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The main objective of this work is to demonstrate the 
feasibility of using bone marrow-derived stem cells in 
treating a neurodegenerative disorder such as Fried-
reich’s ataxia. In this disease, the dorsal root ganglia of 
the spinal cord are the first to degenerate. Two groups 
of mice were injected intrathecally with mesenchymal 
stem cells isolated from either wild-type or Fxntm1Mkn/
Tg(FXN)YG8Pook (YG8) mice. As a result, both groups 
presented improved motor skills compared to non-
treated mice. Also, frataxin expression was increased in 
the dorsal root ganglia of the treated groups, along with 
lower expression of the apoptotic markers analyzed. Fur-
thermore, the injected stem cells expressed the trophic 
factors NT3, NT4, and BDNF, which bind to sensory neu-
rons of the dorsal root ganglia and increase their sur-
vival. The expression of antioxidant enzymes indicated 
that the stem cell-treated mice presented higher levels 
of catalase and GPX-1, which are downregulated in 
the YG8 mice. There were no significant differences in 
the use of stem cells isolated from wild-type and YG8 
mice. In conclusion, bone marrow mesenchymal stem 
cell transplantation, both autologous and allogeneic, is 
a feasible therapeutic option to consider in delaying the 
neurodegeneration observed in the dorsal root ganglia 
of Friedreich’s ataxia patients.

Received 27 March 2014; accepted 22 July 2014; advance online  
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INTRODUCTION
Friedreich’s ataxia (FA) is a neurodegenerative disorder character-
ized by the progressive loss of motor functions and coordination, 
due to low levels of frataxin expression.1 The individuals affected 
by this disease present a GAA-repeat expansion in intron 1 of 
the frataxin gene. Frataxin is involved in iron homeostasis in the 
mitochondria, and when its expression is affected, iron is accu-
mulated in the mitochondria, ultimately causing cell death.2 The 
most sensitive cell types due to frataxin alteration are certain neu-
rons (such as the large sensory neurons of the dorsal root ganglia 
(DRG) in the spinal cord and the neurons in the deep cerebellar 
nuclei) and cardiomyocytes.3 There is currently no cure for this 

disease, and the treatments are not capable of ameliorating the 
progressive neurodegeneration.

There is evidence that oxidative stress plays a major role in 
FA.4,5 This has caused many of the current treatments to be based 
on counteracting oxidative stress. For example, coenzyme Q10 
along with vitamin E seemed to give positive results in the car-
diac and skeletal muscle.6–8 Idebenone is a free-radical scavenger 
that has been shown in several clinical trials to protect the heart-
related problems of the disease.9–12 However, none of the current 
treatments have demonstrated to have any effect in the neurologi-
cal aspects of FA.

In this work, we developed an experimental approach to possi-
bly stall the neuronal degeneration observed in the DRG. Previous 
works have demonstrated that mesenchymal stem cells (MSCs) 
are capable of protecting FA cells from premature death when 
submitted to oxidative stress,13,14 as they are especially susceptible 
to this condition.5 This has been proven in vitro both with human 
and mouse cells. The effect observed by the stem cells, both from 
bone marrow and adipose tissue, was due to the secretion of vari-
ous neurotrophic factors, mainly NT3, NT4, and BDNF. Also, we 
demonstrated that stem cells isolated from wild-type and mice 
with FA presented similar properties and gave similar results in 
vitro. The objective of this current work is to confirm this same 
effect in vivo, specifically in an FA mouse model. To this end, bone 
marrow-derived MSCs were isolated from wild-type and FA mice 
and transplanted intrathecally into the subarachnoid space of the 
spinal cord of ataxic mice. These mice were analyzed through sev-
eral behavior tests, and the stem cells tracked in vivo by magnetic 
resonance. Five months after the surgical intervention, the mice 
were sacrificed and the DRG extracted and analyzed for prosur-
vival/apoptosis markers, neuronal markers, and neurotrophic fac-
tors. The data presented here may indicate a possible autologous 
or allogeneic stem cell-based therapeutic applicability to treat the 
neuronal degeneration observed in FA.

RESULTS
YG8 mice treated with MSCs improve in their 
behavior tests
Both wild-type and YG8 mice were analyzed monthly on the 
rotarod and treadmill (Figure 1a). As a result, significant differ-
ences were detected in the rotarod and to a lesser degree in the 
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treadmill. For the MSC-transplanted studies, stem cells were 
isolated from green fluorescent protein (GFP) transgenic mice 
and YG8 mice. In this sense, the injection of YG8-derived MSCs 
would emulate an autologous intervention in humans, while GFP-
derived stem cells would be similar to an allogeneic procedure. 
The results of the behavior tests are shown in Figure 1b. Both 
stem cell-treated groups improved in the behavior tests compared 
to the control group. Furthermore, there were no significant dif-
ferences in the results of the behavior tests comparing both stem 
cell-injected groups, although there seemed to be a tendency of 
further improvement in the YG8-stem cell group compared to the 
GFP-stem cell group.

Thus, the results in this case indicate that YG8 mice present 
significant differences in their behavior tests compared to their 
wild-type counterparts. Furthermore, the MSCs-treated YG8 
mice presented higher scores compared to nontreated ataxic mice, 
with no differences observed with either GFP- or YG8-derived 
stem cells.

