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Friedreich’s ataxia is a predominantly neurodegenerative
disease caused by recessive mutations that produce a
deficiency of frataxin (FXN). Here, we have used a her-
pesviral amplicon vector carrying a gene encoding for
brain-derived neurotrophic factor (BDNF) to drive its
overexpression in neuronal cells and test for its effect on
FXN-deficient neurons both in culture and in the mouse
cerebellum in vivo. Gene transfer of BDNF to primary cul-
tures of mouse neurons prevents the apoptosis which is
triggered by the knockdown of FXN gene expression. This
neuroprotective effect of BDNF is also observed in vivo in
a viral vector-based knockdown mouse cerebellar model.
The injection of a lentiviral vector carrying a minigene
encoding for a FXN-specific short hairpin ribonucleic acid
(shRNA) into the mouse cerebellar cortex triggers a FXN
deficit which is accompanied by significant apoptosis of
granule neurons as well as loss of calbindin in Purkinje
cells. These pathological changes are accompanied by
a loss of motor coordination of mice as assayed by the
rota-rod test. Coinjection of a herpesviral vector encod-
ing for BDNF efficiently prevents both the development
of cerebellar neuropathology and the ataxic phenotype.
These data demonstrate the potential therapeutic useful-
ness of neurotrophins like BDNF to protect FXN-deficient
neurons from degeneration.
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INTRODUCTION

Friedreich’s ataxia (FRDA; [OMIM 229300]) is a predominantly
neurodegenerative disease with a very early onset and mainly
affects neurons at the dorsal root ganglia, spinal cord, brainstem,
and cerebellum.'” Many patients also develop a hypertrophic
cardiomyopathy, skeletal deformities, and diabetes.” The disease
is caused by mutations in the nuclear FXN gene [MIM 606829],
located on chromosome 9q13 which encodes for a protein called
frataxin (FXN). The most common mutation is an expansion of a
guanine adenine adenine (GAA) triplet located in the first intron
of the gene which leads to a decreased FXN mRNA transcription
and consequently a reduced amount of the functional protein that

can reach levels below 25-30%.5% FXN is a predominantly mito-
chondrial protein with a ubiquitous distribution and is enriched
in tissues with a high content of mitochondria, such as the brain,
heart, pancreas, skeletal muscle, liver, and brown adipose tissue.’
It appears that FXN is involved in the biogenesis and repair of
iron-sulfur clusters and therefore performs a key role in the regu-
lation of iron homeostasis and mitochondrial functions.'***

Different experimental models are being used both to study
the physiopathology of FRDA and the development of novel
therapeutic approaches. Mouse models and relevant human cells
are particularly relevant in this respect. Mouse models include
mice with full deletion of the FXN gene and mice with a dimin-
ished FXN expression as the consequence of bearing a FXN
transgene with a GAA expansion." Human cell models include
antisense, ribozyme, small interfering RNA, and short-hairpin
RNA-based cell lines as well as FRDA patient-derived cells.**
Human neural cell models are providing important insights into
the molecular mechanisms underlying neurodegeneration in
FRDA. Thus, the activation of the intrinsic caspase-3-dependent
apoptotic cell death pathway has been observed in human neu-
ron-like cells derived from neuroblastoma cells after FXN gene
knockdown, as well as in human neurons derived from FRDA
patient-derived induced pluripotent stem cells.'>'® Furthermore,
cultured mouse neurons exposed to a soluble factor released from
FXN-deficient astrocytes also exhibit an increased apoptosis.”
Thus, the activation of neuronal apoptosis in response to both
an intrinsic mitochondrial dysfunction and an altered secretome
from FXN-deficient glial cells may contribute to neurodegenera-
tion in FRDA."

Accordingly, the use of drugs or genes able to prevent neu-
ronal apoptosis may be a plausible therapeutic approach for
FRDA in a similar way to what has been suggested for other
neurodegenerative diseases.’® Some therapeutic approaches for
treating FRDA try to raise FXN levels within cells using either
drugs capable of reverting FXN gene silencing or gene therapy.”
Different gene therapy strategies based on the re-introduction of
the normal FXN gene, activation of the silenced gene by artificial
transcription factors or excision of the expanded GAA repeats are
being investigated.”*¢ Strategies aimed at blocking the activation
of apoptosis in FRDA neurons might be complementary to the
approaches based on increasing FXN expression. Interestingly, it

Correspondence: Javier Diaz-Nido, Centro de Biologia Molecular Severo Ochoa, Universidad Auténoma de Madrid (UAM), C/Nicolds Cabrera 1, 28049

Madrid, Spain. E-mail: javier.diaznido@uam.es

Molecular Therapy vol. 24 no. 5, 877-889 may 2016

877


http://www.nature.com/doifinder/10.1038/mt.2016.32
mailto:javier.diaznido@uam.es

BDNF Prevents Neurodegeneration in FRDA Models

has been suggested that therapies targeting cell death pathways
downstream of disease triggers may provide good opportunities
to treat neurodegenerative disease.”® Neurotrophic factors are
secreted proteins able to block apoptosis and enhance neuronal
function.”””® Because of these properties, neurotrophic factors
are being assayed as disease-modifying therapies in experimen-
tal models of both neurodegenerative diseases and traumatic
injuries of the nervous system.”®* Here, we have used primary
neuronal cultures treated with a lentiviral vector encoding for a
FXN-specific shRNA and a new mouse model based on the intra-
cerebellar injection of this vector. Our results with these models
constitute a proof of principle about the possibility of using neu-
rotrophins like brain-derived neurotrophic factor (BDNF) as a
therapeutic option for neurodegeneration in FRDA.

