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Abstract

The pathogenic mutation in Friedreich’s ataxia (FRDA) is a homozygous guanine-adenine-adenine
(GAA) trinucleotide repeat expansion on chromosome 9q13 that causes a transcriptional defect of
the frataxin gene. Deficiency of frataxin, a small mitochondrial protein, is responsible for all
clinical and morphological manifestations of FRDA. This autosomal recessive disease affects
central and peripheral nervous systems, heart, skeleton, and endocrine pancreas. Long expansions
lead to early onset, severe clinical illness, and death in young adult life. Patients with short
expansions have a later onset and a more benign course. Some are not diagnosed during life. The
neurological phenotype reflects lesions in dorsal root ganglia (DRG), sensory peripheral nerves,
corticospinal tracts, and dentate nuclei (DN). Most patients succumb to cardiomyopathy, and
many become diabetic during the course of their disease. This review seeks to reconcile the
diverse clinical features with pathological and molecular data. In the pathogenesis of the lesion in
DRG, dorsal spinal roots, and sensory peripheral nerves, developmental defects and atrophy occur
in combination. The progressive lesion of the DN lacks a known developmental component.
Destruction of the DN, optic atrophy, and degeneration of the corticospinal tracts are intrinsic
central nervous system lesions. Fiber loss in dorsal columns and spinocerebellar tracts, and
atrophy of the neurons in the dorsal nuclei of Clarke are secondary to the lesion in DRG. The role
of frataxin deficiency in the pathogenesis of FRDA is still unclear because the protein has multiple
functions in the normal state, including biogenesis of iron—sulfur clusters; iron chaperoning; iron
storage; and control of iron-mediated oxidative tissue damage.
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1. Introduction

Friedreich’s ataxia (FRDA) is the most common autosomal recessive ataxia, in the vast
majority of patients, due to homozygous expansion of a guanine—adenine—adenine (GAA)
trinucleotide repeat in intron 1 of the frataxin gene on chromosome 9qg13 [1]. The mutation
causes a defect of transcription [2], and lack of frataxin, a small mitochondrial protein, is the
accepted cause of the entire complex clinical and pathological phenotype of FRDA. The
disease affects central and peripheral nervous systems: heart, skeleton, and endocrine
pancreas. The estimated carrier frequency ranges from 1:50 to 1:100 in peoples of European,
North African, Middle Eastern, and Indian origin. The point prevalence may be as high as
3/100,000 [3,4]. It is higher in enclaves, in which consanguinity is more frequent. The
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disease is peculiarly absent from Sub-Saharan and Far Eastern populations [5]. Based on
clinical studies, gene testing, and acceptance of a more variable clinical phenotype of
FRDA, the number of persons with FRDA in the United States at any given time can be
estimated as 9000.

2. The history of Friedreich’s ataxia

Table 1 lists the main steps in the discovery and characterization of FRDA. Friedreich [6-9]
wrote 4 long articles and one postscriptum [10] about the disease that now bears his name.
He recognized that the illness was hereditary [9,10] and had good insight into its
pathogenesis. He did not believe that “atrophy” alone could explain the neuropathological
manifestations and that a developmental defect had to be involved [10]. His erroneous
interpretation of dorsal column degeneration as inflammatory [10] was presumably
influenced by the prevalence of tabes dorsalis at that time. Friedreich recognized that his
patients had heart disease but attributed it to the effect of abdominal “typhus” (the German
term for typhoid). It is unlikely that the patients had this specific infection but rather a highly
febrile state toward the end of their lives [6]. Friedreich gave a detailed description of the
gross and microscopic changes in the heart. He was impressed by the thinning of the spinal
cord and provided the very first microscopic description of the abnormalities in the dorsal
and anterolateral columns [10]. He thought that dorsal root ganglia (DRG) were normal and
did not mention the now well established lesion of the dentate nucleus (DN). Since
Friedreich’s illustrations in 1877 [10], many generations of medical trainees learnt that
FRDA is a primary disease of the spinal cord. This conclusion is no longer tenable. Mott
[11] studied only a single case, but his detailed descriptions and drawings stand out as a
classic. Betz cells have not been examined in more recent work though degeneration of the
corticospinal tracts is one of the few intrinsic central nervous system lesions in FRDA.
Clinical features of FRDA never left any doubt about the existence of a cerebellar
component but the lesion of the DN [11] fell into oblivion until 1957 [12]. Fifteen years
elapsed between the discovery of local iron excess in the hearts of patients with FRDA [13]
and frataxin deficiency [1]. A large literature has accumulated about this protein but its
precise function in iron—sulfur cluster (Fe-S) biogenesis [14,15], i.e. iron chaperoning, iron
detoxification, and possibly iron storage in mammalian tissues, remains elusive.

