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Abstract Adult stem cell populations, notably those
which reside in the bone marrow, have been shown to
contribute to several neuronal cell types in the rodent and
human brain. The observation that circulating bone mar-
row cells can migrate into the central nervous system and
fuse with, in particular, cerebellar Purkinje cells has sug-
gested, at least in part, a potential mechanism behind this
process. Experimentally, the incidence of cell fusion in the
brain is enhanced with age, radiation exposure, inflamma-
tion, chemotherapeutic drugs and even selective damage
to the neurons themselves. The presence of cell fusion,
shown by detection of increased bi-nucleated neurons, has
also been described in a variety of human central nerv-
ous system diseases, including both multiple sclerosis and
Alzheimer’s disease. Accumulating evidence is therefore
raising new questions into the biological significance of
cell fusion, with the possibility that it represents an impor-
tant means of cell-mediated neuroprotection or rescue of
highly complex neurons that cannot be replaced in adult
life. Here, we discuss the evidence behind this phenom-
enon in the rodent and human brain, with a focus on the
subsequent research investigating the physiological mech-
anisms of cell fusion underlying this process. We also
highlight how these studies offer new insights into endog-
enous neuronal repair, opening new exciting avenues for
potential therapeutic interventions against neurodegenera-
tion and brain injury.
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Introduction

The inherent cellular complexity and intricate neural cir-
cuitry of the central nervous system (CNS) presents sig-
nificant theoretical challenges to strategies aimed at res-
cuing injured and dying neurons in neurodegenerative
conditions. The observation that circulating bone marrow
(BM) cells can migrate into the CNS and fuse with (in
particular) cerebellar Purkinje cells offers a promising and
feasible mechanism to overcome some of these potential
difficulties.

Adult stem cells have been defined as undifferenti-
ated multi-potent cells with the capacity to renew and
to differentiate into all the major mature cell types in
the organ they reside. Thus, neural stem cells differen-
tiate down multiple neuronal lineages to form mature
neuronal cells and other stem cell types will also follow
this pattern: hematopoietic stem cells, for example, dif-
ferentiate into the various cells of the hematopoietic sys-
tem. This paradigm of stem cell plasticity in the CNS
was, however, challenged by controversial studies using
BM chimeric mice reporting that stem cell populations
from distinct lineages, which typically reside in the BM,
could form multiple neuronal cell types in the brain [6,
27]. Consequently, these findings sparked much interest
into the mechanisms underlying this phenomenon of cell
plasticity. Was this unconventional trans-differentiation
of BM-derived cells across germ layers? Or were there
alternative explanations—could fusion of BM-derived
cells with mature neurons explain the observations? Over
the past few years, studies attempting to address these
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questions have offered new insights into neuronal repair,
and opened exciting new avenues for potential therapeutic
interventions.

Bone into brain?

Conventional theories of stem cell plasticity in the CNS
were questioned at the beginning of the millennium, when
studies by both Mezey et al. [27] and Brazelton et al. [6]
suggested that BM-derived cells could enter the brain and
trans-differentiate into cells with a neuronal-specific phe-
notype. Donor BM stem cells, identified using the male
Y chromosome in female recipients or genetically tagged
with the green fluorescent protein (GFP), were transplanted
peripherally into either lethally irradiated or mutant PU.1
null mice (PU.1 is a member of the ETS family of transcrip-
tion factors expressed exclusively by cells of the hematopoi-
etic lineage; a mutation in the PU.1 gene renders these mice
incapable of developing cells of myeloid and lymphoid lin-
eages and consequently, without a BM transplant, they die
48 h after birth.) Subsequently cells of BM origin express-
ing neuronal-specific antigens including NeuN, NF-H and
BIII-tubulin were all found (as early as 1 month post-trans-
plant) in modest numbers in CNS anatomical sites includ-
ing the olfactory bulb, cerebral cortex, hypothalamus, hip-
pocampus, amygdala, periaqueductal gray and striatum.

