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Neurobiology of Disease

Friedreich Ataxia Mouse Models with Progressive Cerebellar
and Sensory Ataxia Reveal Autophagic Neurodegeneration in
Dorsal Root Ganglia
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Friedreich ataxia (FRDA), the most common recessive ataxia, is characterized by degeneration of the large sensory neurons of the spinal
cord and cardiomyopathy. It is caused by severely reduced levels of frataxin, a mitochondrial protein involved in iron-sulfur cluster (ISC)
biosynthesis. Through a spatiotemporally controlled conditional gene-targeting approach, we have generated two mouse models for
FRDA that specifically develop progressive mixed cerebellar and sensory ataxia, the most prominent neurological features of FRDA.
Histological studies showed both spinal cord and dorsal root ganglia (DRG) anomalies with absence of motor neuropathy, a hallmark of
the human disease. In addition, one line revealed a cerebellar granule cell loss, whereas both lines had Purkinje cell arborization defects.
These lines represent the first FRDA models with a slowly progressive neurological degeneration. We identified an autophagic process as
the causative pathological mechanism in the DRG, leading to removal of mitochondrial debris and apparition of lipofuscin deposits.
These mice therefore represent excellent models for FRDA to unravel the pathological cascade and to test compounds that interfere with
the degenerative process.
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Introduction
Friedreich ataxia (FRDA), the most frequent hereditary ataxia, is
an autosomal recessive neurodegenerative disease characterized
by progressive ataxia and dysarthria, sensory neuropathy, deep
sensory impairment, and signs of pyramidal tract involvement
(Harding, 1981). Extraneurological symptoms include cardio-
myopathy (Harding and Hewer, 1983) and diabetes mellitus
(Finocchiaro et al., 1988). Pathologic changes occur first in dorsal
root ganglia (DRG), with loss of large sensory neurons, followed
by, in spinal cord, axonal degeneration in posterior columns,
pyramidal, and spinocerebellar tracts as well as atrophy and neu-
ronal loss in Clarke’s column (Hughes et al., 1968; Oppenheimer
and Esiri, 1992). Mild degenerative changes are observed in me-
dulla, cerebellum, and pons (Koeppen, 1998).

FRDA is caused by partial loss of function of frataxin, a ubig-
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uitously expressed mitochondrial protein, through inhibition of
transcriptional elongation by a GAA triplet expansion within the
first intron of the gene (Campuzano et al., 1996). In the nervous
system, frataxin is highly expressed in spinal cord, particularly in
DRG and at lower levels in cerebellum (Koutnikova et al., 1997).
The function of frataxin has recently been linked to iron—sulfur
cluster (ISC) biosynthesis in yeast (Huynen etal., 2001; Lutz et al.,
2001; Duby et al., 2002; Muhlenhoff et al., 2002). Its absence
causes generalized ISC-containing enzyme deficiency, which is
also observed in frataxin-deficient patients and mice, and even-
tually leads to iron homeostasis disturbances and oxidative stress
(Puccio and Koenig, 2002). In FRDA patients, iron deposits have
been observed in heart (Lamarche et al., 1993). Moreover, defi-
ciencies of ISC-containing respiratory chain complexes I-III and
aconitases have been demonstrated in heart biopsies (Rotig et al.,
1997) and in the DRG (aconitases) (Bradley et al., 2000). Finally,
there is evidence of increased oxidative stress in patients with
elevated urine 8-hydroxy-2'-deoxyguanosine and serum malon-
dialdehyde levels (indicative of DNA damage and lipid peroxida-
tion, respectively) (Emond et al., 2000; Schulz et al., 2000) and an
impaired response to oxidative challenge in patients’ fibroblasts
(Chantrel-Groussard et al., 2001).

We have recently generated two conditional knock-out mod-
els for FRDA, a cardiac and a neuronal—cardiac model, which
reproduce important pathophysiological features of the human



1988 - J. Neurosci., February 25, 2004 - 24(8):1987-1995

disease (Puccio et al., 2001). Although the neuronal-cardiac
mice show a specific progressive ataxia with loss of propriocep-
tion, the severity of the disease prevented us from evaluating the
primary sites of neurodegeneration and performing therapeutic
trials. Indeed, the mice have a short life expectancy of 25 d with
lesions not seen in the human disease (liver and spongiform cor-
tical lesions), preventing cell-specific degeneration mechanisms
studies.

To obtain specific and progressive neurological models for
FRDA, we generated inducible knock-out mouse models using
two transgenic lines (having distinct neuronal specificities) ex-
pressing the tamoxifen-dependent recombinase (Cre-ER") un-
der the mouse Prion protein (Prp) promoter, thus enabling us to
spatiotemporally control somatic mutagenesis of conditional al-
leles of the target genes (Weber et al., 2001). We show here that
ablation of frataxin in adult mice leads to progressive neurologi-
cal symptoms resembling FRDA. This study reports the detailed
characterization of both inducible neurological models and a
newly identified pathological mechanism found in DRG, one of
the primary affected sites in FRDA.

Materials and Methods

Animals. 28.4 and 28.6 Prp—Cre—ERT (Weber etal., 2001), Frda *'*~, and
Frda "*"* mice (L2 allele is derived from original L3 allele by Cre-
mediated excision of the Neomycine cassette) and mouse genotyping
were as described (Puccio et al., 2001). The Prp—Cre—ERT transgene,
under the control of the prion protein promoter, expresses the Cre re-
combinase fused with the ligand binding domain of a mutant estrogen
receptor with a nuclear translocation that is activated only through ta-
moxifen binding. Animals were treated with 1 mg of tamoxifen (Sigma,
Deisenhofen, Germany) by intraperitoneal injection for 5 consecutive
days (Metzger and Chambon, 2001) at 4 weeks of age, 1 week after wean-
ing. All methods used in this work are in accordance with the Guide for
the Care and Use of Laboratory Animals published by the National Insti-
tutes of Health (NIH Publication No. 85-23, revised 1996).

