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SUMMARY: Phase three of the Quebec-
Cooperative Study of Friedreich's Ataxia 
was devoted to an understanding of the 
physiopathology of individual symptoms 
on the basis of previously discovered 
biochemical leads. The present paper 
attempts to pull these results together by 
presenting, as a hypothesis, a unifying 
scheme of possible interactions and 
relationships. The central core of this 
hypothesis is the demonstration in Fried­
reich's ataxia of a state of mitochondrial 
energy deprivation. This is indirectly 
responsible for such associated and impor­
tant symptoms as muscle weakness, dying-

RESUME: La Phase Trois de I'Etude 
Cooperative Quebecoise sur I'Alaxie de 
Friedreich ful consacre'e a la comprehen­
sion de la physiopathologie des symptomes 
individuels sur la base d'observations 
biochimiques prealables. Le present article 
lente une synthese de ces resultats en 
presentant, sous la forme d'une hypothese, 
un schema unificateur des interactions et 
relations possibles. Le point central de 
cette hypothese est la demonstration dans 
Vataxie de Friedreich d'un etat de depriva­
tion energetique mitochondrial. Cette 
situation est directement responsable des 
symptomes associes tels faiblesse muscu-
laire, neuropathie type "dying-back", 
kypho-scoliose et cardiomyopathie hyper-
trophique. Secondairement, et possible-
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back neuropathy, scoliosis and hyper­
trophic cardiomyopathy. Secondarily, and 
possibly as an independent but linked-
event, the entry of glucose into cells and 
pyruvate oxidation, are slowed down, 
favoring the development of diabetes. As a 
consequence, tissue concentrations of 
glutamic acid and aspartic acid are 
decreased, particularly in more vulnerable 
areas such as the cerebellum, brain stem 
and dorsal root ganglia. This tissue 
deficiency in putative excitatory neuro­
transmitters is directly responsible for the 
symptom of ataxia. This conclusion is 
reinforced by the correction of the ataxia in 

men! meme en lant qu'evenement indepen-
dant mais lie, I'entree cellulaire du glucose, 
et I'oxydation du pyruvate, sont ralenties, 
favorisant un diabete chimique, puis 
clinique. En consequence, les concentra­
tions tissulaires en acide glutamique et 
acide aspartique sont considerablement 
diminuees, surtout dans les regions les plus 
vulnerables (telles le cervelet, le tronc 
cerebral et les ganglions dorsaux). Cette 
deficience tissulaire en acides amines 
possiblement agissant comme neurotrans-
metterus excitateurs est directement 
responsable du symptome "ataxie". Cette 
conclusion est renforce'e par 1'observation 
que chez certains animaux experimentaux, 
le symptome ataxie est completement aboli 
par /'injection intraventriculaire de gluta-

experimental animals, by the intraven­
tricular injection of the same amino acids, 
and not by the injection of other stimulants 
of motricity. The observed mitochondrial 
energy deprivation could be the metabolic 
consequence of major changes in the 
linoleic acid (18:2) composition of inner 
mitochondrial membrane phospholipids, 
such as cardiolipin. Such decreases in 
membrane 18:2 could be the result of 
interference with the normal incorporation 
of this fatty acid to lipoproteins and/or cell 
membranes. It is at this level that the search 
for the specific enzyme defect in Friedreich's 
ataxia is continuing. 

mate et surtout d'aspartate et non par celle 
d'autres stimulants de la motricite. La 
deprivation energetique mitochondriale 
observe'e pourrait etre la consequence 
metabolique de changements majeurs dans 
la composition en acide linoleique (18:2) 
des phospholipides de la membrane interne 
des mitochondries, paniculierement de la 
cardiolipine. Un tel deficit en 18:2 
membranaire peut resulter d'une inter­
ference avec I'incorporation normale de eel 
acide gras aux lipoproteins et/ou aux 
membranes cellulaires. C'est a ce niveau 
que ce concentrent nos recherches pour 
identifier le defaut enzymatique specifique 
dans Vataxie de Friedreich. 
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CLINICAL ASPECTS 
November 1980 marks the sixth year 

of operation of the Quebec Coopera­
tive Study of Friedreich's Ataxia, and 
already considerable progress has been 
made in the understanding of the 
disease, through the unfailing efforts 
of more than one hundred direct 
contributors and the invaluable con­
tributions of many internationally 
recognized experts who served as 
consultants or part time collaborators. 
It can be recalled that during phase one 
of this investigation, we studied 
systematically diverse metabolic 
pathways in 50 ataxic patients. This 
led to a strict clinical delineation of the 
disease (Geoffroy et al, 1976) which 
has now been adopted as a useful 
working definition in most countries, 
in that patients answering to these 
strict criteria, will always be accepted 
as suffering from "typical Friedreich's 
ataxia". The other consequence of this 
systematic metabolic survey during 
phase one, was the delineation of a 
number of biochemical leads to the 
etiology or pathophysiology of the 
disease (Barbeau, 1976) which were 
then methodically examined during 
parts one and two of phase two 
(Barbeau, 1978, 1979). Some apparently 
important leads turned out to be 
artefacts or secondary aspects. Others 
could not be confirmed. Still others 
have led to detailed further investiga­
tions which, we feel, are taking us 
closer to the eventual primary event, 
and have stimulated a wealth of new 
research in the field of ataxia. After 6 
years, it is now time to attempt to 
review our present understanding of 
the pathogenesis of the symptoms of 
Friedreich's ataxia, and this is the 
purpose of the present paper. 

One of the most important steps in 
the process of discovery, is the 
confirmation by independent research­
ers of the initial observations, employ­
ing identical methods. The scientific 
steering committee, recognizing the 
need for this step and cognicent of the 
remarks by others that many of our 
previous findings could be due to the 
homogeneity and high consanguinity 
rate of the French Canadian popula­
tion, asked a number of foreign 
investigators to repeat the same 
biochemical survey of their own 
patients. Again, in the present issue, 

we will find the results of this 
In terna t ional Coopera t ion (see 
D'Angelo et al; Bertagnolio et al, the 
above two papers through the courtesy 
of the Italian Journal of Neurological 
Sciences; Campanella et al; Azari et al, 
this issue). Thus, it will be shown that 
using the same clinical definition for 
their patients, Italian investigators 
confirm the presence of "abnormal 
pyruvate responses" in a significant 
proportion of their patients (D'Angelo 
et al, this issue) and that others also 
find high bilirubin values in 20% of 
their Friedreich patients (Campanella 
et al, this issue; Kark and Rodriguez-
Budelli, 1979). However, it should be 
mentioned that D'Angelo et al (this 
issue) found high bilirubin in only one 
of their 14 ataxic subjects, while an 
independent study in England (Walker 
et al, 1980a) failed to find any patient 
with this trait in a more heterogenous 
group of ataxics. The other findings of 
Phase One have also been confirmed 
by our Italian collaborators. Thus, 
diabetes is present in roughly a third of 
the patients (Campanella et al, this 
issue; Bertagnolio et al, this issue), and 
serum triglycerides, although within 
the normal range, are significantly 
higher than age and sex-matched 
"normal" controls. The possible dis­
crepancy with the findings of Walker 
et al (1980a) is probably due to the use 
of "neurological" instead of "normal" 
control subjects by these authors. 

