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Abstract
Restoration of damaged central nervous system structures, functional recovery, and prevention of neuronal loss during neuro-
degenerative diseases are major objectives in cerebellar research. The highly organized anatomical structure of the cerebellum
with numerous inputs/outputs, the complexity of cerebellar functions, and the large spectrum of cerebellar ataxias render
therapies of cerebellar disorders highly challenging. There are currently several therapeutic approaches including motor rehabil-
itation, neuroprotective drugs, non-invasive cerebellar stimulation, molecularly based therapy targeting pathogenesis of the
disease, and neurotransplantation. We discuss the goals and possible beneficial mechanisms of transplantation therapy for
cerebellar damage and its limitations and factors determining outcome.
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Introduction (J. Cendelin, A. Buffo, and L.
Magrassi)

Diseases and damage of the central nervous system ac-
companied by a substantial reduction of neuron number
are not easy to treat. In many diseases, e.g., neurodegen-
eration, it is also difficult to prevent neuronal death.
Functional deficits caused by a loss of neurons are often
only partially reversible or even irreversible due to the
limited regenerative capacity of the central nervous
system.

Neurotransplantation might be a hopeful solution.
However, it has not yet become a routine therapy for a wide
spectrum of neurological diseases. The problems of
neurotransplantation and stem cell therapy for nervous system
damage have already been summarized by Rossi and Cattaneo
in 2002 [1] and later in other reviews [2–6]. Despite intensive
research, many of the limitations for clinical use in humans
still persist or have on recently been overcome.

Transplantation is the transfer of cells, tissues, or organs
from one place to another. In the case of neurotransplantation,
immature cells must be grafted because mature neurons are
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very sensitive to damage during manipulations and would not
be integrated in the recipient’s tissue. On the other hand, stem
cells, neural progenitors, and embryonic or fetal neuronal pre-
cursors are more resistant to manipulation, with some
retaining capacity for proliferation and migration and, poten-
tially, axon and dendrite growth and synaptogenesis that are
crucial for functional integration into the host’s neuronal cir-
cuits. Therefore, the development of neurotransplantation as a
therapy profits from the huge progress in stem cell research
and biotechnology progress during recent years.

The possibility to employ human neural stem cells for cell
replacement therapy in neurodegenerative diseases has raised
hopes in the field. Recent advancements in technologies
allowing derivation, in vitro expansion, and specification of
human embryonic stem cells (hESCs) and human-induced plu-
ripotent stem cells (hiPSCs) have achieved remarkable experi-
mental outcomes, demonstrating that neuronal replacement is
feasible and can attain behavioral recovery in several paradigms
([7, 8] and references therein). Benefits are particularly evident
in preclinical models reproducing focal pathologies with a pre-
dominant loss of a single neuron subtype, such as substantia
nigra pars compacta dopaminergic neurons in Parkinson’s dis-
ease (PD) or striatal medium spiny neurons in Huntington’s
disease. Moreover, the pre-transplant multiplication of human
multipotent/pluripotent stem cells overcomes the limited avail-
ability of human fetal neurons, which previously was the donor
population that provided the most promising results, for in-
stance in both preclinical and clinical settings of PD, although
results were partly contradictory [9]. The progress of this field is
testified by the prospect of clinical trials in PD patients
employing human neurons derived from hESCs [10].

However, among the neurodegenerative pathologies, PD
may represent an example particularly amenable to transplan-
tation approaches, because motor symptoms of PD can be
suppressed simply by secretion of dopamine by grafted cells
with no need of precise synaptic integration of the graft. Thus,
it is not clear yet whether neurotransplantation therapy would
be of the same efficiency for other brain structures. Due to
specific features of the cerebellum, such as low neurogenic
potential, intrinsic limitations related to cerebellar circuitry,
or poor knowledge on how to replicate cerebellar develop-
ment with human cells [1], neurotransplantation therapy for
its diseases seems to be still a distant goal and remains a big
challenge [3]. Cerebellar transplantation has been investigated
for many years in mouse models of hereditary cerebellar de-
generation. Pilot studies in cerebellar mutant mice were done
in the late 1980s [11–13] and the research continued with high
intensity into the 1990s [14–16]. The original idea of
neurotransplantation therapy was to substitute lost neurons,
mainly Purkinje cells, with grafted ones. However, this is
not the only mechanism how the graft can help and various
mechanisms can be of different importance in specific situa-
tions as will be discussed here.

Goals of Cerebellar Transplantation (J.
Cendelin)

When considering neurotransplantation therapy, we have to
clarify what we expect from this treatment, what kind and
what stage of the disease we are going to treat, and what
mechanisms of the graft effect would be employed to achieve
the goal. The graft could provide (1) new cells that would
substitute lost ones, (2) trophic and metabolic support, (3)
reversion of pathogenic factors in the tissue, and (4) fusion
of grafted cells and intrinsic cells threatened by the degenera-
tion. Another mechanism of graft effect can be delivery of
lacking neurotransmitter by grafted cells like in the PD, but
this is probably not appropriate for cerebellar pathologies.

The goal of the transplantation and importance of individ-
ual mechanisms of graft action would be substantially differ-
ent in the case of completely developed pathological state
when the neurons have already degenerated (post-traumatic
states, post-ischemic states, advanced stages of cerebellar de-
generation, etc.) compared to developing cerebellar damage
when most of the neurons are still alive but are threatened by
degeneration (namely early stages of cerebellar degeneration).
It is also important to take into account the distribution of the
cell loss since focal destruction of all cell types requires a
different approach compared to diffuse but selective degener-
ation of a certain cell type or few types within the persisting
tissue structure. In general, the goals of the transplantation
therapy for cerebellar damage can be cell substitution, rescue
of degenerating cells, and support of residual cerebellar func-
tion. These goals might be achieved via various mechanisms.
Various types of grafts might have different applicability, ad-
vantages and disadvantages, or limitations in relation to indi-
vidual goals (Table 1).

Cell Substitution

Cell substitution is the delivery of new cells by their grafting
(or more precisely, grafting their precursors) aiming to replen-
ish the number of cells of a given phenotype or several phe-
notypes that has been reduced due to the pathological process.
If fully successful, this goal would be an optimal outcome of
transplantation therapy for advanced cerebellar damage be-
cause it would, theoretically, restore the normal structure of
the tissue and, thereby, cerebellar function.