3. Clinical features and genetics

Friedreich’s ataxia is typically a disease of young people and affects male and females alike.
In a systematic study of 115 patients with FRDA from 90 families, Harding [16] determined
mean ages of onset and death as 10.52+7.4 years and 37.54+14.35 years, respectively.
Koeppen et al. [17] calculated the mean duration in 21 autopsy cases as 21+ 12 years. De
Michele et al. [18] defined “late onset” of FRDA as 24.4 years (range 21-29). After genetic
testing became available in 1996, the clinical spectrum of FRDA expanded greatly, and the
inclusion of older patients shifted the age of onset to 15.5+8 years (range 2-51) [19]. Table
2 lists sex, age of onset and death, disease duration, and GAA trinucleotide repeats of 30
patients from the author’s collection. Age of onset (13+10 years), age of death (4020
years), and disease duration (26+14 years) reflect the inclusion of older patients who would
not have been diagnosed prior to routine use of genetic testing. Durr et al. [19] and Filla et
al. [20] showed a distinct relationship of age of onset to the number of GAA trinucleotide
repeats in the smaller allele. Since these important reports, age of death, disease severity and
duration, and cardiomyopathy have also been correlated with the shorter GAA trinucleotide
repeat expansion. A contribution by the longer expansion, however, cannot be ignored (see
below). Onset at the age of 50 years is now occasionally recognized, and some patients are
not diagnosed during life [21]. Fig. 1 displays a regression analysis of the ages of onset and
death in the 30 patients shown in Table 2.
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Not all patients with FRDA have homozygous GAA expansions. In an estimated 2—4%, they
are compound heterozygotes with one GAA expansion and point mutations or deletion on
the other allele [1,22]. Patients with compound heterozygosity can have some atypical
clinical features. They tend to have less dysarthria than homozygous patients but have optic
pallor with greater frequency [22].

In well established cases, the clinical diagnosis is not difficult. Several authors have
summarized the clinical features in large series of patients [16,19-24]. Children with
beginning FRDA may raise concern in parents and teachers because they appear “clumsy”
and their motor skills do not match those of unaffected sibs. Scoliosis and foot deformity
(pes cavus) may also be early signs and precede ataxia. In some patients, cardiomyopathy is
the first clinical manifestation whereas diabetes mellitus is invariably delayed in the course
of the illness. The following neurological signs are most frequent: Gait ataxia, dysmetria of
arms and legs, dysarthria, head titubation, atrophy and weakness of the distal extremities,
absence of muscle stretch reflexes, Babinski signs, loss of joint and vibratory senses, and
superimposed stocking-and-glove type sensory neuropathy. Muscle tone is generally normal
in the arms but variable in the legs [16]. Spasticity and hyperreflexia in the legs are no
longer rare. From among the 30 FRDA patients shown in Table 2, three (FRDA 13, FRDA
19, and FRDA 27) had received continuous intrathecal baclofen injections for the control of
leg spasticity. Nearly all patients become paraplegic and require wheelchairs. Harding [16]
estimated that over half of her patients were wheelchair-bound 16 years after onset. Many
patients with FRDA have nystagmus. Advanced technology shows complex oculomotor
disturbances, among which abnormal saccades and square wave jerks are characteristic
[25,26]. Optic atrophy is uncommon but some patients become blind. Clinically apparent
hearing loss is relatively uncommon [16,19,23] though it may be severe enough to cause
deafness in approximately 1% of patients [16]. Despite normal pure-tone audiometry,
patients with FRDA may have problems with speech perception [27]. A suitable term is
“auditory neuropathy/dyssynchrony” [27]. There is also evidence of vestibular dysfunction
[26].

Magnetic resonance imaging (MRI) in the diagnosis of FRDA was used before gene testing
was available [28-31], and thinning of the cervical spinal cord was a consistent observation.
Atrophy of cerebellum and brain stem was more variable, but in more recent studies [32,33],
the images clearly disclosed degeneration of the superior cerebellar peduncles. This finding
is not surprising because the superior cerebellar peduncles contain most of the efferent fibers
of the DN. At high magnetic field strengths, iron-related hypointensity of the DN on T2-
weighted images may be a potential bio-marker of FRDA [34,35].

