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Friedreich ataxia (FA) is a rare mitochondrial disease charac-
terized by sensory and spinocerebellar ataxia, hypertrophic
cardiomyopathy, and diabetes, for which there is no treat-
ment. FA is caused by reduced levels of frataxin (FXN), an
essential mitochondrial protein involved in the biosynthesis
of iron-sulfur (Fe-S) clusters. Despite significant progress in
recent years, to date, there are no good models to explore
and test therapeutic approaches to stop or reverse the
ganglionopathy and the sensory neuropathy associated to
frataxin deficiency. Here, we report a new conditional mouse
model with complete frataxin deletion in parvalbumin-
positive cells that recapitulate the sensory ataxia and neuro-
pathy associated to FA, albeit with a more rapid and
severe course. Interestingly, although fully dysfunctional, pro-
prioceptive neurons can survive for many weeks without fra-
taxin. Furthermore, we demonstrate that post-symptomatic
delivery of frataxin-expressing AAV allows for rapid and
complete rescue of the sensory neuropathy associated with
frataxin deficiency, thus establishing the pre-clinical proof
of concept for the potential of gene therapy in treating FA
neuropathy.
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INTRODUCTION
Friedreich ataxia (FA), the most prevalent cause of recessive
hereditary ataxia, is an early-onset neurodegenerative disease
characterized by progressive spinocerebellar ataxia, severe proprio-
ceptive sensory loss, cardiomyopathy, and increase in incidence of
diabetes mellitus.1,2 Both the CNS and the peripheral nervous
system (PNS) are primarily affected. Proprioceptive sensory loss
in the PNS is an early feature of the disease, while the cerebellar
and spinocerebellar involvement contribute to the progression of
the disease.2 The neurological symptoms are a consequence of
degeneration of the large sensory neurons of the dorsal root ganglia
(DRGs) and their axons, of the spinocerebellar tracts,2–4 as well as
lesions in the dentate nuclei of the cerebellum and Purkinje cells.3,5

In addition, more recent studies provide evidence of cerebral
involvement.6 FA is associated with a shortened lifespan, with
cardiac dysfunction the main cause of mortality.7 The disease is
caused by a (GAA)n expansion within the first intron of the frataxin
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gene (FXN).8 The mutation results in heterochromatin formation9

leading to reduced expression of frataxin (FXN), a highly conserved
mitochondrial protein, involved in iron-sulfur biogenesis.10,11 To
date, there is no efficient treatment for FA.

Replenishment of frataxin either through epigenetic drugs, protein
replacement, or gene therapy would be the optimal therapy for FA.
Previously, we established a proof of concept for a gene therapy
approach using adeno-associated virus (AAV)-expressing frataxin
(AAV-FXN) to prevent and rapidly reverse the cardiomyopathy
associated with FA.12 Our study clearly demonstrated that dysfunc-
tioning frataxin-deficient cardiomyocytes were still viable after the
onset of heart failure and that their phenotype could be reversed.
However, one critical question in the field is whether the ganglion-
opathy and sensory peripheral neuropathy reflect irreversible cell
death or whether it is a consequence of neuronal dysfunction
that could potentially be reversible. To address this question and
with the aim of developing a gene therapy approach to tackle the
neuropathology associated with FA, we developed a new neuronal
conditional model of the disease. Although several mouse models
of FA have already been generated, none are suited for testing
gene therapy approaches for the primary sensory ataxia associated
with FA. Indeed, while the GAA expansion-based models (KIKO,
YG8, and YG22 models) are good models to assess the epigenetics
consequence of the GAA expansion and early pathophysiological
consequences of frataxin deficiency, they failed to display a robust
behavioral phenotype.13–18 Other models have been generated
based on the Cre-Lox technology to knockout frataxin in
specific neuronal cells; however, these models are too severe
and non-specific, such as the neuronal-specific enolase (NSE)
model,19 or develop a later onset pathology and have simulta-
neously DRG and cerebellar ataxia with severe granule cell
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Figure 1. Impaired Behavior and Specific Loss of Sensory Wave in Pvalb cKO Mice Associated with Large Frataxin Depletion in DRG and Cerebellum

(A) Notched-bar test analysis, number of footfalls is represented; n = 10 WT and n = 11 Pvalb cKO. (B) Hanging-wire test analysis, time needed to attach hindlimbs to the

string is represented; n = 10 WT and n = 11 Pvalb cKO. (C) Ataxia coefficient, measurement of absolute paw angle and paw angle variability after 5 s of walk on the

DigitGait apparatus at 13.5 weeks of age; n = 6 WT and n = 5 Pvalb cKO. (D) Amplitudes of somatosensory wave (H-wave) were recorded after plantar sciatic nerve

stimulation; n = 6 WT and n = 7 Pvalb cKO. (E and F) Mouse Frataxin expression levels evaluated by ELISA on cervical, thoracic, and lumbar DRG (E) and on cerebellum (F),

in WT and Pvalb cKO mice at 7.5 weeks of age. n = 4. Data are represented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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degeneration.20 We thus generated a new conditional model using
the Pvalbtm1(Cre)Arbr/J mouse line21 to more specifically target the
proprioceptive neurons. The Pvalbtm1(Cre)Arbr/J knockin allele
has the endogenous parvalbumin promoter and enhancer
elements directing Cre recombinase expression in cells expressing
parvalbumin, such as proprioceptive afferent sensory neurons in
the DRG, cerebellar Purkinje cell, and deep nuclei, as well as
interneurons in the brain.21