Western blot analysis. Protein extractions, Western blot, and estima-
tion of immunoblot residual level of frataxin using a polyclonal anti-
frataxin antibody (R1250 purified sera, 1:1000) (Puccio et al., 2001) and
a monoclonal anti-B-tubulin (1:5000; Boehringer Mannheim, Mann-
heim, Germany) were as described previously (Puccio et al., 2001). Ho-
mozygous (Frda “*/*?) and heterozygous (Frda *'"~) mice negative for
Prp-Cre-ER " expression were used as controls. Measurements were per-
formed on heart, liver, pancreas, muscle, spleen, kidney, lung, cerebel-
lum, brainstem, brain, and spinal cord at least three times on six animals
from different litters.

Footprint analysis. After coating of hindfeet with nontoxic ink, mice
were allowed to walk through a tunnel (50 cm long, 9 cm wide, 6 cm high)
with paper lining the floor (Clark et al., 1997). The footprint pattern
generated was scored for five parameters. Three consecutive steps define
a triangle (see Fig. 2f) with the segments scored from [1] to [6]. Step
length, the average distance of forward movement between alternate
steps, is defined as the distance of travel through the tunnel divided by the
number of steps. Sigma, describing the regularity of step length, is de-
fined as the standard variation of all right—right and left-left step distance
(as [3]). Gait width, the average lateral distance between opposite left and
right steps, is determined by measuring the perpendicular distance of a
given step to a line connecting its opposite preceding and succeeding
steps (as [6]). Alternation coefficient, describing the uniformity of step
alternation, is calculated by the mean of the absolute value of 0.5 minus
the ratio of right-left distance to right-right step distance for every left—
right step pair [as 0.5 — ([4]/[3])]. Linearity, average change in angle
between consecutive right-right steps is calculated by drawing a line
perpendicular to direction of travel ([1]), starting at first right footprint.
After determining angle between this perpendicular line and each subse-
quent right footprint, differences in angle were estimated between each
consecutive step pair, and the average of absolute values of all angles was
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calculated (angle *). A high linearity score is indicative of nonlinear
movement.

Accelerating rotating rod test. Coordination, equilibrium, and motor
skill acquisition were tested using an accelerated rotating rod (Panlab,
Barcelona, Spain) test as described previously (Clark et al., 1997). Briefly,
mice at 10, 20, 30, and 40 weeks were placed on the rod in four trials every
day for a period of 4 d (eight controls and eight mutants at each age). The
rod accelerated from 4 to 40 rpm in 5 min and remained at maximum
speed for the next 5 min. Animals were scored for their latency to fall (in
seconds) for each trial and rested a minimum of 10 min between trials to
avoid fatigue and exhaustion. Results were analyzed by a repeated-
measure ANOVA test considering three factors: days (fixed); genotype
(fixed); animals (variable), nested in genotype and crossed with days.

Muscular strength measurement. Mice placed on the grid of a dyna-
mometer (BioSeb, Chaville, France) were pulled by their tails in the
opposite direction. The maximal strength exerted by the mouse before
losing grip was recorded. The mean of three measurements allowing 30
sec of recovery time between each of them was calculated.

Histology and immunohistochemistry. For histology, animals were int-
racardially perfused with Bouin or 4% paraformaldehyde (PFA) in 0.1 m
phosphate buffer (PBS), pH 7.3, and the various tissues were dissected,
fixed for several days, and embedded in paraffin. For brain and spinal
cord analysis, the head and the column were decalcified in Jenkins solu-
tion (Gabe, 1968) duringa period of 3 or 6 d. The sequential slides (7 um)
of the paraffin blocks were stained with hematoxylin and eosin (H&E),
Perls Fe>™ to detectiron (Puccio et al., 2001), or calbindin (1:1000; rabbit
anti-calbindin p-28K; Swant, Bellinzona, Switzerland) to label the cyto-
plasmic region of Purkinje cells. For calbindin staining, sections were
visualized using the Vectastain ABC Kit (Vector Laboratories, Burlin-
game, CA) as described in the manufacturer’s protocol. For immunobhis-
tochemistry, the animals were intracardially perfused with 4% PFA in
PBS. After overnight fixation, the spinal cord with DRG was dissected
from the column, cryoprotected 24 hr in 30% sucrose, and included in
frozen specimen embedding medium (Cryomatrix; ThermoShandon,
Pittsburgh, PA). Sections (7 um) were mounted on gelatin-coated slides.
Frataxin was detected by immunohistochemistry using rabbit polyclonal
purified R1250 antibody (1:1000) followed by an anti-rabbit IgG Cy3-
conjugated secondary antibody (1:1000; Jackson Laboratory, Bar
Harbor, ME).

Apoptosis in head and column sections from animals perfused with
4% PFA in PBS was assessed by the in situ DNA end-labeling [terminal
deoxynucleotidyl transferase-mediated biotinylated UTP nick end label-
ing (TUNEL)] method, following the manufacturer’s directions (Ap-
optag, Intergen Co., Purchase, NY).