Harding and Hewer [36] reported electrocardiographic abnormalities in 86 of 114 patients
(75%), which is comparable to the frequency in a group of 32 Canadian patients [23]. Diirr
et al. [19] listed cardiomyopathy in 63%, and their study included echocardiography. In the
author’s autopsy series of 30 patients (Table 2), cardiomyopathy was the immediate or
contributory cause of death in 25 (83.3%). Cardiomyopathy is less frequent in FRDA
patients with short GAA trinucleotide expansions in one allele (Refs. [19,20] and cases
FRDA 3 and FRDA 23 in Table 2). Isnard et al. [37] showed a significant positive
correlation between thickness of the left ventricular wall by echocardiography and GAA
trinucleotide repeat expansion. Electrocardiography, echocardiography, and, more recently,
MRI and 31P spectroscopy of the heart have contributed a wealth of information on the
cardiomyopathy in FRDA [36-43], highlighting the importance of heart disease in FRDA.
The observations provide a rationale for antioxidant and chelation therapy, and, in selected
patients, cardiac transplantation [44,45]. Cardiomyopathy of FRDA is not always concentric
and hypertrophic. In some cases, the lesion is a dilated cardiomyopathy. Mural thrombi in
the left cardiac ventricle are common, and some patients with FRDA have embolic strokes.
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Diabetes mellitus occurs in 8-32% of FRDA patients [16,19,20,22-24], and most ultimately
require insulin. Filla et al. [20] found that 8 patients from among 63 with FRDA (12.6%)
had diabetes mellitus and that the mean of their GAA trinucleotide repeat lengths on the
shorter allele was significantly longer (956) than those in the non-diabetic members of the
group (698). This correlation was not significant in other studies that included the analysis
of the frataxin gene [19,24]. Diabetes also occurs in FRDA patients who are compound
heterozygotes [22].

Scoliosis is extremely common in FRDA (60-79%) [16,19,20,22-24] and is clearly
progressive. Harding [16] listed scoliosis as a first manifestation of FRDA in 5.2%.
Progressive deformity of the chest causes the patient great problems with sitting
comfortably. Scoliosis surgery is a major procedure involving fusion over multiple levels
[46,47]. Anesthetic risk is high, and the benefit is only temporary. Bracing is ineffective
[46,47]. Pes cavus is almost as common in FRDA as scoliosis. Some patients may gain
functional benefit from botulinum toxin injections of the gastrocnemius muscles or Achilles
tendon lengthening when their equinovarus deformity impairs standing and walking [48].

4. Gross pathology

All observers agree that DRG in FRDA are smaller than normal and may be difficult to
recognize during dissection. Dorsal spinal roots are thin and gray (Fig. 2). Diameters of the
spinal cord are reduced at all levels, but thinning is especially evident in the thoracic region.
Transverse diameters of the thoracic spinal cord are often less than 10 mm (Fig. 2).
Systematic measurements of cross-sectional areas have confirmed this overall reduction:
The mean cross-sectional area of 12 typical juvenile-onset FRDA cases was 20.5+5.3 mm?
(meanzstandard deviation). In 6 normal spinal cords, the comparable measurement was
30.4+5.6 mm? [49]. Transverse slices of the spinal cord also reveal smallness and gray
discoloration of the dorsal columns. At the thoracic level, the lesion involves gracile and
cuneate fasciculi to the same extent, but in cervical segments, degeneration is more
prominent in the gracile fasciculi. The gelatinous appearance is not invariably wedge-shaped
but at times appears like a cap over the dorsal columns. Fiber loss in the anterolateral fields
corresponding to spinocerebellar and corticospinal tracts may also be visible to the naked
eye.

Atrophy of the DN and its efferent fibers stand out against the normal cerebellar cortex and
white matter. The collapse of the DN is especially apparent after a macroscopic iron stain
(Fig. 3). Blue reaction product does not coincide with the gray matter ribbon of the nucleus
but is distributed more diffusely in the afferent and efferent white matter (Fig. 3). Spatz [50]
illustrated this peculiar localization of iron in his 1922 color illustration of the normal DN.
The current author republished this figure more recently in a review of the history of brain
iron [51].

Fig. 4 illustrates the gross pathology of the heart in two patients with hypertrophic
cardiomyopathy. Heart weights are often very high (600-800 g). Normal weights for adult
men and women are 36571 g and 312+78 g, respectively (meanzstandard deviation) [52].
The thickness of left ventricular wall and interventricular septum often exceeds 2 cm
(normal, less than 1.5 cm). The right ventricular wall is also thickened above the average
normal of 0.5 cm (Fig. 4a). The heart illustrated in Fig. 4b shows dilatation of the right
ventricle. The “marble”-like discoloration of the myocardium described by Friedreich [6] is
especially apparent in the heart shown in Fig. 4a.
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5. Histopathology

Friedreich’s ataxia causes numerous changes in the DRG (Ref. [53] and Figs. 5 and 6). The
lesion affects the entire DGR but is most prominent in subcapsular regions (Fig. 5). Cell
stains reveal an overall reduction in the size of ganglion cells, as previously quantified by
Inoue et al. [54]. Very large neurons are absent (Fig. 5a). Clusters of nuclei represent
“residual nodules” (of Nageotte) (Fig. 5a) and indicate an invasion-like entry of satellite
cells into the cytoplasm of neurons. Cytoskeletal stains, such as for class-111-p-tubulin (Fig.
5b and €), support progressive destruction of neuronal cytoplasm (Fig. 5b). In a normal
DRG, satellite cells form a relatively thin layer around nerve cells that can be shown
especially well by immunocytochemistry of S100a protein (Fig. 5f). This rim of cells is
greatly thickened in FRDA (Fig. 5¢), and the cells constituting residual nodules remain
strongly reactive with anti-S100a. This observation allows the conclusion that the nodules
derive from satellite cells.

