Bone marrow transplantation improves motor activity in a mouse model of
ataxia
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Abstract
Ataxias are locomotor disorders that can have an origin both neural and muscular, although
both impairments are related. Unfortunately, ataxia has no cure and the current therapies are
aimed at motor re-education or muscular reinforcement. Nevertheless, cell therapy is becoming
a promising approach to deal with incurable neural diseases, including neuro-muscular ataxias.
Here we have used a model of ataxia, the PCD mutant mouse, to study the effect of healthy
(wild-type) bone marrow transplantation on the restoration of defective mobility. Bone marrow
transplants (from both mutant and healthy donors) were performed in wild-type and PCD mice.
Then, a wide battery of behavioral tests was employed to determine possible motor
amelioration in mutants. Finally, cerebellum, spinal cord and muscle were analyzed to study
the integration of the transplant-derived cells and the origin of the behavioral changes. Our
results demonstrated that the transplant of wild-type bone marrow restores the mobility of PCD
mice, increasing their capabilities of movement (52-100% of recovery), exploration (20-71%
of recovery), speed (35% of recovery), and motor coordination (25% of recovery).
Surprisingly, our results showed that bone marrow transplant notably improves the skeletal
muscle structure, which is severely damaged in the mutants, rather than ameliorating the central
nervous system. Although a multimodal effect of the transplant is not discarded, muscular
improvements appear to be the basis of this motor recovery. Furthermore, the results from our
study indicate that bone marrow stem cell therapy can be a safe and effective alternative for
dealing with movement disorders such as ataxias.

Abbreviations
Ccp1/CCP1
GFP
IGF1
IMDM
PBS
PCD

cytosolic carboxypeptidase 1
green fluorescent protein
insulin-like growth factor 1
Iscove´s Modified Dulbecco´s Medium
phosphate-buffered saline
Purkinje Cell Degeneration
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Introduction
Ataxias are locomotor disorders characterized by an abnormal gait, including trembling
movements and/or loss of directionality (Koeppen, 1998). Cerebellar and spinocerebellar
ataxias are of neural origin and usually involve the death of Purkinje cells or, at least,
dysfunctions in their physiology (Butterworth, 1993; Zoghbi, 1995; Koeppen, 1998; Vanier,
2010). Likewise, ataxic symptoms can also be due to muscle impairments, where cerebellar
ataxias cause secondary muscle atrophy due to impaired mobility, which can in turn exacerbate
the patient’s gait problems (Milne et al., 2016).
Unfortunately, most ataxias have no effective cure, and most treatments aim to palliate the
locomotor symptoms through motor re-education or muscular reinforcement (Milne et al.,
2016). Notwithstanding, cell-based therapies using different animal models of the disease have
provided interesting results regarding both cerebellar ataxias (Bae et al., 2005; Bae et al., 2007;
Chen et al., 2011; Jones et al., 2015) and muscular impairments (Ferrari et al., 1998; Gussoni
et al., 1999; Galli et al., 2014).
The use of bone marrow-derived stem cells is very suitable for cell therapy for several reasons:
they constitute a population that has been well characterized over a long period of time (Becker
et al., 1963); they integrate physiologically into several organs including both encephalon and
muscle (Mezey et al., 2000; Álvarez-Dolado et al., 2003; Mezey, 2005; Nern et al., 2009; Fujita
et al., 2015); and their mechanisms of regeneration are diverse, ranging from direct
differentiation into neurons to cell fusion, or the secretion of trophic factors (Díaz et al., 2015).
These processes usually take place simultaneously during tissue regeneration after a bone
marrow stem cell transplant. Nonetheless, few detailed studies describe the exact mechanism
by which these stem cells improve the symptoms of ataxia.
Accordingly, over the past years, our group has experimented with Purkinje Cell Degeneration
(PCD) mutant mice, a model of cerebellar ataxia. These mice lack the expression of the Ccp1
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gene (cytosolic carboxypeptidase 1), also known as Agtpbp1 or Nna1 (Harris et al., 2000;
Fernández-González et al., 2002; Berezniuk et al., 2012). Ccp1 is specifically expressed in cells
that degenerate in PCD animals, and has been shown to be related to axon growth, and more
precisely, to the dynamics of microtubules (Harris et al., 2000; Berezniuk et al., 2012) which
play a key role in the functioning of the cytoskeleton of neurons (Berezniuk et al., 2012). Little
is known about other associated impairments or cellular malfunctions that PCD mutants may
suffer because of the mutation. For instance, previous reports have suggested muscular
impairment to be involved with this phenotype (Carrascosa et al., 2004), but it is unclear if it
is a concomitant secondary atrophy derived from the cerebellar ataxia.