Magnetic resonance imaging analysis demonstrate 
that the injected cells enter the DRG as early as 1–2 
weeks posttransplantation
In several cases, the MSCs isolated from GFP mice were incu-
bated for 16 hours with superparamagnetic iron oxide particles 
before transplanting into the ataxic mice. In this manner, it was 
possible to track in vivo the cells using magnetic resonance imag-
ing (MRI) (Figure 2a). YG8 mice were analyzed at the moment of 
injection, then 7 and 14 days posttransplantation. As a result, the 
cells were detected in the area around the spinal cord (green arrow 
in Figure 2a) at the moment of injection, indicated by a negative 
contrast in the image. There was a similar negative stain in the 
pathway of the needle (red arrow), which gradually disappeared 

at day 7 and 14, while the stain in the spinal cord remained intact. 
Also, it was possible to detect the stem cells in the area where the 
DRG were present, indicating the possibility that the stem cells 
had entered this tissue. There was no indication of stem cells in 
other regions, including the muscle and spinal cord.

Several YG8 mice were sacrificed at day 0 and day 14 after 
the surgical intervention in order to confirm the MRI observa-
tions. Immunohistochemistry was performed for GFP staining in 
order to locate the MSCs (Figure 2b). At day 0, the grafted MSCs 
were detected in the cerebrospinal fluid around the spinal cord. 
However, at day 14, it was possible to detect MSCs inside or near 
the DRG. No stem cells were detected in other regions, and there 
were no signs of proliferation.

Thus, the immunohistochemistry analysis confirmed the 
results observed in the MRI, where the MSCs, when injected 
intrathecally into the subarachnoid space of the spinal cord, are 
capable of entering the DRG as early as 2 weeks after injection. 
This confirms the feasibility of this approach for stem cell injec-
tion in the DRG without causing damage to the nervous tissue.

MSCs persist 5 months after transplantation and 
exert a neuroprotective effect on the DRG
In the MRI, the ataxic mice were sacrificed and analyzed at 
2 weeks after the surgical procedure. However, the mice submitted 
to behavior tests were sacrificed and analyzed 5 months after the 
intervention. Immunohistochemical analysis confirmed the pres-
ence of the grafted MSCs in the DRG (Figure 3a–f). These cells 
were detected not only near the neurons of the DRG (Figure 3a–c) 
but also in the surrounding blood vessels (Figure 3d), in the nerve 
root (Figure 3e), and even in the inner wall of the vertebrae, in the 
subarachnoid space (Figure 3f). This was observed in both groups 
of stem cell-treated mice, where GFP staining was used in the 

Figure 1 Behavior analysis of Freidreich’s ataxia mice. (a) Behavior tests (rotarod, treadmill) performed on a monthly basis on wild-type (WT) and 
Freidreich’s ataxia (YG8) mice. (b) Behavior tests performed on a monthly basis on vehicle-injected controls (TX sham), mice treated with mesenchy-
mal stem cells of GFP mice (TX MSC-GFP), and mice treated with mesenchymal stem cells of YG8 mice (TX MSC-AtF). Vertical black bar indicates the 
moment the surgical procedure was performed. All values in a and b are with respect to the initial value obtained in the first month (normalized to 
1). n = 8 in each case. *P < 0.05; **P < 0.01.
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case of the MSC isolated from GFP transgenic mice, while CD44 
and CD90 were used as MSC-specific markers in the case where 
stem cells from YG8 mice were transplanted. Furthermore, addi-
tional experiments were performed to confirm the presence of the 
MSCs in the dorsal root ganglia of the treated mice. Specifically, 
DRG were isolated from the treated mice to analyze GFP, CD90, 
and CD44 expression both by PCR and by western blot (Figure 
3g–i). As a result, GFP was only detected in the mice treated with 
MSCs isolated from GFP mice. Also, CD90 and CD44, which 
were slightly expressed in the DRG,15 were more strongly detected 
in the stem cell-treated groups (both from GFP and YG8 mice). 
These results confirm that the MSCs that were initially injected 
into the cerebrospinal fluid of the spinal cord entered the DRG 
and remained there 5 months after transplantation.

