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Highlights
● Preventive grafts of Purkinje cells survive despite ongoing host neurodegeneration
● Preventive cell transplantation does not ameliorate the progression of ataxic symptoms
● Preventive motor training improves ataxic symptoms
● Preventive motor training delays mutant PC loss and attenuates deregulated autophagy
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Abstract
Treatment options for degenerative cerebellar ataxias are currently very limited. A large fraction of
such disorders is represented by hereditary cerebellar ataxias, whose familiar transmission
facilitates an early diagnosis and may possibly allow to start preventive treatments before the onset
of the neurodegeneration and appearance of first symptoms. In spite of the heterogeneous aetiology,
histological alterations of ataxias often include the primary degeneration of the cerebellar cortex
caused by Purkinje cells (PCs) loss. Thus, approaches aimed at replacing or preserving PCs could
represent promising ways of disease management. In the present study, we compared the efficacy
of two different preventive strategies, namely cell replacement and motor training. We used
tambaleante (tbl) mice as a model for progressive ataxia caused by selective loss of PCs and
evaluated the effectiveness of the preventive transplantation of healthy PCs into early postnatal tbl
cerebella, in terms of PC replacement and functional preservation. On the other hand, we
investigated the effects of motor training on PC survival, cerebellar circuitry and their behavioural
correlates. Our results demonstrate that, despite a good survival rate and integration of grafted PCs,
the adopted grafting protocol could not alleviate the ataxic symptoms in tbl mice. Conversely,
preventive motor training increases PCs survival with a moderate positive impact on the motor
phenotype.

Keywords: neurotransplantation – Purkinje neurons - mouse - neurodegeneration -neuroprotection
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1. Introduction
Cerebellar ataxias are a heterogeneous group of neurological disorders characterized by lack of
motor coordination and imbalance associated with other typical clinical signs such as tremors,
muscular hypotonia, oculomotor and speech impairment (Klockgether, 2007). To date, there are no
effective cures for ataxias and the few pharmacological therapies tested persistence so far have
revealed poor efficacy (Marmolino and Manto, 2010; IIg et al. 2014). Since Purkinje cell (PC) loss
is the common and cardinal feature of these disorders (Sugawara et al., 2007), therapeutic strategies
aimed at replacing and/or preserving these cells may represent promising options. However,
approaches based on neurotransplantation at the symptomatic stages of the disease have been
challenged by the low receptiveness for full integration of grafted cells of the mature nervous tissue
(Carletti et al., 2002 and 2008; Carletti and Rossi, 2005). The integration of PC progenitors into
host cerebellar cortex has been achievable only when progenitors have been grafted into very
immature cerebella (Carletti et al., 2008). Thus, the window of opportunity for utilisation of grafting
as a therapeutic approach precedes the common onset of the signs or symptoms of the pathology.
Given this rationale, preventive neurotransplantation could be considered as an effective
replacement therapy in the large fraction of hereditary cerebellar ataxias, wherein familiar
transmission facilitates an early genetic diagnosis.
Among the non-invasive treatment options, motor exercise has been demonstrated to trigger
neuroprotective mechanisms (Van Kummer and Cohen, 2015) and alleviate ataxic symptoms in
both preclinical and clinical studies (Uhlendorf et al., 2011; Synofzik and Ilg 2014). However, the
extent of this amelioration, as well as its endurance, is profoundly affected by factors such as the
disease severity and areas of neurodegeneration, and becomes more limited with the progression of
the pathology (Rabe et al., 2009; Miyai, 2012 a and b). Motor training at early and asymptomatic
stages, when significant neurodegeneration and functional deterioration are absent, might exert
more efficacious and lasting effects on the onset and progression of neurodegeneration, as well on
the promotion of plasticity changes supportive for motor functions, thereby affecting the course of
the disease. Therefore, the present study attempts to understand and compare the therapeutic effects
of cell replacement or motor training as preventive approaches for cerebellar ataxia in homozygous
Tambaleante (tbl) mice (Wassef et al., 1987).
Tbl mice exhibit a severe ataxic phenotype starting from two months of age, associated with
abundant loss of PCs. The first sporadic manifestations of PC loss can be detected as early as at one
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month of age (Mashimo, 2009). The subsequent massive degeneration of PCs has been attributed to
the alteration of the HERC1 E3 ubiquitin ligase, which leads to overactive autophagic processes
(Mashimo et al., 2009). PC degeneration in tbl mice occurs later compared to the other well-known
spontaneous cerebellar mutation models, namely, the purkinje cell degeneration and lurcher mice
(Mullen et al., 1976; Phillips, 1960). Thus, tbl mice represent an ideal opportunity to study
preventive approaches in a timeline where PC degeneration has not yet begun. The uniqueness of
this approach is its ability to showcase the effects of any adopted strategy specifically on the onset
of the disease. Additionally, although signs of autophagy occur in extracerebellar neurons (Ruiz et
al., 2016), consequential neurodegenerative processes only occur in PCs in tbl mice (Mashimo et
al., 2009; Ruiz et al., 2016). This allows the investigation of the effects of preventive therapies on
degenerative processes of a well-defined neuronal target.
In this study, we examined the effects of cell transplantation in postnatal tbl mice, when healthy PC
progenitors are able to fully develop and integrate into host cerebellum. Next, we executed a
protocol of preventive motor training daily to juvenile tbl mice until the day of sacrifice. We
investigated the impact of such approaches on ataxic symptoms and neuronal degeneration. Our
results demonstrate that, in spite of good survival and integration into host cerebellar cortex, grafted
PCs do not alleviate the ataxic phenotype of tbl mice. In contrast, motor training attenuates ataxic
symptoms and promotes PC survival with preservation of cerebellar circuitries and mitigation of
autophagy deregulation.
2. Material and Methods
2.1. Animals and surgical procedures
Tambaleante heterozygous (+/–) mice were bred to produce wild-type (WT) and homozygous null
littermates. Genomic DNA of transgenic mice was extracted from tail snips using standard
protocols and examined by PCR-based genotyping using primers for WT and null alleles (Mashimo
et al., 2009). Day of vaginal plug detection was defined as embryonic day 0 (E0), and the day of
birth was considered as postnatal day 0 (P0). Pups were anesthetized by hypothermia.
Donor cells were isolated from the cerebellar primordium of E11 β-actin–GFP mice and grafted
into the cerebellum of WT or mutant P1 littermates, as described (Jankovski et al., 1996; Carletti et
al., 2002). The posterior surface of the cerebellum was exposed by removing a small fragment of
the occipital bone. Two μl of the single-cell suspension (final concentration 5x104 cells/μl),
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obtained by mechanical dissociation was pressure-injected through a glass capillary into the
parenchyma of cerebellar hemispheres in the attempt to increase the possibility for deep nuclei reinnervation from the grafted PCs. The wound was sutured, and the animal was returned to its cage.
The recipient animals were sacrificed at 2 months post-transplantation.
All procedures on experimental animals were in accordance with the European Communities
Council Directive (2010/ 63/EU), the National Institutes of Health guidelines, and the Italian Law
for Care and Use of Experimental Animals (DL26/14) and were approved by the Italian Ministry of
Health and the Bioethical Committee of the University of Turin.