RESULTS

Effect of neurotrophic factors on the apoptotic

cell death of cultured neurons after FXN gene
knockdown

In order to obtain FXN-deficient neurons, we used primary cul-
tures of neurons from mouse 17-day embryonic cerebral cortices,
in which we knocked down FXN gene expression by transduction
with a lentiviral vector encoding a short-hairpin RNA sequence
against FXN (shRNA-37).!* We used as a control a lentivector con-
taining a random scrambled shRNA sequence (shRNA-sc).”* We
observed that, 72 hours post-transduction, shRNA-37 induced a
decrease of FXN protein levels to 25% of those found in control
neurons, as shown in western-blots (Figure 1a,b). In parallel, the
viability of cultured neurons decreased with the decrease of FXN
protein level (Figure 1c). At 72 hours post transduction the cell
viability of FXN-deficient neurons was around 60% of the total
cells, while no changes were observed in neurons treated with a
scrambled interference sequence (shRNA-sc). Since at 72 hours
post transduction FXN protein levels were similar to those
found in FRDA patients, we used this time point for the rest of
experiments.

In order to characterize the cell death of neurons in response
to FXN deficiency, caspase-3 activation, as a marker of apop-
tosis, was analyzed by western blotting.** We observed a strong
caspase-3 activation that paralleled both the increased cell death
and the decrease in FXN levels in shRNA-37-transduced neu-
rons (Figure 1d,e). Furthermore, the cell death was significantly
reduced in the presence of the pan-caspase inhibitor Q-VD-OPh
(N-(2-Quinolyl)-valyl-aspartyl-(2,6-difluorophenoxy)methyl
ketone) (Figure 1f). These results indicate that FXN-deficient
neurons die through apoptosis, in agreement with previous results
obtained with human neurons derived from either neuroblastoma
cell or induced pluripotent stem cells.'>!®

The apoptotic death of cultured neurons in response to FXN
knockdown may be used as an in vitro assay to test for the poten-
tial of different drugs or genes to prevent neurodegeneration trig-
gered by FXN deficiency. So we have used this in vitro assay to
test for the effect of the addition of recombinant neurotrophic
factors on the survival of FXN-deficient neurons in culture.
Primary cultures of mouse neurons were transduced with lenti-
vector shRNA-37, using shRNA-sc as control, in the presence of
different recombinant neurotrophic factors (hepatocyte growth
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factor, nerve growth factor, neurotrophin-3, neurotrophin-4, and
BDNF). We measured cell viability and caspase-3 activation at
72 hours after lentiviral transduction (Figure 2a-c). All neuro-
trophic factors of the neurotrophin family (nerve growth factor,
neurotrophin-3, neurotrophin-4, and BDNF) were able to protect
FXN-deficient neurons from apoptosis, BDNF being the most
effective. The potency of the different neurotrophins may be cor-
related with the expression level of their specific tyrosine receptor
kinase (Trk). The fact that TrkB is the most abundant in primary
cultures of cortical neurons may explain the highest potency of
BDNE

BDNF gene transfer prevents apoptotic cell death of
FXN-deficient neurons in culture

The previous results suggest the potential of neurotrophins, par-
ticularly BDNE, to enhance the survival of FXN-deficient neurons
in culture. However, recombinant neurotrophin proteins have
very poor pharmacokinetic properties and are unable to cross
the blood-brain barrier which hinders their use in vivo. Viral
vector-mediated delivery of genes encoding neurotrophic factors
has been widely used to increase their levels within the central ner-
vous system (CNS).?**?% For this reason, we decided to test for the
effect of BDNF gene transfer in FXN-deficient neurons in culture.

Cultured cerebral cortex neurons were cotransduced with len-
tivector shRNA-37, or with shRNA-sc as control, and with herpes
simplex virus type 1-derived amplicon vectors (HSV-1) amplicon
vectors containing the cDNA of BDNF (HSV-BDNF) or the cDNA
of B-galactosidase (HSV-LacZ) as control. BDNF overexpression in
FXN-deficient neurons was accompanied by a significant decrease
of caspase-3 activation, observed by western blot assay in compari-
son with FXN-deficient neurons cotransduced with HSV-LacZ
(Figure 3a,b). In addition, when BDNF is overexpressed, both
the viability and the metabolic activity of FXN-deficient neurons
increase significantly up to 100% measured using the calcein/prop-
idium iodide assay to measure cell viability and the MTS reduction
assay as an indication of the cell metabolic activity (Figure 3c,d).
These data suggest that the treatment with HSV-BDNF was able to
prevent cell death induced by the lack of FXN.

To test whether the BDNF neuroprotective effect was mediated
by the TrkB receptor, we measured cell viability of FXN-deficient
neurons in conditions that interfere with BDNF signaling. Firstly,
we cotransduced neurons with the lentivectors and the HSV-1
vectors, in the presence of the TrkB inhibitor K252a (50 uM).*
We observed that the inhibitor K252a fully reversed the neuro-
protective effect of BDNF in FXN-deficient neurons (Figure 4a).
As a second approach, BDNF was neutralized with a specific anti-
body, IgY-BDNE, and in accordance with the previous data we
also observed a loss of BDNF protection when compared with
the IgY-control condition (Figure 4b). Altogether, these results
indicate that BDNF specifically protects FXN-deficient neurons
from cell death through activation of TrkB receptors.

In vivo FXN gene knockdown after stereotaxic
injection of viral vectors into the cerebellum

In order to obtain an in vivo model of FXN knockdown in the cer-
ebellum, we transduced adult mice with the lentivector shRNA-
37 (using the lentivector shRNA-sc as control) by stereotaxic
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Figure 1 Knockdown of FXN in cultured neurons triggers apoptotic cell death. Primary cortical neurons were transduced with lentivectors encod-
ing for shRNA sequences against human FXN (shRNA-37), or containing a random scrambled shRNA sequence (shRNA-sc), or were left untransduced
as an untreated control. (a) Representative western-blot analysis of FXN expression at 48, 72, and 96 hours post-transduction in comparison with
that found in untransduced cells (mock, m). (b) Densitometric analysis of FXN levels in cultured neurons reveals significant differences at 72 hours
post-transduction. (c) Cell viability of cultured neurons was estimated at 48, 72, and 96 hours post-transduction. (d) Western-blot analysis of FXN and
cleaved caspase-3 at 72 hours post-transduction in the absence or presence of 50 uM Q-VD-OPh (N-(2-Quinolyl)-valyl-aspartyl-(2,6-difluorophenoxy)
methyl ketone). (e) Quantification of cleaved caspase-3 levels in FXN-deficient neurons shows significant differences at 72 hours post-transduction.
(f) Cell viability of cultured neurons at 72 hours post-transduction in the absence or presence of 50 pM Q-VD-OPh (QVD). Significant differences were
shown between FXN-deficient neurons with or without QVD. Data represent mean values + SEM from three independent experiments, **P < 0.005,

