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SUMMARY: Of 13 patients with Fried-
reich’s ataxia (Type la) and 17 with type
lla recessive ataxias, all were Yound to have
levels of “free ervthrocyte protoporphyrin”
(FEP) above the normal range. The rise in
FEP in Friedreich’s ataxia correlated well
with the age of the individual and thus
appears to be related to the course of the
disease. Subjects with olivo-ponto-cerebel-
lar atrophy, Charlevoix syndrome,
Duchenne muscular dystrophy, and
Parkinson’s disease were also found to

RESUME: Nous avons trouvé des niveaux
élevés de protoporphyrines érythrocytaires
libre (FEP) chez chacun de 13 patients avec
ataxie de Friedreich (type Ia)et 17 avec une
ataxie récessive (type lla). L'augmentation
des FEP dans l'ataxie de Friedreich, et ses
variantes, est reliée a I'dge des individus et
donc semble liée a [l'évolution de la
maladie. Une légére augmentation des
FEP fut également observée dans 'OPCA,
le syndrome de Charlevoix, la dystrophie
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have significantly elevated FEP, although
the distribution overlapped with the nor-
mal range.

The finding of elevated FEP may
indicate a relative heme deficiency in
ataxia due 1o inhibition of ferrochelatase
leading to a state of ineffective, persistent
erythropoiesis. The possibility of a prosta-
glandin abnormality being related to this
defect and to the pathogenesis of ataxia is
considered.

musculaire de Duchenne et la maladie de
Parkinson, méme s'il y a chevauchement
des données avec les valeurs normales.

Cette augmentation des FEP indique
peut-étre une déficience en héme dans
l'ataxie par inhibition de la ferrochelatase
avec, comme conséquence, une érythro-
porése inefficace et persistante. Nous
discutons du réle possible des prostaglan-
dines dans cette anomalie.
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INTRODUCTION

Despite the many " neurological
disturbances of inherited disorders of
heme metabolism, the “porphyrias”
(Goldberg, 1959), there have been,
conversely, very few investigations of
hematological indices in the hereditary
ataxias (Szanto and Gallyas, 1966;
Barbeau et al, 1976). A possible role of
prostaglandins (PG’s) and thrombox-
anes in ataxia has been suggested
(Horrobin, 1978) and is supported by
the importance of essential fatty acid
metabolism in the CNS myelination
process (Merton and Meade, 1977
Trapp and Bernsohn, 1978). Essential
fatty acids are precursors of
prostaglandins. Heme plays an
important role in PG endoperoxide
synthesis (Hemler et al, 1976) and,
conversely, PG’s are important
modulators of erythropoiesis and
attending heme synthesis (Dukes et al,
1975). If there is abnormal PG
metabolism in hereditary ataxias,
either the cause or consequence of the
disease, then there should be
abnormalities of porphyrin-heme
biosynthesis as well. In particular, our
recent studies have demonstrated a
critical role for PG’s in regulating
protoporphyrin accummulation in
chick embryo liver cells in culture
(unpublished observations). The ease
and simplicity of erythrocyte por-
phyrin analysis encouraged us to at-
tempt to verify the predicted porphy-
rin abnormality in blood samples from
ataxic individuals.

SUBJECTS AND METHODS
Heparinized blood samples were
obtained from 164 patients of both
sexes at this and other clinics in the
province of Quebec. The ataxia groups
included were type la (autosomal
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recessive) Friedreich’s ataxia (n=13),
type lla recessive ataxias endemic to
New Brunswick (n=4)* and the
Rimouski region of Quebec (n=13),
autosomal dominant olivo-ponto-
cerebellar atrophy (n=10), and
Charlevoix syndrome (n=32), a
recessive spastic ataxia. Known
obligatory heterozygotes or children at
risk for these conditions were also
included (n=47). For comparison,
several other groups were studied,
including Duchenne muscular dystro-
phy (n=11), Werdnig-Hoffman syn-

drome (n=3), myasthenia gravis
‘(n=1), Wilson’s disease (n=1),
Huntington’s chorea (n=1), and