In the course of this investigation 
into the problems of spinocerebellar 
degeneration, a number of new entities 
or variants have been recognized, 
particularly in isolated geographic 
areas. Until biochemical markers are 
identified and can be tested in the field, 
we feel it is more prudent to give these 
variants geographic names which 
identify and take into account the 
genetic and geographic factors present 
in these isolates. Thus we have 
previously defined "the Charlevoix-
Saguenay" Syndrome of recessively 
inherited spastic ataxia (Bouchard et 
al, 1978), the "Matane" recessive type 
of olivo-ponto-cerebellar atrophy 
(Barbeau, 1980), the 'Gaspe type" of 
OPCA (Wastiaux et al, 1978), the 
"Acadian type" of recessive ataxia 
(Barbeau, 1980) and now a new form 
of recessive ataxia with severe amyo­
trophy in New Brunswick (Bouchard 

et al, this issue). Similarly, because it 
appears that each new family with 
OPCA differs from the previously 
published ones, it would seem to be 
useful to quanlify the clinical type with 
either a family name (ie Schut-Swier 
type) or a geographic name (ie 
Wyoming type; see Pourcher and 
Barbeau, this issue), until a biochemical 
marker is found. This would avoid the 
essential difficulties inherent in the use 
of eponyms which give the impression 
that we are dealing with different 
diseases, when this is not always the 
case. It is possible that eventually all 
the "types" and "sub-types" will be 
recognized as the various phenotypes 
of a common genotype. 

Other difficulties encountered in 
this field of research are the problems 
of quantification of symptoms and of 
the stage of the disease. Following the 
lead of De Falco et al (1979), Pourcher 
and Barbeau (this issue) presented a 
detailed scheme for quantification of 
most symptoms encountered in the. 
various ataxic syndromes, as well as a 
new staging system similar to the one 
commonly used in Parkinson's disease. 
These authors field tested this new 
scheme on 47 ataxic patients and 
found it easy to use and reliable. It will 
now be proposed for possible adoption 
by the Research Committee on Heredi­
tary Ataxia of the World Federation of 
Neurology. 

Finally, the search for valid experi­
mental models of ataxia in animals 
continues. As will be seen in this issue 
(De Michele et al), 3-acetyl pyridine 
injection is probably the easiest and 
most reproducible model to use 
because the amount of damage pro­
duced can be titrated and objectively 
measured (Jolicoeur et al, 1979). 
However two new models have recently 
been studied and may eventually be of 
use. The first one has received the 
unfortunate name of "Dystonia 
Musculorum Deformans" (Messer et 
al, 1980). This mouse neurological 
mutant shows pathological damage in 
many areas, but particularly in the 
dorsal root ganglia, the posterior 
columns, the red nucleus and the basal 
ganglia. It has not yet been systemati­
cally studied for its relationship to 
Friedreich's ataxia. The other model, 
resembling OPCA more closely, would 
appear to have been found in a mutant 
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Gordon Setter dog (Troncoso et al, 
1980). 

PATHOPHYSIOLOGY OF 
SYMPTOMS IN FRIEDREICH'S 

ATAXIA 
In the absence of a clear indication 

as to the causative factor in this 
disease, we must content ourselves 
with explaining the biochemical defects 
underlying the development of the 
main symptoms: diabetes, ataxia, a 
dying-back neuropathy, muscle weak­
ness, scoliosis, and finally hypertrophic 
cardiomyopathy. Progress in our 
research during the last five years now 
permits the elaboration of a working 
model for such pathogenetic mechanism. 
This is illustrated in Figure 1 and is 
detailed below: 

The centerpiece of our model is a 
proposition for the existence of an 
energy deprivation stale in mito­
chondria. Such a conclusion is derived 
from the observations of possible 
impairment in pyruvate dehydrogenase 
(PDH) activity (Blass et al, 1976), of 
acetyl CoA deficits leading to a defect 
in the synthesis of acetylcholine 
(Gibson et al, 1975), from the 
increased urinary loss of ornithine in 
these patients (Lemieux et al, 1976), a 
fact which may be coupled to a defect 
in mitochondrial oxidative phosphor­
ylation (Stumpf and Parks, 1980), and 
from marked compensatory defects in 
the tissue dicarboxylic aminoacids, 
aspartic and glutamic acids (Robinson, 
1968; Huxtable et al, 1979) in these 
patients. Such a proposed mitochon­

drial energy defect would be both 
central (cerebellar vermis, Purkinje 
cells and dorsal root ganglia) and 
peripheral (sensory nerves at nodes of 
Ranvier; possibly some cranial nerves). 
It would be responsible secondarily for 
many of the observed symptoms in 
Friedreich's ataxia: 

(a) Muscle weakness 
Muscle weakness is present in the 

majority of Friedreich's patients after 
a few years (Geoffroy et al, 1976; 
Bertagnolio et al, this issue). It affects 
primarily the lower limbs and seems to 
be worse and more rapidly progressive 
in those patients who develop diabetes. 
In latter years the upper limbs become 
similarly affected. In the present issue, 
Richards and collaborators described 

PATHOGENESIS OF SYMPTOMS IN FRIEDREICH'S ATAXIA 
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Figure I — a scheme for the understanding of the pathogenesis of the symptoms of Friedreich's ataxia. Abbreviations used are: HDL: 
high-density lipoproteins; PC: phosphatidylcholine; 18:2: linoleicacid; LCA T: Lecithin-cholesterol-acyl-transferase; Lip: Lipoic Acid; 
CL: Cardiolipin; PDH: Pyruvate dehydrogenase; LAD: Lipoamide dehydrogenase; GDH: Glutamate dehydrogenase; GLUT: Glutamic 
acid; ASP: Aspartic acid; INS: insulin. 
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a detailed and sensitive method to 
quantitate this muscle weakness in 
hereditary ataxia. It is easy to associate 
this muscle weakness to a mitochon­
drial energy defect, since the energy 
requirements of muscle are so high. 
Except for the reported PDH deficiency, 
no direct proof of this energy deficit 
has yet been obtained from the study 
of muscle, but such investigations are 
almost nonexistant. 

(b) Dying-back axonopathy 
(neuropathy) 

For many years it has been recog­
nized that in Friedreich's ataxia the 
defect affects principally sensory fibers 
of large diameter in their axons rather 
than in the Schwann cells (Hughes et 
al, 1968; Peyronnard et al, 1976), as 
well as the large cells of the dorsal root 
ganglia. In the nerves, the observed 
changes are compatible with a so-
called "dying-back phenomenon", as 
described by Cavanagh and others 
(Cavanagh, 1964; Schoental and 
Cavanagh, 1977; Prineas, 1969). The 
pathogenesis of this "dying-back" 
phenomenon (which implies that the 
damage is first evident at the distal end 
of the nerves and that it moves 
proximally) was initially attributed to 
an impairment in the anabolic machinery 
of the neuronal perikaryon (Cavanagh, 
1964) resulting in decreased anoxal 
transport towards the periphery. In 
such a scheme the longest fibers would 
tend to be damaged first, and so would 
axons from bipolar cells like those of 
the dorsal root ganglia. However 
direct observation indicates that the 
larger fibers are involved before the 
longer ones. Thus, fiber diameter was 
found to be more important than axon 
length in determining the hierarchy of 
vulnerability, and it was shown that 
the disease process commences at the 
end of the broadest part of the nerve 
fiber (Veronesi et al, 1978). These 
observations, coupled with the know­
ledge of the peculiar energy demands 
of the node of Ranvier, led to the 
conclusion that energy deprivation 
within the axon might be especially 
critical at nodes of Ranvier, accounting 
for the observed changes in conduction 
velocity and the accumulation of 
transported material in adjacent 
regions. This led Spencer and collab­
orators (1979) to propose a new 

hypothesis for the pathogenesis of 
dying-back axonopathies, based on a 
postulated depletion of energy supplies 
in the axon and leading to a drop in the 
concentration of enzymes in distal 
regions particularly at the nodes of 
Ranvier, a local blockade of energy-
dependent axonal transport and even­
tual distal nerve fiber degeneration. 
Such a finding is entirely compatible 
with our postulated mitochondrial 
energy depletion in Friedreich's ataxia. 

