547538

research-article2014

NROXXX10.1177/1073858414547538The NeuroscientistDíaz and others

Review

Bone Marrow–Derived Stem Cells
and Strategies for Treatment of
Nervous System Disorders: Many
Protocols, and Many Results

The Neuroscientist
2015, Vol. 21(6) 637–652
© The Author(s) 2014
Reprints and permissions:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1073858414547538
nro.sagepub.com

David Díaz1,2, Rodrigo Muñoz-Castañeda1,2, José Ramón Alonso1,2,3,
and Eduardo Weruaga1,2

Abstract
Bone marrow stem cells are the best known stem cell type and have been employed for more than 50 years, especially
in pathologies of the hematopoietic and immune systems. However, their therapeutic potential is much broader, and
they can also be employed to palliate neural diseases. Apart from their plastic properties, these cells lack the legal
or ethical constraints of other stem cell populations, that is, embryonic stem cells. Current research addressing the
integration of bone marrow–derived cells into the neural circuits of the central nervous system, their features, and
applications is a hotspot in neurobiology. Nevertheless, as in other leading research lines the efficacy and possibilities of
their application depend on technical procedures, which are still far from being standardized. Accordingly, for efficient
research this large range of variants should be taken into account as they could lead to unexpected results. Rather
than focusing on clinical aspects, this review offers a compendium of the methodologies aimed at providing a guide for
researchers who are working in the field of bone marrow transplantation in the central nervous system. It seeks to be
useful for both introductory and trouble-shooting purposes, and in particular for dealing with the large array of bone
marrow transplantation protocols available.
Keywords
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Introduction
Bone marrow stem cells (SC; Box 1) form the best-known
population of the adult SC group (Table 1). They were identified more than 50 years ago as the cells responsible for the
formation of blood cell populations (Becker and others
1963). They can also be classified in three subpopulations
(Box 2): hematopoietic SC (Becker and others 1963), stromal cells (Friedenstein and others 1968), and side-population cells (Goodell and others 1996). Traditionally, stromal
cells were considered to be the most plastic subpopulation,
being capable of developing into the cells of several organs
and tissues (Jiang and others 2002). However, after the late
1990s several laboratories discovered some surprising
properties of hematopoietic SC, one of which was that they
gave rise to hepatocytes (Petersen and others 1999) or myocytes (Ferrari and others 1998; Gussoni and others 1999).
Finally, it has been demonstrated that hematopoietic SC (in
fact, one single cell) could differentiate in vivo into elements of a broad variety of tissues (Krause and others
2001). In the late 1990s, it was also reported that bone marrow–derived cells (BMDC) could differentiate into cells of

the central nervous system (CNS) in vivo (Eglitis and
Mezey 1997). Three years later, two parallel works also
demonstrated that BMDC could not only become glial cells
but also neurons (Brazelton and others 2000; Mezey and
others 2000). In the first reports, transdifferentiation was
proposed as the underlying mechanism of this cell plasticity
(Box 3; Brazelton and others 2000; Eglitis and Mezey
1997; Mezey and others 2000; Priller and others 2001).
Later, however, different experiments revealed cell fusion
as another mechanism of plasticity (Álvarez-Dolado and
others 2003). Although these fusion events in neurons have
only been detected in Purkinje cells, they deserve to be
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Table 1. Classification of Stem Cells (SC).
According to their potential
Totipotent
Pluripotent
Multipotent
Unipotent
According to their origin
Embryonic
From umbilical cord
IPS cells (induced
pluripotent stem cells)
Adult

The least differentiated SC, able to convert into all the cell types of both an organism itself and its
extra-embryonic tissues. Totipotent SC comprise both the zygote and the embryo up to the first
2 to 3 divisions.
These SC can give rise to any cell of an organism, but not those from extra-embryonic tissues.
They constitute the inner cell mass of the blastocyst.
These can only generate new cells derived from their own germ layer. Also classified as
progenitors or progenitor cells.
These can only form a single differentiated cell type.
Derived from the embryo or the extra-embryonic tissues
Derived from the different tissues composing the umbilical cord
Differentiated cells that have been genetically reprogrammed and dedifferentiated
Stem cells of adult organisms, commonly only multipotent or unipotent

taken into account because of their genetic implications
(Álvarez-Dolado 2007; Yamanaka and Blau 2010).
Therefore, both mechanisms—fusion and transdifferentiation—are not restrictive and coexist within the same animal
(Recio and others 2011).
Bone marrow SC have been employed in clinical practice since 1956, when E. Donnall Thomas performed the
first bone marrow transplantation in a patient with leukemia (Thomas 1983). Since then, the methodologies for
therapeutic treatments employing bone marrow cells
have been refined. In addition, and taking into account
their unexpected plasticity, bone marrow SC (either as an
nonfractionated cellular pool or as specific subpopulations) are currently being applied as a therapeutic tool in
different models of disease and even in clinical trials:
heart and coronary diseases (Porat and others 2014; Sadat
and others 2014), infarctions (de Jong and others 2014;
Henning 2013; Losordo and Vaughan 2014), stroke
(Calió and others 2014; Jeong and others 2014), graftversus-host disease (Herrmann and Sturm 2014; Li and
others 2014), bone diseases (Ito 2014), cancers (Kikuchi
and others 2014), or neural diseases (Kanno 2013), and
not only those related to the hematopoietic system.
Box 1.
Stem cells
Stem cells (SC) are undifferentiated cells that possess a
remarkable proliferative capacity to maintain tissue
homeostasis and allow regeneration after injury. Two
general properties are common to SC: self-renewal and
an almost unlimited potential to differentiate. Regarding
self-renewal, by means of symmetrical divisions, SC are
capable of generating more SC identical to the original
ones in theoretically limitless numbers. The differentiation potential refers to the ability of SC to change into
other cell types of the organism they belong to.