Parkinson’s disease (n=22). Normal
control blood samples were obtained
from healthy laboratory personnel, 5
male and 1 female in their twenties.
Hematocrit or microhematocrit values
were obtained for all individuals.
Assays for FEP were performed in
quadruplicate on 50 ul aliquots of
frozen-thawed whole blood lysates or,
in the case of patients with muscular
dystrophy, on fresh whole blood
following an overnight fast. The me-
thod used was the double-extraction
method described by Sassa et al (1975)
modified only for larger volumes. 3 ml
ethylacetate: glacial acetic acid
(2:1, v:v) were mixed with 50 ul blood
in a large test tube. 3 ml 0.5N
HC1 were then mixed in and the two
phases allowed 15-30 min to separate.
The lower aqueous phase (now 4 ml)
containing better than 809% of all
porphyrins was transferred by Pasteur
pipet to a separate test tube.
Fluorescence emission spectra were
obtained using a Hitachi Perkin-
Elmer model 204 spectrofluorometer
equipped with an R777 Hammamatsu
red-sensitive photomultiplier. The
excitation wave length was 410 nm and
emission peak heights at 602 and 660
nm were determined for each sample
after zeroing with solvent and
calibrating with standard solutions of
50 pM Rhodamine B in ethylene glycol
and 10 nM protoporphyrin 1Xin0.5N
HCl:glacial acetic acid (3:1, v:v) the
peak height ratio (602/660 nm)
allowed identification of protopor-
phyrin as the main porphyrin
component in the samples analysed,
and the second peak height at 660 nm
was used for calculation of concentra-
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Figure 1 —Free erythrocyte protoporphyrin levels in ataxic patients and their relatives.
Abbreviations identify the groups as normal controls (C), Friedreich’s ataxia (FA),
“New Brunswick Ataxia” (NBA), “Rimouski Ataxia” (RA), Olivo-ponto-cerebellar
atrophy (OPCA) and Charlevoix Syndrome (CS). Solid circle symbols denote affected
individuals (b-columns) while open circles (a-columns) represent obligatory heterozy-
gotes or, in the OPCA group, children at risk. The shaded area covers the expected
range of normal values. Vertical lines span the range of experimental values obtained
while horizontal lines mark the mean value. Stars appearing above a subgroup indicate
a statistically significant difference from the normal control group: | star, p<0.05 or 2

stars, p<<0.005.

tions. Assays of uroporphyrinogen-1-
synthetase were performed as de-
scribed by Sassa et al (1974) on 10 ul
aliquots of frozen-thawed whole blood
lysates. Statistical comparisons of
experimental data were made using
the Student’s two-tailed t-test.

* “New Brunswick™ and “Rimouski™ recessive ataxias
arc slowly progressive forms of ataxia, most likely
variants of Friedreich's ataxia. They will be described
clsewhere.
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RESULTS

The mean FEP for our normal
controls was 48*11 (S.D.) ug
protoporphyrin/ 100 ml red blood cells
with a range of 34 to 62. These values
are similar to ones previously
reported: 56*10 (mean*S.D.) ug
protoporphyrin/ 100 ml RBC’s (An-
derson et al, 1977), range 35 to 65
1g/ 100 ml RBC’s (Orfanos et al, 1977)
and range 20 to 50 ugl00 ml RBC’s

Erythrocyte Protoporphyrin Levels
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Figure 2— Free erythrocyte protoporphyrin in ataxias as a function of age. Lines represent
patients with Friedreich’s ataxia (FA, n=13, solid circles), “New Brunswick Ataxia”
(NBA. n=4, solid triangle symbols) and “Rimouski Ataxia” (RA, n=13, opensquares).
Correlation coefficients are given as r-values adjacent to the corresponding line.

(Granick et al, 1972). Values may be
slightly higher in young children and
females (Orfanos etal, 1977; Krammer
et al, 1954). No consistent or marked
sex differences were noted in this
study. With regard to the above data,
the shaded area in Figs. 1, 2 and 3 is
intended to represent a normal range
of FEP from 15 to 65 ug protopor-
phyrin/ 100 ml RBC’s.

It is apparent from the distributions
of FEP in Fig. 1 that individuals with
types Ia and Ila ataxia showed highly
significant elevations of FEP; indeed,
there was no overlap of FEP values
between those 30 patients and the
normal range. Groups of OPCA and
CS and obligatory heterozygotes for

Morgan et al

types la and Ila hereditary ataxias
showed lesser but nonetheless
significant elevations of FEP with
some overlap in the normal range.
Subjects with Rimouski ataxia had
FEP levels significantly greater than
their corresponding obligatory het-
erozygotes which were in turn,
significantly elevated over control
levels. Differences between other
ataxic individuals (FA and NBA) and
their respective heterozygotes fell just
short of significance, due to the small
sample size of heterozygotes.

Among the ataxic patients there was
excellent correlation of FEP levels
with age or duration of the disease in
the case of FA and the more slowly

https://doi.org/10.1017/50317167100119699 Published online by Cambridge University Press

progressive NBA (Fig. 2). Within these
two groups, FEP appeared to rise
progressively above the normal range
at about the same rate, but beginning
at age 10 in FA and at age 20 in NBA.

In order to assess the “disease
specificity” of the elevated FEP in
ataxias, it was deemed of interest to
investigate subjects with non-ataxic
disorders. The results in Fig. 3 indicate
that patients with progressive
myopathies (DMD, WHS, MG) show
relatively minor elevations of FEP and
most have levels in the normal range.
Those afflicted with Parkinson’s
disease, aged 23 to 78 years, displayed
FEP values ranging from 54 to 127
g/ 100 ml RBC’s i.e. from the normal
range to maximum levels that were
significantly elevated but less than the
maxima in ataxia groups.