In parallel, the PCD results ideal for deciphering the mechanisms involved in a cell-based
therapy for ataxia, as it has previously allowed us to show the features of bone marrow-derived
cells integration into the brain (Recio et al., 2011). Furthermore, and interestingly, cell therapy
using stem cells from healthy bone marrow in the PCD reduced the degeneration of mitral cells
in the olfactory bulb, leading to a restoration of the olfaction (Díaz et al., 2012a), although such
therapy did not palliate Purkinje cell death (Recio et al., 2011). However, it has been reported
that PCD mice suffer other secondary impairments in both cerebellum (Triarhou et al., 1987;
Zhang et al., 1997; Baurle et al., 1997; Wang and Morgan, 2007) and muscle (Carrascosa et
al., 2004), and possible improvement in locomotor defects after cell therapy, to date, has not
been investigated.
Therefore, our hypothesis is that a healthy bone marrow transplantation can restore the
movement of PCD mice. To verify this hypothesis, we have transplanted healthy (wild-type) or
mutant (PCD) bone marrow in PCD animals (with the adequate controls) and performed a wide
battery of motor tests. The integration and possible effects of the transplant-derived cells were
also analyzed in situ in the cerebellum, the spinal cord and the skeletal muscle.
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Material and methods
Animals
Mice were housed at the Animal Facilities of the University of Salamanca or the CABIMER
at constant temperature and humidity, with a 12/12-hour photoperiod, and with water and
special rodent chow ad libitum (Rodent toxicology diet, B&K Universal G.J., S.L. Molins de
Rei, Barcelona). All animals were housed, manipulated and sacrificed in accordance with
current European (2010/63/UE, Recommendation 2007/526/CE) and Spanish Legislation (Law
32/2007, RD 53/2013); the experiments were approved by the Bioethical Committees of the
University of Salamanca and CABIMER.
Bone marrow transplants were carried out on both wild-type (+/+) and PCD (pcd/pcd) mice of
the C57BL/DBA strain (Jackson Bar Harbor, ME, USA). They were produced from mating
heterozygous PCD mice (+/pcd) within the animal facilities. Mice with the same genotypes
were also used as non-transplanted control animals.
Both wild-type or PCD green fluorescent protein (GFP) transgenic mice (Jackson) were used
as the bone marrow donors (Recio et al., 2011; Díaz et al., 2012b).
Mouse genotyping
Wild-type and heterozygous mice are phenotypically indistinguishable and in addition, PCD
animals are not suitable for breeding (Wang and Morgan, 2007). Therefore, a genotyping
method was necessary to identify the different animals. PCR was performed on the
microsatellite regions D13Mit250 and D13Mit283, associated with the locus of the mutant or
wild-type alleles, respectively, as previously described (Valero et al., 2006; Díaz et al., 2012b).
The

sequences

of
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primers

employed

were
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http://www.informatics.jax.org/searches/probe.cgi?38700

and

http://www.informatics.jax.org/searches/probe.cgi?41581.
Bone marrow ablation and transplantation
Recipient animals were irradiated at postnatal day 19 (P19) with a

137

Cs source for mice

(Gammacell 1000 Elite; radiation rate, 243 cGy/min; energy, 0.662 MeV; MDS Nordion,
Ottawa, Canada). The dose used was 7.5 Gy, enough to ablate the bone marrow of recipients
and allow subsequent transplantation (Álvarez-Dolado et al., 2003; Recio et al., 2011; Díaz et
al., 2011).
The bone marrow extraction and transplantation was performed as previously described (Díaz
et al., 2011; Recio et al., 2011; Díaz et al., 2012a; Díaz et al., 2012b). Briefly, after sacrifice
donors and dissect their femurs and tibias, bone marrow extraction was performed by injecting
IMDM (Iscove´s Modified Dulbecco´s Medium; Invitrogen; Carlsbad, CA, USA) with a
syringe at both epiphyses of each bone. The bone marrow wash was filtered and centrifuged at
1,500 rpm for 5 min. The supernatant was removed and the pellet was re-suspended in 5 ml of
lysis buffer (140 mM NH4Cl, 17 mM Tris-base, pH 7.4) for 5 min to destroy the erythrocytes.
The reaction was stopped by adding 45 ml of 0.1 M phosphate-buffered saline, pH 7.4 (PBS)
and the number of cells of each vial was estimated using a Thoma chamber. The cell suspension
was centrifuged again at 1,500 rpm for 5 min and the pellet was re-suspended in PBS for
transplantation into the recipients. Transplants were performed twenty-four hours after the
irradiation (at P20), and each mouse received a single injection in the tail vein containing a
suspension of 7.5 million bone marrow cells (from the wild-type or PCD donor animals) in
PBS. The constitutive expression of GFP in donor mice allows their derived cells to be tracked
in the tissues of recipients (Recio et al., 2011). In every radiation/transplant round two mice
were left without transplant, as radiation controls, to confirm the effectivity of the ablation,
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since it was performed with a minimal lethal radiation dose (Díaz et al., 2011). In every case,
these mice died after 7-10 days post radiation, thus verifying the quality of the procedure.
Recipients were housed separately for three weeks in an insulated rack for immunodepressed
animals. Then, animals were returned to their cages for further analysis. Hematopoietic
engraftment was quantified 1 month after transplantation by flow cytometry (Becton
Dickinson; Franklin Lakes, NJ, USA) based on the frequency of cells expressing GFP in
peripheral blood after erythrocyte lysis.