***P<0.0005.

injection at coordinates AP —6.5mm; lateral 1mm; V -2.5mm
(Figure 5a,b).*® A sub-group of mice injected with shRNA-37
was coinjected either with the HSV-BDNF amplicon vector, or
with the HSV-LacZ amplicon vector as control. Thus, we obtained
four different groups of animals, which will be named for fur-
ther references as sham, sc, 37 + HSV-LacZ, and 37 + HSV-BDNF
(Figure 5c). With this procedure FXN protein levels in the
cerebellum of shRNA-37-infected animals decrease to 30% 4 days
after the operation, analyzed by western blot assay (Figure 5d,e).
We observed a significantly increased expression of BDNF in the
37 + HSV-BDNF group, measured by enzyme-linked immunosor-
bent assay (ELISA) assay (Figure 5f).

Molecular Therapy vol. 24 no. 5 may 2016

BDNF prevents apoptotic cell death of FXN-deficient
cerebellar neurons in vivo

To gain further insight into the viability of BDNF gene transfer as
a therapeutic approach for FRDA, we tested for its effect in vivo.
In this study, we analyzed cerebella of the four experimental
groups of animal: sham, sc, 37 + HSV-LacZ, and 37 + HSV-BDNF
(Figure 5c). Analyzing several histological sections from the
cerebella of the different groups of animals, we were not able to
distinguish any notable differences in the cytoarchitecture of the
cerebellar cortex. Thus, we decided to test for different apoptotic
markers to further investigate FXN-deficient cerebella in vivo.
We observed in FXN-deficient cerebella a significant increase of
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Figure 2 Effects of recombinant human neurotrophic factors in FXN-deficient neurons in culture. Primary cortical neurons were transduced with
lentivectors (shRNA-sc or shRNA-37) or were left untransduced as a mock control (m), in the presence of different trophic factors such as hepatocyte
growth factor (HGF), neurotrophin-3 (NT-3), neurotrophin-4 (NT-4) and brain-derived neurotrophic factor (BDNF) (100 ng/ml) and nerve growth
factor (NGF) (1 ug/ml). (a) Representative western-blot analysis of FXN and cleaved caspase-3 levels at 72 hours upon transduction and treatments.
(b) Quantification of cleaved caspase-3 levels in FXN-deficient neurons upon transduction reveals a decrease of caspase-3 activation when cells were
treated with neurotrophins compared to untreated cells. (c) Cell viability of cultured neurons at 72 hours upon transduction shows significant differ-
ences between FXN-deficient neurons with neurotrophins compared to untreated cells. Data represent mean values + SEM from three independent

experiments, *P < 0.05, **P < 0.005.

activated caspase-3 by western blot assay, which was not observed
when BDNF was overexpressed (Figure 6b,c). We also examined
some protein substrates for caspase-3, including cleaved Poly
[ADP-ribose] polymerase 1 (PARP 1).* An increase of cleaved
PARP 1 was detected by western blot in FXN-deficient cerebella,
and again the overexpression of BDNF significantly protected
against PARP 1 cleavage (Figure 6b,d). Furthermore, we found
by immunohistochemistry that FXN-deficient cerebellar granule
neurons were positive for fractin, which is the N-terminal frag-
ment of actin which results from caspase-3 cleavage. No other cell
type showed a positive result for fractin marker in FXN-deficient
cerebella. When FXN-deficient neurons were treated with HSV-
BDNE, the number of fractin-positive cerebellar granule cells sig-
nificantly decreased (Figure 6a). This indicates that HSV-BDNF
prevents the apoptotic cell death of FXN-deficient cerebellar gran-
ule neurons in vivo.

BDNF prevents the loss of calbindin in FXN-deficient
cerebellar Purkinje cells in vivo

Curiously, the intensity of calbindin labelling in Purkinje cells
was noteworthily diminished in FXN-deficient cerebellar neu-
rons compared with sham cerebellar neurons or cerebellar neu-
rons transduced with the lentivector shRNA-sc (Figure 7a). In
parallel, calbindin 28k protein level as measured by western
blot was significantly decreased in FXN-deficient cerebella,
and this decline was prevented when BDNF was overexpressed
(Figure 7b,c). When FXN-deficient cerebella were cotransduced
with HSV-BDNF no significant loss of calbindin in Purkinje cells
was noticed. These results indicated that the in vivo administra-
tion of HSV-BDNF prevented the loss of calbindin in Purkinje
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cells in the cerebellum of mice which is caused by the deficiency
of FXN.

BDNF prevents the development of ataxia in mice
with FXN gene knockdown

To test for the functional effect of BDNF gene transfer on FXN
knockdown, we evaluated the motor coordination of trial mice
using the rota-rod test. First, we wanted to test whether the injec-
tion of ShRNA37 in the animals had an effect on their motor
coordination. The performance of the animals in the shRNA-37
group in the rota-rod test was significantly reduced 2 weeks after
the surgery in comparison with those injected with shRNA-sc
and sham animals (Figure 8b). To examine whether the neuro-
protection offered by HSV-BDNF was suflicient to protect against
altered motor coordination, we analyzed the motor activity with
the rota-rod test as well. By the end of the second week animals
injected with shRNA-37 and HSV-LacZ worsened in rota-rod
test. Interestingly, however, when the shRNA-37 animals were
cotreated with HSV-BDNE, their score in the rota-rod test signifi-
cantly improved. These differences were maintained over 5 weeks
after the operation (Figure 8b). In summary, these data support
the idea that the neurological defects caused by the FXN depletion
in the cerebellum can be prevented by BDNF gene transfer.