This approach has been investigated many times in mouse
models of cerebellar degeneration. Most of the studies fo-
cused on the analysis of graft survival, morphology, and
presence of individual cerebellar cell phenotypes. These
studies showed that embryonic or fetal cerebellar tissue is a
good source of Purkinje cells [11, 12, 15, 17–20] (Fig. 1),
whereas various types of stem cells and neural progenitors
mostly failed to differentiate into specific cerebellar neuronal
phenotypes [21–26]. Several studies also tested the impact of
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transplanting embryonic (fetal) cerebellar tissue, with func-
tional integration being shown between climbing fibers and
Purkinje cells or granule cells [13, 27–30]. Among these
studies, Triarhou et al. [31, 32] and Kaemmerer and Low
[33] even reported improved motor performance in treated
Purkinje cell degeneration (PCD) and spinocerebellar ataxia
type 1 (SCA1) mice, respectively. Although one could spec-
ulate that in these cases reduced ataxia was potentially due to
Purkinje cell substitution, direct evidence is lacking, and
other mechanisms (such as trophic effects) might be in-
volved. Furthermore, no (or only minor and inconclusive)
improvements were seen in Lurcher [20, 34] and
Tambaleante [35] mice after Purkinje cell precursor trans-
plantation, suggesting that cell substitution is not always, if
ever, efficient. Thus, substantial evidence of cell substitution
within the cerebellum has not been proven even for grafts of
embryonic or fetal cerebellar tissue, wherein cell differenti-
ation is well reproduced.

In summary, there are only few indices that this approach
may be fully effective in mouse models of cerebellar degen-
eration and, currently, some data are rather pessimistic.
Potential functional recovery through cell substitution would
be essentially dependent on the delivery and survival of the
sufficient number of cells, their differentiation into appropriate
cerebellar cell types, as well as their migration, goal-directed
axon and dendrite growth, and specific cell-to-cell synaptic
connection. The achievement of all these goals does not ap-
pear to be an easy task.

Cell Rescue

Several studies have shown that grafted mesenchymal stem
cells (MSCs) [36–39], and in some cases neural stem cells [21,

26, 40], can prevent Purkinje cell death in mouse models of
cerebellar degeneration (see paragraph 4). For this purpose,
the therapy should be started in the early stages of disease
before the cells are lost. Thus, this mechanism of graft effect
could be employed in diseases for which precise diagnosis can
be made in advance (mutation carriers) or in the early disease
stages, such as for late-onset and slowly developing degener-
ative disorders. However, this mechanism of graft effect is not
appropriate in cases of advanced, severe neuronal loss. This
mechanism (cell rescue) of transplantation therapeutic effects
seems to be the most efficient one providing functional im-
provement in several mouse models of cerebellar
degeneration.

Support of Residual Cerebellar Function

After mild neuronal loss, cerebellar function could be main-
tained at an adequate level by activity of residual cerebellar
tissue—cerebellar reserve [41]. More significant loss of tissue
is manifested as decline of cerebellar function, indicating that
the damage has exceeded cerebellar reserve potential [41].
Nevertheless, the activity of residual cerebellar tissue and,
thereby, cerebellar reserve could be promoted by therapeutic
intervention, of which neurotransplantation might be one pos-
sibility [6].

Grafted cells can improve neuronal function through their
neurotrophic effects on degenerating neurons by secreting
neurotrophic factors, supporting mitochondrial function and
controlling neuroinflammation [21, 37, 40, 42]. By producing
neurotrophic factors [37, 43, 44], grafted cells may also facil-
itate endogenous regenerative processes, enhance synaptic
plasticity, and modulate synaptic function in the cerebellum
[45, 46]. Indeed, replenishing cerebellar neurons would also

Fig. 1 Mouse embryonic cerebellar tissue expressing enhanced green
fluorescent protein (EGFP) that has been grafted into the normal mouse
cerebellum (left). In this case, the grafted tissue (bright green) spreads
through the cerebellar cortex (C) and white matter (WT) and reaches the

cerebellar nuclei (CN). At higher magnification (right), graft-derived
Purkinje cells (EGFP-positive) can be seen colonizing the host’s tissue
outside the graft mass

578 Cerebellum (2019) 18:575–592



increase cerebellar reserve and could turn the diseased cere-
bellum back to a state that provides adequate functional res-
toration—Bthe restorable stage^ [6, 41]. This stage was de-
fined by Mitoma and Manto [41] as a stage in which there is
sufficient, effective residual cerebellar tissue that an appropri-
ate therapy can restore or augment overall cerebellar function
(see paragraph 7.2.). Thus, transplantation could, theoretically,
augment function of the residual cerebellar tissue (by
supporting cell function) as well as replenish residual cerebel-
lar tissue (by cell substitution).

Transplantation of Stem or Embryonic Cells:
Cell Migration, Differentiation, and Axon
Growth (A. Buffo and L. Magrassi)

Adequate development and survival of stem or embryonic
cells after their engraftment is important for therapeutic bene-
fit. If the goal is to replace lost neurons and integrate grafted
cells into the neural circuits, these factors are essential. To
restore cerebellar function by grafting immature cells, cerebel-
lar development should, in principle, be reproduced by the
graft. This process can consist of an in vitro phase that would
pre-determine stem cell differentiation but must be finalized
in vivo in the graft recipient’s cerebellum. Although studies
using stem cells were rather disappointing (see paragraph 2),
recent technological advancements and achievements in other
fields hold new promises and point to novel issues to be
solved.