Fig. 6 illustrates increased ferritin immunoreactivity in satellite cells of a DRG in FRDA. In
the normal state, ferritin reaction product occurs in some but not all satellite cells, and the
layer of this protein around neurons is relatively thin (Fig. 6a). In FRDA, the rim of ferritin-
reactive satellite cells is thicker, and reaction product persists in residual nodules (Fig. 6b).
Koeppen et al. [53] have interpreted the increased ferritin reaction product as indirect
evidence of regional iron excess in DRG of patients with FRDA. A second iron-responsive
protein, ferroportin, undergoes similar up-regulation in satellite cells in FRDA [53]. In
contrast to ferritin, however, ferroportin is also present in the cytoplasm of DRG neurons.
The disease causes progressive loss from this location and dorsal spinal roots [53] (not
illustrated).

Fig. 7 compares a dorsal root of the lumbar spinal cord in FRDA and a normal control.
Axonal density is not visibly different (Fig. 7a and c), but the lack of large myelinated fibers
in FRDA is readily apparent (Fig. 7b). Computer-assisted fiber counting confirmed an equal
number of axons/unit area in the dorsal roots of FRDA patients when compared to normal
controls [53]. Surprisingly, the percentage of myelinated fibers was significantly higher in
dorsal roots of FRDA (66%) than in controls (55%) [53]. Thinning of myelinated fibers on
histograms was matched by an increase of thinner axons [53]. There was no difference in
fiber density or thickness in ventral roots [53] (not illustrated).

Fig. 8 displays the striking smallness of the spinal cord in FRDA and loss of myelin and
axons in dorsal columns and spinocerebellar and corticospinal tracts. The dorsal nuclei of
Clarke often show total loss of large round nerve cells (Fig. 8c) that normally contain
abundant peripherally placed chromatin (Fig. 8e).

The lesion of the DN in FRDA (Fig. 9) is remarkable because it resembles spinocerebellar
ataxia type 3 (SCA-3; Machado-Joseph disease) [21]. Large neurons disappear (Fig. 9a)
while many small neurons remain. In typical cases of FRDA, immunostaining with an
antibody to glutamic acid decarboxylase (GAD) shows severe loss of y-aminobutyric acid
(GABA)-containing terminals (Fig. 9¢), implying impaired corticonuclear connections.
Immunostaining with anti-GAD also reveals grumose degeneration (inset in Fig. 9b). It is
likely that all small neurons that remain in the DN of FRDA patients are GABA-ergic
because they display GAD-reaction product in their cytoplasm (arrows in Fig. 9b). They are
the parent nerve cells of the dentato-olivary tracts that assure the integrity of the inferior
olivary nuclei. Similar to SCA-3, the severe lesion in the DN of FRDA does not cause
transsynaptic degeneration in olivary neurons.

Fig. 10 illustrates the status of frataxin in the DN of patients with FRDA. The protein is
susceptible to autolysis, but rapidly fixed specimens of the cerebellum are suitable for
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immunocytochemistry with anti-frataxin. Frataxin immunofluorescence shows punctate
reaction product in areas known to be rich in mitochondria, namely, neuronal cytoplasm and
synaptic terminals (Fig. 10d—f). In FRDA, double visualization of synaptophysin and
frataxin shows severe cluster-like modification of corticonuclear terminals and lack of
frataxin reaction product (Fig. 10a—c). Immunostaining of mitochondria (not illustrated)
reveals abundant reaction product in terminals about the nerve cells of the dentate nucleus
and in grumose degeneration. This observation suggests that mitochondria remain while
they become frataxin-deficient.

Fig. 11 shows the lesion of sural nerves in FRDA. The main abnormality is the paucity of
myelinated fibers and absence of large fibers (Fig. 11b). Systematic counts of axons
revealed normal fiber density though only 11% of axons were myelinated (controls: 36%)
[55]. Histograms of myelin sheaths confirmed the lack of larger myelin sheaths and a shift to
thinner axons [55]. Lack of myelin and tightly spaced groups of unmyelinated fibers are
visible on electron micrographs of the sural nerve affected by FRDA (Fig. 11c; and Ref.

[55]).

Fig. 12 illustrates the histopathology of the heart in FRDA. The transverse section of the
interventricular septum (Fig. 12a) shows abnormal fiber size variation, fiber splitting,
abnormal nuclei, and an excess of endomysial connective tissue. Iron stains reveal
collections of tiny reactive inclusions in a small percentage of cardiomyocytes that are
arranged in parallel with myofibrils (Fig. 12b). It is likely that these collections contain
cytosolic (Fig. 12c) and mitochondrial ferritin (Fig. 12d), as reported before [56].
Ultrastructural examination of FRDA heart muscle after enhancement of ferritin by bismuth
subnitrate [57] shows electron-dense inclusions in mitochondria (Fig. 12e and f). Due to
their location, they may represent accumulation of mitochondrial rather than cytosolic
ferritin [56]. They also differ from lipofuscin. In more severe cases of cardiomyopathy,
sections of heart also show fiber necrosis and an inflammatory reaction [56,58,59].
Inflammation may be quite severe (Fig. 4 in Ref. [59]).