Box 2.
Niches
The existence of different adult stem cell populations has
been demonstrated in specific areas known as niches.
These niches are located in the majority of adult organs
and tissues. The cellular niche can be defined as the physiological microenvironment that surrounds and maintains
a given SC population. However, the SC niche is much
more than a merely special localization: niches are complex structures composed not only of SC themselves but
also by neighboring cells, the extracellular matrix secreted
by them, and the signals produced by both cell types.
Niches are critical for controlling the proliferation and differentiation of SC, depending on the necessities of homeostasis or repair of the different tissues they belong to.

Box 3.
New properties of stem cells
Not all SC are capable of differentiating in all the different cell types of a given organism; the lower the
differentiation state of a given SC, the higher the differentiation potential. However, several experiments
have demonstrated that adult SC have unexpected
properties that confer them a much greater potential
than had previously been thought:
Transdifferentiation: the property of changing their
natural fate for another one (i.e., a hematopoietic
SC that gives rise to a neuron).
Dedifferentiation: to return backwards along the
normal differentiation process, becoming more
undifferentiated.
Cell fusion: to fuse with a differentiated cell (for a
hitherto unknown purpose).
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Regarding the use of bone marrow SC in research
and possible therapies in the CNS, current methodologies are usually performed in mice (mainly) and rats,
but lack standardization. Thus, we expect that this
review will help researchers choose the most suitable
variants of these techniques to achieve the best efficiency in their experiments. Depending on the focus of
the experiment, different variables for bone marrow
transplantation should be taken into account to avoid
potential complications or false results. For the purpose
of this review, the bone marrow transplantation protocol will be addressed in four separate stages: preparation of the recipient animal, preparation of the donor
marrow, transplantation, and tracking and visualization
of transplanted-derived cells. Finally, we have included
a brief summary comprising the pros and cons of the
clinical applications of BMDC, as well as some of the
ongoing clinical trials employing these cells in neural
diseases.

Preparation of the Recipient
Here it is necessary to discern between three classic
types of bone marrow SC transplantation: direct
engraftments into the encephalon (as well as in the
cerebrospinal fluid), partial direct engraftments
through the blood vessels (i.e., carotidal transplants),
and a transplantation aimed at substitution of the
recipient’s bone marrow. The first method (direct
engraftments) is a much more invasive methodology
as it requires an opening to be made in the skull and
subsequent injections into the brain, which will necessarily damage the neural parenchyma. Regarding the
second methodology, whether intravenous or intraarterial, this is aimed at the direct delivery of the
transplanted bone marrow into the brain through the
vascular system. However, this methodology, although
less invasive than the direct route of administration
into the brain parenchyma, has the disadvantages of
the retention of transplanted cells in different organs,
or the formation of microemboli (Jiang and others
2011). Finally, bone marrow SC injections can be
used—whether in blood vessels or intraperitoneal—
aimed at the replacement of the bone marrow of the
recipient, as it has been demonstrated in mice that
BMDC can arrive physiologically at the encephalon
and become neural cells (Brazelton and others 2000;
Eglitis and Mezey 1997; Mezey and others 2000).
However, this technique usually requires ablation of
the recipients’ own bone marrow to avoid rejection
problems and to achieve an empty niche for the new
labeled cells (Box 4; Fuchs and others 2004; Li and
Xie 2005).

Box 4.
Homing
The capacity of an empty niche to attract—and also
anchor and retain—its own SC. Homing is mediated
through different chemokines, especially those related to
inflammatory responses and host defense. Accordingly,
some processes that lead to general inflammation, such as
ionizing radiation, can accelerate the homing process. The
cytokine-mediated signals and cell-adhesion and extracellular matrix molecules also play an important role in this
capacity. Therefore, different chemicals aim at breaking
these interactions to mobilize stem cells from their niches.
Additionally, a fourth transplantation methodology can
be considered. This has been confirmed recently in mice
and involves intranasal administration (Danielyan and others 2009). This almost noninvasive technique seems to
ensure the direct arrival of engrafted cells into the encephalon, avoiding both their retention in other organs (as may
occur with systemic injections) and ablation of the recipient’s bone marrow (Danielyan and others 2009).
Nevertheless, the integration of these cells into the encephalon as neural elements remains to be confirmed (see below).
In sum, bone marrow ablation—as preparation of the
recipient—is only necessary if new marrow can replace
it. In this sense, there are different possibilities of bone
marrow ablation (Fig. 1A-C), including the possibility of
not performing ablation at all.