DISCUSSION

Here, we provide a proof of principle about the potential thera-
peutic value of using viral vector-mediated neurotrophin gene
transfer to protect FXN-deficient neurons from degeneration. As
an experimental tool to generate FXN-deficient neurons, a lentivi-
ral vector encoding for a FXN-specific ShRNA has been used both
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Figure 3 BDNF gene transfer prevents apoptotic cell death of FXN-deficient neurons in culture. Primary cortical neurons were transduced with
lentivectors (shRNA-sc or shRNA-37) or were left untransduced as a mock control (m), in the presence of HSV-1 amplicon vectors containing the
cDNA of BDNF (HSV-BDNF) or the cDNA of B-galactosidase (HSV-LacZ) as control. (a) Representative western-blot analysis of FXN, cleaved caspase-3,
B-galactosidase, and BDNF levels at 72 hours upon cotransduction. (b) Quantification of cleaved caspase-3 levels in FXN-deficient neurons upon
cotransduction reveals a decrease of caspase-3 activation when BDNF was overexpressed. (c) Cell viability of cultured neurons at 72 hours upon
cotransduction as assessed by the calcein/propidium iodide assay shows significant differences between FXN-deficient neurons with or without HSV-
BDNF. (d) Cell metabolic activity of cultured neurons at 72 hours upon cotransduction was assessed by MTS reduction and also shows significant
differences between FXN-deficient neurons with or without HSV-BDNF. Data represent mean values + SEM from three independent experiments,
*P <0.05, **P < 0.005.
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Figure 4 BDNF neuroprotective effect is mediated by TrkB receptor. Primary cortical neurons were cotransduced with lentivectors (shRNA-sc or
shRNA-37) and HSV-1 amplicon vectors (HSV-LacZ or HSV-BDNF). (a) Cell viability assay of cultured neurons at 72 hours upon cotransduction shows
significant difference in the presence of the BDNF neutralizing antibody or a control IgY antibody (20 pg/ml) added to the media. (b) Cell viability
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Data represent mean values + SEM from three independent experiments, **P < 0.005.

Molecular Therapy vol. 24 no. 5 may 2016 881



© The American Society of Gene & Cell Therapy

BDNF Prevents Neurodegeneration in FRDA Models

Cc

*e
O

-
0@

Lentivirus-mediated shRNA
sc or shRNA 37

HSV-1 vector harboring
or Lacs cDNA

' B e 3 o
R £ - 1 37 + HSV-LacZ 37 + HSV-BDNF -
b
®®
l o
000
Sham
e f ok g Elisa BDNF
120 e 70 4 *
5 o |

3 100 g 1

c a 50
37+ 37+ g e 3

Sham Sc LacZ BDNF S Z 401
= o

B-actin '“‘—ﬂ = 5 304
T 40 E

P 5 € 20 4
Frataxin |M — — | = 5

& 20 '; 10
o

0 0

shRMNA sc  shRNA3T + shRNA3T +
HSV-LacZ HSV-EDNF

shRMA sc shRNA 37 + shRNA 37 + Sham

HSV-LacZ HSV-BDNF

Sham

Figure 5 FXN knockdown and BDNF overexpression after stereotaxic injection of viral vectors into the cerebellum. 8-week-old male C57BL/6
mice were injected with lentivectors (shRNA-sc or shRNA-37) and HSV-1 amplicon vectors (HSV-LacZ or HSV-BDNF) by stereotaxic injection into the
cerebellum. (a) Schematic sagittal section of mouse cerebellum at coordinates AP —6.5 mm; lateral 1 mm; V -2.5mm.** (b) Coronal cerebellar section
staining with nucleus marker 4°-6-diamidine-2-phenylindole (DAPI) (white) that indicates the region injected. Bar: 10 um. (c) Confocal images show
representative staining of cells, after immunohistochemistry for 3-galactosidase (red) and the nucleus marker DAPI (blue), in the cerebellar cortex of
sham animals or treated with shRNA-sc or with shRNA-37 and HSV-LacZ or with shRNA-37 and HSV-BDNF. Cerebellar sections were from mice killed
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significant decreased in those animals injected with shRNA-37. (g) BDNF levels in cerebella of mice 4 days after injection were measured by enzyme
linked immunosorbent assay ELISA. Data represent mean values + SEM from three independent experiments, *P < 0.05, **P < 0.005.

in vitro in cultured neurons and in vivo into the mouse cerebel-
lum.”” We have chosen this approach because we had previously
found that this specific shRNA-37 was very efficient in decreas-
ing FXN expression to levels close to those found in “early-onset”
FRDA patients.”” Here, we show that the stereotaxic injection of
the lentiviral vector encoding for shRNA-37 induces significant
neuropathological changes in the cerebellar cortex including an
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increased apoptosis of granule cells and a loss of calbindin in
Purkinje cells. Moreover, the in vivo knockdown of FXN gene
expression is accompanied by a moderate but significant loss of
motor coordination of mice as assayed by the rota-rod test. These
results emphasize the usefulness of targeted knockdown of FXN
gene expression in selected regions of CNS to model the pathogen-
esis and test for therapeutic interventions for FRDA. Previously
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Figure 6 BDNF prevents apoptotic cell death of FXN-deficient cerebellar neurons in vivo. Animals were co-transduced with concentrated lentivec-
tors (shRNA-sc or shRNA-37) and HSV-1 amplicon vectors (HSV-LacZ or HSV-BDNF) by in vivo stereotaxic injection into the cerebellum. (a) Confocal
images show representative staining of cells after immunohistochemistry for fractin (red) and the nucleus marker DAPI (blue), in the cerebellum of
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4 days after injection. Yellow arrows indicate positive cell for fractin. Bar: 10 um. (b) Quantification of fractin-positive cells in FXN-deficient cerebella
indicated a significant decrease when BDNF was overexpressed compared with animals treated with HSV-LacZ. (c) Representative western-blot of
PARP 1 and cleaved caspase-3 levels in cerebella of mice killed 4 days after injection. (d) Quantification of cleaved caspase-3 levels in FXN-deficient
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HSV-LacZ. Data represent mean values + SEM from three independent experiments, *P < 0. 05, **P < 0.005.