(c) Scoliosis 
The combination of muscle weakness 

and a peripheral neuropathy leads to 
the progressive development of a 
severe paralytic scoliosis (Geoffroy et 
al, 1976; Cote et al, 1979). This 
symptom has unfortunately been 
neglected by most physicians. Not only 
does it contribute to lung impairment 
and possibly to the cardiac hyper­
trophy, but it definitely makes it more 
difficult for the patient to enjoy life 
normally. It is thus with considerable 
welcome that we read of the important 
progress made in the use of specially 
designed molded wheel-chairs and 
early surgical correction of the scoliosis 
as reported in this issue by Allard and 
collaborators. These authors recom­
mended orthopedic treatment for any 
scoliosis 20° and over (bracing at 20° 
and surgery over 40°). They also 
studied the pathomechanics of the 
relative rotation between the thoracic 
and lumbar segments which resulted in 
the almost sudden increase of Cobb 
measurements, particularly around 
the age of 10. 

(d) Cardiomyopathy 
Previous papers in this series have 

clearly delineated the clinical (Cote et 
al, 1976a; Cote et al, 1979), electrical 
(Malo et al, 1976; Gattiker et al, 1976), 
hemodynamic (Cote et al, 1976b), 
pathological (Sanchez-Casis et al, 
1976) and pharmacological (Huxtable, 
1978) aspects of the cardiomyopathy. 
In the present issue, Pasternac and 
collaborators reviewed the findings in 
homozygotes, heterozygotes and car­
riers of the Friedreich's ataxia gene. 
They were able to show that most cases 
of Friedreich's ataxia had symmetric, 
concentric, hypertrophic cardiomyo­
pathy while asymmetric septal hyper­
trophy, often obstructive, was probably 

a later stage of the disease. Lamarche 
et al (this issue) reviewed the findings 
of an histochemical study of three 
hearts from patients with that disease. 
Contrary to previous findings, the 
latter authors did not find increased 
calcium contents in the whole heart 
muscle, but found high concentrations 
of iron and of lipofuscin. Azari and 
collaborators (this issue) continued 
their fascinating study of the experi­
mental cardiomyopathy of the hamster. 
They showed a marked increase in 
calcium concentration in the left 
ventricle after the development of the 
cardiomyopathy. Taurine given pro-
phylactically clearly decreased the 
calcium accumulation and partially 
prevented the cardiac hypertrophy. 
Such observations lead to clinical 
trials with the calcium antagonist 
verapamil, and with taurine. In this 
respect it is important to recall the 
recent studies of Passantes-Morales 
and Gamboa (1980), and of Remtulla 
et al, (1979) concerning taurine, 
calcium transport and calcium fluxes 
in nerve terminals. These studies 
indicated that taurine produced a 
marked decrease in calcium accumula­
tion in nerve endings in the chick retina 
and that, in a dose dependent manner, 
it had an inhibitory effect on both 
calcium uptake and release in synap­
tosomal preparations of rat brain. 
Finally, Rassin et al (1980) demon­
strated a physiological relationship 
between taurine and glutamate during 
development, the synaptosomal pools 
of both amino-acids possibly being of 
importance in the regulation of one 
another (the relationship is actually an 
inverse one). 

From the previously reported studies 
(Filla et al, 1978, 1979; Barbeau, 1979; 
Melancon et al, 1979), it was evident 
that, in Friedreich's ataxia, taurine 
uptake and kinetics were normal in 
most tissues (platelets, fibroblasts), 
but that taurine handling by the kidney 
was abnormal, ataxic patients excret­
ing twice as much taurine from a 
taurine load as the control subjects. 
The most likely defects were either at 
the level of reuptake mechanisms in 
the proximal tubule, where the trans­
port system for /}-amino acids appears 
to be different from that found in other 
tissues (Melancon et al, this issue), or 
in an increased filtered load of 
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/J-amino acids from poor muscle 
reserve pools, without any alteration 
in the tubular reabsorption process. It 
is thus of interest that, in confirmation 
of previous observations (Barcelo, R., 
1977, personal communication), renal 
defects could be observed in some 
cases of Friedreich's ataxia, often in 
conjunction with myoclonias (Kaplan 
et al, in press). This aspect of the 
problem merits further investigation, 
as does the possibility that an 
increased adrenergic tone may con­
tribute to the cardiopathy and to 
increased taurine influx into cells. The 
sequence of morphological events in 
Friedreich's cardiomyopathy (Lamarche 
et al, this issue) could be the following: 
initial hypertrophy, degeneration of 
the cardiac muscle cell and necrosis 
associated with a non-specific inflam­
matory infiltrate and replacement 
fibrosis. 

(e) Ataxia 
Ataxia, or incoordination of gait 

and limb movements is, of course, the 
principal symptom of hereditary spino­
cerebellar degenerations. In these 
diseases it results from involvement of 
both the cerebellum (and its afferent 
and efferent systems) and the posterior 
columns. The pathology of Friedreich's 
has been clearly delineated (Hughes et 
al, 1968; Oppenheimer, 1979), but the 
biochemical anatomy is less clear. 
Robinson (1968) was the first to report 
a low concentration in the spinal cord 
of aspartic and glutamic acids, but this 
finding was thought to be non-specific 
because it was also found in motor 
neurone disease. Later, Perry et al 
(1978) reported low aspartic acid and 
glutamic acid in some cases of 
dominantly inherited cerebellar dis­
orders of the olivo-ponto-cerebellar 
atrophy (OPCA) type (specifically the 
"Jackson-type" of OPCA). In 1979, 
Huxtable and collaborators found 
significantly lower concentrations of 
aspartic acid, glutamic acid and 
GABA in different parts of the 
cerebellum in two cases of Friedreich's 
ataxia. This was confirmed in a further 
two patients with another method of 
determination (Lemieux, B., unpub­
lished results). This finding was not 
unexpected because similar results 
were also observed in many experi­
mental models of ataxia, such as with 

3-acetyl pyridine (Nadi et al, 1977; 
McBride et al, 1978; Butterworth et al, 
1978), thiamine deficiency (Butterworth 
etal, 1979; Plaitakisetal, 1979)oreven 
the "dystonia musculorum" mutant 
mouse (Messer and Gordon, 1979) or 
x-irradiation (Rea et al, 1978). There is 
growing evidence that glutamate may 
be the neurotransmitter in the granule 
cells and parallel fibers of the cerebellum, 
while aspartate may be the neurotrans­
mitter of climbing fibers. A decrease in 
the synaptic concentrations of these 
transmitters would be accompanied by 
cerebellar signs, such as ataxia. This 
has been found in the ataxia produced 
by 3-acetyl pyridine (Butterworth et al, 
1978) and can easily be quantified with 
the battery of tests devised by 
Jolicoeur et al (1979). Using this 
model, De Michele et al (this issue) 
were able to show that the intra­
ventricular injection of glutamate 
and /or aspartate could completely 
reverse the gait incoordination pro­
duced by 3-acetyl pyridine. This 
encouraging report was supported by 
studies (Butterworth et al, this issue) 
which indicated that feeding glutamine 
and/or asparagine was accompanied 
by a cerebellum and medulla increase 
in the precursor glutamine. The 
correction of gait ataxia by glutamate, 
and particularly aspartate, was a 
specific response not related only to 
the stimulants such as apomorphine, 
amphetamine orT.R.H. Only substance 
P partially corrected gait ataxia. The 
fact that gait ataxia, accompanied by a 
cerebellar decrease content of aspartate 
and glutamate, can be reversed by the 
intraventricular injection of these 
amino acids, constitutes the strongest 
argument yet for the role of these 
substances in the production of the 
symptom ataxia. The recent identifi­
cation of specific receptors to excitatory 
amino acids (the so-called N-methyl-
D-aspartic acid, or "NMDA", recep­
tors) and of a range of new antagonists, 
should shortly permit the development 
of analogs with similar action (Watkins, 
1980). 