Physical Ablation of Bone Marrow
Physical ablation involves the use of ionizing irradiation to
destroy the bone marrow of a recipient (Fig. 1A). It is the
most common ablative methodology, but it has different
side effects (Díaz and others 2011; Eglitis and Mezey 1997;
Recio and others 2011; Weimann and others 2003b;
Wiersema and others 2007; and other laboratories). Thus,
proliferating cells are susceptible to such radiation and
indeed this is the basis of radiation therapy to treat tumoral
or neoplastic disorders (Strother and others 2002).
Accordingly, not only bone marrow SC but also other proliferating cells are killed by irradiation, including those
whose niche lies inside the encephalon (Altman, 1969;
Doetsch and others 1997; Romanko and others 2004). In
this sense, physical ablation can cause secondary effects in
the CNS. These effects differ, depending on both the brain
proliferating region analyzed and the dose employed. Thus,
radiation impairs neurogenesis both in the dentate gyrus of
the hippocampal formation (Manda and others 2009; Monje
and others 2002) and also in the subventricular zone (Tada
and others 1999) of rodents, the former region being more
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Table 2. Doses of Radiation Employed for Bone Marrow
Ablation.
4.5–5.5 Gy
(multiple
sessions)
7.5 Gy

Figure 1. Different methodologies for bone marrow
ablation. Bone marrow of recipients can be ablated by physical
methods such as radiation (A); by injections of chemicals such
as busulfan, treosulfan, or fludarabine (B); or by means of
genetic modifications (C).

vulnerable than the latter (Hellstrom and others 2009;
Mizumatsu and others 2003). In addition, radiation has a
dose-dependent effect (Tada and others 1999), which varies
from severe damage without recovery at higher doses (Díaz
and others 2011; Shinohara and others 1997) to complete
restoration (Hellstrom and others 2009), and it may even
increase neurogenesis at lower doses (Balentova and others
2006; Balentova and others 2007). In any case, the minimal
(lethal) dose of radiation necessary to ablate bone marrow—7.5 Gy—impairs adult neurogenesis in mice (Díaz
and others 2011). In experiments employing irradiation to
ablate the recipient’s bone marrow and detect the integration of BMDC into the brain, the dose usually used is similar to this minimal dose (Álvarez-Dolado and others 2003)
or even higher (Table 2). Accordingly, in all radiation applications higher than 7.5 Gy (even fractionated into several
sessions of lower doses), neurogenesis is impaired.
Radiation also affects encephalic regions other than neurogenic zones. For example, it can damage Purkinje neurons
in newborn mice, but not in adults, even at low doses
(Espejel and others 2009).
There is some controversy about the effects of radiation
on the incorporation of BMDC, as some reports have shown
that radiation is not necessary for the integration of BMDC
into the intact encephalon of mice (Espejel and others 2009;
Johansson and others 2008), and a similar number of bone
marrow-derived neurons can be found after both chemical
and physical ablation (Magrassi and others 2007). However,
some of the side effects of radiation may be beneficial for
the cells arriving at the brain (even for cell therapies); for
example, it has been reported that radiation accelerates
blood reconstitution in bone marrow–transplanted animals
(Nygren and others 2008). In addition, in rats and mice
injury in the encephalic parenchyma fosters the arrival and
integration of BMDC, generating both neuronal and glial
cells (Fig. 2; Díaz and others 2012b; Johansson and others
2008; Magrassi and others 2007; Recio and others 2011).
Thus, radiation-derived damage also enhances the arrival of
BMDC in the cerebellum, increasing the cell fusion process

8 Gy
9.5 Gy
10–11 Gy

Eglitis and Mezey 1997; Johansson and others
2008; Weimann and others 2003b; Priller
and others 2001
Díaz and others 2011; Díaz and others
2012a; Díaz and others 2012b; Recio and
others 2011: Álvarez-Dolado and others
2003
Corti and others 2002, Corti and others
2004; Rodríguez and others 2007
Massengale and others 2005; Chen and
others 2011; Wiersema and others 2007
Moore and others 2005; Vallieres and
Sawchenko 2003; Krause and others 2001

(Espejel and others 2009). Finally, radiation also facilitates
BMDC incorporation (Wiersema and others 2007), presumably due to an opening of the blood-brain barrier (Yuan
and others 2006).
In conclusion, radiation is an effective and widely
employed methodology for bone marrow ablation.
Although it is not necessary for the incorporation of
BMDC into the brain parenchyma, it does seem to facilitate such integration. However, some caution should be
exercised because of the damage of radiation to proliferating cells or to other brain regions that might modify
certain parameters of an experiment.

Chemical Ablation of Bone Marrow
The second possibility for bone marrow ablation is the
use of chemicals (Fig. 1B), which are also used in human
chemotherapy against neoplasms (Locatelli and others
1994). Busulfan has been employed in clinical practice
since the 1950s to perform such chemotherapy (Down
and others 1994), although treosulfan (Scheulen and others 2000) and fludarabine (Casper and others 2004) are
more recently introduced agents and have similar or even
better pharmacokinetic and tumor-suppressive properties
than those of busulfan (Ploemacher and others 2004; Sjoo
and others 2006). All these chemicals have a highly selective toxicity and hence lack major secondary effects apart
from the ablation of bone marrow, contrary to other alkylating drugs such as cyclosporamide, bischloroethylnitrosourea, or isopropylmethanesulfonate, which are also less
effective (Down and others 1994).
The use of these drugs allows the ablation of bone
marrow (and subsequent transplantation) in adult mice
(Down and others 1994; Magrassi and others 2007; Sjoo
and others 2006), but busulfan can be used to ablate bone
marrow before birth (Espejel and others 2009; Piquer-Gil
and others 2009). This latter possibility is very important
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Figure 2. Brain damage and inflammation increase the integration of BMDC into the encephalon. (A, B) Cerebellar sagittal
sections from a mouse with severe dermatitis and inflammation. Immunohistochemistry for GFP (bone marrow–derived
elements; green) and calbindin D-28k (Purkinje cells; red) demonstrates that numerous heterokaryons have been formed in the
cerebellum. (B) A confocal image of heterokaryons shows their normal morphology with GFP+ cell bodies, dendrites extending
into the molecular layer, and an axon descending through the granular cell layer. (C) Quantification of cerebellar heterokaryons
observed in parabionts with or without idiopathic ulcerative dermatitis. Scale bars are 100 µm (A) and 20 µm (B). Adapted by
permission from Macmillan Publishers Ltd: Nature Cell Biology (Johansson and others), copyright (2008).