The newly generated Pvalb-Cre conditional knockout (cKO) model
recapitulated features of FA neuropathophysiology, in particular a
ganglionopathy with sensory axonopathy, albeit with a more rapid
and severe course of the disease. In addition, a cerebellar ataxia
and cerebral involvement occur, but after the onset of the PNS
pathology. Intravenous delivery of AAV-FXN fully prevented the
onset of peripheral sensory neuropathy. Moreover, combined intra-
venous and intracerebral delivery AAV-FXN, after the onset of
behavioral impairment, was able to reverse the phenotype of these
mice at the behavioral, physiological, and cellular levels within a
few days. Our results strongly demonstrate that frataxin-deficient
proprioceptive neurons with severe phenotype survive for several
weeks and can be rapidly and completely rescued by gene therapy
in the mouse model. Thus, this study establishes the pre-clinical
proof of concept for the potential of gene therapy in treating FA
sensory neuropathy.
RESULTS
Pvalb cKO Mimics Neuropathophysiology Occurring in FA

Patients

To induce frataxin deletion in parvalbumin-positive neurons
(including the proprioceptive neurons of DRG, cerebellar deep nuclei,
and Purkinje cells), we bredmice homozygous for the conditional fra-
taxin allele (FxnL3/L3) with mice heterozygous for the frataxin allele
carrying the Pvalb-Cre transgene (Fxn+/L�; Pvalbtm1(Cre)Arbr/J).
Animals were born according to Mendelian ratio indicating no sub-
stantial embryonic lethality and displayed a normal growth until
21.5 weeks (Figure S1A). Loss of coordination in Pvalb cKO mice
was evaluated weekly from 5.5 weeks until 13.5 weeks. Pvalb cKO
mice developed a rapidly progressive movement disorder character-
ized by gait abnormality as early as 6.5 weeks of age on the
notched-bar test (Figure 1A) and general coordination defects
measured at 8.5 weeks of age on the wire-hanging test (Figure 1B)
and on the rotarod (Figure S1B). The loss of coordination progressed
over time, and Pvalb cKO mice showed a complete incapacity at the
notched bar by 13.5 weeks of age (Figure 1A). Open field analysis did
not reveal any change in general locomotor activity (Figures S1C and
S1D). Digit gait analysis performed on a sub-cohort of mice at
13.5 weeks of age confirmed the ataxic gait in Pvalb cKO animals,
with a significant increase in the ataxic coefficient, a decrease in
absolute hindpaw angle, and an increase in paw angle variability
(Figure 1C). On electromyographic measurements, motor-evoked
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potential measurements in plantar muscle were normal (Figure S1E).
In contrast, after somatosensory stimulation of the sciatic nerve, the
H-wave response (sensorimotor reflex) was significantly affected
at 8.5 weeks of age with a complete loss (p < 0.0001) (Figure 1D;
Table S1), indicating that the large myelinated proprioceptive sensory
neurons or their afferents are functionally defective. As a general
observation, Pvalb cKO mice develop tremors after 8.5 weeks of
age, worsening over time, and died prematurely around 21 weeks of
age due to epileptic seizures. The expression of the Cre recombinase
in the Purkinje cells at p40, as well as more widely throughout the
cortex at 21.5 weeks, most likely contributes to the phenotype of
the mice, in particular the tremors and the epileptic seizures (Fig-
ure S2; see Supplemental Results).

In agreement with the expression pattern of the Pvalb-Cre transgene,
frataxin depletion was observed in the DRG, brain, cerebellum, and
spinal cord by western blot (Figures S1F and S1G). By ELISA assay,
a very strong reduction of frataxin (72%–83% reduction) was
seen in the DRG of the Pvalb cKO compared to control (Figure 1E;
Table S2), despite the fact that the proprioceptive neurons (i.e., the
ones expressing the Cre recombinase) represent only 7.5% of the total
cells of the DRG.22,23 Considering that the Pvalb cKO are constitutive
heterozygotes for the frataxin locus (FxnL3/L�), this demonstrates that
proprioceptive neurons express 44%–66% of the total frataxin of the
DRG (Table S3; Supplemental Results). Interestingly, lumbar DRG
express twice as much frataxin than the cervical DRG (Figure 1E),
while no clear differences was observed in different sections of the
spinal cord (Figure S1G). Similarly, in the cerebellum, the Purkinje
cell and the deep gray nuclei express 67% of the total frataxin expres-
sion of the cerebellum (Figure 1F; Table S3).

To determine the pathological changes associated with frataxin
deficiency, histological analysis was performed on both DRG and
cerebellum. The main pathological feature in the DRG was the pres-
ence of vacuoles in �1.5% of neurons at 7.5 weeks in Pvalb cKO
(p = 0.0429) (Figure 2A). No neuronal loss in the DRG was observed
at 7.5 weeks of age (Figure 2B), demonstrating that the loss of somato-
sensory response is not a consequence of neuronal loss. At 10.5 weeks
of age, although not statistically significant, a trend of 10%–15%
neuronal loss in the lumbar level was observed, a tendency not further
exacerbated with time (Figure 2B). Neurofilament 200 staining, a
marker of proprioceptive and mechanoreceptive neurons, shows a
reduction of�30% of large myelinated neurons at 21.5 weeks in Pvalb
cKO (Figures S3A and S3B). No neuronal loss in the cervical or
thoracic DRG was observed at any time despite frataxin deletion
demonstrating some specificity toward lumbar DRG (Figure S3C).
In the cerebellum, abnormal localization and loss of Purkinje cells
was also observed starting at 10.5 weeks of age (Figures 2C and 2D).

