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Abstract

Neurotransplantation is as a potential therapeutic method
for diseases of the nervous system, including the cerebel-
lum. Experiments on laboratory animals have shown many
promising results, but also potential risks and limitations,
with many questions remaining unanswered. We discuss the
main goals of neurotransplantation as a treatment of cere-
bellar disorders, potential graft effect mechanisms, types of
grafts with their advantages and disadvantages, and prob-
lems of graft development and functional integration.
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109.1 Introduction

Cerebellar pathologies are manifested by motor, cognitive,
behavioral, and emotional disorders. In severe cases, they
lead to complete disability of the patient or even premature
death. For some cerebellar diseases, such as immune-
mediated cerebellar ataxias, effective therapy is available,
particularly if administered early upon correct and timely
diagnosis at a stage when the cerebellar reserve is sufficient.
On the other hand, some pathologies, e.g., trauma, cerebro-
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vascular disorders, tumors, and their surgical treatment lead
to irreversible damage to the cerebellar tissue occurring sud-
denly or when in an advanced stage at the time of diagnosis.
Other cases are the slowly progressive cerebellar degenera-
tive diseases, for which, however, usually no causal therapy
capable of substantial slowing down of the process is cur-
rently available in the clinic, although animal studies have
opened novel perspectives (see Chap. 108).

These pathologies lead to the loss of all types of cerebellar
neurons focally (e.g., traumas, cerebrovascular diseases, and
tumors), or to the rather diffuse extinction of specific neuronal
population (e.g., degenerative processes, untreated immune-
mediated cerebellitis). Thereby they reduce cerebellar reserve,
induce a non-restorable state, and may lead to irreversible dete-
rioration of cerebellar functions (Mitoma and Manto 2016).
Because of the problematic treatment of many of the cerebellar
diseases and their severe functional consequences, new thera-
peutic approaches are being investigated. These include, first of
all, new or repurposed neuroprotective medicaments, pharma-
cotherapy or genetic therapy, targeting specifically the patho-
genesis of the disease, or non-invasive cerebellar stimulation
(see Chap. 106) promoting residual cerebellar functions
(Mitoma and Manto 2016; Gandini et al. 2020).

Neurotransplantation also belongs among the experimental
therapies for cerebellar damage. It has been investigated as a
promising and hopeful approach for decades. Despite intensive
research and the quantity of new knowledge, there are still many
questions and doubts. Neurotransplantation is not yet a safe,
effective, and routine therapy, but remains mostly in the stage of
experiments on laboratory animals (Cendelin et al. 2019).

109.2 Goal of Neurotransplantation
Therapy

Cerebellar transplantation goals include (1) substitution of

lost cells, (2) promotion of function of residual cerebellar
tissue via plasticity stimulation, and (3) prevention (or delay)
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of degeneration of intrinsic cerebellar neurons. The problem
is that proper cerebellar function is dependent on specific
cerebellar circuitries, consisting of projection Purkinje neu-
rons, many types of cerebellar cortex interneurons, deep cer-
ebellar nuclei, as well as on multiple afferent and efferent
connections with many neural structures. Effective restora-
tion of these complex circuitries by grafted neurons would
be extremely difficult since it requires survival and appropri-
ate differentiation, and adequate synaptic integration of a
sufficient number of grafted cells. Nevertheless, it would be
the only solution if most of the intrinsic neurons of a certain
type or a substantial part of the cerebellar tissue is damaged.
In the case of cerebellar function support, the sufficient cer-
ebellar reserve (see Chap. 110) must still be preserved to
maintain a restorable state (Mitoma and Manto 2016;
Cendelin et al. 2018a). If a small amount of tissue (neurons
of a certain type) remains, it is not capable of compensating
for the loss of function of extinct cells and to maintain cere-
bellar function on an acceptable level. Analogously, preven-
tion of neuronal degeneration can have a substantial effect
only if started before the massive neuronal loss has devel-
oped. From this point of view, different goals and mecha-
nisms of graft effect are of importance in slowly developing
early-stage diseases, fully developed mild damage and in
fully developed massive damage to cerebellar tissue, or
advanced stages of progressive uncontrollable cerebellar
degeneration (Cendelin et al. 2018a, 2019).

109.3 Graft Types and Mechanisms of Their
Effect

Because grafting mature neural tissue is not possible, imma-
ture cerebellar cells, neural precursors or stem cells are used.
Individual types of grafts have their advantages and can act
via different, in some cases multiple mechanisms to meet
one or more of the transplantation goals as described above.
Indeed, they also have disadvantages and serious limitations
that are of a biological, technical, and, in some cases, ethical
nature.