when premature transplantation is necessary because of
the need for early treatment of a neurodegenerative process, such as during the perinatal stages (Espejel and others 2009; Recio and others 2011).
Finally, the main advantage of the use of chemical
ablation versus irradiation is the lack of impairment to
cell proliferation in neurogenic niches and other neuronal
injuries (see above; Espejel and others 2009; Magrassi
and others 2007). However, these treatments do not open
the blood-brain barrier or facilitate restoration of the
hematopoietic system (see above; Nygren and others
2008). It is clear that slower renovation of the hematopoietic system can also delay the arrival of BMDC in the
brain, but there is some controversy about a possible
opening of the blood-brain barrier. First, some findings
support the idea that radiation increases the arrival of
BMDC in the brain, chemical ablation, thus reducing
integration (Wiersema and others 2007). By contrast,
other authors have not reported differences between
chemical and physical ablation of the bone marrow, thus
radiation (and hence the opening of the blood-brain barrier deriving from this) not being necessary for such integration to occur (Espejel and others 2009; Johansson and
others 2008; Magrassi and others 2007).

Genetic Ablation of Bone Marrow
The last possibility to ensure an empty niche for transplanting new bone marrow is to take advantage of genetically
modified animals that lack this specific tissue
(Fig. 1C). In this case, there is no real bone marrow ablation and hence no damage occurs to the host tissues.
Indeed, in one of the first two works that reported the

contribution of BMDC to the formation of neurons (Mezey
and others 2000), PU.1 knockout mice were employed
(Box 5). These animals are normal at birth, but require
bone marrow transplantation to survive (Mezey and others
2000). There are also murine models of “partial bone marrow ablation,” which are able to generate only certain types
of blood cells (Nygren and others 2008). These models
have also been employed as donors to detect the specific
origin of bone marrow–derived neurons: stromal or hematopoietic (see below; Nygren and others 2008).
Box 5.
PU.1
PU.1 is a transcription factor that is only expressed
in the cells of the hematopoietic lineage. Therefore,
PU.1-null mice lack macrophages, neutrophils, mast
cells, osteoclasts, and B and T cells, needing bone
marrow transplantation.

No Ablation of Bone Marrow
As pointed out above, there are several methodologies for
transplanting bone marrow SC or their derivatives that do
not require bone marrow ablation. Thus, it is also possible
to transplant bone marrow cells directly into the encephalic parenchyma or the cerebrospinal fluid (Bae and
others 2007; Jones and others 2010; Kopen and others
1999), into blood vessels (without bone marrow ablation,
attempting the direct the arrival of cells at the encephalon; Honmou and others 2012; Kemp and others 2011;
Kocsis and Honmou 2012), or through the intranasal
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pathway (Danielyan and others 2009) of rodents. The latter methodology, which has only been developed recently,
seems to avoid the problems raised by the others, that is,
damage to the brain parenchyma or the retention of transplanted cells in organs other than the brain (see above).
The particularities of these transplantation methodologies
deserve further explanation and are addressed in the
“Transplant” section of this review (see below).
Another possibility that does not require any bone
marrow ablation is parabiosis. This procedure consists of
joining two mice in line from the olecranon to the knee in
order for them to share their blood flows (Wright and others 2001). This model has also been employed in research
in the CNS employing BMDC, although with contradictory results (Johansson and others 2008; Massengale and
others 2005; Wagers and others 2002). The group of
Johansson (2008) demonstrated that the BMDC from one
mouse can become integrated in the encephalon of the
other one, both being joined by parabiosis. However, previous works employing this same technique did not find
any bone marrow–derived neurons (Massengale and others 2005; Wagers and others 2002), microglia being the
only neural cell type derived from the bone marrow, and
then in low numbers (Massengale and others 2005). In
addition, the survival times used in these previous works
were longer than those described by the group of
Johansson (2008). It is possible that in the most recent
work (Johansson and others 2008) some uncontrolled
factors may have elicited a higher mobilization of hematopoietic SC from the bone marrow, as compared with the
other two studies (Massengale and others 2005; Wagers
and others 2002). More precisely, the group of Johansson
(2008) found that idiopathic ulcerative dermatitis
increased the fusion of hematopoietic SC with Purkinje
cells to a noteworthy extent. It is possible that the animals
joined by parabiosis and not diagnosed with dermatitis
could suffer an attenuated manifestation of the illness.
Thus, this uncontrolled manifestation could elicit some
inflammation, increasing the number of fusion events in
animals that were thought to be completely healthy.
In any case, direct brain injections as well as bone marrow ablation and transplantation are invasive methodologies. Moreover, although to a lesser extent intranasal
transplants and parabiosis are also invasive, as foreign cells
are being introduced in a recipient. Taking this into account,
there is a final possibility for following up BMDC under
strictly noninvasive conditions: the use of transgenic animals with specific labeling in their own bone marrow cells
(Nern and others 2009). This methodology allows BMDC
to be tracked in the body of a given animal without any kind
of transplantation. Surprisingly, regarding this it has been
reported that the behavior of BMDC could vary considerably from that previously demonstrated, at least by means
of cell integration into the encephalon. For instance, Nern’s