Differentiation of Stem Cells

The potential of hESCs or hiPSCs to model the complex de-
velopment of the cerebellum is just starting to be explored,
with only a handful of studies to date that reported the gener-
ation of human Purkinje cells and other cerebellar neurons
(mainly granule cells) [47, 48]. Early protocols attempted cer-
ebellar differentiation from either mouse or hESCs by mim-
icking the in vivo signals inducing the cerebellar territory.
However, the resulting cerebellar cultures only contained a
small proportion of Purkinje cells and a relatively high num-
ber of cerebellar granule cells [49–51]. Muguruma et al. [52]
adopted a different approach, based on reproducing cerebellar
patterning, and exploited exposure of committed progenitors
to the instructive action of granule cell precursors. This meth-
od resulted in the generation of mouse Purkinje cells at a much
higher efficiency. Higuera and collaborators [53] focused on
obtaining an expandable population of cerebellar neuron pro-
genitors from mouse ESCs that could then be differentiated in
defined media to produce a considerable number of neurons
with morphology, markers, and electrophysiological proper-
ties of mature Purkinje cells. As regards human cells, Wang
et al. [54] applied a self-inductive approach following

Muguruma et al. [52] on hiPSCs co-cultured with human fetal
cerebellar slices. Although cells appeared to display Purkinje
cell-specific markers and were electrically active, they did not
possess the characteristic morphology of mature Purkinje
cells. Most recently, the approach adopted in Muguruma
et al. [52] was adapted to generate Purkinje cells from
hiPSCs, achieving neurons with morphology and phenotype
clearly resembling fully mature Purkinje neurons [55].
Moreover, the introduction of a selection step based on Thy1
expression in combination with co-culturing with mouse gran-
ule neurons obtained 60–91% of quite mature Purkinje neu-
rons [56]. Alternatively, hESC-derived organoids can be used
to develop Purkinje cell differentiation [57], although the de-
gree of Purkinje cell maturation achieved still requires full
evaluation [57]. This cerebellar organoid protocol has recently
been simplified to obtain human cerebellar progenitors from
3D hiPSC cultures, with efficiencies of up to 90%, an ap-
proach that leads to about 10% of maturing Purkinje neurons
[58].

Careful design of efficient in vitro protocols producing cor-
rectly specified progenitors is especially crucial for the suc-
cess of in vivo transplantation. Indeed, committed cells are far
less sensitive than multipotent/pluripotent progenitors to the
lack of proper neurogenic cues of the adult brain or to the
presence of injury-derived anti-neurogenic signals [1, 8],
which may result in failure of cell replacement attempts.
Further, full control on differentiation steps is necessary to
pinpoint the best stage for grafting, full commitment to the
required cell type, and low sensitivity to dissociation and
grafting procedures, which affect the survival of fully differ-
entiated neurons. Thus, a significant research effort remains to
be made to obtain consistent protocols capable of reproduc-
ibly generating large quantities of properly specified cerebel-
lar neurons and further ensuring no contamination by tumor-
igenic or unwanted neural types, as well as no risk for geno-
mic instability.

Survival of Grafted Cells

Additional challenges in any cell replacement approach reside
in the capability of grafted cells to survive, differentiate, and
integrate in appropriate territories and form correct connec-
tions to support lost functions in the context of the diseased
tissue. The results of transplanting dissociated fetal mouse
cerebellar neurons and mouse ESC-derived cells apparently
indicated a rather low survival rate following implantation
(collectively below 3% of total transplanted cells) [49, 50,
52, 53]. This was true even in the most favorable experimental
conditions when the cells were grafted into the embryonic
cerebellar anlage [59]. Moreover, there was no specific sur-
vival advantage of Purkinje cell precursors engrafted in mu-
tants lacking endogenous Purkinje cells [49, 50, 52, 53].
However, the heterogeneous nature of the transplanted cells
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in terms of differentiation potential and survival ability makes
these observations less relevant. Interestingly, transplantation
of small fragments of the developing cerebellum in experi-
mental models of Purkinje cell degeneration has shown that
fetal cerebellar neuronal progenitors have a remarkable capac-
ity to leave the transplant, colonize the deprived cerebellar
cortex, mature as Purkinje neurons, and connect into host
circuits [30]. In some cases, this was associated with mild
behavioral improvement [60].

Problems in Differentiation, Survival, and Integration
of Grafted Cells

Despite signs of behavioral improvement, in most studies,
significant recovery of motor function remained hampered
by the inability of most transplanted Purkinje cells to make
connections with the host cerebellar nuclei (e.g., [30]). This
limitation is not present if fetal cerebellar precursors [59], or
Purkinje cell precursors obtained from mouse ESCs [52], are
grafted during fetal cerebellar development. After transplan-
tation into the developing cerebellum, dissociated Purkinje
cell precursors of any origin matured into Purkinje cells, some
of which were ectopic with a distorted dendritic arbor [35, 52,
53, 59], but the majority of which established appropriate
connections and correctly integrated in the host Purkinje cell
layer where they could survive for the entire life span of the
host [61]. However, while ectopic Purkinje cells transplanted
during development may still receive and make appropriate
connections with the cerebellar nuclei [59, 62], this capability
clearly declines during developmental progression so that, af-
ter grafting into adult cerebella, while still expressing matura-
tion markers, transplanted Purkinje cells display prominent
aberrant orientations with dendrite abnormalities and no
cortico-nuclear projections [35, 52, 53, 62]. Moreover, func-
tional improvements achieved when Purkinje cell precursors
are grafted into abnormal adult cerebella lacking Purkinje neu-
rons remain controversial. Functional benefit has been report-
ed in some studies [31–33], but others have not detected any,
or only very mild, changes [20, 34, 35]. Also to date, no
studies on ESC-derived cells have explored behavioral im-
provements after grafts in disease models. Taken together,
with the currently used approaches of cerebellar
neurotransplantation, correct integration of grafted cells ap-
pears problematic especially in the mature cerebellum. This
somewhat diverges from studies focused on neurodegenera-
tionmodels in other CNS areas where fetal neurons, or in vitro
specified mouse and human ESC/iPSCs, not only survive,
extend long-range projections to target areas in the injured
adult brain, and connect into the correct circuits but also can
improve behavior [63–69].