Figure 2 Magnetic resonance imaging (MRI) of the YG8 mice. (a) 
MRI of vehicle-injected (sham) and YG8 mice treated with mesenchy-
mal stem cells of GFP mice (TX MSC), analyzed at days 0, 7, and 14 
postsurgery. In the TX MSC groups, the stem cells can be observed due 
to the presence of iron nanoparticles in the cells (see red and green 
arrows at day 0). The second row of images in the sham and TX MSC 
correspond to close-ups of the spinal cord observed in the first row of 
images. In the sham group, a dark staining to the right of the spinal 
cord can be observed at day 0, corresponding to hemorrhage due to 
the surgical intervention (red circle), which disappears at days 7 and 
14. In the TX MSC group, dark staining is observed in the spinal cord 
(green arrow), and the path of the needle (red arrow and red circle). 
Both stains remain at 7 and 14 days, corresponding to the injected 
stem cells (red circle), although the marked cells in the muscle pro-
gressively lose signal intensity while the ones in the spinal cord remain. 
The images to the left (below the SHAM and TX MSC titles) are draw-
ings identifying the various anatomical parts of the MRI images. (b) 
Immunohistochemistry of TX MSC-treated mice, performed at day 
0 and 14 postsurgery. At day 0, the grafted cells were observed in 
the subarachnoid space, while at day 14, many cells were detected 
in the dorsal root ganglia. In the images, green is GFP (mesenchymal 
stem cells), red is Tuj1, and blue is DAPI staining. Similar results were 
observed in MRIs of four mice. AM, arachnoid mater; AS, arachnoid 
space; DM, dura mater; DRG, dorsal root ganglia; NR, nerve root; SC, 
spinal cord.
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Figure 3 Analysis of stem cell markers in the dorsal root ganglia. 
(a–f) Immunohistochemical staining of the dorsal root ganglia (DRG) of 
YG8 mice treated with mesenchymal stem cells (labeled with an arrow). 
(a) DRG of an YG8 mouse where GFP-expressing mesenchymal stem 
cells were grafted (in green, blue is nuclear DAPI staining). (b,c) DRG 
of YG8 mice where mesenchymal stem cells isolated from ataxic mice 
were grafted, staining for specific markers CD90 and CD44, respectively. 
(d) Stem cells in a DRG surrounding a blood vessel. (e) Stem cells in the 
nerve root. (f) Stem cells from YG8 mice detected in the inner wall of the 
spinal cord (in the subarachnoid space). (g) GFP expression as analyzed 
by PCR in the TX MSC-GFP and control groups. Each lane corresponds 
to an individual mouse. Non-GFP and GFP mesenchymal stem cells were 
used as negative and positive controls (NEG, POS), respectively. (h) 
CD90 and CD44 expression analyzed by QPCR. RQ, relative quantity. (i) 
Western blot analysis of CD44, CD90, and GFP, using actin as control. 
Scale bar = 100 µm in a and e, 50 µm in b–d, and 250 µm in f. n = 4 in 
each case. *P < 0.05; **P < 0.001.
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Semi-thin sections for electron microscopy were used to ana-
lyze the small cell to large cell ratio (Figure 4). The DRG from 
wild-type mice presented a ratio of ~1:1, small cells being mainly 
satellite cells (arrowheads and red colored cells in Figure 4a–c,e) 
and large cells being neurons (yellow colored cells). However, 
YG8 mice presented a much higher ratio, indicating that there 
were more satellite cells than neurons. The increase in small cell 
to large cell ration has also been detected in the DRG of human 
patients.16 However, this work is the first to report this observation 
in the YG8 model. As for the ataxic mice treated with MSCs, the 
ratio was similar to that detected in the wild-type mice. The ratio 
was not significantly different in the nontreated and treated ataxic 
mice, but there was a tendency for a reduced ratio, indicating a 
posible neuroprotective effect in the treated ataxic mice.

MSCs from GFP and YG8 mice express neurotrophic 
factors NT3, NT4, and BDNF in the DRG
Previous studies by our laboratory indicated that MSCs were 
capable of expressing and releasing NT3, NT4, and BDNF.14 These 
factors are capable of binding to the Trk receptors of the sensory 
neurons in the DRG and are known to play several roles, includ-
ing activation of prosurvival mechanisms. In this study, we ana-
lyzed the expression of these trophic factors in the MSC-grafted 

Figure 4 Small cell to large cell ratio of the dorsal root ganglia. (a–c) 
Semi-thin images of the dorsal root ganglia of (a) wild-type, (b) YG8, 
and (c) stem cell-grafted YG8 mice, analyzed 5 months after injection. 
Arrowheads indicate satellite cells (in red, yellow cells indicate neurons). 
(d) Histogram depicting the ratio of small cells to large cells in each 
group of mice (ATX, YG8 mice; TX MSC, stem cell-treated YG8 mice; WT, 
wild-type mice). n = 3 in each case. *P < 0.05. (e) Dorsal root ganglia 
indicating by colors the small cells (in red) and large cells (in yellow) that 
were counted. The small cells are primarily satellite cells, while the large 
cells are neurons.
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Figure 5 Neurotrophic analysis in the dorsal root ganglia. (a) Immunohistochemistry of expression of BDNF, NT3, and NT4 in the dorsal root 
ganglia of a mouse treated with mesenchymal stem cells isolated from GFP mice, analyzed 5 months after injection. The stem cells are stained in 
green (GFP), neurotrophic factors in red, and DAPI staining in blue. Scale bar = 100 µm. DRG, dorsal root ganglia; NR, nerve root. (b) Neurotrophic 
factor expression measured in the dorsal root ganglia by western blot analysis of vehicle-injected mice (sham), treatment with mesenchymal stem 
cells of GFP mice (TX MSC-GFP) and of Friedreich’s ataxia mice (TX MSC-AtF). In all cases, several bands appear, corresponding either to the proform, 
homodimer (secreted form), or the mature form (cytosolic form). (c) QPCR analysis of the trophic factors in the sham, TX MSC-GFP, and TX MSC-AtF 
groups. RQ, relative quantity. n = 4 in each case, *P < 0.05.
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DRG of ataxic mice 5 months after transplantation (Figure 5a), 
confirming the results previously observed in vitro. Furthermore, 
the expression of these trophic factors were analyzed both at 
the genetic and protein levels (Figure 5b,c). In the protein, sev-
eral bands can be detected in each of the three trophic factors, 
generally corresponding to a smaller band (the mature form in 
monomer form, which is generally located in the interior of the 
cells), a larger band (the precursor or proform, also located inside 
the cells), and an intermediate band, which corresponds to the 
homodimer.17–19 The latter is the form in which the trophic factors 
are generally secreted. Higher levels of BDNF and NT3 expression 
was detected in the DRG of the MSC-treated mice, compared to 
the sham group. However, NT4 expression seemed similar in all 
three mice groups (Sham, MSC-GFP treatment, and MSC-YG8 
treatment).