Fig. 13 is a display of pancreatic B-cells in a diabetic (Fig. 13a—b) and a non-diabetic patient
with FRDA (Fig. 13c—d). Synaptophysin immunostaining is suitable to show lack and
progressive destruction of the islets of Langerhans in the diabetic patient [60] (Fig. 13a—b).
The section of pancreas of the non-diabetic FRDA patient displays many more and larger
islets of B-cells (Fig. 13c—d). In FRDA, synaptophysin-positive islets lose their sharp
demarcation, and f-cells appear to “fade” into the surrounding exocrine pancreas (Fig. 13b).

6. Pathogenesis of FRDA

Classification of FRDA as a “neurodegenerative disease” implies that affected patients are
normal at birth and for a period thereafter until the “age of onset” is established by the
clinical phenotype. All patients with FRDA have at least some frataxin, but tissues are not
equally vulnerable. The concept of frataxin deficiency in FRDA, rather than the total
absence of the protein, received a boost from a murine model [61]. Total failure of frataxin
biosynthesis causes embryonic lethality, and there is no accumulation of iron in the products
of conception [61]. Some neuropathological lesions in the human condition are likely due to
hypoplasia and atrophy. The author and his collaborators previously summarized the
evidence for a combined process in DRG [53] and sensory peripheral nerves [55]. In DRG,
the reduction in average neuronal size [49,54] is probably not the result of selective atrophy
of larger neurons. Satellite cells invade nerve cells of large and small size (Fig. 5b).
Residual nodules may be considered an active process that is superimposed on DRG
hypoplasia. Morral et al. [55] presented evidence for a similar combination in sural nerves of
patients with FRDA. It is likely that the spinal cord is thinner than normal from birth [21].
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The occurrence of scoliosis as a first clinical manifestation of FRDA [16] and narrowing of
the cervical spinal canal on plain X-ray films [62] support the interpretation that the spinal
cord never grows to normal size. Little information exists about the progression of the
disease in the DN. In cases coming to autopsy after an average disease duration of 26 years
(Table 2 and Ref. [49]), loss of neurons, synaptic modification, and grumose degeneration
are very similar. Rarely, cardiomyopathy causes death before the neurological phenotype is
fully developed [49]. In a patient with disease duration of only 4 years and fatal
cardiomyopathy, the DN was almost normal, and it may be suggested that the lesion in more
typical cases of FRDA is purely degenerative.

Iron accumulates in a small percentage of cardiomyocytes in FRDA and in yeast lacking the
frataxin homologue Yfh1p [63]. The relationship to iron—sulfur cluster deficiency is
unknown, and cytoplasmic iron depletion in vivo remains speculative. Iron-rich granules in
the heart occur early and do not correlate well with other histopathological features of
FRDA cardiomyopathy [56]. The deposits are not progressive as shown in a comparison
between biopsy and autopsy tissues from the heart of the same patient (17-year-interval),
implying turnover of the affected cardiomyocytes [56]. In support of this interpretation, iron
granules and ferritin also occur in endomysial phagocytes of FRDA heart near damaged
fibers [56]. Total iron and holoferritin in FRDA hearts do not increase, which differs greatly
from cardiac hemochromatosis. Though lack of high-energy phosphates in the heart is
beyond dispute, the role of iron in the in vivo synthesis of tissue-damaging oxygen species is
still unproved.

Mitochondrial ferritin is a distinct species of an iron-carrying protein that is not widely
expressed in mammalian tissues [64]. Its presence in FRDA heart [56] may be important
because it may be protective against oxidative damage. Mitochondrial ferritin shows a
distinct benefit in cultured fibroblasts of patients with FRDA [65].

In contrast to the cardiac and nervous system lesions, the pathogenesis of diabetes mellitus
in FRDA appears rather straightforward. Selective frataxin-depletion of -cells in a murine
model of FRDA causes diabetes mellitus [66]. Double-label immunofluorescence revealed
persistence of glucagon in the rims of damaged islets where frataxin expression remained
[66]. Ristow et al. [66] also showed strong evidence that the destruction of -cells is due to
an excess of reactive oxygen species and apoptosis.