2.2. Training procedures
Starting from P17, a group of tbl mice and their WT littermates underwent a protocol of motor
training 5 days/week until the day of sacrifice (postnatal day 60). Motor training consisted of motor
exercise (3’ of climbing activity on cage and 20’ of running wheel) and 6 crossing of a wooden
beam bar with a rectangular section (1 cm x 1,5 cm), 1 m in length, placed 80 cm above a foam
carpet.
2.3. Behavioural Assays
Rotarod test. The accelerated rotarod test was used to assess motor coordination and function
(rotarod apparatus: Ugo Basile; five flanges divide the five 5.7 cm lanes, enabling five mice to be
simultaneously on test, the cylinder diameter was 3.5 cm). Testing was performed once for month
for mice of each group. Animals were put on the rotarod until the latency to fall off reached the total
time of 300 s, with constant acceleration of 5.5 and maximum speed of 60 rpm. We performed three
trials per day with 3-5 min intervals, on three consecutive days; the averages of the three sessions
were considered. During pauses between trials, mice were allowed to rest in their home cages
(adapted from Mashimo et al., 2009).
Beam walking test. Beam walking test was used to assess balance capabilities. Testing was
performed once for month for mice of each group. The apparatus consisted of a motionless wooden
beam with a rectangular section (1 cm x 3 cm), 1 m in length, placed 80 cm above a foam carpet. At
the onset of the single trial, each animal was placed at the middle of the beam, its body axis being
perpendicular to the beam long axis. We recorded the time spent to complete each cross and the
number of slips made during the passages to the wooden bar, for a final number of 5 crossings to
the bar. Then, for each animal, the walking speed and the frequency of slips were calculated; after 5
5

consecutive unsuccessful attempts to stay on the bar, the test was considered failed (adapted from
Hilber and Caston, 2001). At two months of age, all tbl mice failed the test. After training number
of slips and crossing time was calculated only for mice that completed the test.
2.4. Histological procedures
Under deep general anaesthesia, mice were transcardially perfused with 250 ml of 4%
paraformaldehyde in 0.12 M phosphate buffer (pH 7.2-7.4). The brains were immediately dissected,
postfixed overnight at 4°C and transferred to 30% sucrose in 0.12 M phosphate buffer. The
cerebella were then embedded and frozen over dry ice in OCT (Tissue-Tek), sectioned in the
parasagittal plane at 30 μm using a cryostat, and collected in PBS. Immunofluorescent staining of
wild-type and mutant sections was performed in parallel to minimize inter-experiment variability.
Primary antibodies were dissolved in PBS, with 1.5% normal serum and 0.25% Triton X-100, and
incubated overnight at 4°C with: anti-calbindin (CB, 1:1500, Swant) to label PCs; anti-green
fluorescent protein (GFP, 1:700, Invitrogen) and anti-GFP (1:700, Aves Labs) to enhance the GFP
fluorescent signal of transplant-derived cells; anti-SMI32 (1:500, Sternberger) to label neurons in
cerebellar nuclei (CN); anti-vesicular transporter for glutamate 1 - Vglut1 (1:1000, Synaptic
System), anti-vesicular transporter for glutamate 2 - Vglut2 (1:1500, Synaptic System). For
perineuronal nets (PNNs) visualization, sections were transferred to a solution containing
biotinylated Wisteria floribunda agglutinin (WFA, 1:200, Sigma TM) for 2 h at room temperature
and then in streptavidin-Alexa fluor 633. The sections were exposed or 1 hour at room temperature
to secondary species-specific antibodies conjugated with Alexa Fluor 488, Alexa Fluor 555, or
Alexa Fluor 647 (1:500; Invitrogen) or Cy3 (1:500; Jackson ImmunoResearch) or biotinylated
secondary antibodies followed by streptavidin- Texas Red conjugate (1:200; Invitrogen). 4‟,6‟diamidino-2-phenylindole (DAPI, Fluka) was used to counterstain cell nuclei. Finally, the sections
were mounted in Mowiol (Calbiochem).
2.5. Tissue extracts and molecular analyses
Cerebella were manually dissected and divided in two hemicerebella by a sagittal cut along the
vermis midline. For each individual, one hemicerebellum was used to quantify proteins while the
other was employed to assess transcript levels. Total protein extracts were obtained from a 10%
(w/v) homogenate of mouse cerebellar halves in RIPA buffer containing 0.5% Nonidet P-40, 0.5%
sodiumdeoxycholate, 0.1% SDS, 10 mmol/l EDTA, and 1 mM DTT, 0.5 mM PMSF, 5 μg/ml
aprotinin, and 2.5 μg/ml leupeptin. After 40 min of incubation in ice homogenates were cleared by
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centrifugation at 15,000 g at 4 °C for 20 min. Supernatants were removed and stored. Protein
content was determined using the Bradford assay. Protein extracts were stored at −80 °C until use.
Twenty μg of samples were loaded.
We used polyclonal anti-microtubule-associated protein 1A/1B-light chain 3 LC3 (LC3, 1:800;
Sigma-Aldrich, L8918) polyclonal anti- p62/sequestosome 1 (SQSTM1, 1:2000; Sigma-Aldrich,
P0067) and monoclonal anti-β-actin (1:1000; Sigma-Aldrich) for this analysis. Total extracts were
separated on 9.3% sodium dodecyl sulfate-polyacrylamide gels (Sigma-Aldrich, 01708), using a
mini-PROTEAN II electrophoresis cell (Bio-Rad, 165-3301). Proteins were transferred onto
nitrocellulose membranes (GE-Healthcare, RPN203D). Nonspecific binding was blocked with 50g/l
nonfat dry milk in 50 mM TRIS-HCl, pH 7.4, containing 200 mM NaCl and 0.5 mM Tween-20.
The blots were incubated with different primary antibody, followed by incubation with peroxidaseconjugated anti-mouse (Bio-Rad, 170-6516) or anti-rabbit (Bio-Rad, 170-6515) immunoglobulins
in Tris-buffered saline Tween [150 mM sodium chloride solution (Sigma-Aldrich, S6546) 10 mM
TRIS-HCl pH 7.4 (Sigma Aldrich, T5941) 0.05% Tween 20 (Sigma-Aldrich, P1379)] containing
20g/l nonfat dry milk. Reactions were developed with an enhanced chemiluminescence system
according to the manufacturer’s protocol (Bio-Rad, 170-5061). To compare the density of protein
bands of interest and test for significant

differences between samples in Western blotting

experiments, blots were scanned and quantified using Quantity One Analysis Software (Bio-Rad).
Data from band quantification were normalized on levels of β-Actin bands.
For quantitative Real time PCR (RT q-PCR) analyses, total RNA was isolated with the TRIzol
Reagent (Invitrogen Life Technologies Inc., Grand Island, NY, USA), in accordance with the
manufacturer’s instructions. 0.5 microgram of total RNA was reverse-transcribed to complementary
DNA (cDNA) using the High-Capacity cDNA Archive Kit (Life Technologies), according to the
manufacturer’s instructions. Quantitative real-time PCR was carried out using the StepOne Plus
Real Time PCR System and TaqMan Gene Expression Assays (probes: Bdnf, cod.
Mm04230607_s1; b-Act, cod. Mm00607939_s1). Data extracted from each run were analysed with
a relative quantification approach as in Livak and Schmittgen (2001).