To further determine the pathological changes associated with the
specific loss of sensory wave, ultrastructural analysis was performed
on both DRG and the sciatic nerve, a mixed sensory and motor nerve.
Ultrastructural analysis of DRG neurons presenting vacuoles at
7.5 weeks of age (Figure 2A, arrows) revealed signs of mitochondrial
1942 Molecular Therapy Vol. 26 No 8 August 2018
and cell degeneration. Typical features of different stages of mitoph-
agy were observed: mitochondria starting to degenerate (Figure 2E,
arrows 1), large vacuoles with membrane invagination and cyto-
plasmic material inside (Figure 2E, arrows 2), complete degeneration
of the cell with endoplasmic reticulum (ER) dilation (Figure 2E,
arrows 3). At 3.5 weeks of age, sciatic nerves of Pvalb cKO already
displayed signs of neuropathy with degeneration affecting small
caliber myelinated fibers and inner swelling tongue (Figure 2F).
Such abnormalities became more frequent and severe with age. At
5.5 weeks, degenerating mitochondria were noted (Figure 2F), while
by 17.5 weeks of age, clear signs of axonal loss as well as axonal
shrinkage were observed, with the frequent presence of myelin debris
(Figure 2F). In agreement with the lack of pathology in the thoracic
and cervical DRG, analysis of radial and median nerve at 18.5 weeks
did not show any abnormalities (Figure S3D).

The molecular events following frataxin depletion are iron-sulfur
(Fe-S) cluster protein deficits and cellular iron dysregulation.19,24

We initially measured SDH activity on lumbar DRG and cerebellum
protein lysates by spectrophotometry; however, no difference be-
tween wild-type (WT) and Pvalb KO was observed (Figures S4A
and S4B). Similarly, western blot analysis of the lipoic acid bound
to pyruvate dehydrogenase (PDH) and a-ketoglutarate dehydroge-
nase (KGDH) complexes did not reveal any differences, suggesting
that the Fe4S4-dependent lipoic acid synthase was not affected (Fig-
ures S4C and S4D). However, we hypothesized that the absence of
detectable Fe-S cluster protein deficit in whole lysate of DRG and cer-
ebellum might be a consequence of signal dilution, as proprioceptive
neurons represent only 7.5% of the total cells of the DRG and Purkinje
cell represents a minority of cerebellar cells (1 Purkinje cell for 778
granule neurons25). SDH activity was determined by histoenzymatic
staining on cryostat sections of lumbar DRG and cerebellum (Figures
3A–3C). In lumbar DRG sections of Pvalb cKO animals, large SDH-
negative neurons were observed at 8.5 weeks of age (Figure 3A,
zoom). Quantification of SDH staining in DRG demonstrated a sig-
nificant increase in the number of negative SDH neurons in Pvalb
cKO animals compared to WT as early as 5.5 weeks of age (Figures
1B and S4E). Similarly, in the cerebellum, faint SDH staining was
observed in Pvalb cKO Purkinje cells compared to control animals
at 13.5 weeks of age (Figure 3C). At 18.5 weeks, Purkinje cells of Pvalb
cKO animals were either SDH negative or were absent (Figure 3C), in
coherence with the partial loss of Purkinje cells. We aimed at demon-
strating that the SDH-negative neurons were frataxin deficient; how-
ever, due to the low levels of frataxin in DRG and cerebellum
(i.e., �30 ng FXN per mg of protein compared to �150 ng FXN
per mg of protein in the heart), we could not detect frataxin by
immunohistochemistry with the available anti-frataxin antibodies.
In non-neuronal FA mouse models, Fe-S cluster deficiency leads
to IRP1 activation as a translational regulator leading to iron
metabolism dysregulation.19,26 In contrast with the clear iron accu-
mulation observed in cardiomyocytes deficient for frataxin (MCK
mutants; Figure S4F),19 cerebellar Purkinje cells were negative for
Perl’s-enhanced iron staining at 13.5 weeks of age in Pvalb cKO (Fig-
ure S4G). However, upregulation of Transferrin receptor 1 (TfR1)



Figure 2. Neurodegeneration and Neuropathy in Pvalb cKO Mice

(A) Semithin sections of lumbar DRG at 7.5 weeks with arrows indicating vacuoles. n = 7,000 neurons scored. Scale bars, 100 mm. (B) Mean number of neurons per DRG

normalized by DRG area in the lumbar section of the spinal cord. n = 3 or 4mice and between 6,000 and 10,000 neurons scored per group and per age. (C) Calbindin staining

on cerebellar section of control and Pvalb cKOmice at 21.5 weeks. Scale bars, 100 mm. (D) Purkinje cell loss in Pvalb cKOmice at 10.5 and 21.5 weeks assessed by scoring

of Calbindin-positive cells. n = 4 mice and between 1,800 and 2,500 neurons scored per group and per age. (E) Ultrathin sections of lumbar DRG of WT and Pvalb cKO at

7.5 weeks with sign of cell death progression in large neurons with empty giant mitochondria (arrows 1), vacuoles (arrows 2) and with membrane invagination ending in a

complete cell degeneration with dilated endoplasmic reticulum and larges vacuoles (arrows 3). M, mitochondria; Ly, lysosome; RER, rough endoplasmic reticulum. Scale

bars, indicated sizes. (F) Ultrathin sections of sciatic nerves ofWT andPvalb cKO at 3.5, 5.5, and 17.5 weeks. ist, inner swelling tongue; £, fibrosis; m, abnormal mitochondria;

$, degeneration. Scale bars, 2 mm. Data are represented as mean ± SEM. *p < 0.05.
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Figure 3. Fe-S Cluster Protein Deficit and Cellular Iron Metabolism Dysregulation in Some Neurons of Pvalb cKO Mice

(A) Representative SDH histoenzymatic activity staining in lumbar DRGs at 8.5 weeks of ageWT and Pvalb cKOmice. Scale bars, 100 mm. (B) Scoring SDH staining intensity

in lumbar DRG neurons at 5.5 weeks of age; n = 8,732 neurons counted from three WT animals and n = 11,019 neurons counted from four Pvalb cKO animals. *p < 0.05.