Difficulties with transplants of Purkinje cell precursors in
the adult may be due to several factors. First, poor survival of
transplanted cells may reflect the particular metabolic

demands of cerebellar progenitors, specifically Purkinje neu-
rons [53]. Second, the mature cerebellar environment appears
particularly refractory to integration of new elements, despite
some plastic changes being triggered in the adult parenchyma
by exposure to immature elements [70]. Indeed, the mature
granule cell layer is known to act as a barrier that prevents
grafted Purkinje cells frommigrating to the proper destination
and their axons from growing toward the deep cerebellar nu-
clei [62]. Of the many cues hampering the correct distribution
of cerebellar progenitors, reelin is a likely candidate [71, 72].
Of note, low cerebellar receptiveness is not always significant-
ly altered or increased in pathology models [35, 52, 53], sug-
gesting that disease does not necessarily worsen or facilitate
integration of grafted cells. Thus, to promote a functionally
relevant amount of graft integration, cell replacement strate-
gies for cerebellar diseases could aim at preventive transplan-
tation into the immature cerebellum before disease onset. This
option may well apply to hereditary cerebellar ataxias, whose
transmission permits prenatal diagnosis. However, a first
study where mouse fetal progenitors were grafted in a genetic
ataxia mouse model failed to show any preventative benefit of
the graft [35]. Alternatively, strategies should be developed to
neutralize adverse environmental factors, provided that aboli-
tion of cues stabilizing mature cerebellar architecture and/or
connectivity does not impair the host’s established circuits and
functions. Third, low integration efficiency of grafted cells
might also reflect poor or inappropriate differentiation proto-
cols for human multipotent and pluripotent cells. Although
more work is needed to develop more efficient in vitro strat-
egies, this is unlikely to promote better integration per se,
because integration defects also occur for primary cerebellar
progenitor grafts [20, 34, 62, 73]. Fourth, the poor capability
of grafted Purkinje cells to connect with cerebellar nuclei in
the mature cerebellum may reflect the low propensity of
neonatal rodent Purkinje neurons, compared to embryonic
cells, to sustain axon extension in favor of axon arborization,
a switch which occurs in association with exposure to gran-
ule cell-derived signals [74]. How the potential for axon
extension can be enhanced in Purkinje progenitors before
grafting remains to be understood. In summary, intensive
efforts to create permissive in vivo conditions for the im-
proved integration of grafted Purkinje neurons will be essen-
tial to achieve functional recovery by cell replacement in
cerebellar degenerative disease. However, successful cere-
bellar grafts that will be able to establish connection with
the host deep cerebellar nuclei could also worsen the sub-
ject’s clinical condition due to a possible imbalance of activ-
ity between the grafted neurons and the surviving host cere-
bellar tissue. In humans, graft-related dyskinesias have been
often described after fetal neural precursor transplantation
for Parkinson’s disease. Most of the subjects that developed
graft-related dyskinesias displayed successful grafts surviv-
ing years after transplantation [75].
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Rescue of Degenerating Neurons in Animal
Models of Cerebellar Disorders
by Transplantation of Stem Cells (H. Hirai)

In addition to providing new cells to replace those that
have degenerated, cell transplantation can also provide
factors to help maintain neurons in the process of degen-
eration. When tissues are injured by various types of in-
sults such as infarction, trauma, and neurodegenerative
diseases, affected cells release numerous cytokines and
growth factors, which trigger local immune responses
and chemotaxis of various cell types [76, 77]. Bone mar-
row-, adipose tissue-, and umbilical cord-derived MSCs
are representative cell types that are attracted to the dam-
aged tissues by the alerting signal molecules. The
attracted MSCs help to mitigate local inflammation by
releasing immunomodulatory and anti-inflammatory fac-
tors [78–80]. To date, many animal experiments have
been performed to validate beneficial influence of MSCs
on neurodegenerative diseases. For example, injection of
MSCs intravenously to spinocerebellar ataxia type 2
(SCA2) transgenic mice [81] or directly into the cerebellar
tissue of SCA1 transgenic [39] or new born Lurcher mu-
tant [37] mice alleviated progressive degeneration of
Purkinje cells, resulting in better behavioral performance

compared with respective non-treated control mice.
Likewise, injection of MSCs into the intrathecal space of
SCA1 knock-in (KI) mice significantly reduced progres-
sive degeneration of spinal motor neurons [82]. Similar to
MSCs, transplantation of precursor neural stem cells
(NSCs), which were derived from the subventricular zone
of adult mice, into the cerebellar white matter of SCA1
transgenic mice also mitigated degeneration of Purkinje
cells [25]. These results suggest that the MSCs and
NSCs have potential to prevent affected neurons from
degeneration and cell death. Although the cellular and
molecular mechanisms behind the suppression of neuro-
degeneration have not been fully clarified, conditioned
medium, in which MSCs were cultured, was shown to
exert similar therapeutic actions as MSCs on degenerating
spinal motor neurons of SCA1 KI mice [82], suggesting
that treatment with beneficial factors secreted from the
stem cells would be a feasible possibility (Fig. 2(A)).

A different and intriguing possibility that accounts for
beneficial effects of MSCs and bone marrow-derived cells
(BMDCs) is the fusion of the injected cells with impaired
neurons (Fig. 2(B)). Several studies demonstrated the fusion
of grafted BMDCs [83] and MSCs [37, 84, 85] with
degenerating Purkinje cells. The fused Purkinje cell is binu-
cleated: the donor nucleus was proven to be reprogrammed

Fig. 2 Schema depicting possible mechanisms that account for beneficial
effects of cellular transplantation. Transplanted MSC and BMDC are
attracted to degenerating neurons and release molecules trophic to the

impaired neurons (A). Alternatively, the grafted cells fuse with
degenerating neurons, resulting in binucleated neurons (B). MSC
mesenchymal stem cell, BMDC bone marrow-derived cell
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to a Purkinje cell nucleus and begin to produce proteins se-
lectively expressed in Purkinje cells such as calbindin D28K
and Purkinje cell protein 2 (L7 protein) [86, 87]. With respect
to the cellular fusion, whether the grafted cells fuse with
healthy Purkinje cells or only with impaired Purkinje cells
would be an intriguing question. This question was ad-
dressed in experimental models of incomplete Purkinje cell
degeneration induced by specific neurotoxic treatments [88]
or by genetic mutations [85]. The number of Purkinje cells
fused to bone marrow-derived hematopoietic precursors was
approximately 1 order of magnitude greater in mice and rats
where Purkinje cells were damaged either by the intraven-
tricular injection of propidium iodide or that of an
immunotoxin targeting the p75NGF receptor, than in un-
treated animals [88]. The same question was also addressed
by injecting MSCs into healthy wild-type mouse cerebellum
and comparing the results with that obtained using symptom-
atic SCA1 transgenic mice [85]. Examination of the cerebel-
lar tissues from healthy wild-type mice that received cerebel-
lar injection of MSCs (50,000 cells/mouse) revealed only
one MSC-fused Purkinje cell found in only one of 21 mice
examined, which was in sharp contrast with high frequency
of appearance of MSC-fused Purkinje cells in MSC-injected
symptomatic SCA1 transgenic mice (158 Purkinje cells in
nine mice out of 16 mice examined) [85]. These results show
that MSCs have the potential to fuse primarily with impaired
Purkinje cells. However, since the frequency of MSC-
Purkinje cell fusion is very low, even in the degenerating
cerebellum, it remains inconclusive whether the fusion event
has substantial therapeutic significance.