2.6. Morphometric analyses
2.6.1. Morphometry of PCs and their terminals
7

PC density was measured as described in Carulli et al. (2002) on anti-CB immunolabeled sections.
The size of PC somata was assessed by drawing their outline and measuring the corresponding
areas in about 40 PC cell bodies/animal by means of the Neurolucida software (MicroBrightField)
connected to an E-800 Nikon microscope with a 40 × objective. PC terminals on CN projection
neurons - identified by size and SMI32 expression (Leto et al., 2006) - were analysed for density
along the postsynaptic somata and size by means of ImageJ software. Measurements were
performed on single confocal optical sections (1-μm-thick), captured under a 63x objective (80–320
calbindin-positive terminals from at least 3 animals/experimental condition). All measurements
were performed on CN neurons in which the nucleus was visible in the optical section. Changes in
size after motor training in both WT and tbl animals were also evaluated by calculating the ratio
between the measurements of button sizes in normal and training conditions in each strain.
2.6.2 Spine and VGlut1/2 terminal counts
In randomly selected PCs in lobule II, we analyzed the density of dendritic spines along the
dendritic tree in confocal optical sections (1-μm-thick). Spine numbers were obtained by counting
all spines along 100 randomly selected 5-μm segments including both proximal and distal dendritic
domains of 10 different PCs (adapted from Magrassi et al., 2013). With a similar approach, we
analyzed the number of Vglut1+ terminals of parallel fibers contacting distal PC dendrites as well as
that of Vglut2+ terminals on the proximal shaft, where climbing afferents establish their contacts.
Densities of VGlut1/2+ terminals of lobule II were obtained by counting the number of terminals
along 50 randomly selected 5-μm dendritic segments in 10 different PCs. These analyses were
performed using ImageJ software.
2.6.3. Quantification of PNN number and density
The percentage of CN SMI32-positive projection neurons bearing a PNN was determined on double
labeled sections with SMI32 antibodies and WFA or anti-Sema3A antibodies (3 sections/mouse, 3
mice/experimental condition). The analysis of WFA staining intensity, performed on the medial
nucleus, was adapted from Foscarin et al. (2011). Briefly, single 1 μm-focal plane confocal images
were collected under a 63 × objective. On such images we measured the mean brightness intensity
(range 0–255) of 25-30 PNNs/animal by using ImageJ. The background brightness, taken from a
non-stained region of the cortical molecular layer, was subtracted from the brightness
measurements. Each net was then assigned to one of three categories of staining intensity, ranging
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from the lowest to the highest value of WFA intensity detected: weak = 0–33%, medium = 34–66%,
strong = 67–100% of maximum staining intensity.
2.7. Image acquisition
Histological specimens were examined using an E-800 Nikon microscope connected to a color
CCD camera and a Leica TCS SP5 confocal microscope. Confocal images were acquired at a
resolution of 512x512 dpi and 100 Hz speed and each focal plane was 1-μm- thick. Laser intensity,
gain and offset were maintained constant in each analysis. Quantitative and morphometric
evaluations

were

made

by

blind

observers

using

the

software

Image

J

(http://rsbweb.nih.gov/ij/index.html, Research Service Branch) - as described in Leto et al., 2011 and Neurolucida (MicroBrightField), the latter connected to the E-800 Nikon microscope via a
color CCD camera. Adobe Photoshop 6.0 (Adobe Systems) was used to adjust image contrast and
assemble the final plates. Measurements were derived from at least three sections per animal. Three
to six animals were analysed for each time point or experimental condition.
2.8. Statistical analyses
Data elaboration and statistical analyses were conducted by means of GraphPad software Prism
version 7.0 (GraphPad software, San Diego). In all instances, *P<0.05 was considered as
statistically significant, **P<0.01 very significant and *** P<0.001 extremely significant. Graphs
and data are represented as means ± standard deviation unless specified. If data sets passed
normality test and equal variance test, we performed Student's t-test or One/Two Way Anova
followed by Bonferroni post hoc tests. Pearson’s R was used for correlation analysis. When data did
not satisfy the normality or equal variance tests, corresponding non-parametric statistics was used.
To compare different percentages, we transformed the values in radiants according to the arcsin
transformation. We used Chi-square test to compare the distribution of frequencies with respect to
staining intensity categories. Details about statistical assessment can be found in Table 1.
3. Results
3.1. Tbl mice displayed ataxia-like symptoms and progressive PC degeneration
Homozygous tbl mice showed a severe ataxia-like phenotype including unstable gait, abnormal
hind limb-clasping reflex and tremor (data not shown), as already described (Mashimo et al., 2009).
These mice also performed significantly worse than their WT littermates in motor function tests like
the rotarod test as early as at one month of age (Fig. 1A, Two Way Anova P <0.0001). At this time
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point, further balance assessment on the wooden beam revealed significant impairment in the
overall performance, with a significant higher number of slips observed in tbl mice (Fig. 1B;
Student’s t-test P<0.05). Additionally, the the time taken to complete the crossing on the beam bar
was significantly higher in tbl mice (Fig. 1C; Student’s t-test P<0.05). The performance of WT
mice on motor function tests did not alter over time, while the tbl mice displayed dramatic and
progressive worsening of performance in the motor function tests (Fig. 1A-C). This effect was
especially prominent on the beam bar test, wherein the tbl mutant mice were unable to complete the
task by two months of age, due to their inability to stay on the bar itself (Fig. 1B,C). Regarding the
histological phenotype of tbl cerebella, only sporadic signs of PC loss could be observed at one
month of age (Mashimo et al., 2009, data not shown). A prominent reduction (approximately 85%)
in the linear density of PCs manifested only at two months (Fig. 2A, E; Student’s t-test P<0.0001),
which progressed to an almost total loss after the fourth month of age, as indicated by anti-CB
immunostaining (Fig. 2B-D, F; One way Anova P<0.05). The PC degeneration followed a caudorostral gradient, with PCs located in caudal lobules such as lobule VI or X being less preserved
than those of rostral lobule II (Fig. 2G-J; One Way Anova P<0.05). However, PCs surviving at two
months displayed clear regressive changes, as shown by a smaller body size with respect to their
WT counterparts (Fig. 2K-M; Student’s t-test P<0.05).
3.2. Healthy wild type PCs integrate and mature in tbl cerebella but do not ameliorate motor
deficit
Tbl mice represent a model of ataxia associated with progressive neurodegeneration of PCs in the
absence of gross defects in other CNS areas (Mashimo et al., 2009, our observations, data not
shown). It is therefore valid to hypothesize that the replacement of degenerated PCs with healthy
counterparts through transplantation might alleviate motor impairment at least to a certain degree.
Numerous studies have demonstrated that the immature cerebellum provides the ideal environment
for the most effective integration of transplanted neurons. Hence, we tested the impact of preventive
grafts of cerebellar progenitors transplanted in neonatal mutant mice. We injected a donor cell
suspension obtained from the cerebellar anlage of β-actin–GFP transgenic mice at embryonic day
11 (E11) in the cerebellar parenchyma of the tbl recipient. We specifically selected this time point
since most PC progenitor are generated around E11 and constitute a major proportion in this
territory. The animals were analysed 2 months post transplantation. Transplanted cells in the host
tissue were identified by the strong intrinsic fluorescence and could be found either scattered
through the recipient tissue, or clustered with other donor cells.
10