(C) Representative SDH histoenzymatic activity staining in cerebellum at 13.5 and 18.5 weeks of age WT and Pvalb cKO mice with magnifications on Purkinje cells. Scale

bars, 100 mm. (D) Representative images of TfR1 immunofluorescence (green) in cerebellum of WT and Pvalb cKO animals at 13.5 weeks of age. Scale bars, 100 mm.

(E) Representative images of TfR1 (red) and GFAP (green) co-immunofluorescence in cerebellum of WT and Pvalb cKO animals at 18.5 weeks of age. Scale bars, 100 mm.

Molecular Therapy
levels was detected in Purkinje cells in Pvalb cKO both at 13.5 and
18.5 weeks of age (Figures 3D and 3E), which could be a direct conse-
quence of IRP1 activation in its iron response element (IRE) regula-
tory form.26 Interestingly, the astrocyte marker GFAP signal was
increased not only in the granular layer, but more particularly in
the Purkinje cells and molecular layer in Pvalb cKO compare to
controls (Figure 3E). The increase in GFAP is most likely a direct
reflection of active astrogliosis coupled to Purkinje cell death.27 All
together, these results demonstrate that frataxin deficiency in neurons
1944 Molecular Therapy Vol. 26 No 8 August 2018
leads to an Fe-S cluster protein deficit and cellular iron dysregulation
leading to cellular dysfunction and death.

Prevention of Progressive Loss of Sensory Defects after

Treatment of Early-Symptomatic Pvalb cKO Mice

To investigate the potential of gene therapy for the treatment of the FA
sensory ataxia and neuropathy, a single intravenous injection of AAV9-
CAG-FXN-HA at a dose of 5 � 1013 vector genomes (vg)/kg was
performed in 3.5-week-old early-symptomatic Pvalb cKO mice.



Figure 4. Evaluation of Early Symptomatic Treatment in Pvalb cKO Animals

(A) Notched-bar test analysis, number of footfalls is represented; n = 11WT, n = 9 Pvalb cKO, and n = 9 Pvalb cKOAAV. (B) Hanging-wire test analysis, time needed to attach

hindlimbs to the string is represented; n = 11WT, n = 9 Pvalb cKO, and n = 9 Pvalb cKOAAV. (C) Amplitude of sensory wave (H-wave) was recorded after plantar sciatic nerve

stimulation. n = 11WT, n = 9 Pvalb cKO, and n = 9 Pvalb cKOAAV. (D) Mean number of neuron per DRG ofWT and Pvalb (untreated and treated) was evaluated at the lumbar

level of the spinal cord. n = 3 mice per group with n = 9,314 WT, n = 7,666 Pvalb cKO, and n = 7,610 Pvalb cKOAAV neurons scored. (E) Ultrathin sections of sciatic nerves

of Pvalb treated at 17.5 weeks. ist, inner swelling tongue; £, fibrosis; *, myelin debris; $, degeneration. Scale bars, indicated sizes. Data are represented as mean ± SEM.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Black stars correspond to p value versus WT and gray stars versus untreated Pvalb cKO.
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A significant coordination improvement in treated compared to un-
treated Pvalb cKO mice was observed in all tests performed (Figures
4A, 4B, and S5A). While, 1 week after treatment, a significant improve-
ment of coordination on the notched-bar test was observed, the treated
mice’s performance progressively worsened starting at 8.5 weeks of age,
although never to the level of untreated animals (Figure 4A). In
contrast, treated Pvalb cKO mice remained undistinguishable from
WT controls until euthanasia on the wire-hanging test (Figure 4B),
showing a clear benefit on the peripheral sensory neuropathy. Consis-
tent with the behavioral analysis, the defect in the sensorimotor reflex
after sciatic nerve stimulation was completely prevented in treated
Pvalb cKO mice (Figure 4C; Table S4).

Due to significant tremors, animals were sacrificed at 17.5 weeks of
age. Biodistribution study of the AAV9-CAG-human frataxin
(hFXN)-HA vector revealed a high transduction of the liver, a mod-
erate transduction of the heart and brain, a milder transduction of the
DRG, and a poor transduction of the spinal cord and cerebellum (Fig-
ure S5B). The transgenic human frataxin expression was 22 times the
endogenous level in WT animals in the DRG (thoracic portion)
(697 ng hFXN/mg protein) (Figure S5C). Western blot analysis
showed that the majority of the transgenic human frataxin is matured
and the absence of precursor accumulation (Figure S5D), as previ-
ously published.12 Histologically, the trend in neuronal loss previ-
ously observed in Pvalb cKO in lumbar DRGwas absent in the treated
animal (Figure 4D). Furthermore, ultrastructural analysis of sciatic
nerve showed no signs of degeneration, axonal loss, autophagy, or
abnormal mitochondria in treated Pvalb cKO mice (Figure 4E), in
agreement with the presence of normal somatosensory response.