group (2009) has reported that under these physiologic and
noninvasive conditions BMDC do not establish stable heterokaryons with Purkinje neurons in mice, contrary to the
main hypothesis (Álvarez-Dolado and others 2003; Díaz
and others 2012b; Johansson and others 2008; Magrassi
and others 2007; Recio and others 2011; and other laboratories), and the authors proposed a transitory fusion between
both types of cells, this even being suitable for gene delivery or other therapies with BMDC.

Final Tips regarding Bone Marrow Ablation
Finally, after bone marrow ablation (which necessarily
impairs the immune system) recipients should be provided with some conditions of sterility defined by current
legislation. Accordingly, they should be confined in isolation cages, their food should be irradiated, and to avoid
opportunistic infections, their drinking water should be
controlled by at least one of the following procedures:
sterilization, the addition of antibiotics (Chen and others
2011; Vallieres and Sawchenko 2003), or acidification
(Álvarez-Dolado and others 2003).
Regarding rejection, bone marrow cells—especially
stromal cells—have a low rejection rate (Tögel and
Westenfelder 2007), and this phenomenon has not been
reported in studies performing transplants only of bone
marrow cells in mice (Díaz and others 2011; Díaz and
others 2012a; Díaz and others 2012b; Eglitis and Mezey
1997; Priller and others 2001; Recio and others 2011; and
other laboratories), but also in transplants from rats in
mice (Johansson and others 2008).

Preparation of Donor Bone Marrow
In humans, it is relatively easy to harvest bone marrow
SC to perform cell therapy (Mimeault and Batra 2006).
However, when working with small animal models the
donors must be sacrificed to obtain these SC after crushing their bones (often femurs, tibias, or hips) or flushing
the bone marrow directly with culture medium. Therefore,
and contrary to recipients, there is no special preparation
required for the donor animals themselves. However, to a
certain extent any modification of the donor bone marrow
before transplantation into the recipient can be considered “a preparation.” Accordingly, there exists the possibility of transplanting whole bone marrow—the most
frequent technique—or fractionating it into its different
cellular components: hematopoietic or stromal SC
(Travlos 2006). This cell sorting, or at least the specific
labeling of one variety of such cells, has led to the determination of the contribution of each cell type.
Notwithstanding the complexity of the methodology, the
results of these experiments are controversial regarding
the specific cell type that contributes to neural elements.
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Box 6.
Mesenchymal stem cells
A type of SC that have generally been obtained from
the bone marrow stroma. Therefore, stromal SC are
commonly called mesenchymal. However, mesenchymal SC are not exclusive to bone marrow but appear in
nearly all organs, such as brain, spleen, liver, kidney,
lung, bone marrow, muscle, thymus, and pancreas.

Sorting and Transplantation of Bone Marrow–
Derived Stromal Cells
Stromal SC form a heterogenic group composed of different cell types, mesenchymal SC being the most abundant
(Box 6; Tögel and Westenfelder 2007). These cells can
differentiate into a broad variety of types of different tissues and have therefore been used in different cell therapies (Mimeault and Batra 2006; Tögel and Westenfelder
2007). Stromal/mesenchymal SC have usually been
injected directly into the brain to study their features,
showing excellent properties of migration, integration,
and differentiation in both glial and neuronal networks, as
well as neuroprotective effects without any neural differentiation in both rats and mice (Kopen and others 1999;
Muñoz-Elías and others 2004). Therefore, such cells are
also employed in promising cell therapies in rodents (Bae
and others 2005; Jones and others 2010), also carried out
by systemic infusion (Honmou and others 2012; Kemp
and others 2011; Kocsis and Honmou 2012). Moreover,
the therapeutic potential of BMDC seems to be due to
mesenchymal SC exclusively, as a better beneficial effect
of such mesenchymal SC has been reported in comparison with that of cells derived from whole murine bone
marrow (without fractionating; Jones and others 2010). It
should be noted that the therapeutic benefit of these local
engraftments seems to be due to the release of neurotrophic factors that can elicit neuroprotection, because
direct cell differentiation of mesenchymal SC toward
neuronal elements was very scarce (in this case, fusion
with Purkinje neurons; Jones and others 2010).

Sorting and Transplantation of Hematopoietic
Stem Cells
In parallel to the potential of mesenchymal SC, it has
been demonstrated in mice that a single hematopoietic
SC can repopulate bone marrow and give rise in vivo to
cells of different tissues, showing that this cell type is not
only fated to form blood cells (Krause and others 2001).
This latter work did not report any hematopoietic contribution to neural systems (Krause and others 2001), even