Electron microscopy. Animals were intracardially perfused with
2.5% glutaraldehyde in PBS. After overnight fixation, the spinal cord
with DRG was dissected from the column and fixed for 1 additional
day. Tissues were rinsed in PBS, postfixed in 1% osmium tetroxide—
PBS for 2 hr at 4°C, dehydrated, and embedded in Epon. Regions of
interest were localized on 2 wm sections stained with toluidine blue.
Ultrathin sections from selected areas were stained with uranyl
acetate and lead citrate and examined with a Philips 208 electron
microscope, operating at 80 kV.

Electrophysiological recordings. Electromyographic recordings were
performed by Neurofit (Strasbourg, France) using a Neuromatic 2000M
apparatus (Dantec, Les Ulis, France). Mice were anesthetized with intra-
peritoneal injection of 60 mg/kg ketamine chlorhydrate (Imalgene 500;
Rhone Biomerieux, Lyon, France). Distal latency and amplitude of M
and H waves were recorded in the plantar hindpaw muscle after sciatic
nerve stimulation. Sensory nerve conduction velocity of the caudal nerve
was also recorded.

Respiratory chain investigation. Brain, brain stem, spinal cord, cerebel-
lum, and heart of mice were immediately frozen dry in liquid nitrogen.
The activities of respiratory chain enzyme complexes, cytochrome ¢ oxi-
dase—complex IV (COX) and succinate dehydrogenase—complex II
(SDH), were determined as described (Rustin et al., 1994).
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Figure1.  Brand Cb mutants show neuronal-specific frataxin-induced deletion. a, Schematic
representation of the crossing to generate Cb and Br mutants (Frda">"" ~; 28.4 or 28.6 Prp-Cre-
ERT, respectively). frda L2 allele has frataxin exon 4 flanked by loxP sequences (black arrow)
(Puccio et al., 2001), and Frda" ~ allele s the Cre-mediated exon 4 deleted allele. Boxes repre-
sent exons. b, Western blot analysis of cerebellum, brain (forebrain and midbrain), spinal cord,
and brain stem extracts, probed with a polyclonal anti-frataxin antibody (R1250) and a tubulin
antibody. Figures on the graph represent the mean of three immunoblots performed for six
different mice from each line. The horizontal line corresponds to the 50% of expression level of
frataxinin an Frda“"*~ mouse with no Prp-Cre ER " expression. Representative blots performed
on brain and cerebellum extracts of a control mouse presenting 100% of frataxin expression and
of Cb and Br mutants are shown. Percentage of residual frataxin = 100 X (mutant frataxin/
control frataxin)/(mutant tubulin/control tubulin).

Results

Generation of mutant mice

To induce neuron-specific deletion of frataxin, we bred mice
homozygous for the conditional frataxin allele (Frda"*"*) with
mice heterozygous for the deletion of frataxin exon 4 (Frda™"™)
carrying either the 28.4 Prp-Cre-ER"¥?) or the 28.6 Prp-Cre-
ER™(#) transgene that expresses the tamoxifen-inducible re-
combinase under the Prp (Fig. 1a). Both Prp-Cre-ER " lines ex-
press Cre-ER" in the nervous system, but whereas the 28.4 line
has a wide expression pattern, Cre-ER" expression of the 28.6
line is mostly restricted to the hippocampus and the cerebellum
(Weber et al.,, 2001). Offspring were injected intraperitoneally
with 1 mg of tamoxifen for 5 consecutive days at 4 weeks of age,
and tamoxifen-treated mice Frda*“"; 28.4 or 28.6 Prp-Cre
ERT? correspond to animals subsequently denoted brain (Br)
or cerebellar (Cb) mutants, respectively. Southern blot analysis of
DNA extracts from different tissues revealed deletion of the
frataxin gene in the brain (corresponding to the forebrain and
midbrain) and cerebellum with no deletion in non-neuronal tis-
sues (heart, spleen, liver, lung, muscle, pancreas, kidney) (data
not shown); however, dilution of neuronal cells in a mass of other
cells such as glia hampers the quantification of neuron-specific
deletion by this method. Direct quantification of frataxin by
Western blot is a more reliable method, because frataxin is prom-
inently expressed in neurons compared with other cells of the
nervous system (Koutnikova et al., 1997). We found significant
frataxin reduction in the cerebellum of both the Br and Cb mu-
tants, as well as in the brain, brain stem, and spinal cord of the Br
mutants (Fig. 1), and no significant reduction in non-neuronal
tissues (data not shown), in agreement with the reported
neuronal-specific pattern of expression of the Cre-ER" trans-
genes (Weber et al., 2001).
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Mutant animals develop loss of coordination without

muscle weakness

Although Cb and Br mutant animals exhibit normal growth and
life expectancy, they develop an abnormal gait and a progressive
loss of proprioception. Onset of clinical symptoms for both mu-
tant lines was 25 weeks after tamoxifen injection (all time points
mentioned hereafter are considered after tamoxifen injection un-
less noted otherwise), including mild coordination and balance
deficits, with the hindlimbs being primarily affected. In addition,
mutant animals showed delay in initiation of movement, reduced
voluntary movements (hypokinesia), abnormal walking posture,
and partial loss of proprioception. These abnormalities worsen
progressively until the mutant animals display clear ataxia (be-
tween 40 and 50 weeks). Although both lines exhibit a rather
similar clinical phenotype, the progression of the symptoms is
more severe for the Cb mutants, with the appearance of tremors
and reduction of spontaneous ambulation at 40 weeks and a
complete lack of coordination and balance by 1 year of age. In
contrast, Br mutants even at 2 years of age do not present any
tremors or any spontaneous loss of balance while walking, but
they do have a hesitating gait.