A year later both Priller and Nakano [30, 35], like Brazel-
ton et al., utilised BM chimerism in rodents, in which GFP-
tagged BM stem cells were transplanted into lethally irradi-
ated mice. Again shortly after transplant, BM-derived cells
were found in the brain, but negligible numbers of GFP cells
co-expressed neuronal markers, such as NeuN and NSE, and
none showed morphological characteristics of neurons. Inter-
estingly, however, and wholly unforeseen, was the observa-
tion that, 12 months post-transplant, up to 0.1 % of Purkinje
cells within the cerebellum expressed GFP: no other brain
region contained GFP-labelled neurons. These cells, with a
typical Purkinje cell morphology and expressing Calbindin-
D28K, displayed extensive GFP expression localised in the

perikaryon, axon and dendritic tree. They also expressed
markers implying neurotransmitter synthesis, such as GABA-
synthesising enzyme and glutamic acid decarboxylase; and
they made multiple synaptic contacts, suggesting the GFP-
expressing Purkinje cells were at least functional. At this time
it was proposed, although rare, the formation of these GFP-
expressing Purkinje cells was the result of neural differentia-
tion of infiltrating GFP-marked blood-borne cells.

Cell fusion in the brain

This unexpected BM-derived cell trans-differentiation into
neurons was quickly questioned; the alternative of het-
erotypic cell fusion and the subsequent transfer of ‘donor’
genetic material to form bi-nucleate heterokaryons (see
Fig. 1) was put forward to account for the appearance of
donor-derived Purkinje cells [1, 45]. Bi-nucleated neurons
have been described in a variety of human CNS patholo-
gies, including Alzheimer’s disease [50], neuro-Behcet’s
disease [39], multiple sclerosis [18], Kuru [19] and spino-
olivo-ponto-cerebello-nigral atrophy [16]. Historically,
as far back as 1939, studies had documented bi-nucleate
Purkinje cells in humans [2] (see Fig. 2). Several decades
later, reports had also shown that the DNA content of a
small percentage of Purkinje cells could be hyperdiploid,
with many displaying twice the amount of nuclear DNA
of somatic cells [21, 22, 25, 26]. We now know this cor-
roborates quite nicely with what is seen as a result of cel-
lular fusion and the formation of bi-nucleate heterokaryons.
However, at the time controversy surrounded these facts
and a critical appraisal of the techniques used in those stud-
ies claiming a tetraploid DNA content of Purkinje cells
strongly contradicted their findings and they were therefore
seemingly dismissed [24].

Bone marrow-derived cells in the human brain

Human studies then followed, using fluorescent in situ
hybridization (FISH) to identify the Y chromosome in
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Fig. 2 A bi-nucleate Purkinje cell within the human cerebellum. A
3D confocal image of cells within the human cerebellum immunoflu-
orescently labelled with the Purkinje cell-specific marker Calbindin-

post-mortem brain tissue from females who had received
sex-mismatched BM transplants for either haematologi-
cal malignancies or genetic deficiencies of the immune
system. Mezey et al. [28] in 2003 showed in four patients
tested (survival between 2 and 10 months post-transplant)
that BM cells contributed to neuronal populations in the
CNS, particularly in both the neocortex and hippocampal
regions. The frequency of these Y chromosome-positive
cells was 2-7 cells per 10,000 neurons. It was also noted
that a plethora of non-neuronal cells, thought to be oli-
godendrocytes, astrocytes, microglia, endothelial, menin-
geal and ependymal cells, were also found all bearing the
Y chromosome. A year later, a similar study by Cogle
et al. examined the hippocampus from three female sex-
mismatched BM transplant recipients. Again both micro-
glia and astrocytes were found to bear the Y chromosome
(with up to 2 % being labelled). Furthermore, and maybe
more surprisingly, in one patient 6 years post-transplant
1 % of all neurons within the hippocampus were found
to contain donor-derived Y chromosomes. Conversely,
no Y chromosome-labelled neurons were found in the
remaining two patients. This was considered likely due
to the short periods of donor engraftment (both patients
dying within 2 months post-transplant) [8]. Interestingly,
the patient with significant neuronal engraftment was the
only individual who had received a whole BM transplant.
The two remaining patients had received peripheral blood
stem cell harvests, highlighting, although highly specula-
tively, possible distinctions between different donor stem
cell sources in their capacity to engraft within the CNS.
The bone marrow population is indeed a heterogene-
ous one. There are many stem cell sub-populations pre-
sent, including both haematopoietic and mesenchymal

D28K (green) and DAPI nuclear stain (blue). The hatched area in a
represents the higher magnified image (b) (scale bar 25 pm)

precursors, all of which have shown to have the ability to
contribute to the Purkinje cell population. Yet, no stud-
ies to date have comprehensively compared the fusogenic
capabilities of different donor cell sources or populations,
with the vast majority of transplantation studies using
whole BM preparations.