other groups had demonstrated the potential of viral vectors for
targeted overexpression of disease-causing proteins to model
dominant spinocerebellar ataxias and other neurodegenerative
diseases.*'"*

Our approach to modeling cerebellar neurodegeneration by
knockdown of FXN expression using a lentiviral vector may be
complementary to currently existing transgenic mouse models."
Full FXN deletion mouse models generated by Cre-LoxP system
exhibit a very early onset and drastic phenotype due to the com-
plete absence of FXN in selected cell types, whereas GAA repeat
expansion-based mouse models with residual FXN expression
only exhibit a late onset, very mild and slowly progressive phe-
notype with no obvious cerebellar pathology.'**** Our lentiviral
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vector-based knockdown model may be an intermediate alterna-
tive as it triggers a fast development of a modest but significant
ataxic phenotype. Thus, a decrease to 30% of FXN protein levels
in the cerebellum of shRNA-37 injected animals is observed as
early as 4 days after the operation. At the same time an increase
of several apoptotic markers such as activated caspase 3, fractin,
and cleaved PARP 1 is also observed. A significant decrease in
the motor coordination of the shRNA-37 injected mice is only
observed after 2 weeks from the operation, and this is maintained
at least up to 5 weeks after operation. Possibly the delay between
the appearance of the early apoptotic markers and the develop-
ment of the ataxic phenotype is due to a requirement to pass a
certain threshold of neurodegeneration. Both the neuropathology
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Figure 7 BDNF prevents the loss of calbindin in FXN-deficient cerebellar Purkinje cell in vivo. Animals were cotransduced with lentivectors
(shRNA-sc or shRNA-37), and HSV-1 amplicon vectors (HSV-LacZ or HSV-BDNF) by in vivo stereotaxic injection into the cerebellum. (a) Confocal
images show representative staining of cells, after immunohistochemistry for calbindin 28k (red) and the nucleus marker DAPI (blue), in the cerebel-
lum of sham animals or treated with shRNA-sc or with shRNA-37 and HSV-LacZ or with shRNA-37 and HSV-BDNF. Cerebellar sections were from
mice killed 4 days after injection. Bar: 20 um. (b) Representative western-blot of calbindin 28k levels in cerebella of mice killed 4 days after injection.
(c) Quantification of calbindin 28k levels in FXN-deficient cerebella indicated a significant increase when BDNF was overexpressed in comparison with
animals treated with HSV-LacZ. Data represent mean values + SEM from three independent experiments, **P < 0.005.

and the time course of the behavioral phenotype of this model are
very similar to a previously in vivo model characterized in our
laboratory when HSV-CRE was injected into mice homozygous
for a conditional floxed allele of the FXN gene.**

An interesting feature of the cerebellar pathology found in
our FXN knockdown model is the loss of calbindin in Purkinje
cells. This may be a correlate of the atrophy of these neurons
and has also been observed in a previously reported inducible
conditional mouse model in which FXN deletion is restricted
to neurons of dorsal root ganglia, spinal cord, and the cerebel-
lum.*” So it can be considered that loss of calbindin in Purkinje
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cells is a marker of FXN deficiency in mouse models. However,
these results are in marked contrast with previous pathologi-
cal examinations of post-mortem cerebellar cortex from FRDA
patients in which Purkinje cells appear normal as assessed by
calbindin immunoreactivity.*® A recent study has demonstrated
that functional magnetic resonance imaging signal correspond-
ing to head-movement-related activation is significantly reduced
in the cerebellar cortex of FRDA patients (compared to matched
controls) despite no or little structured changes revealed by
MRIL.* Thus, the cerebellar cortex of FRDA patients seems to be
functionally affected even in the absence of a marked atrophy of
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Figure 8 Rota-rod performance in FXN knockdown mice by in vivo
stereotaxic injection of viral vectors into the cerebellum. Animals
were co-transduced with lentivectors (shRNA-sc or shRNA-37) and
HSV-1 amplicon vectors (HSV-LacZ or HSV-BDNF) by in vivo stereotaxic
injection into the cerebellum. (a) Scheme of experimental procedure.
(b) Mice were analyzed in the accelerating rota-rod test to measure
motor activity and coordination, first before injection (week 0) and at 2
and 5 weeks after stereotaxic injection in the cerebellum. Data represent
mean values + SEM from 10 mice, *P < 0. 05, **P < 0.005.

Purkinje cells, whereas these neurons became atrophic in mice
when FXN deficiency is triggered by either viral vector-mediated
knockdown (this study) or targeted disruption of the FXN gene.*
It seems as if FXN deficiency might cause a subtle dysfunction
of human Purkinje cells whereas it leads to a marked atrophy of
mouse Purkinje cells. Of relevance in this regard are recent obser-
vations indicating that some of the differential neuronal suscepti-
bility to disease that occurs in the human brain may have appeared
recently during primate evolution. As a case in point, abundant
lipofuscin deposition is observed in aged cerebellar Purkinje cells
of many mammals except human and chimpanzees.*® The reduced
lipofuscin deposition probably reflects an increased resilience of
human and chimpanzee Purkinje cells against oxidative stress.”
This may explain why human Purkinje cells are less vulnerable
than other neurons to a variety of pathological changes includ-
ing aging-related lipofuscin deposition, intracellular inclusions in
Fragile X-associated tremor ataxia syndrome patients, synuclein
inclusions in Lewy body disease, and degeneration in FRDA..#5°0-2
In view of these data, we suggest that rodent Purkinje cells may
exhibit a more exaggerated response to FXN deficiency than
human Purkinje cells, which has to be taken into account for the
translational relevance of experimental studies performed in mice.