7. Functions of frataxin and lessons learnt from mouse models of FRDA

Mature frataxin is a 14.2 kDa mitochondrial protein (see review in Ref. [67]) that derives
from a cytosolic 23 kDa precursor (210 amino acids) through enzymatic cleavage [68,69].
The protein retains amino acids 81-210 (130 residues) though longer isoforms have been
described by several authors. Beyond participation in the biogenesis of iron—sulfur clusters
[14,15], frataxin may have several other functions [70,71]. “Iron-trafficking” in
mitochondria [71] is of special interest in FRDA research. Routine iron stains show reactive
granules only in the heart while the evidence for iron dysmetabolism in DN and DRG is
indirect: Light chain ferritin biosynthesis increases in the DN [72], and
immunocytochemistry of the protein shows a shift from juxtaneuronal oligodendroglia in the
DN to microglia [72]. A recent technology of metal-mapping in tissues, X-ray fluorescence,
reveals a net accumulation of iron in the DRG of some cases of FRDA [53], matching the
more prominent ferritin reaction product in satellite cells ([51] and Fig. 6).

Gakh et al. [73] recently presented evidence that one isoform of FRDA (amino acids 42—
210) was preferentially reduced in cerebellar tissues of two patients with FRDA when
compared to mature frataxin (amino acids 81-210). Additional insight into the function of
frataxin comes from heme biosynthesis by ferrochelatase [74]. Frataxin is needed to deliver
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iron to the enzyme for introduction into the porphyrin ring [74]. In this process, the protein
is a classic iron chaperone but patients with FRDA do not have anemia. It is uncertain
whether ferrochelatase is involved in the damaging effect of frataxin deficiency on nervous
and cardiac tissues, or the p-cells of the pancreas.

After the discovery that total knockout of the frataxin gene in a mouse model of FRDA is
incompatible with postnatal life [61], several genetically engineered murine models with
postnatal survival have become available [75-78]. In all, the purpose was to reduce frataxin,
either globally [76,78] or selectively by targeting tissues that are known to bear the brunt of
human FRDA [75,77].

The introduction of homozygous human GAA expansions (230 repeats) into mice did not
cause a sufficient reduction of frataxin (to 75%) to produce a functional deficit or tissue
changes that resembled human FRDA. Deletion of one allele for the purpose of generating
frda—/230GAA animals reduced tissue frataxin levels further (to 25-35%), which matches the
human condition. Nevertheless, the animals remained well. In a different approach involving
GAA trinucleotide repeat expansions, Al-Mahdawi et al. [78] generated mice without
endogenous frataxin that were “rescued” by the introduction of expanded human GAA
trinucleotide repeats in the correct genomic context. The human frataxin levels in the
animals were sufficiently lowered to cause neurobehavioral and morphological changes that
resembled FRDA. The cardiac lesion included the accumulation of iron but no fibrosis.
Dorsal root ganglia displayed neuronal vacuolation that were similar to the lesion in a model
with frataxin gene disruption targeted to the nervous system [75,77], but lesions of the
central nervous system were absent. Nodules of Nageotte in DRG do not seem to occur in
any murine model. Simon et al. [77] observed defects in Purkinje cell dendrites, neuronal
loss in the granular layer, degeneration of neurons in the nerve cells of the dorsal and ventral
horns of the spinal cord, and in the nerve cells of the dorsal nuclei of Clarke. These lesions
were present in addition to vacuolation of neurons in DRG.

Mouse models of FRDA are of obvious importance in the systematic analysis of the multiple
roles of frataxin in iron metabolism. Whitnall et al. [79] and Huang et al. [80] reached the
conclusion that in the murine model with frataxin deficiency in cardiac muscle [75],
mitochondrial iron excess is associated with depletion of cytosolic iron. Some of the
observations are at variance with the analysis of iron-handling proteins in the hearts of
patients with FRDA [56]. Nevertheless, FRDA models convey the advantage of being free
of post mortem autolysis. They are also excellent research avenues for the study of emerging
FRDA therapy, such as the promising inhibition of histone deacetylase [81].

The observation that all patients with FRDA have at least some frataxin has generated much
interest in the possible reversal of the transcriptional block that is brought about by the
overly long GAA trinucleotide repeats [2]. Frataxin gene transcription in FRDA is subject to
epigenetic effects such as gene silencing by the formation of triplex deoxyribonucleic acid,
deoxyribonucleic acid-ribonucleic acid hybrids, and heterochromatin (review in Ref. [82]).
Histone deacetylation is a critical step in the formation of heterochromatin, and inhibitors of
the enzyme may improve frataxin deficiency in patients with FRDA [83]. Koeppen et al.
[49] recently reported that patients with late onset and long survival have significantly
shorter GAA trinucleotide repeat expansions on both alleles. In 5 patients with a mean age
of onset of 28+13 years and mean disease duration of 47+11 years, the expansions were
456+238 and 283+201. In 14 patients with a mean age of onset of 1045 years and mean
disease duration of 33+11 years, the triplet repeats were 808+201 and 626+253. A plausible
explanation is a lower degree of gene silencing by more limited heterochromatin formation
[82]. It has become apparent that the clinical FRDA phenotype is not solely controlled by
the shorter allele.
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Fig. 1.