In these human studies described, large numbers of cells
were analysed; however, no signs of donor-derived poly-
ploidic cells were evident and thus fusion was considered
unlikely and trans-differentiation of BM cells was pro-
posed to be the more likely explanation for BM-derived
cells in the brain. However, Weimann et al. [44] in com-
parable studies concentrating on the cerebellum, found
that BM-derived stem cells contributed to Purkinje cells
in adult women who had received male BM transplants.
Again using FISH to detect BM-derived cells, the total fre-
quency of Purkinje cells harbouring the donor Y chromo-
some was approximately 0.1 % in patients 3—15 months
post-transplant. The novel observation of this study was
that two Purkinje cells were found with more than a dip-
loid sex chromosome composition (both a XXY and XXX
phenotype was found), raising the tentative prospect that
BM-derived cells donate genetic material to Purkinje cells
through fusion events between these two distinct cell types.
(Note: when interpreting the presence of Y chromosome-
positive cells in the females after male BM transplantation,
the possible confounding factor regarding feto-maternal
chimerism and the transfer of cells from the male foetus to
its mother must be considered [41]. The child-bearing sta-
tus of the female subjects was not reported in these studies,
therefore the observation of Y chromosomes in the brain
being a result of feto-maternal chimerism cannot be ruled
out.)
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Fig.3 A GFP-labelled bone marrow-derived Purkinje cell. A sin-
gle GFP-positive Purkinje cell found within the cerebellum of a BM
chimeric mouse (expressing GFP-tagged bone marrow) with experi-
mental autoimmune encephalomyelitis (EAE). The image represents
fusion between a GFP-labelled (green) bone marrow cell and a Cal-
bindin-D28K positive Purkinje cell (red). Several GFP-positive glial
cells can also be observed within the image. GFP-expressing bone
marrow chimeras were produced through transplantation of GFP-
tagged bone marrow stem cells into lethally irradiated mice (scale
bar 50 pm)

Purkinje cells

Purkinje cells are a class of GABAergic neurons located in
the cerebellar cortex and are some of the largest and most
complex neurons in the human brain. Their axons are the
sole outputs from the cerebellar cortex and the extensive
dendritic network from a single Purkinje cell can receive
synaptic inputs from as much as 200,000 parallel fibres
[43]. They are therefore critical for normal cerebellar
function, and as such, an essential part of the motor sys-
tem regulating muscle tone and movement [20]. Tradition-
ally Purkinje cells, in both rodent and humans, are mono-
nucleate diploid cells that lack the ability to undergo cell
division [24, 29, 49]. They are generated only during early
brain development and in contrast to other neurons there is
no evidence of their generation after birth [44].

Bone marrow-derived cells fuse with Purkinje cells in the
rodent brain

The studies described above demonstrated unquestion-
ably that BM-derived cells, although at very low lev-
els, can cross the blood-brain barrier and contribute to
the neuronal architecture of the CNS including Purkinje
cells within the cerebellum (see Fig. 3). Nevertheless, it
remained unclear whether the underlying mechanism was
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trans-differentiation and generation of neuronal cells de
novo or BM-derived cell fusion with the existing neuronal
cells, or both.

In 2003, using Cre/lox recombination to detect fusion
events, Alvarez-Dolado et al. [1] neatly demonstrated that
BM-derived cells fused with Purkinje cells in the cerebel-
lum (in addition to cardiomyocytes and hepatocytes) and in
the process donated nuclear genetic material to the recipi-
ent neuronal cell. [Cre/lox recombination is an important
technique that has been extensively used in cell fusion stud-
ies to conditionally turn on or off gene expression in spe-
cific cell types or tissues. Using conventional recombina-
tion strategies a transgenic strain of mice is developed in
which a ‘target’ of interest is engineered to be flanked by
two Lox P sites (in this specific case the target was an inter-
vening stop sequence between the promoter and the cod-
ing region of the LacZ transgene). A second strain of mice
is also engineered to carry a transgene for the Cre-recom-
binase gene with a tissue-specific or ubiquitous promoter.
When Cre-expressing cells fuse with cells containing Lox
P sites from another, the Cre enzyme excises the Lox P
flanked target DNA. In this specific study, the transplan-
tation of Cre-expressing donor cells and their subsequent
fusion with recipient Purkinje cells containing Lox P sites
resulted in the expression of LacZ which was in-turn visu-
alised using X-gal labelling.] No less importantly, electron
microscopy showed these cells to contain two nuclei; these
nuclei being clearly distinct: one being that of a typical
‘Purkinje cell-like morphology, another being more spheri-
cal in shape with multiple nucleoli.