In this study, we have focused our attention on BDNF among
the neurotrophic factor we have tested because of its greater
potency to inhibit neuronal cell death triggered by FXN knock-
down in primary cultures of mouse neurons. Moreover, BDNF
TrkB receptors are widely expressed in the CNS including the
cerebellum where BDNF seem to play important roles.
Interestingly, TrkB receptors are particularly abundant not only in
the cerebellar cortex but also in the deep cerebellar nuclei which

Molecular Therapy vol. 24 no. 5 may 2016

BDNF Prevents Neurodegeneration in FRDA Models

are very severely affected in FRDA.** Furthermore, BDNF is
particularly effective in promoting mitochondrial function which
may be crucial for FRDA.****” In addition to BDNF, other neu-
rotrophins like NT3 may be useful to target other specific neu-
ronal populations like proprioceptive sensory neurons which
are also affected in FRDA.? Little is known about the status of
neurotrophins and their receptors in FRDA. A recent report has
described an upregulation of BDNF in periodontal ligament cells
from FRDA patients compared to cells from healthy subjects.”®
However, we have failed to detect any significant change in BDNF
in an analysis of the secretome of FXN-deficient astrocytes.” So
further research is required to clarify whether or not there are
alterations in neurotrophins in neurons and astrocytes in FRDA.

Neurotrophic factors including BDNF may also be useful
to slow down neuroinlammatory responses which might play a
role in neurodegeneration in FRDA and other neurodegenera-
tive diseases. Several studies have emphasized that FXN-deficient
glial cells may trigger a neuroinlammatory response.”** Thus,
BDNF has been demonstrated to reduce inflammation and apop-
tosis in an experimental model of allergic encephalomyelitis, as
well as decreasing local inflammation in an experimental model
of stroke.®"** Interestingly, the overexpression of neurotrophic
factors BDNF and FGF-2 after the intrahippocampal injection of
HSV vectors attenuates epileptogenesis-associated neuroinflam-
mation and prevents IL-1B expression.®® This latter effect may be
of particular relevance for FRDA since it has been described an
increased expression of IL-1f3 in FXN-deficient Schwann cells.*

Some previous observations support the view that neu-
rotrophic factors may be useful for the therapy of FRDA.
Application of recombinant insulin-like growth factor 1 (IGF-
1) has been shown to normalize motor coordination in mildly
ataxic FRDA-like transgenic mice.** In a proof-of-concept clini-
cal trial, subcutaneous application of recombinant insulin-like
growth factor 1 to a small number of FRDA patients appeared
to decrease the progression of the disease.”® Whereas a larger
double-blind placebo-controlled trial is required to support this
preliminary and promising observation, the systemic administra-
tion of recombinant proteins always gives rise to a transient effect
which requires a continuing application. Targeted gene delivery
to particular regions of the nervous systems may be a much more
effective approach for long-term treatment of neurodegenera-
tion. Cell transplantation has also been envisaged as a source of
neurotrophic factors to treat neurodegenerative diseases. Thus,
mesenchymal stem cells have been shown to secrete a variety of
neurotrophic factors including BDNF and improve the motor
coordination of mildly ataxic FRDA-like transgenic mice.*®
However, a significant advantage of viral vector-mediated gene
delivery over cell transplantation to provide neurotrophic factors
is the possibility of fine-tuning neurotrophic factor gene expres-
sion using regulatable promoters.

For the delivery of the gene encoding BDNE, we have chosen
an herpesviral amplicon vector because there is ample evidence
about its suitability for neuronal gene transfer.””*-"* In particular,
HSV-1-derived amplicon vectors exhibit important advantages
including their minimal toxicity, large capacity to accommodate
therapeutic transgenes, widespread transduction of neural cells,
and very low risk of insertional mutagenesis.* Targeted delivery of
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neurotrophic factors to the primary sensory afferents for the treat-
ment of neuropathology using viral vector-mediated gene transfer
offers the possibility of highly selective targeted release of bioac-
tive molecules within the nervous system.?” Preclinical studies and
clinical trials with nonreplicative HSV vectors injected into the
skin to transduce neurons in the dorsal root ganglion (DRG) have
demonstrated efficacy in preventing progression of sensory neu-
ropathy without any systemic side effects.”

In addition to promoting neuronal survival and function,
neurotrophic factors may also enhance more direct gene replace-
ment therapy as demonstrated in rodent models of retinal
degeneration.” Thus, a combination of neurotrophic factor and
gene replacement therapies may prove to be more useful than
simple gene therapies. This may be relevant for FRDA. As FXN
is an intracellular protein, only cells receiving a FXN gene may be
“rescued” from the disease process. As neurotrophic factors are
secreted proteins which may protect FXN-deficient neurons, the
number of “rescued” neurons may be considerably larger than the
number of “transduced” neurons receiving the therapeutics genes.
Future research is required to test the synergy between FXN gene
replacement and neurotrophic factor gene delivery.

In conclusion, we provide evidence for the therapeutic poten-
tial of neurotrophins like BDNF to treat neurodegeneration in
FRDA. Viral vector-mediated gene encoding for neurotrophic fac-
tors may be therefore considered as an additional tool to current
gene and cell therapy approaches which are now in progress.*7+7