Assays of uroporphyrinogen-l-
synthetase, the third enzyme of the
heme biosynthetic pathway, revealed a
small but significant elevation of
enzyme activity of 25 to 75% in ataxic
patients and their relatives compared
with control levels. Unfortunately,
blood samples were subjected to one
or more days at room temperature
prior to assay due to a refrigerator
breakdown. These data are therefore
not shown as they likely underestimate
the true elevation of uroporphyrino-
gen synthetase in ataxia.

DISCUSSION

This is the first report of a
“paraporphyria” existing in ataxic
disorders. Although there has been,
hitherto, no recognized nosological
association between ataxia and
porphyria, the two diseases can
nevertheless coexist in a single patient
(Goldberg, 1959) and certain sub-
groups of both of these heterogenous
diseases are well known to show a high
incidence of diabetes mellitus,
enhanced skin photosensitivity, and
abnormal pituitary hormone regula-
tion. It is of interest that acute
intermittent porphyria was once
considered to have a primary
neurological basis characterized by
defective acetylcholine synthesis,
peripheral demyelination, and paraly-
sis, thus illustrating the importance of
heme metabolism in nerve function.

The elevations of FEP were most
apparent in the patients with
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Friedreich’s, New Brunswick, and
Rimouski ataxias in which all
observed values were above the
normal range. Also, only in these three
groups was there a clear difference
between affected individuals and
obligatory heterozygotes. In all three
groups the mean value for the
heterozygotes was above normal. In
the Friedreich’s and New Brunswick
groups there was a highly significant
correlation between age (and therefore
severity of the disease) and the FEP
The correlation was much
weaker and not significant for the
Rimouski group. This association
between FEP and disease progress
suggests that both the clinical features
of the disease and the FEP
abnormalities may be secondary to
some underlying primary problem.
The elevated FEP is not a cause of the
disease but may provide clues as to the
cause. It might also provide a readily
available and sensitive monitor of new
approaches to therapy.

FEP is known to be elevated in a
variety of conditions including
infection (Krammer et al, 1954),
hemorrhage, iron deficiency, nutri-
tional deficiency anaemias of vitamin
E (Chou et al, 1978), or vitamin B,
and copper (Allen, 1956), following
birth, and after irradiation. Elevation
of FEP is an indicator of stimulated
erythropoiesis and an increased
population of mitrochondria-contain-
ing erythroblasts and reticulocytes
(Johnson and Schwartz, 1972) which
are the only red blood cells engaged in
active heme synthesis.

Elevations of FEP can result from a
number of different abnormalities all
pointing to a primary defect at the
level of ferrochelatase, the final,
regulatory mitochondrial enzyme of
the heme pathway that inserts ferrous
iron into the protoporphyrin ring (Fig.
4). Possible causes could be 1) a
deficiency of the iron substrate 2) a
decreased heme requirement or
catabolism 3) inhibition of ferrochela-
tase, as through depletion of cofactors
(see below) and/or 4) enhanced flux of
intermediates through the porphyrin
pathway following induction (dere-
pression) of the rate-limiting enzyme
ALA synthetase.
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Figure 3— Free erythrocyte protoporphyrin levels in patients with non-ataxic disorders.
Abbreviations identify the groups as normal controls (C), Duchenne Muscular
Dystrophy (DMD), Werdnig-Hoffman Syndrome (WHS), Myasthenia Gravis (MG),
Wilson's Disease (WD), Huntington’s Chorea (HC) and Parkinson’s Disease (PD).
Explanations of data presentation, stars, and shading are given in Figure 1. Note scale

change from Figures | and 2.

Since plasma and tissue iron is
normal or elevated in Friedreich’s
ataxia (Szanto and Gallyas, 1966) the
first possibility seems unlikely. The
recent findings of hyperbilirubinemia
in a large percentage of ataxic
individuals (Barbeau et al, 1976;
Hamel et al, 1978) and the heme
deficiency in brain mitochondrial
cytochrome oxidase of lambs with
enzootic ataxia allow us to eliminate
the second possibility described above.
Incidently, studies of experimental
protoporphyria caused by pharmaco-
logic inhibition of ferrochelatase have
shown that accumulated protopor-
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phyrin can serve as an alternate source
of bilirubin (Liem et al, 1977). Thus
the third possibility, “inhibition of
ferrochelatase™ with consequent

the aforementioned studies could not
attribute to hemolytic anemia.
Although erythrocyte turnover rate
may be enhanced in Friedreich’s
ataxia (Szanto and Gallyas, 1966),
hemolytic anemia could also be
discounted on the basis of protopor-
phyrin, as opposed to coproporphy-
rin, accumulation in RBC’s, the latter

Erythrocyte Protoporphyrin Levels
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Figure 4—Synopsis of heme metabolism in ataxia. See text for discussion.

being primarily elevated in hemolytic
anemias (Krammer et al, 1954).