Stability of grafted stem cells and persistence of the ben-
eficial action on damaged/degenerative tissues have not
been fully clarified, since many studies using model mice
of cerebellar disorders examined the influence only within a
couple of months after the engraftment [25, 37, 42].
However, two studies demonstrated morphological and be-
havioral improvements in SCA1 model mice 4 months or
6 months after the cerebellar or intrathecal injection of
MSCs [39, 82]. Thus, the beneficial effects of grafted
MSCs likely continue at least more than half a year, al-
though the MSCs themselves may disappear earlier. The
presence of grafted MSCs for only a limited period results
in regression and eventual disappearance of the therapeutic
benefits; however, even during a limited period, the local
immunosuppression at acute-subacute stages should have
marked therapeutic benefits for brain injuries such as ische-
mic insults [89]. Meanwhile, GFP expression in Purkinje
cells that were fused with GFP-expressing MSCs was ob-
served more than 6 months after the engraftment [85]. This
suggests that donor nuclei of MSC origin are active, and
therefore potentially therapeutic, in Purkinje cells for at
least 6 months, much longer than the presence of the actual
(MSCs) cells.

Role of Trophic Factors (R. Sherrard)

Trophic factors and other signaling molecules regulating sur-
vival, proliferation, differentiation, migration, fiber growth,
and synaptogenesis are important for neurotransplantation
for at least two reasons. First, they can be produced by grafted
cells and rescue degenerating neurons [37], modulate patho-
logical process in the residual cerebellar tissue (e.g., reduce
inflammation), and hypothetically, also stimulate its function
as discussed above. Secondly, trophic factors influence two
major problems of cell transplantation for cerebellar disease
and injury: survival of the grafted cells and their integration in
the remaining cerebellar circuitry. Neuronal survival, neurite
outgrowth, and synaptogenesis are processes in which trophic
factors play major roles during development including that of
the cerebellum [90] and thus could be a useful adjunct to
cellular grafts.

However, production of neurotrophic factors by grafted
embryonic or mesenchymal stem cells [44, 91] has a real
possibility of facilitating integration of grafted neurons into
established circuits, especially since they are extensively in-
volved in the development of cerebellar neurons and the cor-
tical circuit [90]. The focus of cell transplant treatment is often
the replacement of Purkinje cells [3], consistent with their
central role in the cerebellar cortical circuit and regulation of
deep cerebellar nuclear output. Unfortunately, as discussed in
the section BTransplantation of Stem or Embryonic Cells: Cell
Migration, Differentiation, and Axon Growth (A. Buffo and
L.Magrassi),^ there is very little success in integrating grafted
Purkinje neurons into the existing cerebellar circuitry [62] and
this is where neurotrophic factors may help because they are
involved in important stages of Purkinje cell development that
impact on its connectivity.

Purkinje Cell Output to the Deep Cerebellar Nuclei

During maturation, Purkinje cells lose their capacity to regen-
erate the central part of their axon to restore connectivity to
their deep nuclear targets [92]. However, even grafted imma-
ture Purkinje cells or progenitors cannot penetrate the envi-
ronment of the mature internal granular layer to innervate their
target, the deep cerebellar nuclear neurons [62], in contrast to
grafted ESCs in other CNS regions, which do extend their
axons to their targets [69]. This lack of grafted Purkinje cell
axonal extension may be less due to a hostile cerebellar envi-
ronment than the absence of an appropriate growth program.
In the natural sequence of cerebellar development, rather than
project an axon to the deep nuclei, immature Purkinje cells
migrate through them leaving behind their axons in synaptic
contact with their target deep nuclear neurons [93]. While
grafting Purkinje cells adjacent to the deep nuclei may facili-
tate their reconnectivity, the Purkinje cell itself would then
have to migrate to its normal location in the cortex in order
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to be able to receive its normal input, parallel and climbing
fiber axons. While extracellular molecules such as reelin and
tenascin are primary regulators of early Purkinje cell migra-
tion [94], the neurotrophic factor GDNF, and its receptor
GFRα1 have recently been implicated in Purkinje cell migra-
tion [95], which may offer future potential to overcome the
current inability to establish effective graft Purkinje cell to
host deep nuclear connectivity.

Purkinje Cell Dendritic Development and Afferent
Synaptogenesis

Even if grafted Purkinje cells are placed in, or migrate to, the
cerebellar cortex, their integration, and therefore therapeutic
usefulness, requires that they develop a dendritic tree to estab-
lish and maintain afferent parallel and climbing fiber synap-
ses. Neurotrophic factors are involved in both of these
processes.

The development of the Purkinje cell dendritic tree is reg-
ulated by many factors but is principally an inherent growth
program involving extensive calcium signaling pathways [96,
97]. However, trophic factors such as IGF-1 promote Purkinje
cell dendritic growth [98, 99] and BDNF is particularly im-
portant for their spinogenesis, synaptogenesis, and synaptic
function [45, 100].

Granule cells express both BDNF and its receptor TrkB
throughout life [101, 102] and therefore retain the capacity
for structural as well as functional synaptic plasticity. For ex-
ample, in the presence of unoccupied Purkinje cell spines,
such as those that develop on grafted Purkinje cells, mature
parallel fibers are able to sprout, developing new terminal
branches and synapses to fill the available space [103].
Indeed, the synthesis of BDNF by mature granule cells will
facilitate spine production on the maturing Purkinje cell den-
dritic tree [104], which expresses TrkB receptors [45], sug-
gesting that additional trophic support (particularly BDNF) is
not required. However, the mature cerebellar cortex extensive-
ly expresses truncated TrkB receptors [105], which negatively
regulate BDNF function [106], and additional BDNF is likely
to promote parallel fiber-Purkinje cell connectivity.