MATERIALS AND METHODS

Reagents. Pan-caspase inhibitor Q-VD-OPh (N-(2-Quinolyl)-valyl-
aspartyl-(2,6-difluorophenoxy)methyl ketone) and TrkB tyrosine kinase
inhibitor k252a were obtained from Calbiochem EMD Biosciences (Merck
KGaA, Darmstadt, Germany). BDNF neutralizing antibody (IgY isotype)
and control IgY antibody were obtained from Promega (Madison, WI).
Recombinanthuman trophicfactors hepatocyte growth factor, nerve growth
factor, neurotrophin-3, and neurotrophin-4 were obtained from Pepro Tech
(Rocky Hill, NJ, EEUU), and BDNF were obtained from Alomone Labs
(Jerusalem, Israel). The following antibodies were used for Western blot:
polyclonal antisera against caspase-3 (1:1,000; Cell Signaling Technology,
Danvers, MA); polyclonal antiserum against human FXN (R6.3s, 1:1,000)
raised against the peptide TLGHPGSLDETTYERLAEETLC (Protein
Tools, Madrid, Spain); monoclonal antibody against B-actin (1:2,000;
Sigma, Madrid, Spain); polyclonal antiserum against P-galactosidase
(1:5,000; MP Biomedical, Eschwege, Germany); polyclonal antiserum
against BDNF (1:1,000; Santa Cruz Biotechnology, CA); monoclonal anti-
body against Poly [ADP-ribose] polymerase 1 (1:2,500; Sigma, Madrid,
Spain); and polyclonal antiserum against Calbindin-D28K (1:1,000;
Chemicon International, Temecula, CA). The following antibodies were
used for immunohistochemistry: polyclonal antiserum against Calbindin-
D28K (1:2,000; Chemicon International, Temecula, CA), polyclonal anti-
serum against B-galactosidase (1:1,000; Molecular Probes, Eugene, OR),
and polyclonal antiserum against Fractin (1:500; Millipore Corporation,
Billerica, MA).

Viral vectors. Lentiviral vectors encoding short-harpin RNA sequences
were purchased from Sigma and contained either the sequences
against human FXN (Mission’ shRNA, Gene Bank accession number
NM_000144), hereafter referred to as shRNA-37, or a nonspecific scram-
bled control (Mission” Non-Target shRNA, SHC002), hereafter referred to
as shRNA-sc. Lentiviral packaging, stock production, concentration, and
titration were performed as described previously.”®
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HSV-1 were packaged using an improved HSV-1 helper-free system
according to the protocol described previously.”” The pHSVIac plasmid
encoding the Escherichia coli B-galactosidase was used as reporter of
gene transfer’® The pHSVbdnf amplicon vector has been described
previously.”* Titers of HSV-1 amplicon stocks for both vectors were
7x10° IU/ml. HSV-1 amplicon vectors were packaged and used in vitro
and in vivo in P2 facilities.

Neuronal cultures. Primary cultures of cortical neurons were established as
described previously.* 17-day-old C57BL/6 mice embryos were dissected
in prechilled Hank’s balanced salt solution (HBSS, Life Technologies,
Barcelona, Spain). The cortices were cut and then incubated in a 0.25%
trypsin (Sigma, Madrid, Spain), 1mg/ml DNAsel (Roche, Barcelona,
Spain) solution in Ca?* and Mg** free HBSS for 15 minutes at 37 °C, shak-
ing every 5 minutes. Trypsin and DNAse were then eliminated by washing
three times with HBSS, and then the tissue was homogenized using a sili-
conized pipette. The dissociated cells were counted and plated at a density
of 1x 10° cells/cm? onto poly-L-lysine precoated (1 mg/ml, Sigma, Madrid,
Spain) dishes containing Neurobasal medium supplemented with 10%
horse serum (both Invitrogen Life Technologies, Barcelona, Spain). After
3 hours, the medium was changed to neurobasal medium supplemented
with 2% B-27, 2mM GlutaMaxI (both Invitrogen Life Technologies,
Barcelona, Spain), and a mix of penicillin and streptomycin (100 U/ml and
100 pg/ml, respectively).

Cell viability. Cell viability was assessed by calcein-propidium iodide
uptake.®? Calcein/acetoxymethyl ester is taken up and cleaved by ester-
ases present in living cells, yielding yellowish-green fluorescence. In con-
trast, propidium iodide is taken up only by dead cells, which then exhibit
orange-red fluorescence. Briefly, cells were incubated at 37 °C for 30 min-
utes with 8 uM propidium iodide (Sigma, Madrid, Spain) and 1 uM cal-
cein/acetoxymethyl ester (Molecular Probes, Eugene, OR). The cells were
visualized by fluorescence microscopy with a Zeiss Axiovert 135 micro-
scope. Three randomly selected fields were analyzed per well (200-300
cells/ field) in at least three independent experiments. Cell viability was
expressed as the percentage of calcein-positive cells with respect to the
total number of cells, for each experimental condition.

Cell metabolic activity. Cell metabolic activity was assessed
with the CellTiter 96° AQueous One Solution Cell Proliferation
Assay kit (Promega, Madison, WI) which is a colorimetric
assay for assessing cell metabolic activity®® This assay kit con-
tains a novel tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)
-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt; MTS(a)] and an electron coupling reagent (phenazine ethosulfate).
Phenazine ethosulfate has enhanced chemical stability, which allows it to
be combined with MTS to form a stable solution. The MTS tetrazolium
compound (Owen’s reagent) is bioreduced by cells into a colored forma-
zan product that is soluble in tissue culture medium. This conversion is
accomplished by NADPH or NADH produced by dehydrogenase enzymes
in metabolically active cells.® Brielfly, cells were incubated at 37 °C for 90
minutes with 20 pl CellTiter 96" AQueous One Solution Reagent and then
recording the absorbance at 490 nm with a 96-well plate reader. The quan-
tity of formazan product as measured by absorbance at 490 nm is directly
proportional to the number of living cells in culture. Triplicates were ana-
lyzed in at least three independent experiments for each experimental
condition.

Animals. 8-week-old male C57BL/6 mice (Charles River Breeding
Laboratories, Barcelona, Spain) were used in this study and the mice were
housed in a temperature-controlled room under a 12 hours light/12 hours
dark cycle, with free access to food and water ad libitum.

Stereotaxic injection. Animals were randomly assigned to one of the
following groups, sham (control, injected with vehicle), sc (shRNA-sc),
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37+ LacZ (shRNA-37 and HSV-LacZ), and 37 + BDNF (shRNA-37 + HSV-
BDNF). They were anesthetized using isofluorane and when they no longer
demonstrated the footpad pinch reflex, were positioned in a Stoelting Lab
Standard] stereotaxic instrument fitted with a mouse gas mask (#¥51609;
Stoelting, Wood Dale, IL) and a burr hole drilled at 1 mm right from the
midline, 6.5mm rostral from lambda. A 26-gauge needle with 30° bevel
attached to a 10-pl Hamilton syringe was aligned over the burr hole and
then lowered into the brain to a depth of 2.5mm from the surface of the
skull. Injections of 6 ul concentrated shRNA lentivector and HSV-1 ampli-
con vector were performed over 6 minutes, after which the needle was
withdrawn slowly over 3 minutes.