though the first report to unveil the integration of BMDC
into the encephalon had suggested—4 years previously—
a hematopoietic origin of these BMDC (Eglitis and
Mezey 1997). However, in this work the different bone
marrow cell populations were not separated. Thus, the
hematopoietic origin of bone marrow–derived neural
cells could not be ensured. The plasticity potential of
murine hematopoietic SC in brain was finally proved,
although with low efficiency under physiological conditions (Wagers and others 2002), which could explain the
previous lack of success in such detection (Krause and
others 2001). In addition, this low efficiency may be
blurred by transitory plasticity events, which are more
difficult to detect than stable integrations in the nervous
system (Nern and others 2009). Conversely, hematopoietic SC display a high rate of integration in the encephalon when tissue damage exists, and they have even been
employed in cell therapy (Chen and others 2011;
Johansson and others 2008). Also, the group of Johansson
(2008) demonstrated that the bone marrow–derived cell
type that fuses with Purkinje neurons is the hematopoietic
lineage, at least in rats and mice. Finally, and more to the
point, it has also been demonstrated that fusion in mice is
due exclusively to the lymphoid lineage and not to the
myeloid one (Nygren and others 2008).
In light of these data, the results of studies with
hematopoietic SC are in direct disagreement with those
employing mesenchymal cells. However, there are some
differences in the way the cells were administered, and
also in the experimental model used, that could account
for this controversy. On the one hand, in most studies
employing mesenchymal SC in rodents, these cells were
injected directly into the encephalon (Bae and others
2005; Bae and others 2007; Jones and others 2010;
Kopen and others 1999; Muñoz-Elías and others 2004),
bone marrow ablation and subsequent reconstitution not
being necessary in these cases. An exception in the way
of administration is the work reported by the group of
Kemp (2011), who performed systemic injections of
human mesenchymal SC in mice, also without bone
marrow ablation. By contrast, in experiments employing hematopoietic cells (and also whole bone marrow)
initial bone marrow ablation and subsequent systemic
cell infusion were performed (Chen and others 2011;
Eglitis and Mezey 1997; Krause and others 2001). Thus,
although both types of bone marrow SC have the capacity to give rise to neural elements due to their plasticity
(Tögel and Westenfelder 2007), mesenchymal SC seem
to be more suitable for brain integration after direct
engraftments or for neuroprotection (Jones and others
2010), whereas we have reason to think that hematopoietic SC are more appropriate for integration after systemic transplants, especially after bone marrow niche
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replenishment. The point common to both mesenchymal
and hematopoietic SC is that neural damage (especially
with inflammation) increases their integration into the
encephalon (Fig. 2; Bae and others 2005; Johansson and
others 2008).

Transplantation
Above we have described different possibilities for the
ablation of bone marrow before transplantation, also taking into account the option of no ablation. Moreover, the
process of transplantation itself is also quite variable,
with diverse types of parameters (apart from the type of
transplanted cells, see above).

Site of Injection
We have previously mentioned that engraftments can
be performed directly into the encephalon or by means
of other types of injections (systemic, intraperitoneal,
or intrahepatic). It should be recalled that the latter
methodologies are aimed at replenishing the recipient’s bone marrow when it has been removed previously. However, systemic injections can also be
performed without bone marrow ablation in order to
deliver cells to the brain through blood vessels (see
above).
The first option (encephalic injections) is performed
with a stereotaxic instrument, injecting the cells directly
into the desired region of the encephalon by means of
pressure-driven capillaries (Bae and others 2005; Jones
and others 2010; Kopen and others 1999; Moore and
others 2005). Regarding systemic injections, there are
also different possibilities in rodents, the intravenous
type being the most frequent in comparison with intraarterial or intraperitoneal ones. These injections are
often made in the tail vein (Corti and others 2002; Díaz
and others 2012a; Díaz and others 2012b; Eglitis and
Mezey 1997; Magrassi and others 2007; Recio and others 2011; and other laboratories), but they can also be
performed in the retro-orbital plexus (Massengale and
others 2005), in the maxillofacial vein (Piquer-Gil and
others 2009), or through the intracardiac route
(Rodríguez and others 2007), the latter having the
drawback of needing to perform surgery with the animals under anesthesia, with a mortality of 2%. Other
common methods are intraperitoneal (Álvarez-Dolado
and others 2003; Mezey and others 2000) or intrahepatic transplantation (Espejel and others 2009;
Massengale and others 2005). The implementation of
these latter two techniques is easier than intravenous
transplantation and hence they are commonly employed
for injections in newborns and even in in utero transplantation (Nygren and others 2008).

Number of Transplanted Cells
It has been demonstrated that a single cell can repopulate
the hematopoietic system and give rise to other cells in
different tissues (Krause and others 2001). However, the
number of transplanted cells is usually much higher, with
the aim of ensuring their integration. In experiments performed directly in the encephalon or in intranasal administration, the number of transplanted cells rarely surpasses
one million (Table 3). In systemic injections, the number
of transplanted cells is much more elevated (several million; Table 3). Evidently, the encephalic parenchyma has a
limited space (especially in laboratory rodents) in which
cell transplantation can be performed and hence the volume of the transplant should be smaller than in systemic
injections (likewise the droplet of cell suspension
employed in intranasal transplants; see below).