Faced with the marked decrease in 
the cerebellum and spinal cord of 
aspartate and glutamate, one must ask 
whether the synthesis of these amino 
acids is impaired. To study this point, 
Barbeau et al (this issue) investigated 
glutamate dehydrogenase (GDH) ac­

tivity in leukocytes of patients with 
Friedreich's ataxia and other forms of 
hereditary ataxia. They showed that 
there was a moderate (20-40%), but 
significant decrease in activity, spe­
cifically in 22 patients with Friedreich's 
ataxia. The GDH levels in leukocytes 
were low normal in 9 patients with 
recessive spastic ataxia of Charlevoix-
Saguenay, normal in 6 of 8 patients 
with OPCA, and normal in 5 non-
Friedreich recessive ataxias, compared 
to 44 normal age and sex-matched 
control subjects. However, the levels 
observed in Friedreich's ataxia and the 
overlap between results in patients and 
controls cannot reflect the primary 
defect (a 80 to 90% decrease would 
have been expected) and must signal 
either a secondary regulatory defect or 
a substrate deficit. Preliminary unpub­
lished results using Mass-Spectrometry 
(Bertrand, M. et al) indicate that 
serum 2-oxoglutarate (a-Ketoglutarate) 
is within normal limits in these 
patients. Recently Plaitakisetal(1980) 
have found much more important 
decreases in the activity of GDH in 
some forms of OPCA. Our results 
(Barbeau et al, this issue) differ in 
OPCA, indicating that there may be 
different forms of the disease. The 
same authors (Plaitakis et al, 1980b), 
now report leukocyte GDH activity in 
24 ataxic patients and 26 controls. 
GDH activity was significantly de­
creased (30% to 50% of mean control 
activity) in leukocytes from 4 of the 6 
sporadic and 5 of the 6 recessive adult 
cases. In all these patients, GDH 
activity was beneath the lowest control 
value. GDH activity in leukocytes 
from patients with juvenile-onset dis­
ease was within the control range. The 
authors draw the conclusion that a 
partial GDH deficiency correlates with 
adult onset recessive spino-cerebellar 
degeneration. This point requires 
confirmation from other laboratories. 
Another possibility that must be 
considered to explain the divergence 
between our results and those of 
Plaitakis is a methodological dif­
ference. This aspect of the problem will 
be developed further later-on in this 
review. Nevertheless, the significant 
loss of glutamate and aspartate, which 
is demonstrated in the above quoted 
studies, will eventually cause in more 
susceptible and vulnerable areas of the 
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brain, such as the cerebellum, a deficit 
in these amino acids. Such a deficit, we 
have shown, can be accompanied by 
the symptom of ataxia, which can be 
corrected by the intraventricular sub­
stitution of the same substances, at 
least in the 3-acetylpyridine induced 
ataxia model (De Michele et al, this 
issue). 

(f) Diabetes and Pyruvate Metabolism 
The high prevalence of diabetes in 

Friedreich's ataxia has long been 
recognized and studied (Thoren, 1962; 
Joffe et al, 1968; Shapcott et al, 1976; 
Draper et al, 1979). In this issue, Tolis 
and collaborators confirm the presence 
of increased glucose tolerance in 
relatives and patients with Friedreich's 
ataxia, but report that, even if it 
appears to be slower, there is no 
quantitative defect in insulin release, 
nor in release of growth hormone or 
prolactin after a glucose load. Studies 
by Draper et al (1979) had shown that 
glycosylated hemoglobins are normal 
in Friedreich's ataxia, except in 
patients with overt clinical diabetes. 
Tolis et al (this issue), who confirm this 
latter point, thus conclude that the 
defect responsible for the diabetes is 
situated at the level of the entry of 
glucose into cells. A previous search 
for an explanation for this defect in 
glucose utilisation had shown that a 
glucose load was accompanied by an 
abnormal handling of pyruvate in the 
blood (Barbeau, 1975; Barbeau et al, 
1976), illustrated by an increase in 
"abnormal Pyruvate Surface". This 
finding has been confirmed by many 
centers, and particularly in this issue 
by D'Angelo et al. It is thus important 
to pin-point the site of the block 
causing this generally agreed-to slow­
down in pyruvate oxidation, but 
unfortunately there is still considerable 
controversy as to the direct involve­
ment of pyruvate dehydrogenase (PDH) 
or of its components in this phenome­
non. The first findings were reported 
by Kark et al (1974): these authors 
studied pyruvate oxidation in muscle 
in 7 patients with Friedreich's ataxia 
and 12 other types of ataxia, in 
addition to a number of neurological 
controls. Four of the 7 F.A. patients 
and 4 of the 12 "other ataxias", had 
low pyruvate oxidation in muscles. 
Blass and collaborators (1976) then 

studied this mechanism in cell cultures 
of 5 patients with F.A. (three of which 
were from the group previously 
reported to have impaired pyruvate 
oxidation in muscles). Disrupted//6ro-
blasts from these patients were reported 
to oxidize both l-l4C-Pyruvate (PDH 
activity) and l-l4C-ketoglutarate (KDGH 
activity) more slowly than did controls 
(43% of 50% of control activity, 
respectively). Similarly, both activities 
were found low in the leukocytes of the 
only patient tested. Kark and 
Rodriguez-Budelli (1979) extended 
these studies by measuring the activities 
of PDH and KGDH in platelet-
enriched preparations from the blood 
of 14 patients with hereditary ataxias. 
Overall, low PDH activity was found 
in 6 of the 14 patients (2 of which also 
had low KGDH activity). PDH-
normal and PDH-abnormal patients 
could not be distinguished by clinical 
criteria. Closer examination of the 
data, however, revealed that only 2 of 
the 7 Friedreich's ataxia tested had low 
platelet PDH activity. When the mean 
results of the 7 patients were calculated, 
the difference between that group and 
the control group was not significant. 
From their data, the above authors 
conceived the hypothesis of a genetic 
deficiency in the lipoamide dehydro­
genase enzyme (LAD) common to the 
PDH and KGDH complexes as the 
possible defect in Friedreich's ataxia. 
Kark and his collaborators (Rodriguez-
Budelli and Kark, 1978, 1979; Kark 
and Rodriguez-Budelli, 1979; Kark et 
al, 1980) presented kinetic evidence for 
such a LAD defect. Rodriguez-Budelli 
and Kark (1978) first studied 2 patients 
with Friedreich's ataxia, one previously 
reported by Blass et al, (1976) and the 
other the brother of another case also 
reported by Blass et al (1976). In both 
these patients, whose PDH and 
KGDH activities were low, lipoamide 
dehydrogenase (LAD) activity was 
found to be decreased in platelets (48-
56% of normal) and in cultured 
fibroblasts from both families. Further­
more, the authors reported a defect in 
Km for lipoamide and in Km for 
NADH. They concluded that the data 
was consistent with a structural 
mutation of the gene coding for LAD. 
In later studies, the same authors 
(Rodriguez-Budelli and Kark, 1979) 
found these kinetic abnormalities in 5 

of 11 patients with inherited ataxias 
and reported increased heat-lability of 
the platelet LAD in these 5 patients. 
Reduced activities of LAD relative to 
cytochrome oxidase in platelets has 
now been found (Kark and Rodriguez-
Budelli, 1979) in 11 of their 17 patients 
with Friedreich's ataxia. It would 
appear that the deficient enzyme 
activity has been observed most often 
in a slowly progressive clinical subtype 
of the disease. Abnormal Michaelis-
Menten constants for LAD have now 
been found (Kark et al, 1980) in a total 
of six patients with low platelet 
enzyme activity, and in one case were 
discovered before the appearance of 
clinical symptoms. Values for platelet 
LAD activities in parents were claimed 
to be intermediate between controls 
and patients in these families (Kark et 
al, 1980). 

