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Stem cells are defined as multipotent and self-
renewing undifferentiated cells. First
described in the haematopoietic system, stem
cells have been more recently identified in the
nervous system of adult mammals, where they
produce new neurons under normal condi-
tions1–2. Recent investigations have shown
that some stem cells can differentiate into
multiple cell types in distinct organs3. These
findings attest to the true pluripotency of
stem cells and their vast therapeutic potential.
Perhaps the most astonishing examples of
stem cell contribution to different organs are
the reports that peripherally injected 
bone-marrow-derived stem cells enter the
adult brain and produce new neurons4–6.

Earlier this year, Weimann and colleagues
made the surprising discovery of Y chromo-
somes in some cerebellar Purkinje neurons of
women who had received bone marrow trans-
plants from male donors7. This finding, in
conjunction with previous studies in mice,
raised numerous questions about the mecha-
nisms underlying this phenomenon (Fig. 1).
Do bone-marrow-derived cells themselves
become neurons through transdifferentia-
tion? Are these cells capable of neurogenesis
by dividing and producing new Purkinje neu-
rons? Or do bone-marrow-derived cells fuse
with existing Purkinje cells? Although earlier
studies on this topic emphasized one of the
first two scenarios as the more probable
mechanism, a recent report illustrates that the
fusion of bone marrow cells with cells in the
recipient organ, the liver in this case, is a dis-
tinct possibility8.

In this issue, Weimann et al. sought to
resolve this problem by examining the brains
of adult mice after bone marrow transplanta-
tion9. The authors transplanted bone marrow
from transgenic mice ubiquitously expressing
green fluorescent protein (GFP) into lethally
irradiated mice. Consistent with their earlier

report in humans, the transplanted cells 
contributed to some Purkinje neurons in the
cerebellum; GFP-positive Purkinje cells were
evident several months after the bone marrow
transplant. Confocal microscopic analysis
revealed that these cells always contained two
nuclei. In many cases, the two nuclei were not
identical; one nucleus resembled a typical
Purkinje cell nucleus, with dispersed chro-
matin, whereas the other was smaller and
had compact, condensed chromatin remi-
niscent of a bone marrow cell nucleus. To
confirm the origin of the nuclei in the GFP-
positive Purkinje cells, the authors relied on
sex-mismatched bone marrow transplants
by using male mice as donors and female
mice as recipients. After the transplant, a Y
chromosome was detected in one of the
nuclei in each GFP-positive Purkinje cell.
The presence of two nuclei in every GFP-
positive Purkinje cell, together with the con-
firmation that one of these nuclei originated
from donor bone marrow, demonstrate that
cell fusion, rather than transdifferentiation
or neurogenesis, had occurred. This work is
consistent with a very recent report from
Alvarez-Dolado and colleagues10.

The formation of stable binucleate het-
erokaryons in the adult brain raises the
intriguing question of whether the fused
stem cell maintains its cellular and molecu-
lar identity. Using multiple approaches,
Weimann et al. showed that the donor cells
acquire the characteristics of their hosts
after fusion. First, the authors examined the
structural characteristics of binucleate
Purkinje cells at different times after trans-
plantation. Although some GFP-positive
Purkinje cells exhibited two distinguishable
nuclei (a larger nucleus with dispersed chro-
matin and a smaller one with condensed
chromatin), others had two similar nuclei
(both with dispersed chromatin). With
increasing time after transplantation, the pro-
portion of GFP-positive Purkinje cells with
two similar, dispersed nuclei grew. This obser-
vation is consistent with the notion of stem
cells acquiring the characteristics of Purkinje
neurons with the passage of time. Then, the
authors examined the expression of cell-type

specific markers by Purkinje neurons fused
with bone marrow cells and found that none
of these cells expressed haematopoietic mark-
ers, but all were immunopositive for cal-
bindin, a Purkinje-cell-specific protein within
the cerebellum. Next, Weimann et al. turned
to transplants from a transgenic mouse
expressing GFP under the control of a
Purkinje-specific promoter, L7-pcp-2. Months
after the transplant, they found 
L7-GFP-positive Purkinje neurons in all exper-
imental animals, demonstrating that the fused
bone-marrow-derived cells had been repro-
grammed to express Purkinje-cell-specific pro-
teins. Taken together, these results indicate that
the transplanted cell gradually assimilates into
the host cell, acquiring properties of a Purkinje
cell nucleus. Nevertheless, the fact that bone
marrow cells ubiquitously expressing GFP
under the control of a constitutive promoter
continue to do so when fused with Purkinje
cells suggests that not all donor genes are
silenced after fusion.