In the same year, Weimann et al. [45] also addressed
the fusion/trans-differentiation conundrum using GFP-
positive sex-mis-matched BM transplants in mice. GFP-
positive Purkinje cells were found for well over a year
post-transplant, with the number of these GFP-positive
cells increasing in a linear fashion over the experimen-
tal period. No other neurons in the cerebellum expressed
GFP. Furthermore, using detailed confocal microscopy,
unexpectedly these GFP-positive cells were shown to con-
tain two nuclei, with one of these nuclei containing the
Y chromosome. This indeed presented, for the first time,
compelling evidence that cells from the BM could fuse
spontaneously with Purkinje cells in the cerebellum to form
stable, non-dividing, bi-nucleate, chromosomally balanced
heterokaryons. Large numbers of heterokaryons had one
large ‘Purkinje-like’ nucleus with dispersed chromatin, and
one smaller nucleus with a dense chromatin structure; the
remaining cells contained two identical nuclei, both large
with dispersed chromatin. Over time the proportion of the
latter cells (containing two ‘Purkinje-like’ nuclei) increased
considerably, suggesting once a BM-derived cell (with
a compact nucleus) fuses with a Purkinje cell, its nucleus
is reprogrammed and acquires the characteristics of a



Acta Neuropathol (2014) 128:629-638

633

Purkinje cell. This hypothesis was further supported by the
observation that GFP-positive Purkinje cells lacked expres-
sion of the hematopoietic markers CD11b, F4/80 and CD45
in mice after transplanting BM cells expressing GFP under
the Purkinje cell-specific promoter L7-pcp-2. This proved
that BM cells once fused with the existing Purkinje cell
population were reprogrammed to express, in a genetically
dominant fashion, Purkinje cell-specific genes.

Is fusion an experimental artefact?

The discovery that BM-derived Purkinje cells resulted from
fusion events, led to several studies over the next few years
attempting to further understand this phenomenon. In both
humans and rodents, without additional pathology such
as inflammation, Purkinje cell fusion appeared to occur at
very low levels, though the frequency of fusion events was
thought to increase with age [23, 45, 46]. It was, however,
debated whether many of these studies were conducted
under physiological conditions as the patients or animals
were subjected to highly invasive regimens involving either
irradiation or chemotherapeutic drugs to remove the host
haematopoietic system. Bi-nucleated Purkinje cells are
found in aged (un-manipulated) mice, though the donor
nucleus is of an unknown cellular origin [23]. Without
question, direct radiation exposure to the cerebellum dra-
matically increases the incidence of fusion between BM-
derived cells and Purkinje cells [12, 46]. Additionally,
both chemotherapeutic BM-conditioning drugs alone and
selective damage to Purkinje cells (for example using intra-
ventricular injections of propidium iodide) increase fusion
events [23]. All of these procedures are likely to result in
increased permeability of the blood-brain barrier and/or
increased levels of inflammation within the CNS [32, 42].

To address this problem in rodents, parabiosis experi-
ments resulting in formation of blood chimerism were
devised, thus negating the requirement for irradiation or
chemotherapeutic drugs [15] (both experimental proce-
dures proposed as prime candidates to cause fusion arte-
fact). Parabiosis generates GFP blood chimerism through
the surgical joining of two mice, one being the recipient
wild-type mouse and the other a donor mouse ubiquitously
expressing GFP. The parabiotic mice develop a common
anastomosed circulatory system leading to blood chimer-
ism within a week of surgery. ‘Wild-type’ parabiont mice
display heterotypic GFP-positive Purkinje cells consist-
ently within 20-26 weeks after surgery [15], providing evi-
dence that irradiation and chemotherapeutic drugs were not
required for fusion to occur (see also below).

Arguably the most stringent study conducted to date to
elucidate whether the phenomenon of cell fusion occurs
under true physiological conditions was carried out by
Nern and colleagues in 2009 [31]. Using the Cre/Lox

transgenic mouse model system to irreversibly label cells
of the haematopoietic lineage, they were able to positively
detect endogenous haematopoietic contribution to tissues,
which was restricted to Purkinje cells in brain tissue, in
the absence of both irradiation or chemoablation. The fre-
quency of potentially fused cells in these animals was com-
parable to those found in previous studies involving bone
marrow transplantation. Furthermore, under these experi-
mental conditions, using techniques including FISH, con-
focal and electron microscopy, fused cells were shown to
be mono-nucleate and showing no signs of polyploidy [31].