The importance of these findings 
requires thorough examination and 
confirmation by many laboratories, 
since we may be discussing the enzyme 
defect in Friedreich's ataxia. We will 
examine in detail the results of these 
confirmatory experiments in other 
centers. First, it appears that only one 
other group has studied the oxidation 
of pyruvate or ketoglutarate in muscles 
of PA patients. Evans (1980) found no 
significant differences in muscle pyru­
vate oxidation in 9 spinocerebellar 
degeneration (SCD) patients compared 
with 33 non-SCD controls. When 
compared with control subjects who 
had histologically normal muscle, the 
SCD group showed a 33% reduction in 
total PDH complex activation; how­
ever this did not achieve statistical 
significance. Two SCD patients and 3 
controls with histologically abnormal 
muscle showed deficient PDH complex 
activation. The author suggested, as 
we have (Barbeau, 1976), that these 
changes resulted from other biochemical 
abnormalities which secondarily alter 
PDH complex-regulation and pyruvate 
oxidation. Moreover the initial data 
(Kark et al, 1974) clearly indicates that 
this finding is not specific to Friedreich's 
ataxia. The results with fibroblasts 
were even more controversial. Barbeau 
et al (1976) studied oxidation of 1-I4C-
pyruvate, 2-l4C-pyruvate and U-I4C-
pyruvate in the fibroblasts of 8 patients 
with typical Friedreich's ataxia and 
found normal values. Stumpf and 
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Parks (1979) studied PDH and KGDH 
activities in fibroblasts cultures from 
10 Friedreich's ataxia patients and 
found normal values in all. Melancon 
et al (1979) in fibroblast cultures from 
5 "typical" Friedreich's ataxia patients 
found normal values of PDH specific 
activity in early (7) passages but a 
nearly 50% reduction at later passages 
(14 to 21) in the ataxic patients, 
possibly indicating a greater fragility 
of the membranes in these subjects. 
Finally, Bertagnolio et al (this issue) 
were unable to find any reduction in 
pyruvate and palmitate oxidation or in 
carnitine-acyl-transferase activity in 
cultured fibroblast suspension from 
their patients, with or without stimula­
tion by aspartate. However, they made 
the interesting observation that direct 
assay of the PDH complex is low in 
Friedreich's ataxia, but not if the cells 
are sonicated. We will return to this 
point later. The results in platelets are 
equally negative in most studies. 
Constantopoulos and collaborators 
(1979; personal communication to Dr. 
Blass) found no evidence for a PDH 
complex deficiency in platelets from 
two of the patients with Friedreich's 
ataxia in whom it was originally 
described. Filla et al (1978) found 
platelet PDH activity of 11 Friedreich's 
ataxia patients to be 84% of the control 
activity, but not significantly different 
from normal. Similarly platelet KGDH 
activity was 81% of the control 
activity, but again not significantly 
different. However it should be 
mentioned that 5/11 FA patients had 
values below the normal control range 
for both PDH and KGDH activity. 
Filla et al (this issue) have shown that 
the proportion of active PDH is not 
significantly different from normal in 
Friedreich's ataxia platelets. Stumpf 
and Parks (1978) also found no 
difference in the activity of the PDH 
complex (or of its E, and E3 

components) in platelets from 7 
patients answering the strict criteria 
for "typical" Friedreich's ataxia. Only 
one study has attempted to verify the 
findings in leukocytes. Barbeau et al 
(1976) in 20 FA patients found no 
significant differences from 20 control 
leukocyte preparations. 

The studies relating to the third 
component (E3-LAD-lipoamide dehy­
drogenase) of the PDH complex (see 

Ngo and Barbeau, 1978) are more 
difficult to analyse. In fibroblasts, 
normal activities were reported by 
Melancon et al (1978a; 1978b; 1979), 
Stumpf and Parks (1979) and D'Angelo 
et al (this issue). In platelets normal 
activities were observed by Filla et al 
(1978), Stumpf and Parks (1978). The 
kinetics (Km and Vmax) of LAD were 
studied, and found normal, in fibro­
blasts by Melancon et al (1978), 
Stumpf and Parks (1979) and 
Bertagnolio et al (this issue), and in 
platelets by Stumpf and Parks (1978). 
However, in serum, low activity values 
for LAD were found in a significant 
number of patients with Friedreich's 
but not in all (Barbeau et al, 1976, 
1979; Filla et al, 1978; Melancon et al, 
1978; D'Angelo et al, this issue, 
Melancon et al, this issue). 

Many factors should be considered 
when trying to interpret these results: 
choice of patients and controls; 
statistical problems; cell preparation 
and assay conditions (Stumpf and 
Parks, 1979; Melancon et al, 1978b 
and Kark et al, 1979). All authors, 
except Kark and his collaborators, 
accept the strict clinical criteria for 
selection of Friedreich's ataxia patients 
defined by Geoffroy et al (1976). Kark 
and collaborators have included patients 
whom we would not call Friedreich's 
ataxia. These authors prefer to define a 
disease on the basis of biochemical 
data, rather than clinical presentation. 
Although we agree that this is correct 
when the primary gene product has 
been identified as a marker, until then 
this tends to confuse the issue and lead 
to the acceptance of more "diseases" 
than are warranted. When the bio­
chemical results are analyzed for the 
group of typical patients "as a whole", 
heterogeneity in the results indicates 
rather that the biochemical finding 
may be secondary to the disease, or 
even unrelated. It is also important to 
have two control groups if possible: a 
normal group and a "neurological" 
(preferably "other ataxia") group. 
Failure to do so, or the exclusive use of 
"neurological" controls, may explain 
some of the discrepancies found in the 
literature. It is also unfortunately true 
that many technical differences exist 
between the published papers. Some of 
these may be of eventual significance. 
Thus, Barbeau (1979) has shown 

through mixing experiments.at various 
concentrations that Friedreich's ataxia 
serum (but not platelets or fibroblasts) 
seems to lack a heat-labile substance 
necessary for normal LAD activity. 
This substance appears to be contained 
mainly within the high density lipo­
protein (HDL) fraction of serum, or to 
interact with this fraction. Similar 
substrate-related differences are re­
ported for Lecithin-cholesterol acyl 
transferase (LCAT) by Huang et al 
(this issue). We will hypothesize later 
that this factor may be related to 
linoleic acid and/or to lipoic acid. In 
this respect, it is interesting that 
Melancon et al (this issue) observed a 
correction of serum LAD abnormalities 
in patients receiving long-term oral 
Lecithin (Phosphatidylcholine), a 
therapeutic approach based on the 
preliminary reports of Barbeau (1978b, 
1979). This change in serum LAD 
appeared to correlate mainly with 
improvement in muscle strength. 

In conclusion, regarding glucose 
and pyruvate metabolism, we can 
summarize the current status of the 
problem, by stating that all the 
evidence indicates that in vivo oxida­
tion of pyruvate is slow in Friedreich's 
ataxia but that this is not a specific 
finding (Williams, 1979). Attempts to 
localize this defect within the pyruvate 
dehydrogenase (PDH) complex have 
resulted in incriminating the third 
component (E3-LAD): lipoamide de­
hydrogenase, which, in vivo, does not 
appear to be activated by the proper 
amount of substrate. However, in 
vitro, whether in platelets, leukocytes 
or fibroblasts, both PDH and KGDH 
complexes and their LAD component, 
as well as the kinetics of these 
components, appear to be normal, in 
most laboratories, except when certain 
technical conditions of disruption or 
preparation of the cells are modified. 
These facts indicate that the primary 
genetic defect is not to be found in the 
PDH or KGDH complexes or in LAD 
per se but that, in Friedreich's ataxia, 
the smooth interaction between these 
components may be abnormally regu­
lated, possibly even under genetic 
control, by a factor, or factors, 
operating in blood or cell membranes 
(or both). We are thus dealing with a 
regulation problem in the access of 
pyruvate to the intra-mitochondrial 
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energy utilization system. This may be 
one of the important factors leading to 
mitochondrial energy deprivation in 
Friedreich's ataxia, but it does not 
appear to be the abnormal gene 
product in this disease. 