To summarize, six experimental groups of mice (n=5-6, each) were used: non-transplanted
wild-type (1) and PCD (2) mice, as the wild-type or PCD control groups, respectively; wildtype mice transplanted with healthy (wild-type) bone marrow (3), as wild-type sham group, to
analyze putative deleterious effects of the radiation; PCD mice transplanted with PCD bone
marrow (4), as PCD sham, to discard beneficial effects derived from the technical procedures
themselves; and PCD mice transplanted with healthy bone marrow (5) used as the PCD
experimental group to determine the positive effects of the treatment (healthy bone marrow
transplantation). Additionally, a sixth group was employed: wild-type animals transplanted
with PCD bone marrow (wild-type experimental). This group was only used to analyze the
properties of migration and nesting of the PCD-derived bone marrow cells.
Behavioral tests
All mice underwent the same sequence of behavioral tests (open field, measurement of their
average locomotion speed, footprint analysis, and rotarod). The tests were conducted weekly
during 4 weeks, from P40 and onward. All tests were conducted by an operator blind to the
experimental condition, in the same testing room, under the same indirect light and daytime
intervals (always during the light phase of the circadian cycle, between 08:00 and 18:00 hours).
The mice were habituated in their home cages and transferred to the testing room at least 1
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hour before the start of the experiment, and returned to their cages after the tests. The room
environment was set up to minimize olfactory, auditory and visual cues. All of the testing
apparatus were cleaned with soapy water and 70% ethanol before and after every trial, and
tasks were recorded by a video-camera for subsequent observer-blind analysis.
The open field test provides information related to the motor capacity, exploratory behavior
and emotional reactivity of animals (Takahashi et al., 2006). Its device consisted of a
rectangular plastic cage of 50 x 29 cm and a depth of 17.5 cm. At the bottom of the cage the
field was marked with a grid containing 5 x 3 squares (9 x 9 cm each; Supplementary Fig. 1).
Each mouse was placed in the central square and five parameters were quantified during 5 min:
1) complete crossings, where the mouse crossed, with all four paws, from one square to the
adjacent square; 2) half crossings, where the animal crossed a line with only two of its paws
and then returned back to the original square; 3) rearing events, where the animal stood up on
its hind paws; 4) grooming events, where the animal cleaned its face, snout and whiskers; and
5) fecal pellets. The two first parameters indicated the directionality and decision of movement,
whereas the two vertical movements (parameters 3 and 4) were related with their exploratory
behavior. Fecal pellets were considered as an indicator of stress during the execution of the
task.
To determine the speed of movement, the time it took the animals to pass through a narrow
corridor 1 m in length was measured. The width of the passage was 3 cm, preventing the
animals from turning around. In cases where the animal changed its direction, the test was
restarted.
The footprint test allowed a qualitative analysis of the locomotion of the mouse. The forepaws
were painted with a nontoxic red ink, and the hind paws with a nontoxic blue ink. Then, the
animals were allowed to walk over a filter paper, where the pattern of their tracks was obtained.
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The animals were also subjected to the rotarod test (Panlab, Barcelona, Spain). This is a more
complex motor task that assesses the animals’ motor coordination and equilibrium. The test
consists of a horizontal rod that rotates at constant acceleration (from 4 to 40 rpm along 10
min). The mice were placed onto the rod and had to walk in the direction opposite to its rotation
to avoid falling off, their latency to fall being scored. Three trials were performed per daily
session during a period of 7 days. Animals were allowed to rest for a minimum of 10 min
between trials to avoid fatigue.
Sacrifice and tissue processing
Mice were deeply anaesthetized with 10 µl/g b.w. of chloral hydrate (Prolabo, Fontenay-sousBois, France). Then, they were sacrificed by intracardiac perfusion of PBS, followed by
Zamboni’s fixative (4% w/v depolymerized paraformaldehyde and 15% v/v saturated picric
acid in PBS) during 15 min. After perfusion, the brain, an ischiotibial muscle and a cervicalthoracic portion of the spinal cord were dissected out and rinsed for 2 hours with PBS.
Cerebella were cryoprotected by immersing them in 30% (w/v) sucrose in PBS, frozen, and
sectioned in 40-μm thick parasagittal slices using a freezing-sliding microtome (Jung SM 2000,
Leica Instruments, Nussloch, Germany) attached to a freezing unit (Frigomobil, Leica). Muscle
samples were similarly cryoprotected and divided to obtain both longitudinal and transversal
sections 14-μm thick with a cryostat (Microm HM 560, Thermo Scientific, MA, USA). Spinal
cord samples were also divided in two parts, one of them was cryoprotected, sectioned into 14μm thick coronal slices using a cryostat (Thermo Scientific) and destined for
immunohistochemistry. The other part was embedded in paraffin and sectioned in 14-μm thick
coronal slices using a rotary microtome (Leica 2065, Leica) and destined for general histology.