Fetal (embryonic) cerebellar tissue transplantation is a
classic approach that has been used in many mouse models
of cerebellar degenerations since the 1980s (Sotelo and
Alvarado-Mallart 1987; Kohsaka et al. 1988; Triarhou et al.
1996; Kaemmerer and Low 1999; Fuca et al. 2017;
Purkartova et al. 2019) (Fig. 109.1). The graft can be injected
either as a solid piece of tissue or as a cell suspension, sur-
viving for many weeks or months in both healthy and mutant
cerebellum (Kaemmerer and Low 1999; Fuca et al. 2017;
Cendelin et al. 2018b; Purkartova et al. 2019). Fetal cerebel-
lar tissue is a good source of Purkinje cells (Fig. 109.1b) and
thus could potentially be used to replenish a deficient popu-
lation of these projection neurons of the cerebellar cortex

(Sotelo et al. 1990; Carletti and Rossi 2005; Fuca et al. 2017,
Cendelin et al. 2018b; Purkartova et al. 2019). It could also
be effective in the substitution of granule cells (Kohsaka
et al. 1988).

Nevertheless, there are controversial results regarding the
integration of fetal cerebellar grafts into the host’s cerebel-
lum (Kohsaka et al. 1988; Sotelo et al. 1990; Carletti et al.
2008; Cendelin et al. 2018b; Purkartova et al. 2019). There
may be differences in intensity of colonization of the host’s
cerebellum by grafted Purkinje cells and axons sprouting
from the graft into the host’s tissue not only between healthy
and mutant mice but also between different types of cerebel-
lar mutants (Purkartova et al. 2019). Alleviation of motor
deficits after fetal cerebellar cell transplantation has been
found only in some cerebellar mutants (Triarhou et al. 1996;
Kaemmerer and Low 1999), while other studies reported no
or only weak effects (Fuca et al. 2017; Cendelin et al. 2018b;
Purkartova et al. 2019).

As in the neurotransplantation treatment of Parkinson’s
disease by fetal dopaminergic neurons, the only available
source of fetal cerebellum would be aborted human fetuses.
This is a problematic source, because of difficult quality
standardization, risk of infection transmission, and also from
an ethical point of view.

Neural stem cells can be isolated from donor brain, par-
ticularly from its neurogenic zones (e.g., subventricular
zone) and immature (fetal) brain. The advantage is the pos-
sibility of in vitro expansion of these stem cells, which is,
however, limited. Therefore, the source is dependent on
donor brain availability. There are similar technical and ethi-
cal problems, as in fetal cerebellar tissue. Neural stem cells
do not show a strong tendency to differentiate into cerebellar-
specific neuronal phenotypes (Chintawar et al. 2009; Rolando
et al. 2010; Mendonca et al. 2015); in particular, differentia-
tion into Purkinje cells is rare (Rosario et al. 1997; Lee et al.
2005). On the other hand, grafted neural stem cells have been
shown to contribute to the survival of degenerating intrinsic
cells by metabolic support via gap junctions (Jaderstad et al.
2010).

Embryonic stem cells can be maintained and expanded
effectively in vitro and show a capacity to differentiate into
various cell types or cerebellar organoids (Muguruma et al.
2015). Nevertheless, human embryonic cells are ethically
problematic and their manipulation is strictly regulated by
national legislation.

Carcinoma stem cells are derived from carcinoma (tera-
tocarcinoma) and, as such, they are easy to maintain and
expand in vitro. Neural progenitors derived from carcinoma
stem cells grafted into the cerebellum of normal and cere-
bellar mutant mice did not differentiate into local specific
neuronal phenotypes and overall morphology of the graft
did not promise any positive effect (Houdek et al. 2012). On
the other hand, these cells had a therapeutic effect in animal
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Fig. 109.1 A fluorescent graft (donor tissue expressing enhanced green fluorescent protein, EGFP) in the host mouse cerebellum (a). A detail of

Purkinje cells in the graft, showing no laminar arrangement (b)

models of amyotrophic lateral sclerosis (Garbuzova-Davis
et al. 2002), spinal cord injury (Saporta et al. 2002), or
stroke (Hara et al. 2007). Nevertheless, carcinoma stem
cells are considered dangerous for human use, although
their tumorigenic capacity might be reduced by advanced
neurodifferentiation (Pleasure et al. 1992; Garbuzova-Davis
et al. 2002).

Adult stem cells can be isolated from various tissues
without any significant damage to the donor. Advanced tech-
nologies even allow the generation of induced pluripotent
stem cells from somatic cells (iPSCs) (Takahashi and
Yamanaka 2006). Their features and therapeutic potential are
not yet fully explored. Nevertheless, Purkinje cells and cer-
ebellar organoids have already been generated from iPSCs
(Wang et al. 2015; Watson et al. 2018; Nayler et al. 2021),
suggesting that they can become an effective tool for cere-
bellar cell therapy. This type of graft would be available for
autotransplantation as well (considering in vitro gene ther-
apy in the case of hereditary cerebellar degeneration).

Mesenchymal stem cells (MSCs) can be isolated from,
e.g., bone marrow, umbilical cord, or adipose tissue, without
injuring the donor substantially. Autotransplantation is also
possible. MSCs have been grafted in many mouse models of
cerebellar diseases, showing mostly positive results. They
usually do not differentiate intensively into cerebellar-
specific neurons (Bae et al. 2007; Jones et al. 2010; Chang
et al. 2011; Matsuura et al. 2014) and thus do not appear to
be an optimum graft for cell replacement therapy.