Inflammation

It remains the case that little is known about the regulation
or physiological significance of Purkinje cell fusion. If cell
fusion plays a physiologically significant role in Purkinje
cell development and/or survival, could the frequency of
fusion be modified experimentally? In 2008, two studies
by Johansson et al. and Nygren et al. [15, 33] sought to
address this conundrum using in vivo models to character-
ise the conditions under which heterotypic cell fusion arises
and whether conditions exist to increase their frequency. In
studies by Johansson et al. chronic inflammation (through
induction of either autoimmune encephalomyelitis or idi-
opathic ulcerative dermatitis) caused substantial increases
in fusion between BM-derived cells and Purkinje cells to
form, in all cases, bi-nucleate heterokaryons. The increases
in fusion events observed were 10- to 100-fold higher than
that reported in previous studies [1, 44, 45]. They also ele-
gantly showed that fusion between BM-derived cells and
Purkinje cells led to reprogramming of the donor nucleus,
resulting in expression of Purkinje cell-specific genes.
Furthermore, the cellular progeny of a single transplanted
hematopoietic stem cell (SP, Lin~, Scal*c-kit™) could
fuse with Purkinje cells, giving tentative clues to the cel-
lular origins of the fusing ‘donor’ cells. Nygren et al. [33]
also studied heterotypic fusion of BM-derived cells with
Purkinje cells alongside other cell types, including cardio-
myocytes, muscle fibres and hepatocytes. Here they also
showed, using Cre-Lox recombination technology that not
only cells of a myeloid lineage could fuse with Purkinje
cells, but cells of the lymphoid lineage were equally able
to undergo cell fusion. In addition, they suggested that the
haematopoietic contribution to Purkinje cells may have
a non-myeloid and distinct origin from that of bone mar-
row-derived microglia cells [33]. Fusion events were also
amplified in response to irradiation injury; a phenomenon
interestingly inhibited through the administration of the
anti-inflammatory corticosteroid prednisolone. This pro-
vided further compelling evidence that inflammatory cues
allow significant numbers of fused cells to be observed
experimentally.
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Whether an increase in fusion events is the direct result
of inflammation-induced migration and infiltration of
cells, linked to increased permeability of the blood—brain
barrier is unknown. Studies within our laboratory have
shown in vitro that fusion events may be, in part, medi-
ated as a secondary effect of cell infiltration and/or solu-
ble factors including TNF-alpha and IFN-gamma, released
in the initiation and amplification of the local immune
response in the CNS post-tissue injury [17]. Nern et al.
[31] also observe an increase in the frequency of Purkinje
cell fusion events (without the generation of bi-nucleated
cells) after intrathecal delivery of lipopolysaccharide
(LPS) and corresponding microglia infiltration in the cer-
ebellum. However, to confuse matters, although a differ-
ent approach to trace BM contribution to Purkinje neurons
was used, experiments involving intraperitoneal injections
of LPS into mice producing large influxes of macrophage/
microglia in the cerebellum lack subsequent increases in
heterokaryon formation [15] (LPS is a potent endotoxin
capable of stimulating the hosts’ innate immune response,
resulting in the activation of macrophages and microglia,
leading to the formation and release of a large spectrum
of inflammatory mediators [37]). Furthermore, in para-
bionts with dermatitis, large numbers of heterokaryons
were found, yet microglial/macrophage were rarely found
within the cerebellum of these animals [15]. As a conse-
quence, no correlation between infiltration of microglia/
macrophages and the formation of heterokaryons in the
cerebellum seems to be evident: circulating soluble factors
may be more important.

In humans, taking advantage of the inflammatory nature
of multiple sclerosis, studies again within our laboratories
have shown for the first time a disease-related increase in
Purkinje cell fusion and heterokaryon formation. In this
study, heterokaryon formation, although very rare, was
observed to take place in control subjects with no inflam-
matory or neurodegenerative neuropathological changes
at post-mortem, but the frequency of this event was con-
siderably increased in patients with multiple sclerosis with
approximately 0.4 % of Purkinje cells being bi-nucleate
heterokaryons. Furthermore, in agreement with the above
observations from rodent studies, no correlation between
heterokaryon formation and active or chronic cerebellar
inflammation was evident, nor was heterokaryon formation
preferentially at lesion sites [18].