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Tissue staining
Both paraffin slices of the spinal cord and muscle slices were stained with hematoxylin-eosin
to reveal the general distribution of cells within the tissue. Nissl staining was also performed
on the spinal cord sections for the same purpose. Masson’s trichrome staining was performed
on muscle slices to study the morphology and collagen distribution within the muscle fibers.
Immunofluorescence
Slices were washed in PBS (3 x 10 min) and incubating them overnight at room temperature
under continuous rotary shaking in a medium containing 0.2% (w/v) Triton X-100, 5% (v/v)
donkey serum, the primary anti-GFP polyclonal goat antibody (1:2,000; Abcam, Cambridge,
UK), the primary anti-calbindin D28k monoclonal mouse antibody (1:2,000; Swant,
Bellinzona, Switzerland) to label Purkinje cells, and/or an anti-Iba1 polyclonal rabbit IgG
(1:1,000; Wako, Osaka, Japan) to label microglia, in PBS. Following this, slices were washed
in PBS and incubated in a second medium with Cy2-conjugated donkey anti-goat fluorescent
antibody (1:500; Jackson Laboratories, West Grove, PA, USA), Cy3-conjugated donkey antimouse fluorescent antibody (1:500; Jackson) and/or Cy5-conjugated donkey anti-rabbit
fluorescent antibody (1:500; Jackson) in PBS for 2 hours at room temperature under continuous
rotary shaking. Finally, sections were rinsed in PBS and mounted with coverslips and a freshly
prepared anti-fade medium composed by 0.42% (w/v) glycine, 0.021% (w/v) NaOH, 0.51%
(w/v) NaCl, 5% (w/v) N-propyl-gallate, 70% (v/v) glycerol and 0.002% (w/v) Thimerosal.
Data analysis
GFP+ cells were counted with the Neurolucida (V8.23, MicroBrightField, Colchester, VT,
USA) and Neuroexplorer programs (V4.70.3, MicroBrightField), and referred to a surface to
obtain the corresponding cell density (when required). The thickness of muscle fibers was
estimated by measuring the diameter of these cells in transversal sections of muscle samples
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and calculating its mean for each animal. Then, using these data, the mean fiber diameter for
each experimental group was calculated. More than 2000 muscle fibers were counted for each
group.
Homoscedasticity was checked before any statistical analysis was carried out (KolmogorovSmirnov test). Then, different statistical tests were performed depending on the experiments.
To make comprehension easier, each test will be described where applicable, in both the
Results section and in the figure legends. The statistic suite SPSS (v23.0 for Windows, SPSS,
Chicago, IL, USA) was used for all statistical analyses.

Results
Transplant integration
All of the transplanted mice survived the quarantine period after radiation and transplant, and
had a healthy appearance. The analysis of blood, one month after the transplant, by flow
cytometry confirmed bone marrow integration in all of the different groups, with a chimerism
level of GFP+ blood cells similar to the donors (60-85%, Supp. Fig. 2). The analysis confirmed
no significant differences among the groups that had received a transplant (both sham and
experimental; one-way ANOVA test, GL = 3, F = 0.078, p = 0.971). A second blood analysis
was performed before euthanasia with similar results. These data suggested that neither
transplant homing nor bone marrow incorporation were affected by the pcd mutation.
Motor tests
As PCD mice suffer severe ataxia at the age when behavioral tests are usually carried out
(Mullen et al., 1976; Wang and Morgan, 2007), they are incapable of properly performing very
complicated motor tasks. Thus, the mice were first subjected to an open field test, followed by
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measuring of the average speed of movement, the footprint analysis, and finally, the rotarod
test.
1. Open field. A relevant improvement in the movement of PCD experimental mice was
detected. The positive effects appeared in both movement directionality (complete and
half crossings; Fig. 1 A, B; Supp. Table 1; one-way ANOVA, GL = 4, F = 5.095, p =
0.001, and F = 10.270, p < 0.001, respectively) and explorative behavior (rearing and
grooming; Fig. 1 C, D; Supp. Table 1; one-way ANOVA, GL = 4, F = 78.798, p <
0.001, and F = 6.140, p < 0.001, respectively). Thus, the PCD experimental group
presented similar values to both groups of wild-type mice (control and sham) in
complete crossings (Fig. 1 A; Supp. Table 1; PCD Bonferroni post hoc test, p ≥ 0.05)
and grooming events (Fig. 1 D; Supp. Table 1; Bonferroni post hoc test, p ≥ 0.05). In
addition, statistically significant differences were observed upon comparing the PCD
experimental group with both the PCD control and the PCD sham (ataxic) groups, for
these same parameters (Fig. 1 A, Supp. Table 1; D; Bonferroni post hoc tests, p < 0.05
and p < 0.01, respectively). Concerning the other parameters, the PCD experimental
mice presented intermediate values between those corresponding to both groups of
wild-type and both PCD mutant mice: half crossings (Fig. 1 B; Supp. Table 1;
Bonferroni post hoc tests, p < 0.05, p < 0.01) and rearing events (Fig. 1 C; Supp. Table
1; one-way ANOVA and Bonferroni post hoc tests, p < 0.05, p < 0.01). Possible
differences related to stress were discarded since no statistical differences were
observed in the number of fecal pellets of the different groups (Fig. 1 E; Supp. Table 1;
one-way ANOVA, GL = 4, F = 0.861, p = 0.489).