After surgery, the incision was closed with sutures and the animals
were allowed to recover separately before being returned to their cages.

Rota-rod test for motor coordination. Motor coordination was deter-
mined in a rota-rod apparatus (Ugo Basile, Italy). Animals were tested
using the accelerating rotating rod protocol, which consisted in three
consecutive trials with an acceleration from 4 to 40rpm over 3 minutes
followed by 2 minutes at maximum velocity. Latency was defined as the
duration for which the mice were able to maintain their equilibrium on the
accelerating rod until falling off, and was recorded in three consecutive tri-
als. One week before the first measurement, the mice received three train-
ing sessions to familiarize them with the procedure. Data were collected
on a weekly basis until 5 weeks after the surgery. The trial was terminated
when mice fell from the apparatus or after a maximum of 5 minutes.

Western blot analysis. For protein extracts, cells were washed once with
phosphate-buffered saline (PBS), placed on ice, and then homogenized
in a buffer containing: 20mM HEPES, pH 7.4; 100 mM sodium chloride;
100 mM sodium fluoride; 1% Triton X-100; 1 mM sodium orthovanadate;
5mM EDTA; and the Complete™ protease inhibitor cocktail (Roche
Diagnostics, Barcelona, Spain). After centrifugation at 16,000xg for 5 min-
utes at 4°C the soluble fraction was obtained for determining the protein
content via Bradford assay, samples containing the same amount of protein
were mixed with electrophoresis buffer containing sodium dodecylsulfate,
boiled for 5 minutes, and separated by gel electrophoresis in the presence
of sodium dodecylsulfate on 8-15% acrylamide gels. The proteins were
then electrotransferred to nitrocellulose membranes (Schleider & Schuell,
Dassel, Germany), following standard procedures, and the membranes
were blocked with 10% nonfat dried milk in PBS 0.1% Tween-20. Then,
blocked membranes were incubated overnight with primary antibodies
diluted in blocking solution at 4 °C. The filters were then rinsed at least
three times in PBS 0.1% Tween-20 and incubated with the correspond-
ing peroxidase-conjugated secondary antibody for 1 hour at room tem-
perature. The immunoreactive proteins were visualized using an enhanced
chemiluminescence detection system (Amersham Buckinghamshire, UK),
and subsequent densitometric analysis was performed with an imaging
densitometer (GS-710 model; Bio-Rad, Hercules, CA).

For the in vivo experiment, 4 days after surgery mice were anesthetized
with CO, and decapitated. The cerebellum was homogenized with a
microtube homogenizer in a RIPA buffer (Thermo Scientific, IL) and
followed the same procedure as for cell extract preparation.

Immunobhistochemistry. Mice were anesthetized with CO, and decapitated
4 days after surgery and the cerebella were immediately removed and fixed
for 24 hours in 4% paraformaldehyde in 0.1M PB (pH 7.4) at 4 °C. The
cerebella were cryoprotected in 10, 20, and then 30% sucrose gradient
(24 hours each) and 20-um thick coronal cryostat sections were obtained
after embedding in Tissue Tek (Sakura Finetek Europa, Zoeterwoude,
The Netherlands). Sections were washed three times with PBS and incu-
bated in blocking solution (PBS 0.2% Triton X-100, 3% BSA) followed
by an overnight incubation at 4 °C with the primary antibody diluted in
blocking solution. After washing with PBS, sections were incubated for
1 hour at room temperature with donkey Alexa-conjugated secondary
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antibody (Alexa-Fluor 555-conjugated). Following extensive washes,
the sections were stained with 4’-6-diamidine-2-phenylindole (1:5,000;
Calbiochem EMD Bioescience, Merck KGaA, Darmstadt, Germany) for
10 minutes. After washing, the sections were immediately mounted with
Fluoromount-G (Southern Biotech Assoc., Birmingham, AL) and exam-
ined on a laser scanning confocal microscope (710LSM) coupled to a verti-
cal Axiolmager.M2 (Zeiss) microscope.

Enzyme-linked immunosorbent assay (ELISA). BDNF levels in the cerebel-
lum were determined in all experimental groups using the Chemikine™
BDNF Sandwich ELISA Kit (Chemicon International, Temecula, CA). The
assay was performed following the manufacturer’s instructions. Standard
and test samples were incubated overnight at 4 °C in 96-well precoated
dish with a polyclonal antibody against BDNEF. Standard curves were gen-
erated using known amounts of the growth factor. The detection system
included a biotinylated anti-BDNF monoclonal antibody detected with a
streptavidin-HRP conjugated solution. The chromogenic substrate solu-
tion of tetramethylbenzidine was added to the plate and the reaction
stopped by adding the Stop Solution provided in the kit. The color change
generated by the oxidation-reduction reaction was measured using a plate
reader set at a wavelength of 450nm (DYNEX Opys MR). The standard
curve for BDNF provided a linear plot of absorbance versus concentration,
which was used to determine the concentration of BDNF in the samples.

Statistical analysis. Results are expressed as mean + SEM values, and at
three independent experiments are represented in the figures. Statistical
comparison of the data sets was performed using Student’s #-test. The dif-
ferences are presented with their corresponding statistical significances or
P value, which is the probability that the observation in a sample occurred
merely by chance under the null hypothesis. For in vivo experiments, all
values were expressed as the mean + SEM and the statistical significance
was evaluated by the Mann-Whitney nonparametric test when Levene’s
test for homogeneity of variances was significant. Each group consisted of
10 mice. Statistical significance was attributed when P < 0.05.

Ethics statement. All animal studies were performed with authorization
from the animal experimentation and bioethics committees according to
institutional guidelines for animal handling and research. All efforts were
made to minimize the number and suffering of used animals.
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