To begin with, we assessed the degree of graft integration. Only distinguishable individual cells
identified on the basis of distinctive morphological features as well as expression of specific
markers (GFP and CB) were considered as donor-derived engrafted elements. Both WT (Fig. 3A-C)
and tbl recipients (Fig. 3D-H) showed a similar degree of donor cell integration and differentiation.
The largest amount of grafted PCs was found in the cerebellar hemispheres, as expected according
to the site of injection, with about one third of the grafted cells integrated in the cerebellar vermis
(not shown). Donor-derived PCs were distributed in numerous lobules including crus2, simple,
lobules III, IV, V, VI. They displayed mature morphologies and were well integrated in the
cerebellar architecture of the host. Cell bodies of grafted PCs aligned along the host PCL (Fig. 3AB, D-F) or remained slightly ectopic in the molecular layer (Fig. 3B,G), as expected in this
experimental approach (Carletti et al., 2008). A minor fraction of donor-derived PCs was
ectopically located in the granule cell layer (GL) and white matter (WM) region (Fig. 3B). Donor
PC axons also reached their natural targets in the CN (Fig. 3C, H). Numbers of ectopic PCs in the
GL/WM and CN regions were also similar in both wild type and mutant recipients, representing the
10.9% of total donor-derived PCs in wild-type hosts (i.e. 62 out of 566 PCs, 3 mice, 1 series of
sections out of a total of six for each cerebellum) and the 7.8% in mutants (ie 44 out of 559 PCs, 3
mice, 1 series of sections out of a total of six for each cerebellum). The phenotypic repertoire of
cells composing the grafts was comparable both in WT and mutant hosts (Fig. 3I,J): E11 donor cells
produced a prominent fraction of PCs immunolabeled by CB, and minor fractions of CN neurons,
GABAergic interneurons and glial cells, as previously demonstrated (Leto et al., 2006; Carletti et
al., 2008). Additionally, donor-derived PCs showed cell body sizes larger than those of the
endogenous tbl counterparts and fully comparable to WT cells of the same age (Fig. 3K-M; One
Way Anova P<0.05). Thus, they maintained a healthy phenotype despite exposure to the mutant
environment. Immunolabelling with the antibody anti-Vglut2 revealed the presence of synaptic
connectivity between grafted cells and recipient tissue (Fig. 3N). Since progenitor cells are known
to release factors that may promote neuroprotection (Martino and Pluchino, 2006), we hypothesised
that grafts could exert neuroprotective actions on degenerating PCs. However, the overall density of
endogenous PCs in grafted mutants did not undergo significant changes upon transplantation (Fig.
3O). To better clarify this point, we also examined the linear density of endogenous PCs as a
function of the density of grafted PCs in the corresponding lobules (see Supplementary Fig. 1A).
However, no significant variations were found associated with increasing numbers of donor PCs
(One way Anova). These data were further analysed by correlation analysis that showed a poor
Pearson’s coefficient (R=0.22, P=0.34). Thus, the density of integrated cells did not affect the
11