One possible consequence of a slow­
down in the production of Acetyl-coA 
through the PDH complex, is an 
impairment in the synthesis of acetyl­
choline (Gibson et al, 1975). There is 
no direct evidence yet obtained in 
Friedreich's ataxia patients that this is 
the case, but the possibility has 
inspired new therapeutic approaches 
(Barbeau, 1978b). Thus Kark et al 
(1977) used the centrally active cholin-
esterase inhibitor physostigmine in 12 
patients with various SCD. Forty 
minutes after a single dose, the scores 
improved by 35.7 ± 4.7 percent (means 
± SEM). Eight patients were then 
studied over sequential 3-month periods 
by a randomized double-blind trial of 
physostigmine versus placebo. With 
physostigmine, scores were 33.9 ± 8.3 
percent better than before treatment or 
with placebo. Perlman et al (1980) 
from the same group recently showed 
that sustained oral use of doses of 8 
mg/day, improved signs by about 30% 
over 6 months in all 10 patients who 
were studied. Oral doses up to 24 
mg/day over a 2-3 year trial were 
found to be useful in 7 of 11 patients. 
The direct precursor of acetylcholine, 
choline, has also been used with some 
success in ataxia of various origins 
(Legg, 1978; Barbeau, 1978b; Blattel, 
1979; Livingstone and Mastaglia, 
1979). However the bad body odour 
caused by the metabolites of choline, 
makes this an impractical treatment. 
Better results are obtained with 
phosphatidyl-choline (Lecithin), still 
another precursor which clearly in­
creases brain and adrenal gland acetyl­
choline content (Hirsch and Wurtman, 
1978). Initial observations by Barbeau 
(1978b, 1978b and unpublished results) 
indicated a clear, but moderate 
improvement of muscle strength and 
well-being in over 50 patients with 
various forms of hereditary ataxia and 
mainly a slowing down of the disease 
process. These results have been 
confirmed by many authors but not yet 
published (Campanella, G., personal 
communication; Di Donato, S., per­
sonal communication; Bouchard, J.P., 

personal communication; Melanconet 
al, this issue). Double-blind studies are 
now underway with objective measure­
ment methods (Richards et al, this 
issue). Thus these preliminary results 
indicate that an acetylcholine deficit 
may indeed exist in Friedreich's ataxia 
and be partially corrected by acetyl­
choline precursors; these findings are 
compatible with the mitochondrial 
energy deprivation postulated in this 
disease. However, another explanation 
exists for the results with Lecithin 
(Barbeau, 1979b): this precursor may 
be supplying deficient membrane 
components, such as linoleic acid (see 
infra). 

SEARCH FOR A CAUSAL FACTOR 
As we demonstrated above, the 

evidence in favor of mitochondrial 
energy deprivation is strong and may 
explain the pathogenesis of most of the 
symptoms observed in Friedreich's 
ataxia. However, we have not been 
able to find a clear-cut enzymatic or 
metabolic block in afferent systems 
usually supplying the substrates for 
mitochondrial energy requirements. 
No change in lipid oxidation has yet 
been demonstrated or suspected in 
Friedreich's ataxia. The deficits observed 
in the PDH-LAD complex and in 
GDH activity are both only partial 
(range of decrease: 15-40%) and most 
likely secondary to a regulatory 
problem, rather than a mutation in 
enzymes of glucose or amino-acid 
metabolism. Some interesting observa­
tions concerning methodological prob­
lems encountered in the course of 
GDH (Barbeau et al, this issue; 
Bertagnolio et al, this issue) and PDH 
(Barbeau, 1979; Rodriguez-Budelli 
and Kark, 1979; Melancon, 1978b; 
Kark et al, 1979) determinations 
support the previously expressed 
hypothesis (Barbeau, 1978) that a 
membrane defect may exist in 
Friedreich's ataxia, and that this defect 
may affect the mitochondrial mem­
brane itself. For example (Barbeau et 
al, this issue), a significant deficit in 
leukocyte GDH activity in Friedreich's 
ataxia found when the cells were 
dissociated through sonication methods, 
disappeared when the same cells were 
dissociated with Triton X-100, a 
powerful detergent. This pointed to 
the mitochondrial membrane (since 

GDH and PDH are intra-mitochondrial), 
and particularly to a lipid or fatty acid 
component of that membrane. 

Previous studies from our group 
have also indicated that something 
could be wrong with the membranes in 
Friedreich's ataxia (Barbeau, 1978), 
but none of the evidence was, by itself, 
conclusive. Thus, Fillaetal (1979) only 
noted a small increase in the degree of 
echinocyte formation upon varying 
the environment of the cells, but no 
significant change in the phospholipid 
pattern in platelets from patients with 
Friedreich's ataxia. Similarly, Draper 
et al, (1979) in red cell membranes 
found no significant difference in total 
phospholipids, cholesterol or proteins, 
but a slight shift in the distribution of 
phospholipid classes with a small 
increase in phosphatidyl inositol and 
phosphatidyl serine. Butterfield et al 
(1979) found no alteration in the 
physical state of membrane lipids, in 
morphology, or in the staining profile 
of erythrocytes in Friedreich's ataxia. 
An altered conformation and/or orga­
nization of proteins in erythrocyte 
membranes in this disorder was 
nevertheless suggested by spin labeling 
studies. However, the minor changes 
seen in this disease were not specific 
because they have also been observed 
in Alzheimer's disease, even if they 
differ from the findings in Huntington's 
chorea, and muscular dystrophy 
(Butterfield, personal communication). 
Steinberg et al (1979) found essentially 
no abnormalities in hemagglutination 
by lectins in Friedreich's ataxia red 
blood cells. Thus the modifications 
observed are compatible with a small 
change in a major component or an 
important change in a still undefined 
minor component of the membrane. 
Searching for this minor component, 
Wong and Barbeau (this issue) found 
normal protein bands on SDS-poly-
acrylamide gel electrophoresis of ery­
throcytes as well as normal protein 
kinase activity and normal phosphor­
ylation rates of the principal proteins. 
However, Huang et al (this issue) were 
able to demonstrate in erythrocyte 
ghost membranes from Friedreich's 
ataxia patients a significant decrease in 
the linoleic acid (18:2) content of 
phosphatidylcholine, thus a localized 
type of defect compatible with the spin 
labelling findings. 
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This abnormality in linoleic acid 
content in a specific membrane com­
ponent of cells is extremely important, 
even if it turns out not to be specific, as 
we will now try to demonstrate. In a 
later paragraph we will consider the 
why of this decreased concentration of 
phosphatidylcholine linoleic acid, but 
we would like to examine first the 
metabolic consequences of this defect. 
As is obvious from the above reports, 
the overall structure and functions of 
cell membranes are not significantly 
modified by this abnormality, because 
the linoleic acid of phosphatidylcholine 
constitutes only a minor component of 
the cell membrane. A decrease in the 
polyunsaturated linoleic acid content, 
in a structural component of the 
membrane such as phosphatidylcholine, 
could lead to a slight decrease in its 
fluidity that only special conditions of 
physical stress would detect. 

However cell membrane linoleic 
acid serves as a precursor to important 
metabolic co-factors and as a supply 
pool to the membranes of inner micro-
organelles such as the mitochondria. It 
is at this level that the consequences of 
such a deficit in cell membrane linoleic 
acid could be extremely important, 
even if not disease specific. 

It is well known, of course, that 
linoleic acid, and arachidonic acid, are 
the precursors of the important 
metabolic regulators called prosta­
glandins, and it is probable that a 
decreased cell supply of linoleic acid 
would be reflected in the production of 
these substances and, consequently, in 
the regulation of cytoplasmic calcium 
concentra t ion (Bergstrom and 
Samuelson, 1965). To date, no study of 
this problem has been carried out in 
Friedreich's ataxia. 