Efficiency of Transplantation
The efficiency of these techniques is determined in recipient animals by the degree of chimerism of the donor cells
in the host tissues, especially with bone marrow reconstitution. This is usually referred to as the percentage of
donor-derived nucleated cells in the recipient’s blood.
Nevertheless, this percentage can be also determined in
the spleen or the liver (Mezey and others 2000). Regarding
this parameter, intravenous transplants—in all of the
above-mentioned possibilities—of whole bone marrow
(without fractionating) seem to be very efficient, with
percentages of blood cell chimerism of 50% to 85%
(Krause and others 2001; Priller and others 2001) or even
higher, up to 99% (Johansson and others 2008), reaching
maximum levels of GFP-positive blood cells comparable
to those from donors (Díaz and others 2011). However, if
only a fraction of the bone marrow is transplanted—or
only a single cell—the average efficiency is lower
(although very rarely levels of up to 85%, or even 98%
are possible: Krause and others 2001; Massengale and
others 2005; Nygren and others 2008). This average
lower efficiency of transplanting a fraction of the bone
marrow in comparison with whole bone marrow transplantations may be due to a slower reconstitution of the
bone marrow niche. It is also important to keep in mind
that radiation can also accelerate or facilitate the reconstitution of new bone marrow (Nygren and others 2008).
Regarding the other types of transplantation (intraperitoneal and intrahepatic), blood chimerism usually ranges
between 50% and 80%, but is much more variable, without the predominance of higher percentages and also with
much lower values (Massengale and others 2005). These
lower values could also be explained in terms of the
chemical ablation of the bone marrow (no facilitation by
radiation; Nygren and others 2008), the injection of cells
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Table 3. Number and Type of Transplanted Cells.
Intracranial
50,000–100,000
500,000
1 million
Intranasal
100,000
300,000
500,000
Systemic
≤1 million
2–3 million
5–8 million

10 million
10–20 million
30 million

Kopen and others 1999 (stromal); Muñoz-Elías and others 2004 (stromal); Moore and others 2005
(hematopoietic)
Bae and others 2005 (mesenchymal); Jones and others 2010 (mesenchymal)
Bae and others 2007 (mesenchymal)
Fransson and others 2012 (T-cells)
Danielyan and others 2009 (mesenchymal); Danielyan and others 2011 (mesenchymal); Reitz and others
2012 (neural progenitors)
van Velthoven and others 2010 (mesenchymal)
Chen and others 2011 (whole bone marrow enriched with hematopoietic cells); Kemp and others 2011
(mesenchymal)
Eglitis and Mezey 1997 (hematopoietic)
Priller and others 2001 (whole bone marrow); Vallieres and Sawchenko 2003 (whole bone marrow);
Rodríguez and others 2007 (whole bone marrow); Nygren and others 2008 (whole bone marrow);
Johansson and others 2008 (whole bone marrow); Díaz and others 2011 (whole bone marrow); Díaz
and others 2012a (whole bone marrow); Díaz and others 2012b (whole bone marrow); Recio and
others 2011 (whole bone marrow)
Corti and others 2002 (whole bone marrow); Wiersema and others 2007 (whole bone marrow);
Weimann and others 2003b (whole bone marrow); Espejel and others 2009 (whole bone marrow)
Álvarez-Dolado and others 2003 (whole bone marrow)
Corti and others 2004 (whole bone marrow)

outside the blood stream (and the subsequent barriers for
the bone marrow to be reached), or incomplete bone marrow ablation in newborns (because of their high rates of
cell proliferation).

Transplants in Brain Parenchyma
In contrast to the situation in pure basic research addressing cell integration in the encephalon, this methodology
is often employed in models of neurodegeneration or
brain injury. In this case, the migratory properties of the
grafted cells are very important, as the recipients usually
receive a single injection close to the damaged region
(Bae and others 2007; Jones and others 2010). The use of
this methodology is influenced by different factors. For
instance, in both mice and rats the site of cell injection
affects cell migration, the cells becoming disseminated
farther if they are injected into the brain ventricles than
into the parenchyma (Jones and others 2010; Kopen and
others 1999; Moore and others 2005; Muñoz-Elías and
others 2004). The age of the recipient also affects the
quality of the engraftments. Hence, transplants in newborns, whose brain is still developing, increase the integration of grafted cells in the whole encephalon, also
giving rise to cell types different from those derived
from transplants accomplished with other methodologies. This is the case of bone marrow–derived astrocytes,
which were only detected in the first report of the contribution of BMDC to the CNS of mice (Eglitis and Mezey

1997) and in transplants in newborns (Kopen and others
1999), but not in other studies performed on adult animals (Díaz and others 2011; Recio and others 2011;
Wehner and others 2003; and other laboratories).
Moreover, bone marrow cells grafted into the adult brain
can also maintain their hematopoietic phenotype (Moore
and others 2005), supporting the hypothesis of lower differentiation rates in adult animals than in newborns.
Finally, encephalic damage can also increase the integration of BMDC transplanted directly into the brain parenchyma (Bae and others 2005), in consonance with the
results of methodologies that replace the bone marrow of
the recipient (see above).