In contrast, climbing fibers of the mature cerebellar cortex
are much less plastic than parallel fibers. While they are capa-
ble of sprouting within the molecular layer to reinnervate ad-
jacent denervated Purkinje cells, the overall effect is local and
is limited within zebrin bands and up to a maximum of
100 μm [107, 108], which is likely to impact on the innerva-
tion of grafted Purkinje cells. Such limited extension of
climbing fiber axons has been interpreted as showing a limit
to the plastic capacity of inferior olive neurons [108], which is
entirely consistent with the loss of growth factor synthesis in
the adult inferior olive [90]. The hypothesis is supported by
studies showing that trophic factors such as IGF-1 and BDNF
can dramatically increase the growth of climbing fiber axons

[109, 110] so that they develop transcommissural axon collat-
erals which grow through the cerebellar white matter to rein-
nervate both cortical Purkinje cells and DCN neurons in the
contralateral hemicerebellum [111]. Not only does this inner-
vation generate functional synapses, but it also confers recov-
ery of lost motor and spatial learning [111]. These studies
indicate that treatment with extrinsic growth factors may be
a promising adjunct to Purkinje cell grafting, which facilitates
the integration of the grafted cells into the existing cerebellar
cortical circuit.

Inevitably, the consideration of applying neurotrophin
treatment with cell grafts to human cerebellar pathology needs
careful investigation of potential pitfalls. The entire process of
interneuronal connectivity involves more than just the forma-
tion of new synapses but includes selective stabilization and
elimination of extraneous contacts. These processes of matu-
ration will need to be observed in host-graft interactions to
ensure that new circuits are correct and will not be functionally
maladaptive. This is particularly true of climbing fibers and
their reinnervation of Purkinje cells, to which BDNF-TrkB
signaling contributes [112]. Exogenous BDNF induces ma-
ture climbing fibers to mono-reinnervate mature Purkinje
cells, but also to multiply-reinnervate immature Purkinje cells
[113]. For grafted immature or progenitor Purkinje cells, such
multi-innervation would need to regress for correct adult func-
tion [114]. One of the factors controlling this process of syn-
apse maturation/elimination is retrograde Purkinje cell-
climbing fiber BDNF-TrkB signaling [115, 116]. Thus, the
timing of trophic factor, in particular BDNF, adjunct treatment
clearly has to be highly specific to allow synapse formation,
without also impacting on circuit maturation.

Clinical Implications
from Neurotransplantation in Other
Neurological Diseases (H. Mitoma and M.
Manto)

The r e i s a l a c k o f i n f o rma t i o n on c e r e b e l l a r
neurotransplantation, relative to the data on the same topic in
PD [117] and Huntington’s disease (HD) [9]. In PD, the do-
paminergic graft is transplanted into the striatum for delivery
of dopamine, whereas in HD, the aim of neurotransplantation
is to replace the progressive loss of GABAergic medium spiny
neurons in the striatum circuitry. The main sources of graft
neurons are hESCs, hiPSCs, and neural stem cells.
Characteristically, human fetal mesencephalic cells are used
for PD while human fetal striatal tissues are used for HD.

Neurotransplantation has been applied more commonly in
PD than in HD, since the delivery of neurotransmitters is
easier than the reconstruction of striatum neural circuits.
Long-term studies of PD transplantation in the last three de-
cades have shown that the transplanted dopamine-producing
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cells supply sufficient amounts of dopamine, leading to
movement-related activation [118, 119]. Withdrawal of levo-
dopa (L-DOPA) is possible in most successful cases [120]. On
the other hand, improvement of HD clinical symptoms has
only just started to be reported.

The above experience in transplantation in PD and HD can
provide a general overview of the pros and cons of
neurotransplantation and help indirectly in estimating the po-
tential rate of therapeutic efficacy/negative effects of cerebel-
lar neurotransplantation. The factors that influence the prog-
nosis of PD neurotransplantation, both positively and nega-
t ively, are based on a large number of cases of
neurotransplantation, as discussed below.

Prognostic Factors The outcome of neurotransplantation
varies widely and is dependent on the clinical status, suggest-
ing the existence of prognostic factors. The response to such
treatment was poor in elderly patients [121] and patients with
advanced disease stage [122]. It is likely that these factors are
related to the paucity of synaptic plasticity and the wide range
of lesions that cannot be entirely compensated by newly
grafted dopaminergic neurons [123].

Negative Effects Past experience with neurotransplantation in
PD suggests two types of potential negative effects: (1) side
effects induced by transplantation of highly proliferative and
non-self cells and (2) side effects induced by mutual actions
between graft and surrounding neural circuitries.

Transplantation of highly proliferative and non-self cells
can elicit carcinogenesis and immune-mediated resistance to
grafts. The hESCs have high proliferative capacity and there-
fore can grow rapidly to form a tumor-like structure composed
of neuroepithelial cells [124]. Furthermore, undifferentiated
ESCs, which are difficult to harvest, can grow to a teratoma
[125]. Several methods to avoid the formation of a teratoma
have been described, such as fluorescence-activated cell
sorting [126], induction of selective cell death using the cer-
amide analog N-oleoyl serinol [127], and manipulation of
Cripto, one of the signaling molecules for the formation of a
teratoma [128]. The hiPSC technology is a promising source
of transplantable cells. However, since reprogramming factors
of Myc and KLf4 are oncogene factors, care should be taken
to protect against tumorigenesis [129]. On the other hand, the
dopamine delivery function of grafted cells can be disrupted
by autoimmune responses. The immune privilege of the brain
is currently being reconsidered [130]. In this regard, the use of
various combinations of immunosuppressants for more than
6 months after neurotransplantation has been described in
many published open-label clinical trials [131].