This example of cell fusion is particularly
unusual because the two nuclei of the fusion
product remain intact, co-existing over rela-
tively long periods of time (more than one
year after transplant). Cell fusion in other sys-
tems typically results in the incorporation of
one nucleus into the other, rendering the cell
polyploid. This may be followed by reduction
division, which restores the cell to its normal
diploid state. Exactly what happens to the
nuclei of fused cells is particularly important
to reconcile to interpret findings from trans-
plant studies. Numerous reports have shown
that some stem cell transplants contribute to
cell populations in completely distinct sys-
tems. Successful transplants from bone mar-
row to liver, from brain to bone, and from
brain to muscle have been reported3. The
work of Weimann et al. is the second study
(concomitant with the report by Alvarez-
Dolado and colleagues10) to show definitive-
ly that cell fusion is responsible for the stem
cell contribution to a given organ system
after transplantation. In one earlier study,
bone marrow was found to regenerate liver
tissue by fusing to existing hepatocytes8. In
contrast to the present finding, binucleate
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heterokaryons were not observed in the
regenerated liver. Instead, some of the fused
cells were polyploid with a single nucleus,
whereas others were diploid, possibly as a
result of reduction division. These differ-
ences underscore the need to examine the
possibility of cell fusion carefully in every
system – the process may not reveal itself
readily if the added nucleus and chromo-
somes do not remain distinguishable.

A related, but unresolved, question is
whether cell fusion might explain 
bone-marrow-derived stem cell contribution
to other neuron types. In earlier reports, bone
marrow was proposed to contribute to neu-
rons in several brain regions, including those
in the olfactory bulb, hippocampus, neocor-
tex and cerebellum4–6. Weimann and col-
leagues have not yet expanded their search for
cell fusion outside of the cerebellum, but it is
possible that failure to detect binucleated cells
would not definitively rule out cell fusion.
Careful analyses will be necessary to rule out
cell fusion in each of these cases.

The ability to fuse with bone-marrow-
derived cells and maintain a stable binucleat-
ed heterokaryon may be related to the large
size of the Purkinje cell. This inhibitory cere-
bellar neuron is characterized by a remarkably
large soma (in humans, 50-80 µm in diame-
ter) and an expansive but highly organized,
uniplanar dendritic tree. Purkinje neurons are
the sole output of the cerebellar cortex and as
such, are critical for normal cerebellar func-
tion, including motor coordination and
motor learning. The large size of the Purkinje
neuron may also explain its susceptibility to
damage from ischemia, viral infection, toxins
and nutritional deficiencies11. Moreover,
Purkinje cell death has been associated with
autism, Creutzfeldt-Jakob disease and several
neurodegenerative hereditary disorders12–14.

Given the importance of Purkinje neurons
for cerebellar function, as well as the large
number of conditions associated with death
of these cells, attempts to induce the forma-
tion of new Purkinje cells in the adult brain
have obvious clinical significance. However,
the new study by Weimann and colleagues
indicates that, in earlier reports, bone marrow
fusion with existing neurons may have been
prematurely interpreted as transdifferentia-
tion or neurogenesis. At first glance, the
results seem disappointing from the view-
point of those interested in brain repair. But a
more thoughtful examination of these findings
leads to the realization that bone marrow cells
could be utilized to deliver gene therapy to dis-
eased neuronal populations. In the current
study, the fused bone-marrow-derived cells
stopped expressing haematopoietic lineage
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Figure 1 Bone-marrow-derived cells (BMDCs) could contribute to neurons in the adult brain in
several ways. (a) Transdifferentiation: direct conversion of transplanted BMDC into Purkinje
neurons. (b) Neurogenesis: differentiation of BMDC progeny into Purkinje neurons. (c) Cell
fusion: assimilation of BMDC or their progeny into existing Purkinje neurons. The study from
Weimann and colleagues provides evidence for cell fusion.
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proteins and eventually began to express an
added gene (GFP) linked to a Purkinje pro-
moter. This suggests that genes could be intro-
duced into existing damaged or unhealthy
Purkinje neurons using bone marrow cells as a
vehicle. As bone marrow cells can enter the brain
after peripheral injection, the prospect of using
such engineered cells instead of brain-derived
neural stem cells, which are more difficult to har-
vest and need to be implanted directly in the
brain, holds considerable promise.