To further assess the neurological consequences of frataxin
depletion and to determine stages in the disease progression, mu-
tant animals were analyzed by several motor skill and behavioral
tests. To avoid any influence of memory or adaptation to the test,
naive mutant animals from both lines were tested on the acceler-
ating rotarod at each time point: 10, 20 (Fig. 2a—d), and 30 weeks
(data not shown). Although no overt clinical phenotype was ob-
served at 10 weeks, their performance on the rod after 4 d of trial
(genotype factor of the ANOVA test) was significantly poorer
than that of matched control littermates [44% (Cb mutants) and
35% (Br mutants) lower; p < 0.05] (Fig. 2a,c). The defect in
performance was confirmed at 20 weeks ( p < 0.001 for Cb mu-
tants and p < 0.05 for Br mutants) (Fig. 2b,d). The progression,
revealing the ability to improve performance on the motor task
during the 4 d of trial (interaction of the day by genotype factor of
the ANOVA test), is significantly reduced for mutants from both
lines at 10 weeks (35% reduction for Br mutants, p < 0.05; and
51% reduction for the Cb line, p < 0.001) and worsens at 20
weeks [57% (p < 0.01) and 69% ( p < 0.05) reduction, respec-
tively] (Fig. 2a—d). To follow the phenotype evolution, four mu-
tant animals were subjected to the test at both 20 and 35 weeks. A
striking evolution occurs between 20 and 35 weeks for Cb mu-
tants (Fig. 2e), with complete impairment and inability to im-
prove performance at 35 weeks. In contrast, the performance of
Br mutants between 30 and 40 weeks is not significantly different
(data not shown). We excluded any influence of muscular weak-
ness on the performance on the rotarod by using a dynamometer
at different time points between 10 and 60 weeks. At 60 weeks, Cb
and Br mutants have muscular strength equivalent to controls
(6.45 £ 0.75 gm vs 6.89 = 1.4 gm, n = 6; and 6.1 £ 0.9 gm vs
5.9 = 1.5 gm, n = 6, respectively).

To further assess the evolution of the symptoms, gait param-
eters of mutant and control mice were evaluated by footprint
analysis at 10 (data not shown), 20, 30, and 40 weeks (Fig. 2f~i).
The footprint patterns were assessed quantitatively by five pa-
rameters: step length and width, alternation coefficient, linearity,
and variation of step length (Fig. 2f) (see Materials and Meth-
ods). At 10 weeks, no parameter was affected. The linearity score,
an assessment of ataxia that describes the regularity of direction,
was affected at 20 weeks for the Cb mutants ( p = 0.047) (Fig. 2g).
Likewise, the alternation coefficient, also revealing a non-
uniform gait, is affected for the Cb mutants at 20 weeks (p <
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0.003) (Fig. 2h). The only parameter sig-
nificantly increased for both lines at 20
weeks is sigma, describing the regularity in
the step length (Cb mutants, p < 0.05; Br
mutants, p < 0.02). The three parameters
increased progressively at 30 and 40 weeks,
indicating a deterioration of the gait. The
decrease of the o parameter for the Cb mu-
tants between 30 and 40 weeks (Fig. 2i) is
attributable to the exclusion of the most
affected mice, which were no longer able to
perform the test. Furthermore, at 40
weeks, mice from both lines weaved from
side to side while moving through the tun-
nel (Fig. 2f) (Cb mutants), using either a
wider base (Cb mutants only, with 3.2 =
0.1vs2.8 = 0.1 cm; p < 0.008) or shorter
steps (Br mutants only, with 4.5 = 0.2 vs
8.5+ 0.2 cm; p < 0.002).

The neurological phenotype is
associated with a specific progressive
sensory defect

The function of the peripheral nervous
system was assessed by electromyographic
exploration after somatosensory stimula-
tion of the sciatic nerve. The Cb mutants
showed a clear defect in the spinal somato-
sensory response (H-wave amplitude) at
17 weeks (0.155 = 0.01 mV; p < 0.002),
whereas the Br mutants showed a defect at
32 weeks only (0.32 = 0.006 mV; p <
0.001; lower limit of normal is 0.6 mV)
(Fig. 27,k). The latency of the H wave is
normal (data not shown). The H wave dis-
appears between 28 and 38 weeks for the
Cb mutants, and between 32 and 40 weeks
for the Br mutants. The motor evoked po-
tentials and the caudal sensory response
(caused almost exclusively by small-
diameter sensory axons) do not differ be-
tween controls and mutants for both lines
(data not shown). These results indicate
that the large myelinated proprioceptive
sensory neurons or their afferents are
functionally defective, a distinctive patho-
logical feature of FRDA.

Central and peripheral pathologies
cause the neurological phenotype

In agreement with the severity of the re-
spective neurological phenotypes, histo-
logical analyses reveal more marked
anomalies in the Cb line than in the Br line.
Cb mutants presented a reduction in the
number of cerebellar granule cells begin-
ning between 20 and 30 weeks (Fig. 3a,b),
with the most dramatic worsening be-
tween 30 and 40 weeks (Fig. 3¢) but further
visible deterioration observed until 1.5
years (data not shown). Despite the loss of
granule cells, the overall cerebellar archi-
tecture was well preserved, with normal
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Figure2. The Cband Br mutants present a progressive neurological phenotype. a—e, Rotarod analysis of Ch (a, b) and Br (¢, d)