Is fusion a stable or a transient process?

It must be emphasised that experimentally, during a sin-
gle snapshot in time, Purkinje cell fusion and heterokar-
yon formation is indeed rare. If fusion between BM cells
and Purkinje cells to form stable heterokaryons consti-
tutes a regenerative process to introduce healthy nuclei or
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functional genes into aged or degenerating cells, then it
may be expected that greater numbers should be observed
in humans, especially in older subjects or instances where
injury to the cerebellum occurs. Alternatively, if the bi-
nucleate state of fused cells is indeed a transient ‘snap-
shot” of the pathological process, the amount of fusion
taking place could be significantly underestimated. As
described above, we have found rare instances where bi-
nucleated Purkinje cells are evident in control patients
with no neuropathological changes at post-mortem (and
had not received any prior BM transplantation). However,
other human studies have not found any bi-nucleate or
and polyploidic Purkinje cells in non-transplanted indi-
viduals [31].

In mice, the frequency of fusion events does increase
with time, suggesting fusion results in the formation of
stable reprogrammed heterokaryons [23, 45, 46]. Nev-
ertheless, this may simply be a result of an increased
requirement for Purkinje cell fusion/regeneration attrib-
utable to age-related processes. Conversely, in aged GFP
chimeric mice, bi-nucleated Purkinje cells have been
found to largely outnumber their GFP-positive Purkinje
cell counterparts. One explanation is that the fused
nucleus is quickly inactivated [23]. Experiments designed
to address whether GFP-labelled heterokaryons persist
long-term in the cerebellum have been undertaken, rely-
ing on the removal of the GFP chimerism in these mod-
els to prevent further GFP-labelled heterokaryons to be
formed [15, 23]. These studies do suggest that heterokary-
ons persist for long periods of time, some studies showing
for up to 7 months, as heterokaryon frequency does not
significantly drop after reversing GFP chimerism (through
removal of a GFP-expressing parabiont or undertaking
a second BM transplant of non-GFP-expressing cells).
However, a major caveat to these studies is that GFP-posi-
tive cells were, although in much lower numbers, still pre-
sent in the circulation, thus the generation of new GFP-
expressing Purkinje cells de novo cannot be entirely ruled
out.

The intriguing studies by Nern et al. [31] using the Cre/
Lox transgenic mouse model system observed that hemat-
opoietic genetic contribution to Purkinje cells could occur.
However, as described above, unlike previous studies, they
reported that these Purkinje cells contained only a single
nucleus. They proposed that nuclear and/or protein trans-
fer between hematopoietic cells and Purkinje cells, under
these physiological conditions, occurred through transient
fusion or intercellular vesicular transport mechanisms.
The vesicular transfer of DNA, mRNA and even orga-
nelles from BM-derived cells to various different tissues
has indeed been previously reported [36] and may be an
important method of cellular communication and/or tissue
repair.
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Fusion in genetic models of neurodegeneration

The frequency of Purkinje cell fusion events increases
with age, radiation exposure, inflammation, chemothera-
peutic drugs and even selective damage to Purkinje cells.
This raises the possibility that fusion represents a means of
cell-mediated neuroprotection or rescue of highly differ-
entiated cell types which cannot be replaced in adults [5,
40]. Purkinje cells are generated only during early brain
development and in contrast to other neurons there is no
evidence of their generation after birth [44]. Consequently,
significant loss in Purkinje cell numbers as a result of toxic,
autoimmune, genetic and neurodegenerative insults gener-
ally leads to irreversible reduced motor function and ataxia.
Clinically, harnessing fusion events leading to preserva-
tion in Purkinje cell numbers could therefore have valu-
able implications in a wide range of patients with cerebellar
degeneration and disease. Liver repopulation with func-
tional BM-derived hepatocytes in genetic liver disease, a
result of fusion between donor BM-derived cells and host
hepatocytes, has already been shown in animal models,
thereby providing strong proof of principle for targeted
organ regeneration through exploiting cell fusion events
[47].