AAV-hFXN Delivery Rapidly Rescues Sensory Ataxia in Late

Symptomatic Pvalb Mice

While preventing the sensory ataxia is an important step, it is crucial
to determine the therapeutic potential after the onset of the symp-
toms. Intravenous administration of AAV9-CAG-FXN-HA at a
dose of 5 � 1013 vg/kg simultaneously with intracerebral deliveries
of AAVrh.10-CAG-FXN-HA (1 � 1010 vg/deposit) in the striatum
and the cerebellar white matter to target the CNS was performed
post-symptomatically at 7.5 weeks of age. A complete correction of
the peripheral fine coordination measured by the wire-hanging test
was observed 1 week after treatment, which sustains overtime up to
euthanasia (Figure 5A). On the notched-bar test, treated Pvalb cKO
mice show a clear stabilization of the phenotype until 9.5 weeks of
age then developed a progressive worsening of the phenotype
Molecular Therapy Vol. 26 No 8 August 2018 1945
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Figure 5. Rapid Correction of Neurological Phenotype after Post-symptomatic Treatment of Pvalb cKO Animals

(A) Hanging-wire test analysis, time needed to attach hindlimbs to the string is represented; n = 26 WT, n = 29 Pvalb cKO, and n = 32 Pvalb cKOAAV. (B) Notched-bar test

analysis, number of footfalls is represented; n = 26WT, n = 29 Pvalb cKO, and n = 32 Pvalb cKOAAV. (C) Ataxia coefficient, paw angle variability, paw placement, andmidline

distance measured after 2.5 s of walk on the DigitGait apparatus at 17.5 weeks of age; n = 8 WT, n = 6 Pvalb cKO, and n = 8 Pvalb cKOAAV. (D) Amplitude of sensory wave

(H-wave) was recorded after plantar sciatic nerve stimulation; n = 26 WT, n = 29 Pvalb cKO, and n = 32 Pvalb cKOAAV. Data are represented as mean ± SEM. *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001. Black stars correspond to p value versus WT and gray stars versus untreated Pvalb cKO.
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(Figure 5B), as it was also observed on the rotarod (Figure S6A). Eval-
uation of the gait at 17.5 weeks of age by DigitGait analysis showed a
complete correction of several parameters in the treated Pvalb cKO
animals, including the ataxic coefficient, the paw angle variability,
the paw placement, and the midline distance (Figure 5C). Concomi-
tantly with the improvement of coordination and the ataxic pheno-
type, Pvalb cKOmice displayed a complete reversion of sensorimotor
reflexes (Figure 5D; Table S5), with H-wave amplitudes within the
normal range. Due to significant tremors, to avoid losing the animals
of epileptic seizures and for ethical reasons, most animals were sacri-
ficed at 18.5 weeks of age for histological and molecular analyses, with
a few animals kept until 22.5 weeks for ultrastructural analysis.

Biodistribution study of the AAV-CAG-hFXN-HA vectors (both
AAV9 and AAVrh10) reveals a high transduction of brain (cortex,
cerebellum), a moderate transduction of brainstem in accordance
with the intraparenchymal delivery of AAVrh.10, a milder transduc-
tion of the DRG, and quite poor transduction of the spinal cord (Fig-
ure S6B). Compared to what has been shown in pre-symptomatic
treatment, DRG transduction is milder, in accordance with tropism
and different transduction, depending on the age of delivery.28

In agreement with the biodistribution of the vector, a widespread
expression of hFXN-HA in the brain surrounding the injection site,
especially in Purkinje cells and in striatum as well as in DRG neurons,
1946 Molecular Therapy Vol. 26 No 8 August 2018
was observed in the treated animals (Figures 6A–6D and S6C).
Transgenic hFXN concentration was quantified by ELISA at
39.9 ng hFXN/mg protein in the DRG, corresponding to �1.5 times
the endogenous level, and at 176.3 ng hFXN/mg protein in the cere-
bellum, corresponding to 6 times the endogenous level (Figure S6D).

At 8.5 weeks of age, 1 week after treatment, the number of SDH-
negative neurons in the DRG of treated Pvalb cKO animals did not
differ from that of untreated animals (Figure 6E), despite the clear
functional rescue at the physiological level. However, the trend in
neuronal loss previously observed in lumbar DRG was absent in
the treated animal, suggesting a protection against neuron loss at
18.5 weeks (Figure 6F). Moreover, ultrastructural analysis of the
sciatic nerve of treated Pvalbmice at 22.5 weeks of age revealed a com-
plete normal morphology with the absence of degeneration, axonal
loss, autophagy, and abnormal mitochondria (Figure 6G), suggesting
a complete regeneration of the sensory axonopathy. Interestingly,
1 week post-treatment, a clear process of regeneration (clearance of
myelin debris, axon regrowth, and remyelination) was observed in
treated animals (Figure S7A) with the nerve structure almost
completely normal 2 weeks post-treatment (Figure S7B). All together,
these results demonstrate a rapid and complete correction of the sen-
sory neuropathy associated with frataxin deficiency by intravenous
treatment using AAV9.



(legend on next page)
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At 18.5 weeks, a significant prevention of Purkinje cell loss in the
cerebellum occurred in treated animals (Figure 6H), although this
was lobule dependent (Figure S6E), probably reflecting the non-
homogeneous biodistribution of the vector (Figure S6C). A partial
rescue of SDH-positive Purkinje cell was observed at 18.5 weeks in
the treated animals (Figure 6I). Indeed, while in the cerebellum of un-
treated Pvalb cKO, few surviving Purkinje cells could be observed (all
SDH negative); in treated animals, while the Purkinje cells appeared
to be mostly preserved, the SDH staining varied from dark staining
similar to the Purkinje cell of WT animals to SDH-negative staining,
suggesting only a partial rescue. Similarly, the TfR1 and GFAP
upregulation were partially corrected in treated animals, with some
Purkinje cells presenting TfR1 and GFAP expression similar to WT
Purkinje cells while other Purkinje cells (although less common)
show various intermediate profiles of TfR1 and GFAP overexpression
(Figure 6J). This is in agreement with the non-homogeneous
biodistribution of the vector in the cerebellum.