animals versus control littermates at 10 and 20 weeks, respectively. Different pools of control and mutant mice were used at 10
and 20 weeks (n = 8 for each). Impaired performance is observed for both lines at 10 weeks ( p << 0.05 for both lines) and at 20
weeks ( p << 0.05 for Br line and p << 0.001 for Cb line). e, Comparison of performance of Cb mice (n = 4) at 20 and 35 weeks
showing progression of the deficit for the mutants. f—/, Footprint analysis of Br (gray) and Cb (black) mutants at 20 (n = 11 and
6, respectively), 30 (n = 11 for both lines), and 40 weeks (n = 11 and 9, respectively) compared with control littermates (white).
Because performances of Br and Ch control littermates were similar, the results were pooled (n = 16). f, Footprint patterns were
quantitatively assessed for five parameters (see Materials and Methods) as shown on representative footprint patterns of 40-
week-old control and Cb mutant animals. The progression of the three parameters is represented graphically: linearity (g),
alternation coefficient (h), sigma (/). Asterisks indicate significant difference between control and mutants (Student’s ¢ test).
*p < 0.05; **p < 0.01; ***p << 0.001. , , Electromyographic measurements of the spinal somatosensory evoked response (H
wave) in Br (gray) and Cb (black) mutants versus control littermates (white) at 27 weeks (n = 6), 32 weeks (n = 8), and 40 weeks
(n = 6) for Brmice, and at 15 weeks (n = 4), 17 weeks (n = 3), and 38 weeks (n = 3) for Cb mice. The specific absence of the H
wave, indicating a specific dysfunction in the large proprioceptive sensory neurons, is observed in mutants of both lines. The
dotted line corresponds to the lower limit of normal H wave (0.6 mV). The large error bar at 15 weeks for Ch controls s attributable
to one of four animals that showed a very high H-wave amplitude (2.6 mV). ***p < 0,001 (Student’s t test).
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Figure 3.  Cerebellar neuropathology in the Ch mutants shows loss of granule cells and
Purkinje cell arborization. a—f, H&E staining of the cerebellum of 20-week-old (a, d) control
mice and of 30-week-old (b, e) and 40-week-old (¢, f) Cb mutants. Note the reduction of the
granule cell layer at 30 weeks ( b), which becomes dramatic at 40 weeks (), and the reduction
of Purkinje cell cytoplasm and dlarification of the nucleus at 30 and 40 weeks (b—f). g—i, Calbi-
ndin staining of the cerebellum of a control mouse at 20 weeks ( g) and Ch mutants at 30 ( h) and
40 (/) weeks. The affected mutants at 30 weeks have reduced dendritic arborizations at 30
weeks (h) and complete loss of arborization at 40 weeks (). Original magnification: a—c, 10<;
d—i, 100X.

foliation and laminar structure. No other neuronal loss was ob-
served. Although no significant Purkinje cell loss or disorganiza-
tion was noticed (no obvious heterotopia), Purkinje cells present
a size reduction of the perikaryon, a clarification of the nucleus
(Fig. 3d—f), and reduced dendritic beginning arborization at 20
weeks, as revealed by anti-calbindin staining (Fig. 3g—i). The in-
tensity of calbindin immunostaining in Purkinje cells diminished
as the mice aged and was very faint by 40 weeks, with almost a
complete absence of arborization and very pale cytoplasmic
staining caused by the strong reduction of Purkinje cell perikarya.
No vacuole was seen in the cerebellum of Cb mutants at any age.

In contrast, Br mutants revealed no significant neuronal loss
in any areas of the brain observed. Particularly, we did not ob-
serve any evidence of spongiform degeneration, as seen previ-
ously in the cortex of neuronal— cardiac mice (Puccio etal., 2001),
despite significant deletion in the brain (forebrain and midbrain)
(Fig. 1b), nor did we observe any loss of granule cells in the
cerebellum. The only histological change observed in the brain
structure of the Br mutants was a slight reduction of Purkinje cell
arborization at >1 year of age (data not shown).

The main pathological feature seen in the spinal cord of both
mutants was chromatolysis, beginning at 20 weeks in the sensory
neurons of the posterior horn. Chromatolysis consists of a loss of
basophilic staining of the cell body with peripheral margination
of the Nissl substance and is often observed as a consequence of
axonal damage. In addition, at 40 weeks, degeneration was also
observed for both lines in the spinal motor neuron bodies of the
anterior horns and in the nuclei of the Clarke’s columns (Fig.
4a—e). At 30 weeks, the posterior columns of Cb mutants showed
a clear hallow demyelination, consistent with axonal damage
(Fig. 4f).

The sensory cell bodies of the DRG reveal a different pattern of
degeneration, with the presence of vacuoles at 10 weeks for the Cb
mutants (Fig. 5a). Fifty percent of the ganglia presented vacuoles
in one to eight cells, with no preferential location of the affected
ganglia. This degeneration in ganglion cells, confirmed on semi-
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Figure4. Neuronal degeneration in the spinal cord of the Br mutants and demyelination of
the posterior column in the spinal cord of the Cb mutants. a—e, Spinal cord section of control ( a)
and Br mutant animals at 40 weeks (b) stained with H&E. Different areas that show degener-
ated neurons with chromatolysis are magnified: motor neurons of the ventral horn () and
neurons in the dorsalis nuclei (d) and the Clarke’s column (e). Similar neuronal degeneration
was found in Cb mutants (data not shown). , Semithin section of a Cb mutant at 30 weeks
stained with toluidine blue showing demyelination of posterior column (arrow). Original mag-
nification: a, b, f, 10X; c—e, 40 X..