Using genetic models of Purkinje cell degeneration,
researchers have explored the potential of using cellular
fusion as a means of Purkinje cell rescue. For instance, in
transgenic mice expressing mutated superoxide dismutase
1 (SOD1), an animal model of amyotrophic lateral scle-
rosis (ALS; a motor neuron degenerative disease), trans-
plantation of GFP-expressing wild-type BM cells led to
GFP-positive neurons (not exclusively Purkinje cells),
including some containing two nuclei, detected in both the
brain and spinal cord [9]. In murine Niemann—Pick Type
C1 disease (NP-C; a lysosomal storage disease disorder
in humans characterised by progressive ataxia, cerebellar
atrophy, psychomotor deterioration, extrapyramidal deficits
and dementia), where mice undergo a characteristic pattern
of severe Purkinje cell loss, increasing from lobe I of the
anterior zone to lobe VII of the posterior cerebellar vermis,
transplantation of BM stem cells directly into the cerebel-
lum alleviates Purkinje cell degeneration [3]. Initial stud-
ies by Bae et al. [3] revealed that Purkinje cells 4 weeks
post-transplant express donor BM-derived GFP alongside
endogenous cellular proteins, with many of these cells
again containing two nuclei. Intriguingly they reported that
Purkinje cell fusion was increased in the NP-C1 brain when
compared to wild-type mice, signifying that the neurode-
generative microenvironment in NP-C1 mice appeared to
augment this phenomenon. Further studies also provided
a significant breakthrough in understanding the func-
tionality of fused Purkinje cells. Using whole-cell patch
clamp recordings they showed for the first time that fusion

between BM-derived cells and existing Purkinje cells led to
the formation of electrically active neurons with functional
synaptic formation within a neurodegenerative cerebellar
environment [4].

Several known murine genetic mutations also lead to
impairments in motor and cerebellar function, such as the
Purkinje cell degeneration (PCD) mutation characterised
by reduced expression of the Agtpbpl gene. Homozygous
mice display a rapid and dramatic loss of Purkinje cells by
20 days of age causing severe ataxia [10]. In this phenotype,
a lack of disease-related Purkinje cell fusion is seen after
irradiation/transplantation of GFP-expressing BM cells,
possibly a result of the timing at which BM transplanta-
tion occurred and the extremely rapid and severe irrevers-
ible onset of Purkinje cell degeneration in this model [10].
(However, it is reported in this model that BM-derived cells
did contribute to olfactory bulb neurons, but through differ-
entiation, not fusion.) Conversely, mice heterozygous for the
(PCD) mutation exhibit a slow but significant age-depend-
ent decrease in Purkinje cell number, and importantly,
without any detectable inflammation or reactive gliosis. In
these heterozygous mice, following transplantation of GFP-
expressing BM cells, fusion with Purkinje cells is observed.
More notably, the frequency of fusion and heterokaryon
formation is increased when compared to transplanted age-
matched controls, thus signifying the somewhat mild degen-
erative environment can stimulate fusion events [11].

Understanding the circumstances in which cell fusion
and heterokaryon formation occur may lead to techniques
to manipulate these mechanisms therapeutically, pro-
viding the opportunity to introduce functional/healthy
‘donor’ genetic material that may boost Purkinje cell sur-
vival. A study by Chen et al. [7] set out to prove this con-
cept in a mouse model of spinocerebellar ataxia 1 (SCA1)
(Scal>*??C mice) (SCAL is an autosomal dominant disor-
der caused by the expansion of a CAG tri-nucleotide repeat
expansion in the coding region of the Scal gene, result-
ing in neurodegeneration of specific neuronal populations
in both the CNS and PNS including severe Purkinje cells
loss). Using transplantation of genetically modified male
BM cells carrying the SCAI gene into female irradiated
Scal’>*??C mice, they showed that bi-nucleated Purkinje
cells heterokaryons containing the Y chromosome were
detected post-transplant. Furthermore, these cells expressed
the SCA1 modifier genes in vivo, presenting for the first
time, evidence that cell fusion could be utilised as a mode
of neuroprotective gene therapy in disorders involving
Purkinje cell degeneration.

Final thoughts

Degeneration of the cerebellum, and particularly Purkinje
cells therein, occurs in many neurological disorders,
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including multiple sclerosis, spinocerebellar ataxias, stroke,
metabolic disturbances (such as chronic alcoholism), can-
cer and direct trauma. Heterotypic cell fusion, with the
potential to protect and rescue neuronal cells and restore
homeostatic balance during neurodegeneration, is a phe-
nomenon that may be amenable to therapeutic manipula-
tion. There is an air of elegance in the concept of fusion as
a rescue process by which blood cells migrate into the CNS
and donate genetic material to injured highly complex cell
types that otherwise cannot be replaced in adults through
classical modes of trans-differentiation. With this in mind,
it could be hypothesised that cell fusion would appear as an
extremely efficient evolutionary mechanism of cell rescue
when compared to a complete cell replacement.