DISCUSSION
Here, we report the generation of a new conditional mouse model for
the ganglionopathy and sensory neuropathy associated with frataxin
deficiency followed by the proof of concept of a gene therapy
approach for the neuronal symptoms of FA. The new Pvalb cKO
model developed a progressive loss of coordination and gait abnor-
malities, with a specific early onset of sensory defects followed by a
cerebellar ataxia.

Through the characterization of this new model, several important
findings were uncovered that might be of particular interest
regarding the neuropathophysiology and cellular specificity in FA.
One question that is still left unanswered in the field is the tissue
specificity of the disease, and in particular why the large propriocep-
tive neurons are early and specifically affected compared to other
neuronal populations, such as the nociceptive or mechanoreceptor
neurons, for example. Quantitative measurements of frataxin by
ELISA demonstrated not only more expression of frataxin in lumbar
and thoracic DRGs than cervical DRGs, but more interestingly that
proprioceptive neurons express 44%–66% of total frataxin protein of
the DRGs, despite representing only 7.5% of total cell. Why would
proprioceptive neurons express such high levels of frataxin
compared to other cell types in the DRG is not known, but this
may account partially for their higher vulnerability and premature
loss in FA.29 While it is technically impossible to measure sensori-
Figure 6. Molecular and Histological Improvements after Post-symptomatic Tr

(A–D) Representative images of FXN-HA expression in DRG and spinal cord (A and B) a

(E) Scoring of lumbar DRG neurons depending on the SDH staining intensity at 8.5 we
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scored. (G) Ultrathin sections of sciatic nerves of 22.5-week Pvalb cKOAAV mice. £,

indicated sizes. (H) Mean number of Purkinje cell number in total in the cerebellum ofWT

SDH histoenzymatic staining ofWT, untreated and treated Pvalb cKO animals in cerebell

and GFAP (green) co-immunofluorescence in cerebellum of WT, untreated, and treated

as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Black stars correspond to p value
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motor reflexes in upper limbs due to the short length of the paw in
mice, no signs of degeneration nor neuronal loss could be found in
the radial or median nerve nor in thoracic and cervical DRG despite
depletion of frataxin expression, suggesting that as in patients, the
phenotype proceeds from lumbar to cervical region.29 However, as
the model exhibits premature death at 20 weeks due to epileptic
seizures most likely as a consequence of frataxin depletion in cortical
interneurons, it is not known whether degeneration of cervical DRG
could occur with aging of the mice. Importantly, we showed that
sensorimotor dysfunction by electrophysiology was an early event
in the disease. While this is difficult to translate into human, the
mouse model demonstrates that proprioceptive neurons completely
deficient for frataxin can survive at least 7.5 weeks (as deletion occur
around E17.5) and probably even more than 10 weeks of age, despite
being dysfunctional early after frataxin deficiency. Considering that
Schwann cells are not depleted for frataxin in the current model, our
results demonstrate that proprioceptive neuronal dysfunction and
pathology can occur in a cell-autonomous manner. However, it is
likely that Schwann cells participate in the pathology in human, as
low frataxin occurs in all tissues. Interestingly frataxin-deficient
Purkinje cells in the cerebellum survive less time than frataxin-
deficient proprioceptive neurons in DRG. While the reason for this
difference is not known, the fact that the peripheral nervous system
is regeneration competent might explain the better resistance of pro-
prioceptive neurons to cell death. This resistance of proprioceptive
neurons is a crucial point for therapeutical approaches for the
sensory neuropathy, as most patients present a severe loss of propri-
oception at the time of the diagnosis, and the presence of propriocep-
tive neurons is not known. Finally, frataxin depletion in neurons, as
in cardiac tissues, leads to an Fe-S cluster protein deficit, a secondary
iron dysmetabolism, and mitochondrial defects before loss of cell.
Whether iron accumulates in the nervous system is still under debate
in the field, and recently iron accumulation was detected in cortical
neurons of CRISPR-Cas9 frataxin-deficient mice.30 In the present
model, we did not detect any iron accumulation, probably because
of the time course of the events. Indeed, iron accumulation in the
CNS was shown to be a late event following frataxin deficiency.30

Therefore, although the iron importer TfR1 is increased in the fra-
taxin-deficient Purkinje cell, the neurons are lost most likely prior
to sufficient iron accumulation to be detected by 3,30-diaminobenzi-
dine (DAB)-enhanced Perl’s. In conclusion, the Pvalb cKO animals
mimic several features of FA patients even if more severe on certain
aspects and with a non-specific cerebral component due to full
eatment

nd cerebellum (C and D) of AAV-treated animals at 18.5 weeks. Scale bar, 100 mm.

eks of age; n = 6,574 neurons counted from two WT animals, n = 5,971 neurons
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Pvalb cKO animals at 18.5 weeks of age. Scale bars, 100 mm. Data are represented

versus WT.
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frataxin deficiency in cortical interneurons. In contrast to previously
described models,18 this new model has the advantage of having a
specific proprioceptive phenotype from birth until 8 weeks of age
and then develops a cerebellar ataxia with loss of frataxin in Purkinje
cell and deep cerebellar nuclei.