The consequences of decreased
conversion of protoporphyrin to heme
would become manifest as a deficiency
of heme proteins and enzymes in cells
where heme serves an essential
function. Diminished cytochrome
activity and respiratory efficiency
(Smith et al, 1976) and possible
impaired conversion of tryptophan
to nicotinic acid via tryptophan
pyrrolase in animal ataxias may be
examples of this (Fischl and Rabiah,
1964). Diminished cyclooxygenase
activity with impairment of prosta-
glandin synthesis might also be
anticipated (Hemler et al, 1976).
Derepression of ALA synthetase is an
essential prelude to porphyria and
would be expected to be elevated in
erythropoietic tissues.

To establish the cause of ferrochela-
tase inhibition we have considered
possible depletion of essential enzyme
cofactors Cu™ (Wagner et al, 1976)
and pyridoxal phosphate (Labbe and
Nielsen, 1976). In addition, the
importance of polyunsaturated fatty
acids and calcium as they affect the
mitochondrial environment are

Morgan et al

recognized determinants of ferrochel-
atase activity (Simpson and Poulson,
1977). Copper deficiency, known to be
associated with the enzootic ataxia of
lambs (Smith et al, 1976) and with
elevated FEP in sheep (Allen, 1956),
may or may not be a contributing
factor in human ataxias. (Note the
elevation of FEP in the one case of
Wilson’s disease, Fig. 3). Pyridoxal
phosphate deficiency does not seem
likely and is actually known to impair
protoporphyrin biosynthesis since this
vitamin is an essential cofactor for
ALA synthetase which is rate-limiting
for porphyrin biosynthesis.

We next considered a pharmaco-
logic approach to understanding the
relation between ataxia and apparent
ferrochelatase inhibition. Curiously,
substituted pyridine derivatives are
used to produce experimental models
of cerebellar ataxia viz. 3-acetylpyri-
dine (Perry et al, 1976) and of
protoporphyria due to ferrochelatase
inhibition viz. 3,5-diethoxycarbonyl-
1,4-dihydrocollidine (De Matteis et al,
1973). On the other hand, certain
pyridine derivatives such as nicotinic
acid and nicotinamide are able to
attentuate experimental porphyria

https://doi.org/10.1017/50317167100119699 Published online by Cambridge University Press

(Pinelli and Favalli, 1972; Gibbard
and Schoental, 1977). Alteration of
pyridine metabolism in hereditary
ataxias has not been investigated.

The importance of unsaturated fatty
acids and calcium in stimulating
ferrochelatase activity prompted us to
investigate the actions of prostaglan-
dins on ferrochelatase activity.
Preliminary studies in liver cell
cultures have established that F-type
prostaglandins are powerful modula-
tors of ferrochelatase activity and
protoporphyrin accumulation. Using
this model system to study heme
biosynthesis we have found that
certain imidazole and pyridine
derivatives known to inhibit throm-
boxane synthesis and enhance
formation of F-type prostaglandins
(Moncada et al, 1977; Wennmalm,
1977, Vincent and Zijlstra, 1978;
Shimamoto et al, 1976) also produce
marked effects on protoporphyrin
accumulation. The action of vitamin A
acid was also of interest in relation to
three, perhaps coincidental observa-
tions: apart from its known ability to
stimulate lipid peroxidation (prosta-
glandin synthesis), vitamin.A (as beta-
carotene) is unique in its ability to
abolish symptoms of erythropoietic
protoporphyria (Mathews-Roth et al,
1974) and finally, vitamin A deficiency
has been used as a model of
experimental ataxia (Howell and
Thompson, 1967).

In conclusion, it appears that ataxia
and elevated FEP may be related in
conditions associated with deficiencies
of copper, vitamin A, and/ or essential
fatty acids. Whether any of these
nutritional deficiencies contribute to
symptoms of hereditary ataxias is at
present uncertain. Regretably, such
nutritional models have a history of
falling short when it comes to applying
them to hereditary human diseasese.g.
vitamin E’s ineffectiveness in heredi-
tary human muscular dystrophies.
Elevated FEP may account in part for
the hyperbilirubinemia previously
observed in hereditary ataxias. Insofar
as the mechanisms regulating porphy-
rin-heme biosynthesis are known or
can be investigated pharmacologi-
cally, an understanding of the cause(s)
of elevated FEP in ataxias may
contribute ideas about the etiology of,
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and potential therapy for, human
hereditary ataxias.
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