Figure 5.  Frataxin-deficient cells in the dorsal root ganglia show degeneration with the
presence of vacuoles and lipofuscin accumulation. a—c, Semithin section stained with toluidine
blue of DRG of a Cb mutant at 30 weeks, revealing the presence in two large sensory neurons of
vacuoles ( a), accumulation of peripheral granular deposits corresponding to lipofuscin (), and
swollen Nissl body (c). d, H&E staining of a DRG section of a Cb mutant at 40 weeks, with the
following section stained with anti-frataxin antibody (red) and Hoescht (blue) (e, f). Yellow
doted line indicates a vacuolated ganglion cell negatively stained for frataxin, and the green
dotted line shows a ganglion cell negatively stained for frataxin with accumulation of autofluo-
rescent lipofuscin material (green) (e, f). Original magnification: d, 40X all others, 100X

thin sections stained with toluidine blue at 10, 20, 30, and 40
weeks, appeared to be specific to the large sensory cells, distin-
guished from small sensory cells by their large and light cyto-
plasm (Fig. 5a). Noticeably, these are the cells affected in the
human disease. In addition, an increased level of intracellular
dense deposits reminiscent of lipofuscin was observed at the pe-
riphery of the cell (Fig. 5b) already at 20 weeks and prominently at
40 weeks. Finally, endoplasmic reticulum stress occurred, as re-
vealed by swollen Nissl bodies in some large sensory neurons at
30 weeks (Fig. 5¢). Immunohistochemistry demonstrated that
the ganglion cells presenting vacuolization and autofluorescent
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lipofuscin accumulation were indeed deleted for frataxin (Fig.
5d—f). This suggests that in contrast to cerebellar granule cells,
ganglion cells can survive longer without frataxin.

Br mutants showed no sign of vacuolization in DRG at 40
weeks or later (2 years old); however, disorganization of the cy-
toplasm with material pushed to the periphery in the DRG neu-
rons was seen at 20 weeks (data not shown) and presumably
corresponds to chromatolysis.

We found no evidence of apoptosis by TUNEL analysis in
cerebellum, brain, spinal cord, and DRG of both Cb and Br mu-
tants from 20 weeks to >1 year.

The pathological mechanism in the DRG is an

autophagic process

Electron microscopy revealed two main types of defects in the
DRG cells of the Cb mutants at 10, 20, 30, and 40 weeks: autoph-
agy (giant vacuoles) already present at 10 weeks, and lipofuscin
accumulation at 20 weeks, thus corroborating the pathological
changes seen by light microscopy. A large number of vesicular
structures characteristic of autophagosomes and autolysosomes
were observed (Fig. 6a—g). These vacuoles, bounded by one or
more membranes, contain a cytosolic substance and fragments of
cellular organelles. In the early stages, macroautophagy resulted
in the isolation and engulfment of large areas of cytoplasm (Fig.
6a). The nascent autophagosomes then fuse with lysosomes,
leading to the clarification of the vacuole and the formation of an
autolysosome with a single membrane, which continues engulf-
ing cytosol, organelles, and lysosomes (Fig. 6b). Abnormal mito-
chondria with disorganized cristae and occasional swelling were
seen in the vicinity of the autophagic vacuoles (Fig. 6b,c.e,9).
Other mitochondria, usually at a distance from the vacuoles, had
a normal appearance. Mitochondrial iron accumulation was
never observed. The cytoplasmic sequestration seemed to occur
through rough endoplasmic reticulum (RER) membranes, with
nascent vacuoles formed by a swollen RER (Fig. 6¢) correspond-
ing to the perturbed Nissl body seen on semifine sections (Fig.
5¢). The remaining RER was pushed to the periphery of the cell
and had lost its ribosomes (Fig. 6d). The Golgi apparatus was also
disturbed, with dilation of channels and cisterns (Fig. 6d,e), sug-
gesting that some vacuoles could also originate from Golgi appa-
ratus. Furthermore, the number of lysosomes increased signifi-
cantly, suggesting a high activation of the degradation processes
(Fig. 6d). Undigested material accumulated inside the vacuole,
leading to progressive densification (Fig. 6e—g). At 40 weeks, this
dense material completely filled the vacuoles and appeared min-
eralized (Fig. 6g). Furthermore, lipofuscin accumulation was
confirmed (Fig. 6h) and may have resulted from residual undi-
gested electron-dense lipid residues when autolysosomes reached
a final point of degradation. Finally, at 30 and 40 weeks, large-
diameter axons of DRG showed signs of degeneration, whereas
the myelin sheath was well preserved (Fig. 61).

Neuronal tissues have moderate iron-sulfur deficiency and
iron deposit

To assess whether the neuropathology observed was associated
with a specific deficit of ISC-containing enzymes and iron accu-
mulation as described for the cardiac tissues of both FRDA pa-
tients and animal models, biochemical analysis of the ISC-
containing enzyme SDH compared with COX activities as well as
histological iron staining were performed. Analyses of spinal
cord, cerebellum, brain stem, and brain were performed for both
lines (n = 4) at different ages, ranging from 10 weeks to >1 year
for iron detection and at 40 weeks for enzymatic measurements.