survival of endogenous PCs. In summary, grafted cerebellar progenitors survived and attained a
good degree of integration but did not impact on the progression of neurodegeneration.
We then assessed whether the grafts ameliorated motor dysfunctions in tbl mice. At both one and
two months of age grafted mutant mice showed compromised motor abilities in both the rotarod
(Fig. 3P; Two way Anova P<0.0001) and beam tests (Fig. 4Q, R; Student’s t test P<0.05).
Unexpectedly, no improvements were detected in comparison with tbl mice without grafts, showing
no impact of transplantation on motor deterioration. Thus, preventive PC grafts were not effective in
decelerating endogenous PC degeneration or attenuating the impaired motor phenotype in tbl
mutants.
3.3. Preventive motor training promotes PC survival and improves motor functions in tbl mice
In order to assess whether PC degeneration in tbl mice could be delayed by enhanced physical
activity, we tested a protocol of motor training administered 5 days/week starting from P17, until
the day of sacrifice at two months of age. Motor training included running wheel, climbing and
balance exercises. We sacrificed the trained animals two months after birth. PC density in trained
mutants revealed a significant 50% increase compared to their sedentary counterparts (Fig 4A,
Student’s t-test P<0.05). Nevertheless, tbl trained mice showed a pattern of PC degeneration similar
to their untrained siblings with a relative preservation of anterior lobes compared to the posterior
ones. A more detailed evaluation of PC densities in trained tbl animals in lobules II/IV/X revealed
that, despite tbl trained mice showed a global trend to have higher numbers of endogenous PCs in
all lobules, PC survival was significantly higher only in lobule II (Fig. 4 B-D, Two way Anova
P<0.05), which is naturally the most preserved in tbl mice at 2 months of age. Such increase in PC
density was accompanied by a full reversion of tbl cell body atrophy in the same lobule (Fig. 4E-G,
Student’s t-test P<0.05).
Importantly, these morphological changes were accompanied by a significant amelioration of the
motor deficits of trained mutants. Trained tbl mice improved their performance on the rotarod test at
one month of age (Fig 4H, Two-way Anova P<0.0001) and reached levels of WT sedentary
animals. However, thereafter their performance deteriorated. However, their latency to fall
remained slightly higher than their untrained siblings. Amelioration in balance abilities was also
detected with the beam walking test: at one month of age, tbl trained mice displayed a performance
resembling that of WT sedentary animals. Remarkably, at difference from their sedentary
counterparts at two months of age 50% of the trained mutants were able to successfully complete
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the beam walking test, despite their performance remained worse compared to WT mice (Fig 4I
One way Anova P<0.01 and J One way Anova P<0.01). Thus, preventive motor training not only
delayed the progression of PC degeneration, but also positively affected the motor phenotype of
mutant mice.
3.4. Molecular mechanisms underlying protective effects of motor training
Based on evidence that motor training provides neuroprotection in neurodegenerative diseases –
including ataxia (Spires et al., 2004; Rolland et al., 2008; Fryer et al., 2011; Lin et al., 2015) and
that motor training promotes PC survival, we investigated whether neuroprotective mechanisms
were induced in tbl mice after motor training. We investigated the levels of BDNF, a neurotrophin
known to be enhanced by motor activity (Huang et al., 2014), to promote PC survival (Van
Kummer and Cohen, 2015) and to be expressed by different cell types in the cerebellum including
PCs, granule cells, glia and interneurons (Vazquez-Sanroman et al., 2013, Supplementary Fig. 1B).
We found that levels of BDNF were significantly increased in response to motor training in both
WT and tbl trained cerebella compared to those of sedentary mice in terms of both mRNA and
protein amounts (Fig. 5A-C; One way Anova P<0.05 for WT and P<0.01 for tbl). Interestingly,
BDNF has been shown to exert neuroprotective effects through modulation of the autophagic flux
(Chen et al., 2013; Smith et al., 2014; Bak et al, 2015) which is involved in PC death in tbl mutants
(Mashimo et al 2009, Dusart et al., 2006). Hence, we set out to monitor the effects of motor training
on autophagy. We found that while LC3 - I and II - and Beclin 1, considered as markers for
accumulation of autophagosomes, were increased in trained WT cerebella suggesting incremented
autophagy (Fig. 5D, F, G One way Anova P<0.0001), they decreased in tissues of trained mutants
(Fig. 5E, F, G; One way Anova P<0.0001), indicating an attenuation of induced autophagy. Such a
divergent modulation, implying a potentiated autophagic flux in WT and a decreased one in tbl
mice, was confirmed by consistent and significant changes in the protein levels of p62/SQSTM1
(Fig. 5H, I; One way Anova P<0.01 for WT and P<0.001 for tbl), which is a substrate of autophagy
whose amount corresponds to active degradation mechanisms (Komatsu et al., 2007).
Taken together, these data suggest that BDNF upregulation and attenuation of the pathologic
autophagic flux contribute to slower neurodegeneration following motor exercise. Interestingly,
they show that the impact of motor training and BDNF upregulation diverges in WT and mutant
mice, indicating that outcomes strongly depend on contextual tissue conditions.
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3.5. Preventive motor training preserves connections in cerebellar circuits and PNN
Based on evidence that environmental stimulation modulates the density of synaptic contacts on
PCs (Kim et al., 2002; Lee et al., 2007), we asked whether motor activity could influence afferents
and efferents connections implicated in the deterioration of motor performances in mutant mice. To
gain a degree of understanding into changes elicited by motor training, we focused on lobule II
where PC survival was the maximum, and analysed excitatory inputs from parallel and climbing
fibres to PCs as well as PC spine densities. Moreover, we examined the fastigial and interpositus
CN, where PCs of the spinocerebellum including lobule II, project their terminals.
The parallel fibre inputs from granule cells on PC distal dendrites were analysed by means of antiVglut1 antibodies that specifically label these excitatory terminals in the adult cerebellum (Fremeau
et al., 2001). In sedentary conditions, tbl mice displayed a reduction of up to 21% in the antiVglut1+ terminals compared to WT cells. After motor training, a significant 15% increment was
observed (Fig 6A) in the parallel inputs of tbl, whereas, there was no change was detected in WT
animals (Fig. 6A, Two way Anova P<0.001). We then examined the other excitatory input to PCs,
provided by climbing fibre terminals of inferior olivary neurons. These afferents, impinging on PC
proximal dendrites and recognized by anti-Vglut2 antibodies (Ichikawa et al., 2002), were reduced
by about 50% compared to WT cells (Fig. 6D). Similar to what was found for parallel inputs, whilst
motor exercise did not change the density of climbing fiber terminals in WT mice, it lead to a
significant increase in mutant mice (20% increase, Fig. 6B-D Two way Anova P<0.001). Changes
in terminal densities together with rescue of soma atrophy in mutants prompted us to assess whether
exercise also impacted on PC spine density. We found that training induced about a 50% increased
in the number spines in mutant PCs (Fig. 6E-G, Student’s t test: P=0.005).
As formerly shown (Foscarin et al., 2011), enhanced physical activity induces significant changes in
the innervation provided by PCs to Smi32+ excitatory projection neurons in the CN. After
confirming that the tbl mutation does not alter size or number of these neurons (data not shown), we
assessed if and how motor training affected number and size of PC synaptic terminals on CNs. Two
months-old tbl mice exhibited larger (Fig. 6H, Two-way Anova P<0.01) but less numerous CB+
synaptic terminals compared to controls (Fig. 6I; Two-way Anova P<0.001; Supplementary Fig.
1C, D), as already found in other conditions of partial denervation (Carulli et al., 2013;). We found
a trend for an increase in area and density of PC terminals after physical exercise in both WT and
tbl populations (Fig. 6H, I). However, such differences reached statistical significance only in PC
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terminal density of WT animals. Conversely, CB+ terminal density was steady for all the groups of
mutants, including grafted mice (Supplementary Fig. 1E).
Finally, we focused on PNNs which are components of extracellular matrix that enwrap the
perikaryon of defined neuronal subtypes, including excitatory large projection neurons in the CN
(Carulli et al., 2006). Their formation contributes to the closure of critical periods and their
reduction has been associated with the induction of plasticity windows (Pizzorusso et al., 2002;
Foscarin et al., 2011). In the cerebellum, PNNs around CN neurons are deposited by both PC and
CN neurons during the first weeks of life in rodents (Carulli et al., 2006, 2007, 2011). Our analysis
of PNN density at two months of age revealed that a smaller fraction of CN neurons in sedentary
tbl mice possessed PNNs, compared to untrained WT mice (Fig. 6J, One way Anova P<0.05). This
finding is in line with the degeneration of PCs that actively contribute to PNN deposition and
maintenance around CN neurons (Foscarin et al., 2011; Carulli et al., 2013) After motor training,
while WT animals displayed a significant reduction of PNNs density (Fig. 6J; Two-way Anova
P<0.05), as expected for conditions that elicit functional plasticity (Foscarin 2011; Madinier et al.,
2014). However, mutants showed a 20% increment in the frequency of the nets, though difference
is not statistically significance. Additionally, the latter data were strengthened by analysis of the
intensity of PNNs, where we found significant changes in the distribution of weak, medium and
strong intensity nets only in mutant mice (Fig. 6K-M). After exercise, the proportions of net types
were maintained in WT CN. Conversely, the frequency of nets classified as strong or medium
increased to reach about 70% in mutants (Fig. 6K; Chi-square P<0.05), thereby matching the
distribution of WT PNNs (Chi-square P>0.05).
Taken together, these data indicate that motor exercise impact on cerebellar circuitry by limiting
alterations occurring in tbl mutants.
4. Discussion
In this study we examined the ability of cerebellar progenitor grafts performed early postnatally to
sustain normal cerebellar functions and to promote survival of Purkinje neurons in the tbl model of
cerebellar ataxia. In parallel, we investigated the effects of preventive motor training on the onset
and progression of the disease. We found that while transplantation of healthy cerebellar
progenitors did not produce significant effects either on endogenous PC density or on motor
behaviour, motor exercise promoted PC survival, reduced alterations of cerebellar circuits, and
improved both motor coordination and balance capabilities in mutant mice.
15