A more esoteric, and unexpected, 
derivative of membrane linoleic acid, 
is lipoic acid. In a series of brilliant 
studies, Carreau and his collaborators 
(Carreau et al, 1975; 1977) injected 
linoleic acid uniformly labelled to 
sucking rats from mothers deprived in 
essential fatty acids and studied the 
metabolites produced. They were able 
to clearly identify by chromatography 
(silica gel and gas-liquid) and mass-
spectrometry, the presence of signifi­
cant amounts of lipoic acid. This 
compound, of course, is the essential 
co-factor for most of the oxidative 

decarboxylation processes of a-keto-
acids, particularly in the PDH and 
K.GDH complexes. It is also present in 
high concentrations in the mitochon­
drial inner membrane (independently 
of the protein-bound lipoic acid 
moeties of the above noted complexes) 
where it or a metabolite plays a role in 
the terminal reactions of oxidative 
phosphorylation in conjunction with 
unsaturated fatty acids (Griffiths and 
Hyams, 1977; Griffiths et al, 1977). 
Lipoic acid is also said to stimulate the 
conversion of eicosatrienoic acid to 
prostaglandins (Marnett and Wilcox, 
1977). It acts as a mobile component of 
mitochondrial inner membrane, being 
an energy-coupling factor linking the 
ATP synthase complex and the 
electron-transfer chain. 

Finally, there is some evidence that 
lipoic acid participates in the regulation 
(inhibition) of glutamate dehydrogen­
ase (GDH) (Yanagawa and Egami, 

1975). Thus a defect in the synthesis, 
metabolism or regulation of inner 
mitochondrial membrane lipoic acid 
could well be responsible for the 
"regulatory" enzyme changes in PDH, 
KGDH and GDH (all mitochondrial 
enzymes) observed in Friedreich's 
ataxia, and occasionally in other forms 
of ataxia, and this could be tied to an 
abnormal supply of cell membrane 
linoleic acid, particularly in phospha­
tidylcholine moieties. 

A third possibility exists for cell 
membrane linoleic acid to play a role 
in the mitochondrial energy deprivation 
in this, and other, diseases. In inner 
mitochondrial membranes, 90% of 
total lipids are phospholipids, the 
main phosphatides being cardiolipin 
(diphosphatidylglycerol) (Fig. 2), 
(Ioannou & Golding, 1979), phospha­
tidylcholine and phosphatidyl ethano-
lamine (Comte et al 1971, 1976). The 
mitochondrial inner membrane fatty 
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Figure 2 — structure of cardiolipin (diphosphatidyl glycerol). 
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acids are mainly unsaturated, par­
ticularly cardiolipin. Thus, the concen­
tration of linoleic acid (18:2) in 
phosphatidylcholine is 12.4%, in phos­
phatidyl ethanolamine, 5.4% and in 
cardiolipin, 58.8%. Biosynthesis of 
cardiolipin was found exclusively in 
the inner mitochondrial membrane 
(Davidson & Stanacev, 1971; Hostetler 
& Van den Bosch, 1972). It is 
noteworthy that this synthesis was 
strongly inhibited by nonionic deter­
gents such as Triton X-100. The 
turnover of fatty acids, and particularly 
of linoleic acid, in cardiolipin was very 
rapid (Landriscina et al, 1976), thus 
making this phospholipid susceptible 
to essential fatty acid deficiency. Any 
decrease in linoleic acid content of 
cardiolipin strongly influenced the 
physical properties of the mitochon­
drial inner membrane (Blomstrand 
and Svensson, 1974), with a concomi­
tant loss of adenosine triphosphatase 
(Santiago et al, 1973) and mainly 
phosphorylative ability (Haslam, 1971). 
Nearly complete loss of oxidative 
phosphorylation and respiratory con­
trol occurred when the level of cellular 
unsaturated fatty acids fell below a 
certain minimum in yeast (20% of fatty 
acids unsaturated). It should be 
mentioned also that cardiolipin of the 
inner membrane had a strong regula­
tory (inhibitory) interaction with glu-
tamate dehydrogenase (GDH) (Julliard 
and Gautheron, 1972; Godinot, 1973; 
Dodd, 1973). Finally it was noted that 
cardiolipin and phosphatidic acid were 
the most active ionophores among the 
phospholipids tested, with activities 
comparable to that of X537A in 
respect to the translocation of divalent 
cations (Tyson et al, 1976). Thus, it 
was evident that any change in the 
linoleic acid composition of inner 
membrane phospholipids, particularly 
cardiolipin, would have a profound 
effect on the Krebs cycle and oxidative 
phosphorylation. Because cardiolipin 
normally has, by far, the highest 
concentration of linoleic acid (50 to 
80% depending on species and organ), 
this phospholipid should be profoundly 
affected by a low cellular pool of 
linoleic acid such as we find in 
Friedreich's ataxia. The metabolic 
consequences of this defect are cata­
strophic and have been described 
above. However, despite the fact that 

all these defects can occur in mammals, 
many of these intermediate steps have 
yet to be demonstrated in patients with 
Friedreich's ataxia. 

The next important question is: 
what causes the decrease in the linoleic 
acid (18:2) content of cell membranes 
and cytoplasmic pools which may lead 
to similar decreases in the levels of 
prostaglandins and lipoic acid and in 
cardiolipin linoleic acid content, result­
ing in mitochondrial energy depriva­
tion? Previous and current investiga­
tions from our Cooperative Study may 
give some clues. It is well known that 
the membrane composition of fatty 
acids, particularly the essential ones, is 
regulated by exchange with the exterior 
milieu, the lipoproteins, or directly 
with plasma (for a controversy on this 
subject see Field and Joyce, 1979; 
Seaman et al, 1979, 1980). Sixty 
percent of erythrocyte phosphatidyl­
choline is exchangeable (Reed, 1968), 
independently of the degree of satura­
tion of their fatty acids (Renooij and 
Van Golde, 1977). Dietary fats are 
rapidly reflected on the fatty acid 
composition of human erythrocytes 
and chick cerebella (Horwitt et al, 
1959). It is thus of interest that Huang 
et al (1978) reported no significant 
differences in the plasma fatty acid 
profile of the total lipid fraction, in the 
total cholesterol and phospholipid or 
in the percentage distribution of the 
individual phospholipid classes, but 
on the other hand they found major 
abnormalities in the composition of 
the high density lipoprotein (HDL) 
fraction. In Friedreich's patients, the 
relative proportion of HDL cholesterol 
and triglycerides was increased, while 
the relative protein content was greatly 
reduced and the proportion of phos­
pholipids was normal. The apoprotein 
composition of HDL, however, 
appeared to be normal. LDL levels 
were slightly decreased. In further 
studies (Davignon et al, 1979), it was 
found that the fatty acid profile of 
cholesteryl-ester (CE) fractions was 
markedly deficient in linoleic acid 
(18:2) in both plasma and HDL. There 
was a compensatory increase in 
saturated acids. The HDL phospholipid 
fraction also showed a reduction in the 
proportion of 18:2 with a concomitant 
increase in stearic (18:0) and oleic acid 
(18:1), while the HDL triglyceride 