Ages of onset and death as a function of GAA trinucleotide repeat expansions (short alleles)
in 30 patients with autopsy-confirmed FRDA (Table 2). (a) Age of onset vs. GAA
trinucleotide repeats; (b) age of death vs. GAA trinucleotide repeats. The patient identified
by the arrows (onset at 50, death at 83) was not diagnosed during life. An exponential trend
line generated an R2=0.5087 for age of onset; a logarithmic trend line yielded R2=0.494 for
age of death. Diirr et al. [19] reported an optimal fit between age of onset and GAA
trinucleotide repeat expansion in the shorter allele in 140 patients (quadratic regression;
R2=0.56). Filla et al. [20] obtained an R2=0.47 in 64 patients (linear regression).
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Fig. 2.

The thoracic spinal cord in FRDA. The transverse diameter of the spinal cord is less than 1
cm (bar). This view of the dorsal surface of the spinal cord shows thick white anterior roots
(long arrows) that stand out in contrast to thin dorsal roots (short arrows).
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Fig. 3.

Gross appearance of the DN in FRDA. (a) FRDA; (b) normal control. The interrupted lines
indicate the approximate location of the DN gray matter. The small size of the nucleus in
FRDA is particularly apparent on a macrostain for iron (a). The normal DN shows the
typical meandering gray matter ribbon (b). Iron reaction product does not co-localize with
the gray matter but extends into the white matter of hilus and fleece.

J Neurol Sci. Author manuscript; available in PMC 2011 April 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Koeppen

Page 17

Fig. 4.

Gross appearance of the heart in FRDA. (a) Concentric cardiac hypertrophy and
discoloration of the myocardium. In this case, the ventricles are narrowed. (b) Cardiac
hypertrophy affecting only the left ventricular wall and interventricular septum. The right
ventricle is dilated. Bars, 1 cm.
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Fig. 5.

Dorsal root ganglion in FRDA. (a)-(c), FRDA,; (d)—(f), normal control. The hematoxylin-
and-eosin stain (a; d) shows the overall size reduction of subcapsular nerve cells in the DRG
and several residual nodules. The arrow (a) points to one nodule of Nageotte. Smaller size
and frank destruction of neuronal cytoplasm are especially apparent after immunostaining
for class-111-B-tubulin (arrows in [b]). Immunocytochemistry for S100a shows more
prominent reaction product in satellite cells about smaller neurons in FRDA (c). Residual
nodules are also S100a-positive (arrows in [c]). Bars: 50 pum.
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Fig. 6.

Ferritin in DRG of FRDA and a normal control. (a) Normal; (b) FRDA. In the normal state,
immunocytochemistry of ferritin labels a few cells in the satellite layer around neurons
(arrows in [a]). In FRDA, ferritin is present in a thicker layer of satellite cells (short arrow in
[b]) and persists in residual nodules after complete neuronal atrophy (longer arrows in [b]).
Bars, 20 um.
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Fig. 7.

Dorsal spinal roots in FRDA. (a)-(b), FRDA; (c)-(d) normal control; (a) and (c),
immunocytochemistry of phosphorylated neurofilament protein to visualize axons; (b) and
(d), immunostain of myelin basic protein. Axons are present in normal abundance in FRDA
(a) when compared to a normal control (c). In contrast, myelin sheaths in FRDA are much
thinner (b) than in the normal control (d). Bars, 20 um.
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Fig. 8.

Upper lumbar spinal cord in FRDA. (a)-(c), FRDA,; (d)—(e), normal control. (a) and (d),
immunostain of myelin basic protein; (b) immunostain of phosphorylated neurofilament
protein in axons; (c) and (e), Cresyl Violet. The overall area of the spinal cord in FRDA ([a]
and [b]) is greatly reduced in comparison with a normal control (d). In FRDA, the nucleus
dorsalis of Clarke (c) is devoid of large round chromatin-rich neurons. Panel (e) illustrates
the normal nucleus. Atrophy of the dorsal nuclei in FRDA is also apparent on low-power
magnification of the spinal cord (arrows in [a] and [b]). In the normal spinal cord, dorsal
nuclei show a distinct “bulge” (arrows in [d]). Bars: (a), (b), and (d), 1 mm; (c) and (d), 100
wm.
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Fig. 9.

The dentate nucleus in FRDA. (a) and (b), FRDA,; (c) and (d), normal control. (a) and (c),
immunocytochemistry of neuron-specific enolase (NSE); (b), inset in (b), and (d), glutamic
acid decarboxylase (GAD). NSE-reaction product shows severe loss of large neurons while
small neurons remain (arrows in [a]). GAD reaction product shows loss of corticonuclear
terminals in the dentate nucleus of an FRDA patient (b) and grumose degeneration (inset in
[b]). Small neurons display GAD-reaction product in their cytoplasm (arrows in [b]). In the
normal dentate nucleus, the great abundance of GAD-positive terminals obscures the
reactive cytoplasm in small neurons though one small GABA-ergic is visible (arrow in [d]).
Bars: (a) and (c), 100 um; (cb) and (d), 50 pm; inset in (b), 25 um.
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Fig. 10.