Transplantation of distinct types of neural progenitors or stem cells has been broadly tested for
replacement of degenerated PCs and/or rescue of functional deficits in several ataxia mouse models
(for review, see Cendelin, 2016). Functional benefits were obtained after bilateral transplantation of
foetal cerebellar cell suspension directly into the CN of adult pcd (Triarhou et al., 1996) or SCA1
mice (Kaemmereer and Low, 1999), or the depth of vermis in Lurcher mice (Babuska et al., 2015).
In our study, cerebellar precursor grafts performed at ages that allow proper integration of PCs,
failed to produce significant effects on motor behavior. This occurred despite good survival and
correct placement of donor cells, suggesting that their number and/or the type of newly formed
connections were not adequate to vicariate the degenerating circuits in supporting cerebellar
functions. In regard to the number of grafted cells, we cannot exclude that a higher amount of
injected precursors could lead to motor improvement in tbl mutants. However, this study is within
the range of amount of grafted cell, formerly shown to have a positive impact on motor functions
(cfr Triarhou et al., 1996; Kaemmerer and Low, 1999; Babuska et al., 2015). This observation,
together with results of former studies (Triarhou et al., 1996), suggests that a critical aspect linked
to the lack of functional improvement in our transplantation approach may be an insufficient
establishment of connections between grafted PCs and CNs. Also, grafted precursors did not impact
significantly on the survival of endogenous mutant PCs, a beneficial effect generally promoted by
transplantation of undifferentiated neural stem cells or mesenchymal stem cells (Li et al., 2006;
Jones et al., 2010), and often associated with functional benefits (Kaemmerer and Low, 1999; Jones
et al., 2010 and 2015; Babuska et al., 2015). In our approach, neuroprotective factors produced by
undifferentiated precursors may have decreased soon after grafting due to precursor differentiation,
therefore failing to effectively promote cell survival. Taken together, our results suggest that early
progenitor grafts per se do not represent a preventive strategy effective to counteract emerging
histological and functional deficits in cerebellar ataxia, at least with the described grafting protocol.
The lack of beneficial functional effects upon grafting prevented the investigation of potential
common mechanisms underlying the behavioral improvement instead found with the second tested
strategy, that is, preventive motor training.
Motor exercise triggered a significant enhancement in both motor coordination and balance
capabilities in mutant mice that, especially at earlier time points, performed remarkably better than
their sedentary counterparts. Behavioral improvements induced by rehabilitation approaches are
generally attributed to preservation and/or plastic modification of the affected circuits (Churchill et
al., 2002; Kleim and Jones, 2008; Austin et al., 2014; Huang et al., 2014). The detected increase in
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tbl PC survival, reduced atrophy and increased afferent contacts to tbl PCs, clearly show that
physical exercise activated protective mechanisms in mutant mice. However, additional
mechanisms such as a reduction of neuromuscolar junction alterations described in tbl mice
(Bachiller et al., 2015) could also contribute to the detected functional benefits. A better
preservation of cerebellar neurons is in line with the increased deposition of PNN in CN, and it is
further strengthened by the incremented expression of BDNF in combination with reduction of
deregulated autophagy. Yet, PNN and BDNF are also key regulators of neural plasticity (GomezPinilla et al., 2002; Foscarin et al., 2011; Wang et al., 2015). PNNs are accumulation of
extracellular matrix molecules deposited after birth that stabilise synapse and restrict neural
plasticity (Foscarin et al., 2011; Sale et al., 2007). At mature stages, environmental stimulation
including motor training fosters PNN attenuation, which allows plastic changes of connectivity,
including compensatory remodelling (Sale et al., 2007; Foscarin et al., 2011; Carulli et al., 2013).
Of note, PNN deposition around CN neurons occurs during the second week of life in rodents
(Carulli 2007) and depends on the interplay between PCs and CN neurons (Blosa et al., 2016). The
reduction in PNN numbers and partial loss of PC terminals in sedentary mutants well fits with the
PNN attenuation found both in models of PC denervation (Foscarin et al., 2011; Carulli et al., 2013)
and in developmental and adult models of reduced GABAergic activity (Harauzov et al., 2010;
McRae et al., 2012; Blosa et al., 2016). On the contrary, increased PNN staining after physical
exercise in tbl mice is consistent with a better survival and functioning of mutant PCs, that led to
increased net deposition. In WT trained mice, PNN reduction together with changes in PC terminal
number and size, are instead fully in line with plastic modifications formerly shown after
environmental stimulation (Foscarin et al., 2011; Carulli et al. 2013). On the whole, these data
indicate that motor training mainly impacted on survival mechanisms in tbl mice while in WT
animals promoted plastic changes. However, we cannot exclude that plastic modifications in extracerebellar motor centers of tbl mice may play a role in the detected amelioration of motor behavior
(Jones et al., 1999; Tamakoshi et al., 2014).
Interestingly, BDNF, which we found upregulated in both trained mutant and WT animals,
constitutes a key signal for both neuroprotection and neural plasticity (Chen et al., 2013; Smith et
al., 2014; Bak et al., 2015). BDNF overexpression in mutants confirms former studies, where motor
training-induced protection from neurodegeneration was associated with elevated levels of BDNF
and its receptor TrkB in the cerebellum (Klintosova et al., 2004; Van Kummer and Cohen, 2015).
Data in WT mice are instead in line with evidence showing that physical activity-dependent
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increase in BDNF levels promotes brain plasticity (Farmer et al., 2004; Vaynman et al., 2004;
Hopkins et al., 2011; Vivar et al., 2013; Ieraci et al., 2015). Thus, in our models, overexpression of
BDNF likely participates in the promotion of either protection or plasticity, respectively in mutant
or WT mice.
Consistent with divergent effects of motor training, we also show opposite changes in autophagy in
WT and tbl mice. Autophagy is a mechanism essential for maintaining cellular homeostasis in both
physiological functioning and pathology, where excessive or insufficient autophagic flux can
promote cell death (Puyal et al., 2012; Zhao et al., 2015). While motor exercise triggers increased
autophagy in WT mice, it dampens the deregulated flux in tbl mutants. Increased autophagy
associated with brain plasticity was also reported in healthy rats after motor exercise-induced
adaptation; here, autophagy upregulation has been put in correlation with high-energy demanding
from mitochondria (Marques-Aleixo et al., 2015). Yet, both increased and decreased autophagy
promoted cell survival in numerous models of neuronal damage (Puyal et al., 2012). Intriguingly,
BDNF has been implicated in bidirectional modulation of the autophagic flux through pathways
converging on mTOR (Smith et al., 2014; Bak et al, 2015). On the other side, in a model of cellular
stress, elevated BDNF has been shown to promote neuron survival by suppressing autophagy via
the activation of mTOR (Smith et al., 2014). This latter mechanism could attenuate autophagy in tbl
mice, where decreased mTOR activity takes part in PC death (Mashimo et al., 2009). Taken
together, these findings show that motor training-induced BDNF upregulation associates with
opposite changes in the autophagic flux, in turn stimulating cell survival or plastic changes.
Opposite outputs downstream of training and BDNF overexpression may depend on the fine-tuning
of common molecular cascades responding to intrinsic homeostatic factors. In case of tbl mice,
enhanced BDNF levels could cause adaptive stress-response, thus increasing resistance to excessive
autophagy. However, the molecular mechanisms driving the switch toward divergent responses
remain to be clarified.
In summary, preventive motor training delays the deterioration of motor functions by attenuating
the progression of PC neurodegeneration. These results therefore enforce the use of preventive
motor exercise in inherited ataxia to promote a delay in the progression of the disease, and indicate
that this approach could be a promising step toward the amelioration of patients’ quality of life.
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Figure legends
Fig.1 Motor impairment of tbl mice. We compared motor performances of tbl mice with wildtype littermates. Motor coordination of mutant mice was assessed by rotarod test until 2 months of
life: latency to fall was significantly lower compared to controls already at 1 month of age (A; Two
way Anova P<0.0001). The wooden beam test further revealed balance impairment at one month of
age (B, C; Student’s t test P<0.05). At two months of age, mutant mice were not able to walk on the
wooden bar therefore we did not score the test. Data are represented as means ± standard error.
N=6/group.
Fig.2 Pattern of PC degeneration in tbl mice. The analysis of linear density of PCs along the
entire Purkinje Cell Layer in sections of cerebellar vermis of mutant mice showed that, at two
months of age, cell degeneration affecting tbl cerebella causes a prominent loss of PCs, especially
in lobule X - arrowhead - with relative preservation of PCs in lobule II - arrow (A, E; Student’s t
test P<0.0001) and a further significant decrease in the subsequent months (F, One way Anova
P<0.05). After 4 months of age, degeneration accounts for about 95% of PCs present in WT animals
(B-F). PC degeneration in two-months-old tbl mice proceeds according to a posterior-anterior
gradient, as revealed by analysis of cerebellar vermis (A, G-J; One way Anova P<0.05), with a
relative sparing of the most anterior lobes in the earliest phases of the disease. At two months of
age, tbl PCs exhibit smaller body size compared to wild-type littermates (K-M; Student’s t test
P<0.05). N=3/group. Scale bars: A-I 100 μm; K-L 10 μm.
Fig.3 Preventive transplantation of healthy PCs in tbl mice allows correct cell integration but
does not improve motor behavior. Transplanted PC progenitors are able to engraft both WT (A19