The western blot results were compared to the quantitative 
polymerase chain reaction (QPCR) results for the expression of 
the same trophic factors. In this case, the DRG of the mice treated 
with MSCs from both sources (GFP and YG8) presented higher 
levels of expression of the three trophic factors with respect to the 
sham control. No differences were detected in the trophic factor 
expression, both by western blot and by QPCR, of control non-
treated mice and sham controls of the same age (data not shown).

These results indicate that MSCs express and release the 
trophic factors NT3, NT4, and BDNF in the DRG, inducing an 
increased expression of these trophic factors in this region. As our 

previous in vitro work has demonstrated, the expression of these 
trophic factors is known to protect DRG neurons from cell death14 
and is the most probable cause for the effect observed by the stem 
cell transplantation.

DRG of treated mice present less apoptosis, more 
neuronal and glial markers, and increased frataxin 
expression
The previous results indicated that the grafted cells expressed the 
neurotrophic factors analyzed, which are known to be implicated 
in cell survival mechanisms. Thus, to prove that this was the case, 
the expression of proapoptotic (caspase-3 and Bax), prosurvival 
(Bcl2), neuronal (Tuj1 and MAP2), and glial markers (GFAP) 
were studied (Figure 6a). In the MSC-GFP group, there was more 
expression of all the glial and neuronal markers analyzed, while in 
the MSC-ATF group, only MAP2 expression was increased. Also, 
the DRGs of these groups presented low levels of proapoptotic 
markers caspase-3 and Bax, while expressing very high levels of 
prosurvival marker Bcl2. The sham group presented similar lev-
els of expression of all the neuronal, glia, and apoptosis/survival 
markers analyzed compared to the control group, except for cas-
pase-3 and Bax, which were higher.

Also, frataxin expression was analyzed both at the gene expres-
sion and protein levels (Figure 6b). Three forms were detected: 
the precursor, intermediate, and mature form.20 The DRGs of 
the MSC-treated groups expressed higher levels of frataxin than 

Figure 6 Dorsal root ganglia analysis. (a) QPCR analysis of the dorsal root ganglia in nontreated Friedreich’s ataxia (control), vehicle-injected 
(sham), treatment with mesenchymal stem cells of GFP mice (TX MSC-GFP) and of Friedreich’s ataxia mice (TX MSC-AtF), 5 months after injection. 
The genes analyzed are shown in the histograms. RQ, relative quantity. (b) Frataxin expression measured by QPCR (histogram) and western blot 
(right image). (c) QPCR analysis of the oxidative stress markers SOD1, SOD2, SOD3, catalase, and GPX-1 in the control, sham TX MSC-GFP, and TX 
MSC-AtF mice. n = 4 in each case. *P < 0.05; **P < 0.01; ***P < 0.001. SOD, superoxide dismutase.
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control and sham groups. Furthermore, there was more expres-
sion of the mature form of the protein, while almost no expression 
was detected in the sham group. Thus, MSCs injection increased 
frataxin expression, as previously observed in the in vitro studies.14

Since oxidative stress plays a major role in FA,5 several of the 
most important markers was analyzed (Figure 6c). Previous results 
in vitro demonstrated that catalase and GPX-1 expression levels 
were significantly lower in the DRGs of YG8 mice compared to 
wild-type mice of the same age, while superoxide dismutase (SOD) 
levels remained mainly unchanged.14 In this work, the MSC-treated 
ataxic mice expressed similar levels of SODs as the controls, while 
catalase and GPX-1 levels were increased, as a possible compensa-
tory mechanism to reach levels similar to wild-type mice.

Interestingly, in the sham controls, SODs expression was very 
high. This could be a compensation mechanism due to the high 
apoptotic levels detected in this experimental group (Figure 6a). 

The sham group presented higher levels of apoptosis, indicated by 
the increased expression of active caspase-3 and Bax. Increased 
cell death gives rise to increased oxidative stress, as free radicals 
are released from the degenerating neurons. Thus, the aberrant 
levels of SOD2 and SOD3 may be a compensatory mechanism to 
remove the free radicals. The fact that the expression levels of these 
antioxidants were higher than that in nontreated controls may be 
due to the surgical intervention. The intervention can initially 
cause tissue damage, as well as an inflammatory process which 
may cause, at the long run, further damage. The stem cell injec-
tion may be avoiding this due to their immunomodulatory prop-
erties. On the other hand, catalase and GPX-1 levels remained 
unchanged or were even lower than controls. These observations 
have one additional very important connotation: an uncontrolled 
intervention (such as, injecting an inadequate source of cells or 
an incorrectly performed surgical intervention) may cause signifi-
cant damage in the nervous tissue, which can continue much after 
the intervention (5 months in this case).