2. Locomotion speed and footprint analysis. PCD experimental mice, although slower
than the wild-type control and sham animals (Fig. 1 F; Supp. Table 1; one-way
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ANOVA, GL = 4, F = 28.875, p < 0.001; and Bonferroni post hoc tests, p < 0.01),
presented average speed values higher than those corresponding to the other two PCD
groups (Fig. 1 F; Supp. Table 1; Bonferroni post hoc tests, p < 0.05). Thus, healthy
bone marrow transplantation also increased the speed of movement of PCD mice.
Moreover, the locomotion pattern of PCD experimental mice also presented marked
improvements, as shown by the footprint analysis (Fig. 1 G, I, K). It is also necessary
to comment that both PCD control and sham mice advanced by standing on the heels
of their back paws, whereas the PCD experimental mice advanced on their toes, as
observed in wild-type mice (Fig. 1 H, J, L, arrows).
3. Rotarod. As the previous locomotor tests demonstrated a clear improvement in the
motor activity of PCD experimental mice, a new cohort of animals was subjected to the
rotarod test to confirm these results and evaluate coordination, equilibrium, and
progressive motor skill acquisition. Also, the possible effect of the techniques employed
was discarded since both sham groups showed results similar to their corresponding
control groups. Therefore, the animals within the sham groups were not included in this
study in order to reduce the number of animals.
The aforementioned motor tests were corroborated: PCD mice were almost incapable
of remaining on the rod, presenting latency values close to 0 along the seven sessions
included within the test (Fig. 2). By contrast, both wild-type and PCD experimental
mice were able to remain on the rod (Fig. 2). A two-way repeated-measures ANOVA
analysis confirmed significant differences among the sessions (GL = 6, F = 8.178, p <
0.001) and type of treatment (GL = 2, F = 22.580; p < 0.001). In addition, after
combining the mean latency values of each group along the sessions (Fig. 2B), we
observed that PCD experimental mice presented an intermediate latency in comparison
with both wild-type and PCD animals (Fig. 2B; PCD experimental 0.694 ± 0.124 SEM,
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wild-type 2.740 ± 0.178 SEM, PCD 0.017 ± 0.02 SEM; one-way ANOVA, GL = 2, F
= 115.876, p < 0.001; Bonferroni post hoc test, p < 0.01). These results confirmed a
partial rescue of the locomotor activity in PCD mice after a healthy bone marrow
transplant.
Tissue analysis
After the behavioral tests were completed, the mice were euthanized and the cerebellum, spinal
cord and skeletal muscle were analyzed. First, we analyzed the cerebellum of the transplanted
mice to detect cells derived from the transplant. The main cell type found in all of the
transplanted animals (both PCD and wild-type mice, whether transplanted with wild-type or
PCD bone marrow) was microglia (Iba1+), as has been previously reported (Recio et al., 2011),
with no differences among the different groups (wild-type sham 393.002 ± 47.841 SEM, wildtype experimental 365.920 ± 44.894 SEM, PCD sham 375.383 ± 55.627 SEM, PCD
experimental 359.500 ± 86.559 SEM cells in each section of cerebellar vermis; one-way
ANOVA, GL = 3, F = 2.096, p = 0.169). In both PCD sham and experimental groups no
additional cell types derived from the transplant were detected in the vermis of the cerebellum.
However, in both wild-type transplanted groups (whether with healthy or PCD bone marrow),
GFP+ Purkinje cells derived from the transplant appeared (Fig. 3), with no significant
differences between them (Fig. 3D; wild-type sham 1.382 ± 0.627 SEM, wild-type
experimental 2.000 ± 0.894 SEM; Student’s t test, GL = 10, p = 0.584). Thus, PCD bone
marrow-derived cells showed features of migration and integration similar to those of wildtype cells. On the other hand, the cerebellar degenerative pattern in the three PCD groups
(control, sham or experimental) was similar. No Purkinje cells were detected, thus confirming
a complete degeneration of these neurons as previously reported (Recio et al., 2011). Therefore,
the origin of the partial rescue of the locomotor system in PCD experimental mice appears to
be independent of the cerebellar degeneration.
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Then, we analyzed the spinal cord, observing that its general histology was not different among
the groups (Supplementary Fig. 3); thus, spinal neurons do not seem to be affected by the pcd
mutation. Moreover, the immunohistochemistry revealed only GFP+ microglial cells in the
spinal cord sections of all of the transplanted groups without any further differences (one-way
ANOVA, GL = 3, F = 0.160, p = 0.855). Therefore, the spinal cord also seemed to be unrelated
to the partial motor recovery of the PCD experimental mice.