The dentate nucleus in FRDA. (a)-(c), FRDA; (d)-(f), normal control. Double-label confocal
immunofluorescence of synaptophysin ([a] and [d]; yellow-green; fluorescein
isothiocyanate) and frataxin ([b] and [e]; red; Quantum dot 655); (c) and (f), merged images.
In FRDA ([a]-[c]), synaptic terminals are modified to clusters of excessively large endings,
representing grumose degeneration. Frataxin reaction product (b) is very sparse, and the
merged images (c) show no co-localization of synaptophysin and frataxin. In the normal
state ([d]-[f]), frataxin fluorescence is abundant in the cytoplasm of a nerve cell and in the
rim of axosomatic terminals (e). The interrupted line in the lower panel ([d]-[f]) indicates
the neuronal nucleus. Bars: 25 pm.
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Fig. 11.

The sural nerve in FRDA (autopsy specimens). (a)—(c), FRDA,; (d)—(f), normal control. (a)
and (e), immunostain of phosphorylated neurofilament protein; (b) and (e), immunostain of
myelin basic protein; (c) and (f) electron microscopy. The main abnormality in FRDA is
lack of myelin sheaths, especially those of larger diameter (b). Axons remain numerous in
FRDA (a) though their overall size appears smaller in comparison with the normal state (e).
Paucity of thicker myelin sheaths and greater abundance of unmyelinated fibers (c) are also
apparent at the electron microscope level in FRDA (c) when compared to the normal state
(f). umf, clusters of unmyelinated fibers. Bars: (a)—(b) and (d)—(e), 20 um; (c) and (f), 5 pm.
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Fig. 12.

The histopathology of the heart in FRDA. (a) Hematoxylin and eosin; (b) iron
histochemistry; (c) immunocytochemistry of cytosolic ferritin; (d) immunocytochemistry of
mitochondrial ferritin; (e) and (f) electron microscopy after enhancement of ferritin by
bismuth subnitrate [55]. For ultrastructural study, tissue samples were fixed by
paraformaldehyde—glutaraldehyde mixtures and osmium tetroxide but other contrasting
agents, such as lead citrate and uranyl acetate, were omitted. A cross-section of heart muscle
(a) displays highly variable fiber sizes, excessive endomysium, and bizarre sarcoplasmic
nuclei. The iron stain in (b) shows a single fiber with a collection of reactive granules. They
are distributed in row-like manner, seemingly in parallel with muscle fibrils. Frequency and
distribution of cytosolic (c) and mitochondrial ferritin (d) resemble the iron-containing
granules in (b). The ultrastructural images were obtained from the heart of an FRDA patient
with numerous iron deposits (as in [b]). The electron dense inclusions are thought to
represent iron-laden mitochondria rather than lipofuscin granules. The arrow in (e) indicates
partial involvement of a mitochondrion. Bars: (a)—(b), 50 um; (c)—(d), 20 um; (e)—(f), 1 um.
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Fig. 13.

The endocrine pancreas in FRDA. (a)—(b) Diabetic patient; (c)—-(d) non-diabetic patient;
synaptophysin immunocytochemistry. In the diabetic patient, only few small islets remain
(arrows in [a]). The interrupted line in (a) shows an islet that has lost most of its
synaptophysin immunoreactivity. Normal islets are over 200 um in diameter (c). Panel (b)
suggests that in diabetic FRDA patients, B-cells lose their synaptophysin immunoreactivity
as the disease progresses. The arrows in (c) and (d) show invaginations of normal exocrine
pancreatic tissue into islets. They are synaptophysin-negative and must be distinguished
from non-reactive cells in the diabetic patient (a). Bars, (a) and (c), 100 um; (b) and (d), 20
pm.
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Table 1

Historical milestones in Friedreich’s ataxia.

1863-1877
1907

1957
1980
1996

1997

2002

Friedreich [6-10] publishes extensive descriptions of FRDA.

Mott [11] provides an extensive neuropathological description of a single case of FRDA, including the lesion of the dentate
nucleus.

Urich et al. [12] emphasize the existence of “suprasegmental” lesion in FRDA.
Lamarche et al. [13] discover minute iron-positive granules in the cardiomyocytes of patients with FRDA.

Campuzano et al. [1] identify the mutation in FRDA, name the lacking protein frataxin in analogy with FRDA, and recognize its
role in iron metabolism.

Rotig et al. [14] discover “iron-sulfur” protein deficiency (complexes I, Il and 111 of the mitochondrial electron transport chain),
and aconitase in endocardial biopsies of FRDA patients.

Muhlenhoff et al. [15] recognize the importance of the yeast homolog of frataxin in the biogenesis of iron—sulfur clusters (Fe-S);
Fe-S cluster deficiency is accepted as a critical factor in the pathogenesis of FRDA.
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