In addition to the above potential adverse effects of
neurotransplantation in PD, any interaction between graft
and host neural cells can elicit unexpected neural functions
and propagation of the disease. For example, recurrence of

dyskinesia is reported in 15% of graft recipients within the
first year [121]. Furthermore, Olanow et al. [122] reported that
65% of patients developed dyskinesia that persisted after over-
night withdrawal of dopaminergic medications. Pre-existing
hypersensitivity in host dopaminergic receptors, which is in-
duced by intermittent application of L-DOPA, can exaggerate
the response to dopamine released from the reinnervating do-
pamine graft, causing the development of dyskinesias [132].
On the other hand, Lewy bodies were observed in neurons
grafted more than 10 years earlier, suggesting that α-
synuclein propagates as a prion protein [133, 134]. The dis-
ease propagation process can reduce the overall benefits of
neurotransplantation over the long term.

Alternative Approaches (H. Mitoma and M.
Manto)

In most cerebellar ataxias (CAs), neurotransplantation is not and
cannot be the sole envisioned therapy. Neurotransplantation is an
invasive procedure, and potential serious adverse events have to
be taken into account (see paragraph 6). Furthermore, there is still
no clinical evidence for its effectiveness in CAs. Overall, the
application of neurotransplantation is based on two cellular and
functional concepts: cell rescue and facilitation of cerebel-
lar reserve. Both could be potentially achieved also with
other approaches. The third concept, cell substitution, is
an exclusive task for neurotransplantation, if not taking
into account theoretical possibility of sufficient activation
of endogenous neurogenesis.

Cell Rescue

In case of Bprogressive pathologies,^ the available therapies
are designed to prevent further damage and rescue the cells
from degeneration [6, 41, 135] and are therefore closely relat-
ed to the pathogenesis of each particular disease. For instance,
in metabolic- and immune-mediated CAs, treatment is based
on rectification of the causal factor—metabolic disorder or
autoimmune process, respectively. Thus, these CAs are most-
ly controllable. On the other hand, in hereditary neurodegen-
erative CAs, there is no effective treatment, so potential ther-
apies are under development and their controllability is cur-
rent rather than hypothetical. Molecular-based therapy should
be a first option. Experiments in mouse models of SCAs
showed some prospective possibilities even in degenerative
SCAs [136–143].

Targeting the RNA is a promising therapeutic approach in
degenerative diseases of the cerebellum, through the down- or
upregulation of the expression of the target pathogenic gene
[144]. In particular, methods that use RNA interference
(RNAi) and bioactive small molecules can act as suppressors
of a particular gene, whereas intrathecal delivery technology
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of mRNA encapsulated in lipid nanoparticles can upregulate
the expression of a given gene. In animal experiments,
molecular-targeted therapy has been reported to halt disease
progression and rescue cells from cell death [136–143]. For
example, accelerating cleavage of the pathological protein
containing extended polyglutamine tract is effective in
SCA3 and SCA7 mice [140, 143]. Treatment with dantrolene,
a calcium ion stabilizer, in SCA2 and SCA3mice is associated
with improved motor performance and prevention of neuronal
cell loss in both the pontine nuclei and substantia nigra [136,
138]. Although there are diverse causes and mechanisms of
impaired cerebellar circuitry, the main invasive actions

converge on common pathological elements such as ER
stress, oxidative stress, energy crisis, dysregulation of tran-
scription and gene expression, and apoptosis (Fig. 3). Where
common final pathways are shared between etiologies (for
example, ER stress in anti-GAD ataxia and ethanol-induced
cerebellar atrophy), molecular-based therapies identified for
these processes (ER stress in this case) could also have thera-
peutic benefit in patients with immune-mediated or metabolic
CAs who showed resistance to immune- or metabolic-
mediated therapies, respectively.

However, both the efficacy and safety of such therapy have
not been verified yet. Furthermore, the clinical condition can

Fig. 3 A schematic diagram of main pathways leading to cerebellar
Purkinje cell death. Although there are diverse etiologies (indicated by
gray boxes) which impair the cerebellum, main invasive reactions
converge on several common pathological elements (indicated by
yellow boxes): (1) triplet repeats in genes eliciting a production of un-
folded proteins and aggregation, (2) interference in calcium homeostasis,
and (3) excitotoxicity causing increased calcium entry. The extracellular
invasions, excitotoxicity, are characterized by enhancement through
microglial cell-induced neuroinflammationwith a positive-feedback fash-
ion. These pathological elements, in turn, form chained cascades (indi-
cated by red fonts), leading to the lethal status of the cells (indicated by
orange boxes): (1) ER stress, (2) oxidative stress, (3) energy crisis, (4)
dysregulation of transcription and gene expression, and (5) apoptosis. The

status can be chained into following core cascades: (1) triplet repeats →
pathological protein aggregates → interference with transcription, apo-
ptosis, and ER stress; (2) excessive calcium→mitochondrial dysfunction
and oxidative stress; and (3) mitochondrial dysfunction → ER stress →
apoptosis. Importantly, these cell stresses are offset by (1) ER chaperon,
ubiquitin-dependent proteasome, and autophagy and (2) antioxidant
agents (indicated by blue boxes). Thus, the lethal status, which is beyond
these protective capacities, elicits cell death. These protective capacities
consist of cellular reserve and cellular abilities for compensation and
restoration. Theoretically, molecular-based or neurotransplantation thera-
pies could work via reduction of the pathological elements and interfer-
ence with the cascades, leading to lethal status or via supporting protec-
tive capacities
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also have certain peculiarities that hinder the effectiveness of
such therapy. For example, in the case of hereditary degener-
ative CAs, deleterious effects of abnormal proteins persist
despite treatment, and thus, the need for alternative permanent
therapy would be necessary to prevent cell death. Moreover,
the safety of repeated molecular manipulation in patients is
uncertain. Another problem related to molecular-based thera-
py is that it is strictly specific for individual subtypes of dis-
ease based on the different underlying pathogenic processes
involved in cell degeneration (Fig. 3). Therapies must be
established for each subtype within the CAs, so delays are
expected.

Significant advantages have not yet been gained from
molecular-based therapies. The same comment is valid for
neurotransplantation. It is also unclear whether synergistic ef-
fects will occur or not. Importantly, although both molecular-
based therapies and neurotransplantation could act on the le-
thal status of specific cell pathologies and prevent/delay cell
death, detailed molecular mechanisms involved remain
unclear.