MSCs grafted in the subarachnoid space of the spinal 
cord of wild-type mice do not penetrate into the 
DRG, nor increase neurotrophic factor expression
The same surgical procedure with MSCs was performed in wild-
type mice, in order to confirm if the trophic effect observed in 
the YG8 mice were due to the stem cells being injected into a 
neurodegenerative niche or if it was a default effect of the grafted 
cells. As a result, in vivo tracking by MRI analysis confirmed that 
the grafted cells remained in the area injected of the spinal cords 
of wild-type mice (Figure 7a). However, immunohistochemical 
analysis 2 weeks after surgery indicated that the stem cells did not 
enter the DRG (Figure 7b), but rather remained in the cerebrospi-
nal fluid of the spinal cord. Furthermore, real-time PCR indicated 
that the MSCs did not increase the expression of neurotrophic 
factors NT3 and NT4, with a slight increase in BDNF (Figure 7c). 
This differs from the data obtained when grafting MSCs in YG8 
mice, where the DRG presented increased expression levels of the 
three trophic factors analyzed.

These results indicate that the bone marrow-derived MSCs, 
when in the presence of a neurodegenerative niche such as the 
DRG of YG8 mice, are capable of integrating into the DRG and 
increase the expression and secretion of neurotrophic factors 
known to be implicated in neuronal survival.

DISCUSSION
Our results indicate that MSCs injected intrathecally into the 
lumbar region of the spinal cord migrate toward the DRG, where 
they integrate and release various neurotrophic factors, increasing 
the survival rate of the sensory neurons in a FA mouse model. 
Using this treatment, the mice presented improved motor skills 
compared to their untreated counterparts, as well as increased 
response to oxidative stress. These results corroborate with those 
we have previously demonstrated in vitro using DRG primary cul-
tures.14 Also, stem cells from both wild-type and FA mice gave 
similar results.

The injected stem cells secreted neurotrophic factors BDNF, 
NT3, and NT4, which in turn are known to increase the survival 
of the sensory neurons in the DRG.21 The surgical intervention 

Figure 7 Stem cell injection in the spinal cord of wild-type mice. 
(a) MRI images of the superparamagnetic iron oxide-incubated stem 
cells in the spinal cord of wild-type mice, at days 0, 7, and 14. The 
stem cells can be observed as dark spots in the spinal cord region. (b) 
Immunohistochemistry for GFP, staining the grafted stem cells, 2 weeks 
after injection. No grafted cells were detected in the DRG. Images taken at 
×100. DRG, dorsal root ganglia; MSC, mesenchymal stem cells; NR, nerve 
root; SC, spinal cord. (c) QPCR analysis of neurotrophic factor expression 
in the dorsal root ganglia of control mice (CT) versus those treated with 
mesenchymal stem cells (TX MSC) in wild-type (left histogram) and YG8 
(right histogram hosts). n = 4 in all cases. *P < 0.05; **P < 0.01.
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resulted in increased cell survival markers and subsequently 
decreased apoptotic markers. Also, upregulation of certain neuro-
nal and satellite/Schwann cell markers were detected in the DRG 
of the treated mice. This is important since even though the pro-
prioceptive neurons are the first to degenerate in FA, the rest of the 
neurons as well as the Schwann cells are affected.22 This is partly due 
to oxidative stress. In FA, the antioxidant mechanisms are affected, 
which is exacerbated by the lack of frataxin, causing iron overload 
and increased free-radical production.23 The mouse model used 
in this work also present the deficient antioxidant mechanisms.24 
This is the reason several oxidative stress markers were analyzed in 
the DRG of the treated mice. Specifically, catalase and GPX-1 were 
upregulated in the treated mice. Catalase is an important antioxi-
dant enzyme involved in removing hydrogen peroxide, converting 
it to water and oxygen.25 GPX-1, on the other hand, plays a major 
role in removing peroxides in the cell.26 In our in vitro work,14 we 
demonstrated that these genes were downregulated in YG8 mice 
compared to wild-type mice of the same age. This was also cor-
roborated in a recent work,27 where a direct correlation between 
frataxin and antioxidants levels was observed (e.g., lower frataxin 
levels correlated with lower catalase levels). Consequently, higher 
frataxin levels may help to increase antioxidant levels, which may 
be the cause of the increased catalase and GPX-1 levels detected. 
The expression of SODs, however, was not increased. This may be 
due to the fact that in our in vitro study, the transcriptions of SODs 
were unaffected in the YG8 mice compared to wild-type mice. 
On the other hand, in the sham control, they were significantly 
increased. As previously commented in the Results section, this 
may be due to increased oxidative stress levels in the DRG of the 
sham controls, which coincided with increased levels of apoptosis. 
In this group, catalase and GPX-1 levels were unaffected.