Simon et al. » Neurological Mouse Models for Friedreich Ataxia

Figure 6.  Autophagic features and lipofuscin accumulation in the DRG of Cb mutants; elec-
tron microscopy on Cb mutant DRG at 30 (e, £, /) and 40 (a—d, g, h) weeks. g, Electron-lucent
cytoplasmic area with fibrillary material, delimited by a membrane-like structure. Focal cyto-
plasmic breakdowns occur, and several autophagic vacuoles develop at the periphery seques-
tering portions of cytoplasm that contain lipopigments, glycogen, and concentric bodies with
membrane remnants (asterisk). Lysosomes are present at the periphery. b, A large vacuole of
autophagy shows membrane activity and pinocytosis (arrow) and contains projections of cyto-
plasmic matrix and ribosomes (white asterisks) that are either attached to the inner membrane
or freely floating. Autophagic bodies, a swollen Golgi, and affected mitochondria are seen. ¢, A
marked dilatation of the RER generates vacuoles containing remnants of ergastoplasm and
lysosomes. d—g, Various profiles of autophagy. d, The Golgi cisterns are dilated or compacted,
and the RER is pushed to the periphery of the cell with polyribosomes lying free in the cyto-
plasm. Lysosomes are significantly increased in size. e, High membrane activity of a vacuole
with numerous pinocytotic vesicles coating the inner surface (arrows) and electron-dense re-
sidual myelinoid material loaded. Some mitochondria are degenerating (adjacent to the vacu-
ole), whereas others have a normal appearance (bottom). Profiles as seen in a—e were detected
in (b mutants from 10 to 40 weeks. f, At 30 weeks, dense material accumulation is seen. Note
the budding (black arrowhead), membrane stacking, and autophagosomes adjacent to the
vacuole, suggesting high autophagy activity. g, Progressive filling of the vacuole with dense
deposits having a mineralized appearance. Autolysosomes containing membrane remnants are
seen. h, Peripheral massive lipofuscin accumulation, made of numerous dense granules with
various shapes. i, The large-diameter axons are degenerating in the absence of myelin alter-
ation. Scale bars, 2.5 m. ab, Autophagic body; go, Golgi; L, lysosome; If, lipofuscin; mb, mem-
brane; m, mitochondria; nu, nucleus; r, polyribosome; rer, rough endoplasmic reticulum; v,
vacuole.

Previous studies on heart biopsies from FRDA patients and mice
models have demonstrated that COX activity is not altered as a
consequence of frataxin deficiency and can be used as an internal
control for SDH (complex IT) activity (Rotig et al., 1997; Puccio et
al., 2001). The most significant difference in SDH activity was
found in the spinal cord of Br line mutants with a 40% reduction
of SDH/COX activity ratios compared with control littermates. A
suggestive reduction of SDH/COX activity ratios was also seen in
the cerebellum of Cb mutants and may be partially masked by the
massive cerebellar neuron loss seen at this age (data not shown).
Very few iron deposits were seen in either mutant, even late in the
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disease, with rare deposits seen in the dorsal horn, brain stem,
cerebellar granular layer, and cortex (data not shown), confirm-
ing that this is a late event in the pathological process (H. Seznec,
D. Simon, L. Monassier, P. Criqui-Filipe, A. Gansmuller, P. Rus-
tin, M. Koenig, and H. Puccio, unpublished observations), and is
reminiscent of the situation in FRDA patients (Lamarche et al.,
1993; Waldvogel et al., 1999; Bradley et al., 2000).

Discussion

Friedreich ataxia is a slowly progressive neurodegenerative disor-
der caused by severely reduced levels of frataxin. Several attempts
have been made to produce an authentic model for the neurolog-
ical symptoms of FRDA, but until now, no mouse model parallels
the progressive neurological human disease (Puccio et al., 2001;
Miranda et al., 2002). Through spatially and temporally con-
trolled conditional FRDA gene inactivation, we have generated
two different mouse models that developed the most prominent
features of the human disease: a slowly progressive mixed cere-
bellar and sensory ataxia associated with a progressive loss of
proprioception and absence of motor involvement. Interestingly,
the neurological deficit is more severe in the Cb line than in the Br
line, leading to loss of spontaneous ambulation by 1 year of age,
despite the more restricted frataxin deficiency seen by Western
blot analysis, indicating that the difference most likely arises from
a selective neuronal sensitivity to frataxin deletion.

These mouse models also parallel the human disease at the
histopathological level. The models have degeneration of the pos-
terior columns of the spinal cord that appear translucent, because
of demyelination and loss of fibers, and severe lesions of neurons
in Clarke’s columns, hallmarks of FRDA disease. In addition, the
Cb mutants have specific damage to the large sensory neuron cell
bodies in the DRG, another distinctive feature of FRDA. The time
of occurrence of these lesions suggests that as in patients, the
anomalies observed in the neuronal cell bodies of the DRG are a
primary event, whereas the neuronal loss in Clarke’s column and
the degeneration in posterior column might be secondary events.

Our mouse models also show some features that are a depar-
ture from FRDA, in particular the extent of cerebellar pathology.
Cerebellar atrophy is inconsistently observed in FRDA; some pa-
tients have mild loss of Purkinje cells with occasional axonal tor-
pedoes late in the disease course (Koeppen, 1991). Only the Cb
mutant shows an early loss of dendritic Purkinje cell arborization
and abnormal cell morphology with reduction of the perikaryon
and clarification of the nucleus, in agreement with the high ex-
pression of the Prp 28.6 transgene in this cell type, compared with
the Prp 28.4 transgene (Weber et al., 2001). In addition, the Cb
line has a progressive cerebellar granule cell loss, not characteris-
tic of FRDA. Although the granule cell loss is possibly a direct
consequence of complete absence of frataxin in these cells, it is
equally possible that they are secondary to Purkinje cell anoma-
lies or to cerebellar afferent alterations.