Furthermore, our results demonstrate the capacity of intravenous
AAV-hFXN delivery at a late symptomatic stage to rapidly and
completely rescue the sensory neuropathy associated with frataxin
deficiency. Importantly, our results suggest that dysfunctional
frataxin-deficient proprioceptive neurons are in majority still alive
for several weeks despite their severely affected nerve structure, and
their phenotype can be completely reversed, demonstrating high plas-
ticity. Furthermore, the rapidity of the rescue (1 week after treatment)
demonstrates that little frataxin is needed to permit the neurons to
regenerate and fully recover their nerve structure. This is in contrast
to the recently published results from the doxycycling-inducible sys-
temic knockdown of frataxin, which show only partial correction of
the ganglionopathy and a mild improvement of axonal neuropathy af-
ter 8 weeks of frataxin rescue.31 In addition, through intraparenchymal
AAVrh10-hFXN delivery, we demonstrate a partial rescue and preven-
tion of Purkinje cell loss. The partial rescue is mainly due to the limited
diffusion of the virus and the consecutive transduction of Purkinje
cells, which correlates with the correction of SDH activity as well as
TfR1 and GFAP dysregulation. The absence of full transduction of
the Purkinje cells as well the cortical interneurons ismost likely respon-
sible for the tremors and epileptic attacks in the treated Pvalb cKO.

In conclusion, our results demonstrate the strong potential of AAV
delivery to restore frataxin expression in DRG and rescue the gan-
glionopathy and sensory neuropathy associated to frataxin deficiency,
even in severely affected animals. While this is encouraging for the
development of a therapeutic approach in clinical settings, the FA
neuropathology in humans is complex, and the status of propriocep-
tive neurons in FA patients in the early stages of the disease remains to
be determined. Mice still developed a cerebral phenotype; however,
this is not a phenotype occurring in FA patients, although it is impor-
tant to target the Purkinje cell and the dentate nucleus in the cere-
bellum of FA patients. To improve the therapeutical approach, it
would be of interest to optimize overall brain transduction, especially
the cerebellum, with new generation of AAV vectors with an opti-
mized capsid, such as the newly described PHPeB vectors.32

MATERIALS AND METHODS
Animals

Mice carrying the conditional allele for the frataxin gene (FxnL3/L3) as
described previously19 were mated with B6;129P2-Pvalbtm1(Cre)Arbr/J

(https://www.jax.org/strain/008069; Jackson Laboratory, Maine,
USA)21 in order to generate FxnL3/L�; Pvalbtm1(Cre)Arbr/J (named Pvalb
cKO thereafter) and the Fxn+/L3 mice used as controls. To monitor
tissue specificity and temporal expression of Cre recombinase
activity, B6;129P2-Pvalbtm1(Cre)Arbr/J mice were mated with a reporter
B6;129S4-Gt(ROSA)26Sortm1Sor/J (https://www.jax.org/strain/003309).33

Animals were maintained in a temperature- and humidity-controlled
animal facility with a 12-hr light-dark cycle and free access to water
and a standard rodent chow (D03, SAFE, Villemoisson-sur-Orge,
France) and supplement after 7.5 weeks of age with jellified food
(gel diet A03 SAFE or Dietgel 76A clear H20). All animal procedures
were approved by the local ethical committee (C2EA-17, agreements
604 and 2852) and were performed in accordance with the Guide for
the Care and the Use of Laboratory Animals (US NIH).

For early symptomatic studies, 3.5-week-old mice were anesthetized
by intraperitoneal (i.p.) injection with ketamine and xylazine (130/
13 mg/kg) to allow retro-orbital intravenous administration of
AAV9-CAG-FXN-HA at a dose of 5 � 1013 vg/kg. Untreated Pvalb
cKO and WT mice were injected with equivalent volumes of saline
solution. For late symptomatic studies, 7.5-week-old mice were anes-
thetized by i.p. injection with ketamine and xylazine (130/13 mg/kg),
positioned on the stereotactic frame (David Kopf Instruments,
Tujunga, USA) and injected bilaterally in the striatum and in the
white matter of the cerebellum with an AAVrh.10-CAG-FXN-HA
at a dose of 1� 1010 vg/deposit (Table S6). Injections were done using
a 30G blunt needle attached to a 10 mL Hamilton syringe (Hamilton,
USA) at a rate of 0.2 mL/min. Animals were then intravenously
injected with AAV9-CAG-FXN-HA at a dose of 5 � 1013 vg/kg.
To avoid suffering, animals received an injection of buprecare
(0.3 mg/kg) before waking up (Animal Care, France). Untreated
Pvalb cKO andWTmice were injected with equivalent volumes of sa-
line solution. Animals were monitored daily after the surgery. The
combination of AAV serotypes used was based on published34 and
preliminary tests. Pre-symptomatic AAVrh.10-CAG-FXN-HA IV
delivery at a dose of 5� 1013 vg/kg, did not prevent the onset sensory
ataxia in Pvalb cKO animals measured by electromyogram (EMG)
(data not shown). Furthermore, comparison of intraparenchymal
delivery of AAVrh10-GFP and AAV9-GFP demonstrated better
neuronal transduction efficiency for AAVrh10 (data not shown).

The AAV vectors were the same as the ones used in the previous
gene therapy study12 with final titers of 8.5 � 1013 vg/mL for the
AAV9-CAG-hFXN-HA and 5.5 � 1013 vg/mL for the AAVrh.10-
CAG-hFXN-HA.