In conclusion, our study indicates that bone marrow MSCs, 
either from wild-type or FA mice, are capable of inducing a neu-
roprotective effect on the sensory neurons of the DRG in ataxic 
mice. This results in improved behavior tests, increased frataxin 
levels, improved cell survival, and increased levels of certain 
antioxidants. The results shown here may be considered as a 
step further into a possible therapeutic approach using autolo-
gous stem cells to decrease the progression of the neurological 
degeneration observed in FA. Furthermore, as oxidative stress is 
important in other neurodegenerative disease, including amyo-
trophic lateral sclerosis, Parkinson’s disease, Alzheimer’s disease, 
and Huntington’s disease,28 this therapeutic approach may also be 
viable for these disorders.

MATERIALS AND METHODS
Animals. All the experiments with animals have been performed in 
compliance with the Spanish and European Union laws on animal care 
in experimentation (Council Directive 86/609/EEC) and have been ana-
lyzed and approved by the Animal Experimentation Committee of the 
University Miguel Hernandez and Neuroscience Institute, Alicante, Spain 
(Reference IN-JJ-001-13). All efforts were made to minimize suffering. 
Mice were bred and maintained in our animal facilities. Eight-month-old 
Fxntm1Mkn/Tg(FXN)YG8Pook (YG8, originally purchased from Jackson 
Laboratory, Bar Harbor, ME) transgenic mice were used. These mice pres-
ent a knock-out mutation of the Frataxin gene with a human knock-in 
Frataxin gene to rescue the phenotype.29 The inserted gene presents the 
same mutation as in humans, that is, the extended GAA triplet repeats. 

As a result, the mice present reduced levels of frataxin, causing degenera-
tion in the heart, DRG, and, in some cases, the pancreas. For the MSCs, 
the bone marrows of 2–3-month-old GFP transgenic mice and YG8 mice 
were used.

Bone marrow mesenchymal stem cells isolation and culture. The pro-
tocol used was similar to our previously published work.14 Briefly, femurs 
were dissected from 2–3-month-old mice, sacrificed by cervical dislo-
cation. Bone marrow was extracted, and single-cell suspensions were 
obtained by mechanical dissociation. Then, the suspension was washed 
and centrifuged, and the pellet resuspended in D-MEM (Invitrogen, Life 
Technologies, Baseley, UK) supplemented with 15% fetal bovine serum 
(Biochrom AG, Berlin, Germany) and 100 U/ml penicillin/streptomycin 
(Sigma-Aldrich, St Louis, MO). These cells were placed in culture flasks, 
and the plastic-adherent population was isolated and allowed to prolifer-
ate for 3–4 weeks, changing the media every 2–3 days and replating when 
needed.

Surgical intervention. Depending on the mouse group, either culture 
medium or bone marrow MSCs were injected with a Hamilton syringe into 
the mutant mice (Hamilton, Bonaduz, Switzerland). A total of six injec-
tions (2 µl/each, 3 × 105 cells per injection) were performed through the 
interlaminar (yellow) ligaments of two consecutive lumbar vertebrae. The 
cells were injected into the cerebrospinal liquid by subarachnoid punction, 
with the mouse inclined 30° head-down. In this manner, the cells diffuse 
to dorsal levels of the spinal cord subarachnoidal space, attach to the pial 
surface of dorsal roots, and penetrate into the DRG, the first area affected 
in these mice. The injections were performed in a slow, mechanically con-
trolled speed so as to avoid swelling and thus damaging the spinal cord.

Magnetic resonance imaging. Twenty-four hours before the surgical 
intervention, the MSCs were previously cultured in 7 µg/ml of Feraspin 
XL (Viscover Imaging, Miltenyi Biotec, Cologne, Germany). This product 
consists in nanoparticles containing iron and enveloped in dextran, allow-
ing its diffusion to the cells. For the MRI experiments, mice were anesthe-
tized in an induction chamber with 3–4% isoflurane (Esteve Veterinary, 
Milan, Italy) in medical air and maintained with 1–2% isoflurane during 
the process. Anesthetized animals were placed in a custom-made animal 
holder with movable bite and ear bars and positioned fixed on the magnet 
chair. This allowed precise positioning of the animal with respect to the 
coil and the magnet and avoided movement artifacts. The body tempera-
ture was kept at ~37 °C using a water blanket, and the animals were moni-
tored using a MRI compatible temperature control unit (MultiSens Signal 
conditioner, OpSens, Quebec, Canada). Experiments were carried out in 
a horizontal 7 Tesla scanner with a 30 cm diameter bore (Biospec 70/30v; 
Bruker Medical, Ettlingen, Germany). The system had a 675 mT/m actively 
shielded gradient coil (Bruker Medical; BGA 12-S) of 11.4 cm inner diam-
eter. A 1H rat brain receive-only phase array coil with integrated combiner 
and preamplifier, no tune/no match, in combination with the actively 
detuned transmit-only resonator (Bruker BioSpin MRI) was employed. 
Data were acquired with a Hewlett-Packard console running Paravision 
software (Bruker Medical) operating on a Linux platform.