C) and tbl cerebella (D-H), displaying successful and correct integration into host PCL (A, B, D, E,
F), in spite of occasional misplacing (B, G, H). Some axons of grafted PCs reached the CN regions
(C, H). After transplantation, cerebellar progenitors mainly gave rise to PCs in both WT and mutant
environments (I, J). Grafted PCs maintained a normal body size (K), larger than their endogenous
counterparts (L, M), thus suggesting that the mutant environment did not affect their functions. The
presence of Vglut-2+ terminals on grafted PCs (N) further indicates functional integration. The
analysis of the density of PCs along the entire Purkinje Cell Layer in sections of both vermis and
hemispheres revealed that transplantation did not significantly increase the number of endogenous
PCs in tbl mice (O). Evaluation of motor function did not detect any improvement in tbl grafted
mice either in motor coordination (P, Two way Anova P<0.0001. Data are represented as means ±
standard error) or in balance capabilities (Q, R. Student’s t test P<0.05. Data are represented as
means ± standard error). N=5/group. Scale bars: A, B, H, I 100 μm; C, D, L 50μm; E-F 40 μm; G
20μm; N 5μm.
Fig.4 Preventive motor training promotes PC survival and motor function improvement in tbl
mice. Tbl mice exposed to preventive motor training exhibited a significant higher PC density, as
calculated along the entire Purkinje Cell Layer in both vermis and hemispheres compared to their
sedentary counterparts (A-D; Student’s t test P<0.05). Trained mutant mice displayed an increased
in PC density in all cerebellar lobules, but the increment in the number of PCs was significantly
higher than mutant controls only in lobule II (B, Two way Anova P<0.05). Here, motor training
also promoted an increase of tbl PC body size (E-G, Student’s t test P<0.05). Trained tbl mice
performed better than their sedentary counterparts at both rotarod at two months of age (H, Two
way Anova: P<0.001. Data are represented as means ± standard error) and beam walking test (I,
One way Anova P=0.01; J One way Anova P<0.01). Data are represented as means ± standard
error). N=6/group. Scale bars: C, D 100 μm, D, H, I 5μm.
Fig.5 Neuroprotection and modulation of autophagic process after motor training. After motor
training an increase in mRNA levels for BDNF was detected in both WT and tbl mice (A-C).
Western blot analysis confirmed the significant upregulation of BDNF protein levels in both WT
and tbl groups (B, C; One way Anova P<0.05 for WT and P<0.01 for tbl). WT animals showed an
increase in Beclin1 and LC3 autophagy-related proteins in the cerebellum after motor training (D,
F, G; One way Anova P<0.0001). On the contrary, in trained tbl cerebella a significant reduction of
these proteins compared to their sedentary counterparts was detected (E, F, G; One way Anova
P<0.0001). A significant reduction of p62 levels occurred in WT trained animals while it was
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accumulated in mutant mice after training (H, I; One way Anova P<0.01 for WT and P<0.0001 for
tbl). N=5 for WT mice; N=4 for tbl mice.
Fig.6 Motor training promotes the preservation of cerebellar connections and PNN on CN
neurons. After motor training, tbl mice showed a significant increase in the number of Vglut1+
terminals (A; Two way Anova P<0.001). A similar effect could be observed in the number of
Vglut2+ terminals (B-D; Two way Anova P<0.001). The number of spines in trained mutant mice
was also increased compared to their sedentary counterparts (E-G; Student’s t-test P<0.001). In
trained cerebella there was the tendency in having larger CB+ terminals on CN neurons display an
increase in size (H). However, this trend was statistically significant only for WT animals (H; Two
way Anova P<0.05). The same trend for a increment was detectable in the density of CB+ terminals;
however, the number of CB+ terminals in tbl mice remained significantly lower to WT in both
conditions (I; Two way Anova P<0.001). Analysis of the frequency of PNN around excitatory CN
projection neurons revealed that tbl sedentary mice possess a reduced number of PNNs compared to
WT; yet, preventive motor training significantly decreased PNN density in WT group with
essentially no changes in tbl cerebella (J, Two way Anova P<0.05). However, whereas the
proportions of PNN with distinct intensities did not vary in WT trained cerebella, trained tbl mice
exhibited a significant expansion of PNNs with medium or strong intensities (K-M; Chi-square
P<0.05). N=3/group. Scale bars: B, C, F, G 5μm; Fi and Gi 2μm; L, M 10μm.
Supplementary Fig.1: (A) The linear density of endogenous PCs does not vary as a function of the
density of grafted PCs in the corresponding lobules (One Way Anova). Grafted PC densities were
classified according to three categories: 1-15 PCs/lobule/slice, 16-30 PCs/lobule/slice and more
than 31 cells/lobule/slice. (B) BDNF staining confirmed its expression in PCs, granule cells and
some interneurons of the molecular layer in WT animals. (C, D) Two-months old tbl mice exhibit
larger CB+ terminals compared to WT animals; some CB+ terminals are indicated by the arrows. (E)
The comparison of CB+ terminal densities revealed no significant differences in the three groups of
mutant mice. For grafted mice, both endogenous and grafted PC terminals were considered in this
quantification.
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Table