The progressive neurodegeneration of the DRG in the Cb line
certainly represents an excellent model for unraveling the patho-
logical cascade leading to neuronal death in FRDA. Several cell
death pathways can be activated during neurodegeneration, in-
cluding apoptosis and the more recently accepted mechanism
involving autophagy (Xue etal., 1999; Doughty et al., 2000; Yue et
al., 2002). Although oxidative insult to cultured cells from FRDA
patients results mostly in apoptosis (Wong et al., 1999; Santos et
al., 2001), no evidence for such a cell death mechanism in vivo has
been provided so far. In particular, the apoptosis process could
notbe detected in either the complete frataxin knock-out (Cossee
etal., 2000) or the conditional mouse model (Puccio et al., 2001).
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Surprisingly, we have observed that the degenerative mechanism
involved in the dorsal root ganglia neurons is an autophagic pro-
cess, leading to removal and degradation of damaged cytosolic
proteins and organelles. Autophagy is characterized by the pres-
ence of autophagic vacuoles and autophagosomes that are
formed by rearrangement of subcellular membranes (rough en-
doplasmic reticulum or trans-Golgi system) to sequester cytoso-
lic constituents and organelles and traffic them to lysosomes for
degradation (Reggiori and Klionsky, 2002). Different steps of the
autophagic process were clearly seen in the large myelinated DRG
neurons of the Cb mutants. In addition to autophagosomes, li-
pofuscin accumulation was also observed in these neurons. Lipo-
fuscin is composed of proteins, lipids, carbohydrates, and metals,
particularly iron (Brunk and Terman, 2002) derived from mito-
chondria and metalloproteins having incomplete autophagocy-
tosis and lysosomal degradation, thereby leading to their accu-
mulation. Because lipofuscin accumulation has been reported
both in the DRG and in the cardiomyocytes of FRDA patients
(Lamarche et al., 1980, 1982; Larnaout et al., 1997), this cellular
response is certainly a close consequence of frataxin deficiency.
Moreover, both processes appear to be cell autonomous and pro-
gressive, because the ganglion cell neurons that show autophago-
somes and lipofuscin accumulation are deleted for frataxin. Fur-
thermore, the concurrent activation of both processes could
explain the lack of detectable iron deposits within the DRG.

The formation of autophagic vacuoles is possibly stimulated
by various intracellular and extracellular stress situations, includ-
ing amino acid starvation, aggregation of damaged proteins, and
accumulation of damaged organelles (Petiot et al., 2002). In
keeping with this, very recent microarray data suggest a specific
sulfur amino acid (SAA) metabolism defect in FRDA cell models
(Tan et al., 2003). This specific defect resulting in SAA starvation
may be directly linked to the primary role of frataxin in the early
steps of ISC biosynthesis and might trigger the autophagic pro-
cess seen in the DRG. Furthermore, oxidative stress is highly
suspected to play an important role in the pathogenesis of FRDA,
with elevated levels of oxidative stress markers in patients, includ-
ing urine 8-hydroxy-2'-deoxyguanosine and serum malondial-
dehyde (indicative of DNA damage and lipid peroxidation, re-
spectively). Lipofuscin, which is a product of lipid peroxidation,
is believed to be responsible, to a large extent, for the cytotoxic
effects observed during oxidative stress (Yin et al., 1995; Nilsson
etal, 1997), and its formation might represent the ultimate step
in FRDA neurodegeneration. A mouse model for ataxia with vi-
tamin E deficiency (AVED) (Yokota et al., 2001), a disease neu-
rologically very similar to FRDA, also presents lipofuscin accu-
mulation within the DRG, indicative of massive membrane
oxidative stress resulting from the absence of vitamin E. The
AVED mice do not present autophagic neuronal degeneration,
however, presumably because of the very late onset of the pheno-
type, after 1 year of age.

Finally, both the present neurological mouse models and the
previous FRDA mouse models that we have generated (Puccio et
al,, 2001) clearly show accumulation of damaged mitochondria
as a direct consequence of frataxin deficiency. Interestingly, the
cardiomyocytes in the cardiac model appear to compensate for
lack of frataxin by mitochondrial proliferation and cellular hy-
pertrophy without entering an autophagic process. In contrast,
DRG neurons appear to survive without frataxin for a longer
period by intracellular removal of damaged organelles and pro-
teins through the autophagic and lysosomal pathways. Therefore,
the slowly progressive phenotype of the inducible neurological
models would reflect the progressive nature of the autophagic
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process, proposed as a protective mechanism for the elimination
of defective mitochondria with dysfunctional inner membranes
(Lemasters et al., 1998).

In conclusion, these models represent excellent tools for un-
raveling the pathological cascade of FRDA and testing com-
pounds that interfere with the degenerative process, such as
anti-oxidants, which are good pharmacological candidates. Fur-
thermore, these models should prove useful for the investigation
of neurodegenerative mechanisms characterized by delayed on-
set and slow progression over years or decades. Indeed, oxidative
stress and mitochondrial dysfunction, as well as activation of
autophagy in several of the major human neurodegenerative dis-
orders, including Alzheimer’s disease (Nixon et al., 2000; Hirai et
al., 2001; Perry et al., 2002), Parkinson’s disease (Anglade et al.,
1997; Meredith et al., 2002), and Huntington’s disease (Kegel et
al., 2000), have been reported repeatedly, although their role in
these pathologies is still discussed. The novel spatiotemporally
controlled conditional gene-targeting approach that we have
used is particularly adapted to study the mechanisms of late-
onset and slowly progressive neurodegeneration and is amenable
to large experimental flexibility through modulation at will of the
timing of induction.
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