Finally, we analyzed the muscle samples. Here, we found GFP+ cells in all of the samples of
transplanted animals, corresponding to macrophages (identified by CD45 labeling, data not
shown) and muscle fibers with their characteristic morphologies (Fig. 4A). The number of these
GFP+ muscle fibers was higher in transplanted PCD groups compared to their wild-type
counterparts, suggesting that the mutant environment exerts an attraction of donor cells or favor
their differentiation into the muscle (Fig. 4B; Student’s t test, wild-type sham 0.113 ± 0.023
SEM cells/mm2, PCD experimental 0.213 ± 0.072 SEM cells/mm2; GL = 10, p = 0.045). Then,
we analyzed the histology and morphology of muscular fibers by hematoxylin-eosin and
Masson’s trichrome staining. No accumulation of collagen or fibrosis was observed in any of
the analyzed groups. The general muscle structure was otherwise normal, except in PCD mice
(both control and sham), which presented a smaller size, most likely due to ataxia-derived
atrophy. PCD muscle fibers were thinner in comparison to the wild-type groups (Fig. 5).
Interestingly, the organization of the muscle fibers in PCD experimental mice was more similar
to the wild-type. In addition, the thickness of these muscle cells was larger than those
corresponding to the other PCD groups, and similar to the thickness observed in the wild-type
animals (Fig. 5 and 6; one-way ANOVA, GL = 2, F = 43.390, p < 0.001; Bonferroni post hoc
test, p < 0.01). These results indicate that the healthy bone marrow transplant had a positive
effect on the musculature of the PCD experimental mice, which may account for their partially
improved locomotor activity.
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Discussion
Ataxias are severe degenerative neuromuscular disorders with diverse etiology and a general
lack of effective treatments. Recently, cell-based therapy with bone marrow-derived stem cells
has been assayed in animal models of ataxia as a new therapeutic approach. Transplanted cells
usually originate from healthy donors, but they can derive from mutant animals (used as
negative controls; Chen et al., 2011; Baltanás et al., 2013b; Díaz et al., 2015). In the latter
situation, the viability of the mutant transplanted cells and their integration should be checked.
This was the case of the negative controls used in this study, which involved transplantation
using bone marrow cells carrying the pcd mutation in the Ccp1 gene. We employed PCD mice
as donors of bone marrow cells and demonstrated that the processes of cell homing, migration,
and transdifferentiation after bone marrow transplantation were not affected by the Ccp1
mutation, either by affecting the bone marrow physiology directly or generating a nonpermissive environment in PCD mice. First, both wild-type and mutant animals transplanted
with PCD bone marrow survived along all the experiments after a (minimal) lethal dose of
radiation, as well as the animals transplanted with wild-type bone marrow (Díaz et al., 2011).
Thus, the cell homing of the new transplanted cells and the subsequent restoration of the
hematopoietic/immune systems were not affected (Whetton and Graham, 1999). Second, we
detected mutant (PCD) bone marrow-derived both microglia and Purkinje cells (in the wildtype recipients) of the same origin, either by transdifferentiation or cell fusion, as previously
described (Recio et al., 2011). Finally, the proportion of mutant bone marrow-derived neural
cells was similar to that derived from wild-type bone marrow, which demonstrates similar
features of integration.
To date, the locomotor activity of PCD mice after a bone marrow transplantation has not been
tested. However, the results of our behavioral tests demonstrated that the transplantation of
healthy bone marrow in PCD mice elicited a beneficial effect, with no apparent secondary
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effects related to the experimental procedures. The loss of Purkinje cells is considered to be the
cause of the severe ataxia suffered by PCD mice (Mullen et al., 1976). Hence, it was thought
that the improved motor activity would be the result of the rescue of Purkinje cells in the
cerebellum by cell fusion between healthy/genetically modified bone marrow cells and
Purkinje cells, as previously shown in other cerebellar degeneration models (Weimann et al.,
2003; Bae et al., 2007; Álvarez-Dolado, 2007; Chen et al., 2011). This hypothesis, however,
was discarded as no Purkinje neurons (either fused with transplant-derived cells or not) were
detected in the cerebellum of all our PCD groups, which in fact exhibited similar cerebellar
degeneration. It is likely that the degeneration of Purkinje cells was already quite advanced
before the reconstitution of the bone marrow was completed, and therefore, the possible cell
fusion events between Purkinje and bone marrow-derived cells could not have taken place, as
previously suggested (Recio et al., 2011). Besides, a neuroprotective effect mediated by bone
marrow-derived microglia cannot be discarded (Derecki et al., 2012; Díaz et al., 2012a).
However, a putative reduction in the loss of Purkinje cells, if this actually occurs, would be
very transient since similar transplants with shorter survival times show no neuroprotection
(Recio et al., 2011).