Facilitation on Cerebellar Reserve

In cases of Bacute (unexpected) pathologies^ with irreversible
tissue damage, such as stroke or injury, and for conditions of
Bprogressive pathologies^ including Bpotent ia l ly
controllable^ and Buncontrollable,^ therapies are expected to
support residual cerebellar functions [135]. While cerebellar
reserve defined as the capacity of the neural tissue for func-
tional restoration and compensation to pathology [41] is pre-
served, appropriate therapies can facilitate long-term improve-
ment. Examples of the established neuromodulation therapies,
which facilitate cerebellar reserve, include motor rehabilita-
tion and non-invasive cerebellar stimulation. The first option
is intensive motor rehabilitation which improves motor func-
tions [145]. The second, non-invasive cerebellar stimulation,
including repetitive transcranial magnetic stimulation (rTMS)
and transcranial direct current stimulation (tDCS), is promis-
ing. Indeed, non-invasive cerebellar stimulation promotes
synaptic plasticity and, therefore, has great potential for the
reconstruction of lost cerebellar functions [146]. In fact, the
therapeutic benefits of tDCS were reported in a double-blind,
randomized, sham-controlled study [147], in which a 2-week
treatment with cerebellar anodal tDCS improved ataxia rating
scores (scale for the assessment and rating of ataxia SARA,
International Cooperative Ataxia Rating Scale (ICARS), 9-
hole peg test, 8 m walking time) and cerebellar brain inhibi-
tion (CBI) [148].

As long as improvement gained through these
neuromodulation therapies does not reach the critical level
of motor function necessary for the daily activities of the pa-
tient, neurotransplantation remains an option to be considered.
However, one difficulty is that the community still has an

unclear picture of the short- and long-term effects of motor
rehabilitation/non-invasive cerebellar stimulation and their bi-
ological mechanisms. Neurotransplantation should be applied
after exhaustive trials of the neuromodulation therapies in
acute pathologies and progressive pathologies. The interac-
tions between drugs and neuromodulation therapies are also
unknown.

Lastly, it has to be remembered that cerebellar disorders
comprise a myriad of diseases. Based on the clinical time
course of each disease process, the superiority or inferiority
of each therapy should be considered before the selection of
neurotransplantation. A first treatment algorithm is summa-
rized in Fig. 4.

Conclusion (J. Cendelin and F. Vozeh)

Neurotransplantation is one of potential future therapies for
cerebellar pathologies. Nevertheless, there are still many
doubts and unknown aspects that evoke the necessity of care-
ful approach, always respecting the safety of the patients.
Most of our knowledge about cerebellar transplantation, both
optimistic and pessimistic, comes from experiments in ani-
mals, namely mice, and to date, there are only few data from
human patients. Animal models have their limitations, and
translation of the findings to human medicine is not easy.
Some information can be extrapolated from neurotransplantation
therapy for other diseases, such as PD and HD. Nevertheless,
these diseases have their own specifics different from cerebellar
disorders. Thus, there are only indirect indices that
neurotransplantation could also be applicable for the cerebellum
in humans. Adequate direct evidence is still lacking.

The cerebellum belongs among the non-neurogenic struc-
tures which limits its self-recovery capacity and might also
hinder graft survival and integration. Furthermore, diverse
cerebellar functions are strongly related to its complex micro-
structure consisting of myriads ofmany types of cells connect-
ed through precise point-to point circuits that are difficult to
reconstruct by grafted cells. Cerebellar diseases, particularly
cerebellar degeneration, are a heterogeneous group of pathol-
ogies with various pathogenic processes and various combi-
nations of cerebellar and extracerebellar damage and are ac-
companied with various changes of the cerebellar tissue niche.
For all of that, transplantation therapy for cerebellar diseases is
expected to be more problematic than that for, e.g., PD. It is
possible that it will not bring the same effect in all types of
cerebellar diseases and that we will need disease-specific
approach.

Biological aspects and limitations of neurotransplantation
were discussed here as well as elsewhere [1–4, 6, 135].
Nevertheless, there are also ethical aspects concerning, in par-
ticular, embryonic stem cells and embryonic or fetal neural
progenitors. Advancement in technology of in vitro
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propagation and cellular differentiation makes available new
types of cells which are available in larger quantities and with-
out the associated ethical problems.

Thanks to the development of other molecular ap-
proaches, pharmacotherapy of neurodegenerative diseases
or neurostimulation methods might become effective in the
treatment of many brain, including cerebellar, diseases so
that transplantation will not be needed in many cases.
Nevertheless, it is too early to draw conclusions in this
regard.

Anyway, neurotransplantation research is not only impor-
tant for the development of neurotransplantation therapy as a

clinical tool of patient treatment but helps also understand
brain development, rules of stem cell proliferation, cellular
migration and differentiation, or self-regenerative processes
and mechanisms of brain plasticity. Indeed, searching for tools
for neurotransplantation therapy accelerated stem cell research
and increased our knowledge of cerebellar development and
factors influencing cell survival, differentiation, migration,
etc. If nothing else, this is a significant contribution to bio-
medical sciences.
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Fig. 4 A flow diagram of the recommended algorithm for selection of
cerebellar neurotransplantation. The bottom figures show the course of
the disease and the potential influence of the therapy. As the disease
progresses, cerebellar reserve decreases. (A) Cell rescue. In case of
progressive but potentially controllable pathology, the aim of
neurotransplantation is to slow the progression of the disease process
(change of the slope of cerebellar reserve decline) by cell rescue. The
therapy should be started in early stages of the disease before the
cerebellum falls into the non-restorable state. (B, C) Facilitation on cer-
ebellar reserve. In the case of progressive and uncontrollable pathology
(B) and acute pathology with irreversible tissue damage (C), cell loss

cannot be prevented. The purpose of neurotransplantation is to facilitate
cerebellar reserve (upward shift). In the case of progressive pathology
(B), neurotransplantation should be conducted while cerebellar reserve
is preserved. Decline of cerebellar function continues but due to potenti-
ation of cerebellar reserve, the non-restorable state comes later. In the case
of irreversible cell loss (C), cell substitution might potentially replenish
cerebellar reserve and turn the cerebellum into restorable stage. The up-
ward arrow in each figure indicates the conduct of neurotransplantation
(red arrow) and/or alternative therapy (green arrow). The figures show the
case that alternative therapy is not effective (now change of curve) and,
thus, neurotransplantation is used
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