T2-weighted anatomical images to position the animal were collected 
in the three orthogonal orientations using a rapid acquisition relaxation 
enhanced sequence, applying the following parameters: field of view: 
40 × 40 mm, 15 slices, slice thickness: 1 mm, matrix: 256 × 256, effective 
echo time (TEeff) 56 milliseconds, repetition time: 2 seconds, rapid 
acquisition relaxation enhanced sequence factor of 8, 1 average and a total 
acquisition time of 1 minute 4 seconds. To detect superparamagnetic iron 
oxide labeled cells, a T2* multigradient echo images were acquired in the 
three orthogonal orientations with the following parameters: repetition 
time: 1,500 milliseconds, echo time: 3 milliseconds, flip angle: 30°, field of 
view: 20 × 20 mm, 20 slices, slice thickness: 0.5 mm, matrix: 256 × 256, two 
averages and a total acquisition time of 12 minutes 48 seconds.30
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Behavior assays. Rotarod and treadmill tests were performed similar to 
our previous work.31 The tests were performed on a monthly basis for up 
to five trials before the surgical intervention. Then, and after 1 month of 
surgical recovery, the mice continued the monthly tests every month for 
another five trials.

In the case of the rotarod (model 8500, Letica Scientific Instruments, 
Barcelona, Spain), it was set to accelerate from 4 to 40 rpm in a 5-minute 
time span. Each mouse was placed five times (with adequate rests between 
trials), and both the maximum speed and time on the rod were noted. 
This was performed for four consecutive days, once a month, and the 
values obtained in the fourth day was used.

For the treadmill test, an LE 8700 model was used (Letica Scientific 
Instrument). The treadmill test consisted of placing the mouse in a 
lane that pushed the animal to a shock grid (0.4 mA). In this manner, 
the animal must run to avoid the shock. Each mouse was placed on the 
treadmill five times, with adequate rests between trials, in order to obtain 
the average maximum speed.

The results were normalized with respect to the initial value obtained 
in the first month, which presented a value of 1, using the same approach as 
in our previous report.14 In this manner, a value above or below 1 indicated 
an improvement or worsening, respectively, with respect to the initial value.

Immunohistochemistry. The mice were anesthetized with isoflurane 
(Esteve Veterinary) and spinal cords fixed with 4% paraformaldehyde 
(Sigma-Aldrich) in phosphate buffer (pH 7.4) overnight. After fixation, 
the spinal cords were placed in Osteosoft (Merck Millipore, Billerica, MA) 
solution for 5 days, in order to decalcify the vertebrae. Then, the tissue was 
placed in paraffin, and transverse sections of 16 µm were obtained and 
mounted on slides.

The sections were first incubated at room temperature in 10% goat 
serum (Sigma-Aldrich), 5% bovine albumin (Sigma-Aldrich), 0.25% 
triton (Sigma-Aldrich), and phosphate-buffered saline to permeate 
the tissue and block nonspecific binding. Afterward, the sections were 
incubated overnight at room temperature with the primary antibody, 
diluted in blocking solution (10% goat serum, 5% bovine albumin, and 
phosphate-buffered saline). The following primary antibodies were 
used: mouse or rabbit anti-GFP (1:200; Molecular Probes, Eugene, 
OR), rat anti-CD90 (1:250; BD Biosciences, San Diego, CA), rat anti-
CD44 (1:250; BD Biosciences), rabbit anti-parvalbumin (1:2,000; Swant, 
Marly, Switzerland), mouse anti-Tuj1 (1:1,000; Covance, Berkeley, CA), 
rabbit anti-BDNF (1:200; Santa Cruz Biotechnology, Santa Cruz, CA), 
neurotrophin-4/5 (NT-4/5, 1:100; Chemicon/Millipore), and sheep anti-
neurotrophin-3 (NT-3, 1:100; Chemicon/Millipore).

The following day, the sections were incubated with the secondary 
antibody. For GFP staining, anti-mouse Alexa Fluor 488 (1:500; Molecular 
Probes) was used, and for the other antibodies, biotinylated secondary 
antibodies were used (1:200, Vector Laboratories, Burmingham, CA) 
followed by an incubation with streptavidin conjugated with Cy3 (1:500). 
4',6-diamidino-2-phenylindole (DAPI) (Molecular Probes) was used to 
stain nuclei. Histological samples were observed under a fluorescence 
microscope (Leica DMR, Leica Microsystems, Wetzlar, Germany).

Standard and real-time PCR. Total mRNA of the cells was isolated using 
the Trizol protocol (Invitrogen). In the case of standard PCR analysis, the 
mRNA was reverse transcribed using the Quantitect Reverse Transcription 
kit (QIAGEN, Silicon Valley, CA), processed with the QIAGEN Multiplex 
PCR kit, and run on the QIAxcel apparatus. In the case of real-time PCR, 
5 µg of mRNA was reverse transcribed, and ~100 ng of cDNA was ampli-
fied using Power SYBR Green Master mix (Applied Biosystems, Foster 
City, CA). All the samples were run in triplicate using the StepOne Plus 
Real-Time PCR system (Applied Biosystems; 40 cycles) and analyzed with 
the StepOne Software (Applied Biosystems/Life Technologies, Madrid, 
Spain). Analyses were carried out using the ΔCt method and calculated 
relative to GAPDH (forward: AGGTCGGTGTGAACGGATTTG, reverse: 
GGGGTCGTTGATGGCAACA). The results were normalized with 