The only reference mentioning tissue damage in structures related to motor behavior in PCD
mice, except for the cerebellum, has merely suggested some undefined muscle impairments
(Carrascosa et al., 2004). Considering that Ccp1 was discovered by inducing axotomy in the
motoneurons of the spinal cord and is involved in axon regeneration and reinnervation (Harris
et al., 2000), we decided to investigate both the spinal cord and the musculature of PCD mice.
No apparent differences in the tissue morphology of the spinal cord were found within the
experimental groups, and a similar number of bone marrow-derived microglial cells were
observed in transplanted animals, independently of their genotype. Previous findings verified
this integration of bone marrow-derived cells in the spinal cord, also showing that their number
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increases after spinal cord damage (Lewis et al., 2013). Therefore, these data indicate that PCD
mice have no additional spinal cord impairments, and that the transplant had no effect on this
structure.
Additionally, the analysis of muscle fibers helped to clarify the origin of the improved motor
activity in PCD experimental mice: a partial rescue of the muscle fiber thickness within the
muscle was observed. This may be interpreted as the direct cause of the improved locomotion
observed in PCD experimental mice or as a consequence of reduced muscle atrophy caused by
improved mobility. Some studies have suggested that low doses of radiation can increase cell
proliferation (Balentova et al., 2006; Balentova et al., 2007) and stimulate local muscle stem
(satellite) cells. To address this question, we included the PCD sham group of mice. Since no
positive (or negative) effects of the treatment were detected in this group, we discarded the
possibility of any amelioration of muscular degeneration due to the experimental procedures.
Conversely, high doses of radiation could lead to muscle alterations (Russell and Connor, 2014;
Mericli et al., 2015). However, the dose applied in our experiments was low and, in addition,
no differences were found between the wild-type groups. Therefore, the observed enhanced
locomotor behavior in PCD mice should not be related to the experimental radiation and be
exclusively due to the transplantation of healthy/wild-type bone marrow.
Previous reports have hypothesized muscle deterioration in PCD animals (Carrascosa et al.,
2004), but to our knowledge, this is the first time that the muscle fibers of PCD mice have been
measured, showing a dramatic weakness. Ccp1 is expressed in the striatal muscle of wild-type
animals (Harris et al., 2000), but it is unclear whether the muscular damage observed in PCD
mice is caused directly by the lack of Ccp1 expression or by a secondary atrophy concomitant
to neural ataxia. In any case, only cells derived from wild-type bone marrow were able to
restore muscle morphology, either by compensating for the lack of Ccp1 expression in the
muscle or by palliating the ataxia-related atrophy. Moreover, the increase in thickness was
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detected in all of the muscle fibers of PCD experimental mice, independently of whether these
cells came from the donor bone marrow or were already present. This suggests that healthy
bone marrow-derived cells could mediate a paracrine effect over the whole musculature, rather
than replace degenerated fibers, achieving better muscle performance. Thus, bone marrowderived cells express and secrete insulin-like growth factor 1 (IGF1), which mediates
therapeutic effects on different disease models (Feng et al., 2012; Cervelló et al., 2015). These
observations are also in agreement with previous findings that suggest that a substitutive
treatment of IGF1 can improve the mobility of PCD mice, and propose some muscle recovery
by means of weight gain and survival extension (Carrascosa et al., 2004). Other relevant factors
of the neuromuscular system are the neurotrophins which can modulate the development and
differentiation of muscle fibers (Chevrel et al., 2006). Interestingly, transplanted bone marrow
mesenchymal stem cells mediate a therapeutic effect on a mouse model of Friedreich ataxia
through the expression of NT3, NT4, and the brain derived neurotrophic factor (Jones et al.,
2015).
Another possible explanation for the enhanced mobility is the physiological integration of some
bone marrow stem cell populations into the striatal muscle, what ensures its normal functioning
and turnover (Fujita et al., 2015). This integration is especially important after muscular
damage, given the anti-inflammatory properties of the bone marrow-derived cells (Fujita et al.,
2015). Hence, it is plausible to consider that in PCD mice this endogenous mechanism of
muscle turnover may be impaired, since these animals may present abnormal patterns of
inflammation, as it occurs in their central nervous system (Baltanás et al., 2013a). Conversely,
when wild-type bone marrow cells substitute the bone marrow cells of the mutant animals, the
process could take place properly and mediate normal turnover in the muscle.
Finally, the transplantation of healthy bone marrow reduces mitral cell degeneration in PCD
mice and improves their olfactory capabilities (Díaz et al., 2012a). Accordingly, these
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transplanted PCD mutants with restored olfaction would receive more olfactory inputs than
standard PCD mice, exploring more actively the source of such inputs. This idea is supported
by the results regarding the number of grooming and rearing events in the open field test. This
increase in exploratory behavior consequently induces greater mobility in these PCD mice, and
moderate exercise has been demonstrated to reduce the symptoms of muscular dystrophies
(Chan et al., 2014; Rowe et al., 2014; Alemdaroglu et al., 2015; Hyzewicz et al., 2015). Thus,
the improvement in olfaction should drive the PCD experimental mice to explore and move
more, indirectly reducing secondary muscular atrophy.