Behavioral Analysis

Behavioral experiments were conducted to evaluate motor and
muscular function. Coordination was evaluated using the notched-
bar test (scored number of falls of the upper or lower limbs) and
the wire-hanging test (scored the time needed by animal to attach
their hindlimbs) as previously described35 but without training.
General motor capacities were tested using the accelerating rotarod
LE8200 (Bioseb, France), and open field activity was measured on
the photocell actimeter LE8811 (Bioseb, France), as previously
described (https://www.mousephenotype.org/). Animals were scored
weekly for each test from 3.5 weeks of age until euthanasia, in the
following order: wire-hanging test, notched-bar test, rotarod, and
open field. Gait analysis was performed at 13.5 weeks or at 18.5 weeks
of age using a DigitGait Apparatus (Mouse Specific, Boston, USA), as
described previously.36 The paws of the mice were captured by video
Molecular Therapy Vol. 26 No 8 August 2018 1949

https://www.jax.org/strain/008069
https://www.jax.org/strain/003309
https://www.mousephenotype.org/
http://www.moleculartherapy.org


Molecular Therapy
during treadmill locomotion at a speed of 21 cm/s for at least 5 s of
proper gait, and analysis was performed using the DigitGait Analyzer
software (Mouse Specific, Boston, USA).

Electromyogram analyses were performed using the Natus
UltraProS100 apparatus (Mag2Health, France). Mice were anesthe-
tized using i.p. injection with ketamine/xylazine (130/13 mg/kg).
Animals were maintained at 37�C during the whole experiment until
wakeup. Latency and amplitude of M and H-waves were recorded in
the plantar hindpaw muscle after sciatic nerve stimulation (0.1 ms
and 8 mA intensity). An additional recording of the M-wave was per-
formed in the gastrocnemius muscle. Measurements were performed
every 2 weeks starting at 3.5 weeks of age.

Histology

For histological analyses, mice were killed by i.p. injection of ketamine-
xylazine (300/13 mg/kg) and perfused with 10 mL of PBS. Various
tissues were dissected and either fixed in paraformaldehyde (PFA)
and embedded in paraffin or directly embedded in Shandon
Cryomatrix embedding resin (Thermo Fisher Scientific) and snap-
frozen in isopentane chilled on dry ice. For spinal cord and DRG
analysis, prior to the paraffin embedding, the column was decalcified
in EDTA 0.34 M (pH 7.4) for 14 days, and the spinal cord was divided
into cervical, thoracic, and lumbar levels. DRGneurons were scored on
paraffin sections (5 mm) stained with H&E. The number of neurons
was normalized by the area of the DRG section. DAB-enhanced Perl’s
iron staining was performed on 8-mm tissue cryosections as previously
described.12 b-galactosidase staining was performed on 10-mm cryo-
preserved sections with a protocol adapted from Sanes et al.37

HA immunodetection was performed on paraffin sections using
Vectastain ABC kit followed by DAB enhancement according to
manufacturer’s protocol (Vector Labs), with slight modification,
including epitope unmasking in 10 mM Tris, 1 mM EDTA, 0.1%
Tween 20 (pH 8.75) for 45 min at 95�C, and images acquired on a
Hamamatsu NanoZoomer 2.0 slide scanner. Succinate dehydroge-
nase (SDH) activity was determined on 8-mm cryosections of tissues,
as previously described19 with adapted incubation time with the
substrate solution (25 min for the DRG sections, 30 min for the brain
sections). Images were acquired using the Hamamatsu NanoZoomer
2.0 slide scanner. DRG neurons were then scored on the intensity
of the SDH signal: strong, medium, low, and no SDH staining. All
experiments were performed blindly.

Calbindin, MBP, and Neurofilament 200-kDa (NF-200) immunoflu-
orescences were performed on paraffin sections according to previous
protocols.38,39

TfR1 and GFAP immunofluorescence single labeling or co-labeling
were performed on 8-mm 4% PFA fixed cryosections. Sections were
mounted using ProLong Gold antifade reagent (Invitrogen), and
images were recorded with a Leica DM4000B-M microscope equip-
ped with a Coolsnap HQ2 camera and Micromanager software (see
Table S7 for antibodies dilutions and references).
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For electron microscopy analysis, animals were perfused with 5 mL of
PBS and 10 mL 4% PFA in saline, and tissues were fixed in 2.5% PFA/
2.5% glutaraldehyde in cacodylate buffer, and samples were processed
as previously described.12,19

Molecular Biology

Mice were killed by i.p. injection of ketamine-xylazine (300 mg/kg;
30 mg/kg), and samples for biochemical and molecular analyses
were immediately frozen in liquid nitrogen. Protein extractions and
western blot were performed as previously described.12 Twelve micro-
grams of proteins were loaded on the gels, and the membranes were
incubated with the different antibodies (Table S7) detected with
SuperSignal West Pico chemiluminescent substrate (Thermo Fisher
Scientific) or SuperSignal West Femto maximum sensitivity substrate
(for frataxin detection). Chemiluminescent images were acquired on
the Amersham Imager 600 (GEHealthcare Life Sciences). The activity
of the respiratory chain enzyme SDH (complex II) was determined as
previously described.19,40 Mouse and human frataxin were quantified
in DRG (cervical, thoracic, and lumbar) and cerebellum extracts using
the mouse frataxin ELISA and human frataxin ELISA kits (Abcam,
ab199078, and Abcam, ab176112, respectively) according to the man-
ufacturer’s protocol.

Vector Genome Copy Number was measured by qPCR on extracted
genomic DNA from DRG, spinal cord (cervical, thoracic, and
lumbar levels), brain, cerebellum, heart, and liver using the Light
Cycler 480 SYBRGreen IMaster (Roche, France). The results (vector
genome copy number per cell) were expressed as n-fold differences
in the transgene sequence copy number relative to the Adck3 gene
copy as internal standard (number of viral genome copy for 2N
genome).
Statistical Analyses

All data are presented as mean ± SEM. Statistical analysis was carried
out using GraphPad Prism software (La Jolla, USA). Student’s t tests
were used to compare group, and a value of p < 0.05 was considered as
significant.
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