Figure/Table

Applied Test

P value

F value

Post hoc analyses

Post hoc results

Fig 1A

Two-way Anova

P<0.0001

206.13

Bonferroni’s
Multiple
Comparison Test

WT vs tbl, P<0.0001

Fig 1B

Student’s t-test

P<0.05

na

Fig 1C

Student’s t-test

P<0.05

na

Fig 2E

Student’s t-test

P<0.0001

na

Fig 2F

One-way Anova

P<0.05

39.17

2m vs 4/7/9m P<0.05

Fig 2 J

One-way Anova

P<0.05

7.847

Bonferroni’s
Multiple
Comparison Test
Bonferroni’s
Multiple
Comparison Test

Fig 2M

Student’s t-test

P=0.04

na

Fig 3K

One-way Anova

P=0.036

5.175

Tukey’s Multiple
Comparison Test

End. (tbl) vs End (WT)
P<0.05

Fig 3O

Student’s t-test

P=0.7

na

Fig. 3P

Two-way Anova

Interaction and
Genotype: P<0.0001

Interaction =45.83
Genotype =105.75

Bonferroni’s
Multiple
Comparison Test

1/2m WT vs tbl/tbl
graft P<0.001
1/2m WT graft vs
tbl/tbl graft: P<0.001

Fig. 3Q

P=0.028

na

P<0.05

na

Fig. 4A

Student’s t-test wt vs
tbl and tbl graft
Student’s t-test wt vs
tbl and tbl graft
Student’s t-test

P=0.043

na

Fig.4B

Two-way Anova

Lobule:
P<0.0001

Lobule: 83.37

Bonferroni’s
Multiple
Comparison Test

Tbl vs Tbl training:
P<0.05

Fig.4G

Student’s t-test

P=0.0286

na

Fig.4H

Two-way Anova

Time and
Genotype: P<0.0001

Time =17.46
Genotype =97.06

Bonferroni’s
Multiple
Comparison Test

1m Wt vs WT training:
P<0.01
1/2m WT/WT training
vs tbl at: P<0.001
1m Wt vs tbl training:
P<0.05, 2m P<0.001
1/2m Wt training vs tbl
training: P<0.001
2m Tbl vs tbl training:
P<0.05.

Fig.4I

One-way Anova 1m
One-way Anova 2m

P=0.0017
P=0.0003

8.335
21

Bonferroni’s
Multiple
Comparison Test

Fig.4J

One-way Anova 1m
One-way Anova 2m

P=0.0075
P=0.0054

6.221
9.878

Bonferroni’s
Multiple
Comparison Test

Fig.5C

One-way Anova

Treatment:P=0.0430
and P=0.0031

13.3

Bonferroni’s
Multiple
Comparison Test

Fig.5 F

One-way Anova

Genotype:P=0.0334
Treatment:P<0.0001

158.3

Bonferroni’s
Multiple
Comparison Test

Fig.5G

One-way Anova

Genotype:P=0.0120
Treatment:P<0.0001

121.6

Bonferroni’s
Multiple
Comparison Test

1m WT vs tbl: P<0.01;
tbl vs tbl training
P<0.05
2m WT/wt tr vs tbl tr:
P<0.01
1m. WT vs tbl and tbl
vs tbl training:P<0.05;
2m wt vs tbl tr:
P<0.01; wt tr vs tbl
training P<0.05
WT vs WT
training:P<0.05;
tbl vs tbl
training:P<0.01
WT vs tbl:P<0.05;
wt vs wt training and
tbl vs tbl
training:P<0.0001
WT vs tbl:P<0.05;
WT vs WT training
and tbl vs tbl
training:P<0.0001

Fig. 3R

Lob II vs Lob X
P<0.05

1

Fig.5I

One-way Anova

Genotype:P=0.0388
Treatment:P=0.0037
and P<0.0001

61.14

Bonferroni’s
Multiple
Comparison Test

Fig.6A

Two-way Anova

Genotype:P<0.001
Treatment:P=0.0033
Interaction: P<0.0018

Genotype: 188.70
Treatment: 22.21
Interaction: 28.35

Bonferroni’s
Multiple
Comparison Test

Fig.6D

Two-way Anova

Genotype:P<0.0001
Interaction: P<0.0001

Genotype: 929.1
Interaction: 26.95

Bonferroni’s
Multiple
Comparison Test

Fig.6E

Student’s t-test

P=0.0005

na

Fig.6H

Two-way Anova

Treatment=P<0.0112
Genotype= P<0.0023

Treatment=10.76
Genotype =19.22

Fig.6I

Two-way Anova

Treatment P=0.0413
Genotype P=0.0003

Treatment=5.90
Genotype =37.44

Fig.6J

Two-way Anova

Genotype:P<0.03
Interaction: P<0.0079

Genotype: 1.7
Interaction: 11.54

Fig.6K

Chi-square

na

Bonferroni’s
Multiple
Comparison Test
Bonferroni’s
Multiple
Comparison Test
Bonferroni’s
Multiple
Comparison Test

WT vs tbl:P<0.05;
WT vs WT
training:P<0.01;
tbl vs tbl
training:P<0.0001
WT and WT training
vs tbl: P<0.0001; WT
and WT training vs tbl
training: P<0.01; tbl vs
tbl training: P<0.01
Wt and WT training vs
tbl and tbl training:
P<0.001
Tbl vs tbl training:
P<0.01
WT vs WT training:
P<0.05

Wt vs tbl: P<0.05
WT vs WT training:
P<0.05
Wt vs WT training: ns;
WT vs tbl:P=0.0005;
WT vs tbl training: ns;
tbl vs tbl training:
P=0.04; WT training
vs tbl training:
P=0.0275.

Details of performed statistical analyses. Only comparisons leading to P<0.05 are
reported.
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