Most probably there is not just one explanation for the improved locomotor ability in PCD
experimental mice, and hence additional hypotheses cannot be discarded. Concerning strict
muscular damage, previous findings have reported the benefits of both systemic bone marrow
transplantation or direct muscular injections (Ferrari et al., 1998; Gussoni et al., 1999; amongst
others), but the PCD is a more complex model. Thus, the positive effect of healthy bone marrow
transplantation on the movement of PCD mice is quite likely a multi-factorial process, and the
exact mechanism of each of these factors will need to be deciphered using other specific
approaches. For instance, wild-type bone marrow transplantation in a strict inducible model of
Purkinje cell degeneration should help to clarify both whether the muscular damage is
secondary to this neuronal death, and to discard maybe the possible effect of the olfactory
loss/regeneration.
The present work was designed to describe a putative positive effect of bone marrow
transplantation on the locomotor activity of ataxic mice. Although the significance of our
results is still being contemplated, this type of cell therapy seems to be a promising palliative
tool for the treatment of ataxias. Accordingly, cells derived from a healthy bone marrow can
be administered as a complementary therapy of the motor re-education (Milne et al., 2016).
Indeed, as the bone marrow cells could exert their benefits without interfering with the
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cerebellar functioning, this complementary therapy could be useful for several types of ataxia
(Vanier, 2010; Milne et al., 2016), and maybe for other motor disorders.
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Figure 1. Motor tests I: open field, locomotion speed, and footprinting. A-E, charts showing
the results of the open field test: A (complete crossings) and B (half crossings), indicative of
movement directionality; C (rearing events) and D (grooming events), indicative of exploratory
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behavior; E (defecations), estimation of mouse anxiety levels. Note that for all of the
parameters measured, except for defecations (E), the two groups of wild-type mice (control
and sham) presented significant differences with both PCD mutant control mice and PCD sham
mice. Conversely, PCD experimental mice showed scores either similar to the wild-type groups
(A, D) or intermediate between the wild-type and the other PCD groups (B, C). For grooming
events (D), PCD sham mice only showed significant differences with the two wild-type groups
(#). F, speed of gating; the two groups of wild-type mice (control and sham) were significantly
faster than the three PCD groups; however, the PCD experimental mice were also faster than
both control and sham PCD groups, thus having an intermediate speed amongst wild-type and
the other PCD mice. G, I and K, footprints representing the gait of wild-type control (G), PCD
control (similar to PCD sham animals; I) and PCD experimental mice (K); the footprints of
both wild-type control (G) and PCD experimental mice (K) followed a straight pattern, whereas
the gait of the PCD mutant control animals was completely blurred and ataxic (I). H, J, and L,
photograms of the mice during the measurement of locomotion speed; note that both wild-type
control (H) and PCD experimental mice (L) advanced on their toes, while both the PCD control
(J) and PCD sham (not shown) mice advanced by standing on the heels of their back paws.
One-way ANOVA and Bonferroni post hoc tests; *, p < 0.05; **, p < 0.01.
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Figure 2. Motor tests II: rotarod. Charts showing the latency to fall from the rod throughout
the different sessions (A) and the mean global values (B). PCD experimental mice reached
values intermediate to those observed for the wild-type and PCD control animals. Note that
PCD control animals barely remained on the rod during almost all of the sessions, whereas
PCD experimental mice exhibited a consistent and significant motor improvement. Two-way
repeated-measures ANOVA analysis (A) and one-way ANOVA analysis with Bonferroni's
post hoc tests (B); **, p < 0.01.
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Figure 3. Bone marrow-derived cells in the cerebellum. Neurons derived from the transplant
(GFP, green) into the cerebellum of wild-type sham mice (A-C) and wild-type experimental
mice (E-H). Purkinje cells are labelled with calbindin (CB, red). There is no significant
difference in the number of bone marrow-derived Purkinje cells between both groups (D;
Student’s t test). H, magnification of a mutant bone marrow-derived Purkinje cell; note the
characteristic morphology of a standard Purkinje neuron, even showing an axon passing
through the granular layer (arrows). Scale bar: 50 μm.
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Figure 4. Bone marrow-derived cells in the muscle. A, representative GFP+ (green) muscular
fibers (arrow) and macrophages (arrowheads) derived from the transplant. B, PCD mice
showed a higher GFP muscular cell density than wild-type animals. Student’s t test; *, p < 0.05.
Scale bar: 250 μm.
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Figure 5. Histological characterization of the muscle. A-C, longitudinal view of fibers labeled
with Masson’s trichrome (TriM); D-I, hematoxylin and eosin (H & E) staining of muscular
cells in longitudinal (D-F) and transversal (G-I) views. Note differences in thickness amongst
experimental groups. Scale bar: 100 μm for A-C; 30 μm for D-I.
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Figure 6. Quantification of muscle fibers diameter. Wild-type sham and PCD experimental
mice presented thicker muscle fibers than PCD sham animals. One-way ANOVA and
Bonferroni post hoc tests; **, p < 0.01.
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