In contrast to its seemingly simple nature, membrane
fusion between two different cells is mediated by a num-
ber of distinct and structurally unrelated membrane fusion-
molecules. These molecules mediate the initial recogni-
tion of the membranes that are destined for fusion and

pull the membranes close together to destabilise the lipid/
water interface and to initiate the intricate mixing of the
lipids merging the two lipid bilayers to become one [14].
On completion of membrane fusion, we know from chro-
mosome analysis and gene expression that a nucleus is
donated into the recipient cell. It would be intriguing to
speculate whether other organelles are simultaneously
donated? Transfer of such cellular components could be
key to cellular repair in a number of neurodegenerative
conditions. Outside the brain, BM stem cells can certainly
protect tissues through transferring mitochondria to vulner-
able cells via the formation of nanotubes and microvesicles
[13]. Furthermore, exosomes from BM cells can mediate
transfer of microRNAs to neuronal cells, regulating their
gene expression, leading to functional recovery in rodent
models of stroke [48].

What happens to both the donated and endogenous
nuclei post-fusion is largely unknown. Morphological evi-
dence of nuclear reprogramming is evident as the donated

Experimental strate
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Fig. 4 A schematic representation of the different experimental strat-
egies used to study the integration of bone marrow cells in the brain
of both rodents and humans. The image depicts different experimen-
tal strategies (each alternative method indicated using a coloured
arrow) reported to investigate how BM-derived cells contribute
(through both fusion and trans-differentiation) to neurons in the brain.
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nucleus seems to acquire the characteristics of the host
Purkinje cell [45]. Genes derived from the donated nucleus
are clearly expressed within its host, demonstrated in chi-
meric animals where fused Purkinje cells fluoresce green
through translation of the GFP transgene. Moreover, post-
fusion, donated nuclei are also reprogrammed to express
Purkinje cell-specific genes [15, 45]. How these nuclear
changes are made still needs to be investigated. Clues are
given in vitro, where fusion between somatic and pro-
genitor cells can lead to changes in cell signalling, DNA
methylation and potency [34]. Furthermore, recent in vivo
studies have shown that fusion and reprogramming of reti-
nal neurons is mediated through Wnt/B-catenin signalling
pathways [38].

It is clear that non-neuronal cell types of BM origin,
including both macro- and micro-glia, are found in the
brain [8, 28]. To date, there has been no suggestion that
these cells have arisen through mechanisms of fusion,
with trans-differentiation of primitive BM-derived precur-
sor cells being the only hypothesis put forward for their
existence. The reasons why only Purkinje cells, out of the
huge plethora of neuronal (and non-neuronal) sub-types
in the CNS, appear to have the ability to specifically fuse
with BM-derived cells is of much interest. It may be that
Purkinje cells have an embryological propensity to poly-
ploidy or it may simply be related to their large size and
complex structure [21, 25]. Although many studies using
different experimental strategies (see Fig. 4) have described
BM-derived cell fusion in the cerebellum as specific to
Purkinje cells, comparably intense analysis of other CNS
areas, such as the hippocampus, olfactory bulb, neocortex
and spinal cord, where significant numbers of BM-derived
neuron-like cells have been found, is (arguably) still
awaited. Whether their presence is due to fusion or trans-
differentiation processes still needs to be clarified. Taking
into consideration the heterogeneous nature of the BM cell
population, it is possible that BM-derived cells contrib-
ute to neurons through a number of different mechanisms
(including both that of fusion and trans-differentiation). It
must be emphasised that failure to identify either bi-nucle-
ated neurons or the expression of endogenous transgenes
does certainly not exclude fusion. Fusion could simply
result in the subsequent loss of donor or recipient chromo-
somes. Furthermore, from our own experience, methods of
identifying bi-nucleate cells are, at best, challenging and
are very likely to yield an underestimate of the true fre-
quency of fusion events.

It is tempting to speculate that understanding the mech-
anisms underlying cell fusion may lead to techniques to
increase the frequency of fusion events and to deliver
‘healthy donor’ cells and/or genes to degenerating neuronal
cells. Given this potential solution to repairing neurons in
adult life, harnessing fusion could be clinically valuable to

a vast number of neurological diseases: a very small per-
centage difference in cell survival could be of dispropor-
tionate functional benefit in diseases where pharmacologi-
cal approaches have proved, thus far, wholly ineffective.
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