should be directed towards the localization of the Friedreich’s
gene with the use of the new molecular genetic techniques now
available. This opinion is also based on the recent results in
Huntington’s chorea by Gusella and collaborators (1983).

It is hoped that the next 10 years, failing success in the first 10
years of our research, will finally reward Claude Saint-Jean for
his foresight and tenacity in creating the ** Association Canadienne
de I’ Ataxie de Friedreich’’, which has funded all of the research
of the Quebec Cooperative Study. In this respect,it may be of
interest to readers to know that since 1974 the Association has
spent $2,338,000.00 dollars (Can.) upon 207 peer-approved
awards,contracts and grants (average $//,295.00 per grant).
These projects (see Table 2) have truly been of an international
nature, involving, over 10 years, 242 scientists from 43 institu-
tions in 8 countries. These numerous collaborators have, to
date and including the present issue, contributed /48 scientific
papers to the literature. 151 of the collaborators have made only
occasional, if significant, contributions; 67 contributed in 2 to 4
projects, while 24 scientists were involved in a large number of
projects throughout the 10 year period (range 5 to 93 individual-
ized contributions; mean 14.75 per contributor). This gigantic
effort is a realization for which we must be proud, and the
motivation for continued enthusiasm.

Table 2: The Quebec Cooperative Study of Friedreich’s Ataxia: 1974-1984

DISTRIBUTION OF COLLABORATORS (CO-AUTHORS)

A — Country of Origin No. Institutions  No. Collaborators

B — PUBLICATIONS

Participating Participating 1. TOTAL NUMBER OF PUBLISHED PAPERS: 148

1. CANADA (Quebec) 18 141 2. CONTRIBUTION OF COLLABORATORS:
2. CANADA (Other A — One contribution only: 151 collaborators

Provinces) 6 19 B — 2-4 contributions 67 collaborators
3.US.A. 5 15 C — 5 or more contributions 24 collaborators
4. FRANCE 4 18
5. SPAIN 4 S
6. ITALY 2 24
7. GREAT BRITAIN 2 2
8. URUGUAY 1 16
9. ALGERIA e 2

TOTAL 43 242
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