It is tempting to speculate that fusion with
bone-marrow-derived cells is a natural occur-
rence in the Purkinje cell population, and not

one linked to irradiation or the bone marrow
transplant. So far, there is no direct evidence to
support this claim. Weimann and colleagues
have not examined Purkinje cells in intact ani-
mals to determine whether binucleated cells
exist normally. This type of analysis would be
time intensive but worthwhile, as it will deter-
mine whether blood-borne cells may normal-
ly participate in Purkinje cell function. If
Purkinje neurons are fusion targets for bone-
marrow-derived stem cells under normal cir-
cumstances, then stem cells may provide use-
ful therapeutic vehicles under conditions that
do not require potentially lethal irradiation.
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Plant microtubule
nucleation sites: moving
right along
In real estate, the common wisdom is that the key factors are location,
location, location. Similarly, in the interphase plant cell the location of
microtubules at the cell cortex is one key to successful management of
cell growth. Unlike mitotic spindle poles, which are more readily
recognizable as microtubule-nucleating sites, the location, nature and
behaviour of nucleating sites for the extensive interphase cortical array
have been a source of much debate over past decades.

In the average interphase plant cell, the approximately parallel
allignment of most cortical microtubules makes it difficult to imagine a
typical centrosomal-like nucleating site from which microtubules
radiate, and thus the idea of a dispersed centrosome arose. On page
967 of this issue, Chan et al. use the microtubule end-binding protein
AtEB1a coupled to green fluorescent protein (GFP) to identify the
long-elusive sites of microtubule nucleation. AtEB1–GFP marks both
the fast-growing plus end of Arabidopsis thaliana microtubules, as well
as the minus end, which in other organisms is known to be embedded
in the microtubule nucleation material of spindle pole bodies and
centrosomes. Although both ends of a microtubule may be aglow with
GFP, they are distinguishable from each other. Using this marker,
Chan et al. were able to affirm that microtubule nucleation (marked
by, but not necessarily caused by, AtEB1) can occur simultaneously at
numerous sites in the plant cell cortex, with each microtubule
essentially arising separately. It is noteworthy that, in the suspension
cells used for these experiments, microtubules of opposite polarity can
be found in the same region. This suggests that the arrays of more
strictly co-aligned cortical microtubules found in planta may similarly
be composed of mixtures of antiparallel microtubules.

Dynamic instability of microtubules and the remodelling of
cortical arrays over time must be considered when asking how
microtubules come to be aligned in a particular way. As an array
takes on a new orientation, do microtubules of the old orientation
simply shrink and disappear at the expense of new microtubules?
Although dynamic instability is undoubtedly involved in
reorganizing cortical arrays, Chan et al. demonstrate that there is a

considerable amount of ‘rowdy’ behaviour on the part of cortical
microtubules that also contributes to microtubules re-alignment:
microtubules undergoing polymerization and depolymerization can
interact with their neighbours by pushing, pulling and sliding
relative to them.

Much data indicates that the way plants regulate the location and
orientation of interphase microtubules is fundamentally different from
the situation in other kingdoms. The work of Chan et al. further
expands on these differences: in place of a single centrosome from
which microtubules of uniform polarity are spun out, plant cells
contain multiple nucleation sites (perhaps one per microtubule?);
microtubules nucleated at adjacent sites can have different polarities;
and the nucleation sites, with or without microtubules attached to
them, can move into and out of the cortex and to different locations
within the cortex. Vive la difference!
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Live suspension cells of A. thaliana expressing AtEB1–GFP, which
marks sites of microtubule nucleation. AtEB1–GFP concentrates at
the spindle poles during mitosis. Scale: 3 cm represents 10 µm.
Image courtesy of J. Chan and C. Lloyd.
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