Effects are rather based on degenerating cell rescue, ame-
lioration of neuropathology in the cerebellum, anti-
inflammatory effects, and support of residual cerebellar
tissue plasticity (Jones et al. 2010; Matsuura et al. 2014;

Huda et al. 2016). These activities are mediated by the pro-
duction of various bioactive compounds, such as neuro-
trophic factors and other substances contained in extracellular
vesicles (Jones et al. 2010; Nakano and Fujimiya 2021). Cell
rescue can also be achieved by fusion (Bae et al. 2007; Diaz
et al. 2012; Huda et al. 2016; Kemp et al. 2018). Cell
pathology seems to increase the frequency of fusion events
compared to healthy tissue (Diaz et al. 2012; Huda et al.
2016; Kemp et al. 2018). Fusion between grafted MSCs and
degenerating Purkinje cells generated functioning Purkinje
cells, whereas the MSCs provide a normal nucleus that is
reprogrammed to maintain Purkinje neuron phenotype of the
heterokaryon cell (Bae et al. 2007; Kemp et al. 2018).
Intravenous, i.e., systemic administration of MSCs is also
possible. In SCA?2 mice, it has been shown to be even more
effective than local intracerebellar injection (Chang et al.
2011). In aggressive cerebellar degeneration, repeated sys-
temic injection of bone marrow cells might be necessary
(Diaz et al. 2019).

109.4 Host Tissue Factors Determining Graft
Survival, Development
and Functional Integration

Survival, appropriate differentiation, migration, and synaptic
integration of grafted cells would be essential, namely if
their specific therapeutic effect based on lost cell substitution
is required. These processes depend not only on the proper-
ties of the grafted cells (graft type, differentiation stage,
in vitro pre-treatment), but also on signals from the host’s
tissue milieu. The cerebellum, however, belongs to less neu-
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rogenic structures that do not stimulate differentiation of
neural stem cells into local specific neurons (Suhonen et al.
1996). Another obstacle can be the granular layer of adult
mice that acts as a barrier preventing grafted Purkinje cell
axons to grow from the molecular layer toward the deep cer-
ebellar nuclei (Keep et al. 1992; Carletti et al. 2008).
Therefore, establishing corticonuclear projections is prob-
lematic if grafted Purkinje cells occupy the molecular layer.
From the point of view of the clinical use of cerebellar
transplantation, it is important to consider grafting into a
pathologically changed tissue providing potentially different
signals from the healthy one. These signals can either be of a
positive or a negative nature. For instance, the Purkinje cell
deficient cortex of Purkinje cell degeneration (pcd) mice has
been reported to exert a selective neurotrophic effect on
grafted Purkinje cells that colonized the molecular layer
(Sotelo and Alvarado-Mallart 1987). In addition, the cerebel-
lum of these mice provides stronger signals that promote the
survival of grafted Purkinje cells, compared to the healthy
cerebellum (Carletti and Rossi 2005). In contrast, in the cer-
ebellum of Lurcher mice, embryonic cerebellar grafts main-
tain a rather delimited structure, with a low tendency for cell
migration and fiber sprouting, unlike in healthy and pcd mice
(Cendelin et al. 2018b; Purkartova et al. 2019). It is not yet
clear what factors are responsible for such differences in
graft integration between the normal cerebellum and various
cerebellar pathologies. In cerebellar mutants, there are dif-
ferences in microvascular bed (Kolinko et al. 2016), trophic
factor levels (Salomova et al. 2020), distribution and activa-
tion of glial cells (Baltanas et al. 2013; Salomova et al. 2020),
immune system and inflammatory parameters (Mandakova
et al. 2005; Vernet-der Garabedian et al. 2013), or corticoste-
rone level reactivity (Hilber et al. 2004) that can potentially
influence the levels of cerebellar tissue neurogenicity.

109.5 Conclusion

It is important to consider that neurotransplantation is an
invasive method with many risks, including the classic com-
plications of surgery or infection introduction into the cranial
cavity. In addition, the potential tumorigenic capacity of
grafted cells should be considered (Garbuzova-Davis et al.
2002; Amariglio et al. 2009). Currently, there have been only
a few clinical trials on cerebellar patients (Wu et al. 1991;
Tian et al. 2009). Therefore, valid information on the effi-
ciency, long-term persistence of the effect and the safety of
neurotransplantation as a therapy of cerebellar diseases is still
missing. Although many studies in animal models show the
promising efficiency of cerebellar transplantation (Triarhou
et al. 1996; Kaemmerer and Low 1999; Bae et al. 2007;
Chintawar et al. 2009; Mendonca et al. 2015), other studies

are rather pessimistic or controversial (Fuca et al. 2017;
Cendelin et al. 2018b; Purkartova et al. 2019). Furthermore,
there is a wide spectrum of cerebellar pathologies. Hereditary
cerebellar degenerations themselves represent a highly het-
erogeneous group. Each disease might determine different
specific conditions in the patient’s cerebellum that could lead
to a different response to grafted cells. Thus, cerebellar trans-
plantation can present different positive as well as negative
effects (cost/benefit ratio) in individual diseases and patholo-
gies. Tailored approaches might be considered.
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