respect to the control condition, which presented a value of 1, using the 
same approach as in our previous report.14 The following primers were 
used, taken from the PrimerBank webpage (http://pga.mgh.harvard.edu/
primerbank/): NT4 (forward: TGAGCTGGCAGTATGCGAC, reverse: 
CAGCGCGTCTCGAAGAAGT), BDNF (forward: TCATACTTCGGTT 
GCATGAAGG, reverse: GTCCGTGGACGTTTACTTCTTT), NT3  
(forward: AGTTTGCCGGAAGACTCTCTC, reverse: GGGTGCTCTGG 
TAATTTTCCTTA), Frataxin (forward: CCACGCCCATTTGAACCTC, 
reverse: TCTTTCATACGCTGTCTCGTCT), GFAP (forward: CGGAG 
ACGCATGACCTCTG, reverse: AGGGAGTGGAGGAGTCATTCG, GFP  
(forward: CTGCTGCCCGACAACCA, reverse: GAACTCCAGCAGGA 
CGACGACCATGTG), Tuj1 (forward: TCAGCGATGAGCACGGCATA, 
reverse: CACTCTTTCCGCACGACATC), MAP2 (forward: AGCCGCAA 
CGCCAATGGATT, reverse: TTTGTTCCGAGGCTGGCGAT), SOD1  
(forward: ATGGCGATGAAAGCGGTGT, reverse: CCTTGTGTATT 
GTCCCCATACTG), SOD2 (forward: CAGACCTGCCTTACGACTATGG, 
reverse: CTCGGTGGCGTTGAGATTGTT), SOD3 (forward: CCTT 
CTTGTTCTACGGCTTGC, reverse: ACGTGTCGCCTATCTTCTCAA), 
Caspase-3 (forward: TGGTGATGAAGGGGTCATTTATG, reverse: TTC 
GGCTTTCCAGTCAGACTC), Catalase (forward: AGCGACCAGAT 
GAAGCAGTG, reverse: TCCGCTCTCTGTCAAAGTGTG), GPX-1  
(forward: CCACCGTGTATGCCTTCTCC, reverse: AGAGAGACGC 
GACATTCTCAAT), Bcl-2 (forward: ATGCCTTTGTGGAACTATATGG 
C, reverse: GGTATGCACCCAGAGTGATGC), Bax (forward: AGACAGG 
GGCCTTTTTGCTAC, reverse: AATTCGCCGGAGACACTCG), CD90  
(forward: TGCTCTCAGTCTTGCAGGTG, reverse: TGGATGGAGTT 
ATCCTTGGTGTT), and CD44 (forward: TCGATTTGAATGTAACC 
TGCCG, reverse: CAGTCCGGGAGATACTGTAGC).

Western blot analysis. The DRG of the treated mice were lysed, and the 
proteins separated on 15% sodium dodecyl sulfate–polyacrylamide gels and 
probed for rabbit anti-Frataxin (1:750; Santa Cruz Biotechnology), rat anti-
CD44 (1:500; BD Pharmingen, San Diego, CA), rat anti-CD90(1:500; BD 
Pharmingen), mouse anti-GFP(1:1,000; Molecular Probes, Eugene, OR), rab-
bit anti-BDNF (1:500; Santa Cruz Biotechnology), anti-NT3 (1:250; Abcam, 
Cambridge, England), and anti-NT4 (1:250, Santa Cruz Biotechnology). 
Secondary antibodies were visualized by chemiluminescence (ECL, 
Amersham, England). For protein quantification, we used Quantity One soft-
ware (BioRad, Hercules, CA). β-Actin was used as loading control.

Tissue processing for semi-thin sections. Unless otherwise stated, all reac-
tants were purchased from Sigma-Aldrich. Animals were perfused intra-
cardially with 0.9% saline followed by 4% paraformaldehyde and 0.5% 
glutaraldehyde. DRG were dissected and postfixed overnight in the same 
fixative solution. Then, whole ganglia were postfixed in 2% osmium tetrox-
ide (OsO4) for 2 hours, rinsed, dehydrated, and embedded in Durcupan. 
To study the organization of the dorsal ganglia, semi-thin sections (1.5 
µm) were cut with a diamond knife and stained with 1% toluidine blue. 
Subsequently, the area of interest was trimmed, and ultrathin sections 
(60–70 nm) were obtained with a diamond knife, stained with lead citrate 
and examined under a transmission electron microscope (Tecnai Spirit 
G2; FEI, Eindhoven, The Netherlands). In semi-thin sections, the small 
cell ratio was estimated dividing the number of small cells by the number 
of neurons. Three ganglia were analyzed per animal, and n = 3 per group 
(WT, ATX, and TX MSC).

Statistical analysis. Statistical significance between control and experi-
mental groups were calculated with Sigmaplot v11.0 software (Systat 
Software, San Jose, CA), using the paired t-test and one-way ANOVA test 
where applicable, establishing the level of significance at P < 0.05. Values 
are measured as mean ± SD.
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