fraction showed only an increase in 
palmitoleic (16:1) and oleic acids. 
Although the total plasma CE fatty 
acid profile was perturbed in Friedreich's 
ataxia, total plasma phospholipid and 
triglyceride fatty acid patterns were 
unaffected. Further studies (Huang et 
al, this issue) indicated that the enzyme 
most involved in transfer of cholesterol 
from the membrane, Lecithin-choles­
terol acyltransferase (LCAT), was 
reduced in Friedreich's ataxia, con­
firming the results of Yao et al (1976, 
1978) on a smaller group of patients. 
Mixing experiments indicated that this 
LCAT deficit was secondary since it 
was corrected by a normal phos­
phatidylcholine substrate. Finally 
Huang et al (this issue) showed that red 
blood cell membranes were deficient in 
the 18:2 (linoleic acid) composition of 
their phosphatidylcholine, a most 
important point as seen previously. 
The authors postulated a metabolic 
defect in the incorporation of 18:2 into 
chylomicron phospholipids within the 
intestinal mucosa. These important 
findings must, however, be confirmed 
by other laboratories. Yao and Dyck 
(1978) found that 9 patients with 
Friedreich's ataxia and 39 with other 
neuropathies showed decreased linoleic 
acid in the phosphatidylcholine and 
lysophosphatidylcholine fractions of 
serum phospholipids compared with 
73 healthy subjects. Obviously, these 
findings were not specific to Friedreich's 
ataxia, but may nevertheless reflect a 
reduced linoleate pool in this disease. 
Recently Walker et al (1980a, 1980b), 
using different methods of determina­
tion than the ones employed by Huang 
and collaborators, could not confirm 
the abnormalities in HDL previously 
reported. In particular the fatty acid 
profiles of total HDL and of the 
cholesterol esters of HDL and LDL 
were not found to be different from 
normal in 10 patients with Friedreich's 
ataxia. No good reasons, except 
methodological differences, explain 
this discrepancy. It is unlikely that the 
linoleic acid deficit is only present in 
French Canadian patients as suggested 
by Walker et al (1980b). 

Assuming that further studies else­
where confirm the results already 
observed by our group in more than 40 
Friedreich's ataxia patients, one must 
ask how this deficit in HDL and 
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membrane linoleic acid content could 
occur. As we have seen, Davignon et al 
(1979) postulated a defect in intestinal 
incorporation at the level of chylomi­
crons, but other possibilities must be 
considered. A diet low in essential fatty 
acids could produce similar results, 
but no evidence for such a deficient 
diet has yet been produced in these 
diseases. Similarly, a specific defect in 
one of the synthesizing enzymes may 
exist and give the above results. 
However, many of our findings were 
non specific and can be observed in a 
number of other neuropathies or 
hereditary ataxias. This would seem to 
militate against a disease specific 
process limited to Friedreich's ataxia. 
One last possibility must be seriously 
considered because, at this writing, it 
would best explain the findings: the 
decreased linoleic acid content in HDL 
and membranes could be due to a 
block in the incorporation, inter­
ference or competition for the normal 
substrate by some abnormal lipid or 
fatty acid in increased quantity. There 
are precedents for this possibility: in 
adrenomyeloneuropathy (the adult 
form of X-linked adrenoleucodystro-
phy with spastic paraparesis and 
chronic adrenal insufficiency), an 
excess of very long chain fatty acids 
(C26 fatty acids) was demonstrated 
with markedly abnormal C26/C22 ratio 
(Igarashi et al, 1976; O'Neill et al, 
1980). In that disease, Chazot et al 
(1979) showed low serum linoleic acid 
and increase in the saturated/unsatu­
rated ratio for fatty acids. In Refsum's 
disease where phytanic acid (a 20 
carbon methylated fatty acid) is 
accumulated, low serum and red cell 
linoleic acid contents have also been 
observed. Finally in Batten's disease 
(infantile form of neuronal lipofusci­
nosis) one finds in erythrocytes a 
decreased glutathione peroxidase 
activity associated with particularly 
low concentrations of linoleic acid in 
serum (Shukla et al, 1978). In 
Friedreich's ataxia no abnormal peaks 
have yet been observed in serum or 
tissue fatty acid analysis of extracts by 
gas-liquid chromatography (Huang et 
al, 1978; Walker et al, 1980a), but it 
should be mentioned that the range of 
fatty acids studied by usual methods is 
from 14:0 (Myristic acid) to C22 

Pentaene. No data is available on short 

chain fatty acids, but this point is being 
looked at by our group (Bertrand et al, 
in preparation). It is of interest, in this 
respect, to recall that lipoic acid is a C8 

compound with two SH-groups. 

CONCLUSION 
Thus, the pathophysiology of most 

symptoms in Friedreich's ataxia and 
possibly in many other forms of 
hereditary ataxia could be explained 
by the following scheme (Fig. 1): 

The primary factor appears to be 
interference with the incorporation of 
linoleic acid to the phosphatidylcholine 
component of high density lipopro­
teins, and consequently of cell mem­
branes. This could, in some cases, be 
the result of dietary changes; in other 
instances a block at the level of 
intestinal absorption (genetic or not) 
could be postulated; finally in a certain 
number of diseases, the presence in 
increased quantities of abnormal lipids 
or fatty acids would competitively 
impair that incorporation of the 
essential fatty acid, linoleic acid. 
Which of these mechanisms is active in 
Friedreich's ataxia is unknown. Ab­
normal concentrations of phospha­
tidylcholine linoleic acid (18:2) in cell 
membranes and cytoplasmic pools 
would result in alterations in the fatty 
acid composition of cardiolipin in the 
inner membrane of mitochondria, 
with important metabolic consequences 
upon energy production by the tri­
carboxylic acid (TCA) cycle and 
eventual mitochondrial energy depri­
vation. In parallel, a modification of 
prostaglandin synthesis, and of lipoic 
acid availability, because of a deficit in 
the precursor linoleic acid, would 
further impair the normal functioning 
of the Krebs cycle, particularly at the 
level of the oxidation of a-ketoacids. 
All these factors contribute in variable 
ways to the mitochondrial energy 
deprivation which, in turn, can be held 
directly responsible for such cardinal 
symptoms as muscle weakness, dying-
back neuropathy, scoliosis and the 
hypertrophic cardiomyopathy. The 
regulatory defect produced at the level 
of the pyruvate dehydrogenase com­
plex (as a result of the impaired 
availability of lipoic acid, for example), 
is translated in one direction into a 
slow-down in the catabolism of 

pyruvate towards acetyl-CoA, acetyl­
choline and the Krebs Cycle, and in the 
other direction into a limitation of 
glucose entry into cells favoring the 
development of chemical then clinical 
diabetes. It is not impossible that this 
trait (diabetes, slow pyruvate utiliza­
tion) be due to a different (but closely 
linked) recessive gene from that of 
Friedreich's ataxia. Consequent to this 
deficient phosphorylation, there is a 
deficit in the concentrations of glutamic 
and aspartic acids. This tissue deficit in 
important excitatory neurotransmitters 
in certain more metabolically vulner­
able areas such as the cerebellum, 
brain stem and dorsal root ganglia 
(more vulnerable because they are 
areas of intense metabolic activity or 
because they function already at 
threshold), would be directly respons­
ible for the symptom "ataxia". Evi­
dence for this is obtained from 
experiments reported in this issue (De 
Michele et al) indicating that the 
symptom of gait incoordination pro­
duced by injections of 3-acetylpyridine 
and accompanied by low cerebellar 
concentrations of aspartic acid and 
glutamic acid, can be completely 
reversed by the intraventricular injec­
tion of glutamate or, even more so, of 
aspartate. 

It is thus evident that this scheme (or 
parts thereof) may explain the symp­
toms of a great number of diseases in 
the field of hereditary ataxias. Indi­
vidual entities would involve a specific 
enzyme defect (genetically determined 
or secondarily induced) at one of the 
crucial crossroads of this scheme. 
Depending on how far away from the 
central core defect (mitochondrial 
energy production), or on how localized 
to certain tissues (for example node of 
Ranvier versus dorsal root ganglia) 
that enzymatic block is situated, the 
whole rainbow of phenotypic expres­
sions could be produced individually 
or in association. At the present time, 
this scheme is compatible with every­
thing we know of the biochemistry of 
any of the hereditary spinocerebellar 
degenerations. For Friedreich's ataxia 
particularly, and contrary to previously 
expressed opinions in the literature, we 
do not think the primary gene involves 
the enzymatic complexes of PDH, 
KGDH or GDH, but rather that it is 
the consequence of interference with 
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the incorporation of linoleic acid to 
phosphatidylcholine moieties of lipo­
proteins and/or cell membranes. 
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