Intranasal Transplants
Developed for first time by Danielyan and others (2009),
this method involves the release of 2- to 6-µL droplets of a
cell suspension into the nostrils of both mice and rats,
whether awake (Reitz and others 2012; van Velthoven and
others 2010) or under anesthesia (Danielyan and others
2009; Wei and others 2013). This simple method shuttles
the transplanted cells to the encephalon, avoiding invasive
procedures such as injection into the brain (with the subsequent damage to the parenchyma) or ablation of the recipient’s bone marrow (Danielyan and others 2009; Jiang and
others 2011). Moreover, the proximity of the site of transplant to the brain would also hinder the retention of transplanted cells in other organs, as may occur with systemic
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injections (Danielyan and others 2009). Another advantage
of this methodology is the short time that the transplanted
cells take to reach the encephalon. Thus, 1 hour after transplant cells can be detected mainly in the olfactory bulb, and
also in much more caudal regions such as the thalamus, the
cortex, the hippocampus, or even the cerebellum
(Danielyan and others 2009). In addition, the efficiency of
this method can be enhanced by the application of hyaluronidase prior to transplantation (Danielyan and others
2009; Wei and others 2013). Regarding the specific route
of transport from the nostrils to the brain, several hypotheses have been advanced, although they lack confirmation
(Danielyan and others 2009).
The survival of transplanted cells after intranasal
administration has been demonstrated for at least up to 6
months (Danielyan and others 2011), allowing their
application in therapeutic practice. Moreover, these intranasally transplanted cells are also attracted by brain damage (Danielyan and others 2011; Fransson and others
2012; van Velthoven and others 2010; Wei and others
2013) and tumors (Reitz and others 2012). By contrast,
cells transplanted intranasally are usually mesenchymal
SC, but there is no conclusive evidence of their differentiation into neural elements, apart from the appearance of
some ambiguous, neurite-like cell processes (Danielyan
and others 2011). Accordingly, their benefits are only due
to the release of neuroprotective or neuroactive substances. Interestingly, when transplanted cells are more
differentiated, for example, T regulatory cells, integration
in the encephalon is stronger, neural elements such as thalamic, cortical, or even Purkinje neurons appearing
(Fransson and others 2012). Although such integration
remains to be fully understood, it seems to support the
hypothesis of a hematopoietic origin of bone marrow–
derived neural elements (see above).

Tracking and Visualization of
Transplant-Derived Cells
As pointed out earlier, the labeling of transplanted bone
marrow cells can be considered part of the preparation of
the donor. However, the aim of this labeling is to detect
such cells and their progeny in the encephalon (or other
organs) of the recipient. This therefore requires attention
in a separate section.

Y Chromosome
To detect cells derived from the transplant, it is necessary
for these cells to have some special feature that makes
them distinguishable from host tissues. In the first report
that demonstrated the integration of BMDC in the
encephalon (Eglitis and Mezey 1997), the strategy
employed was to transplant bone marrow cells from a

Figure 3. Different methodologies for tracking the cells
derived from the bone marrow transplanted. Transplants can
be performed from a male into a female, the cells carrying a
Y chromosome being the donor-derived elements (A). The
most common method for cell tracking is to inject bone
marrow cells from an animal expressing green, yellow or
red fluorescent protein in a nonfluorescent animal (B), thus
allowing their detection by their specific fluorescent labeling.
Finally, cells extracted from a donor can receive a pulse of
BrdU, or can also be labeled or modified genetically, viral
transfection being a common technique for this purpose (C).

male mouse donor to a female (Fig. 3A). Thus, donorderived cells were detected by in situ hybridization of the
Y chromosome (Eglitis and Mezey 1997). This methodology, also used by other groups (Kale and others 2003),
ensures the detection of BMDC as all the donor (male)derived cells must have the Y chromosome. In fact, this
technique has also been used to demonstrate the arrival of
BMDC at the encephalon in humans (Mezey and others
2003; Weimann and others 2003a), employing samples
from women that had suffered leukemia and had been
transplanted with bone marrow derived from male donors.
However, the limitation to this methodology is the actual
characterization of BMDC, as the combination of in situ
hybridization and immunohistochemistry is a somewhat
involved technique (Eglitis and Mezey 1997).
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Fluorescent Markers
The methodology most widely applied to detect cells
derived from transplantation is the use of fluorescent markers for BMDC (Fig. 3B). Usually, the donors are transgenic
animals (both mice and rats) that constitutively express
fluorescent proteins, the green fluorescent protein (GFP)
being the most frequent (Brazelton and others 2000; Díaz
and others 2011; Díaz and others 2012b; Johansson and
others 2008; Recio and others 2011; Weimann and others
2003b; and other laboratories). Donors can also express
other fluorescent proteins, such as the red (RFP; Bae and
others 2005; Bae and others 2007) or the yellow ones
(YFP; Corti and others 2004), which are colors of special
interest if the recipients also express the GFP in certain cell
types (Bae and others 2005; Bae and others 2007). In addition, this system allows easy characterization of BMDC by
immunofluorescence with other fluorescent colors, and it
also enables verification of the incorporation of the transplant into the host body by means of flow cytometry of the
peripheral blood. The negative side of this method is that
although fluorescent proteins are under the control of a
constitutive promoter, not all donor cells express them
(Díaz and others 2011), probably through gene silencing
(Long and Rossi 2009). Sometimes, donors are genetically
modified to express GFP (or other fluorescent proteins) in
specific cell types such as the hematopoietic (Nern and
others 2009; Wagers and others 2002) or lymphoid lineages (Nygren and others 2008).
Donor cells can also be labeled outside the donor body
once they have been extracted by transfection with
viruses that encode GFP (Fig. 3C; Priller and others
2001). This method is carried out after the extraction of
donor cells and before transplantation, but allows certain
extra modifications of these cells, such as knock in for
certain genes to deliver them to the recipient if the animal
is defective for a gene, thereby combining cell and gene
therapies (Chen and others 2011).

Xenogenic Markers
If transplants are performed between different species—
xenotransplants—it is also possible to follow the destination of the transplant-derived cells by detecting specific
proteins of the donor species, that is, from humans in mice
(Kemp and others 2011) or from rats in mice (Johansson
and others 2008). More than as a method of detection, this
technique has been employed to analyze certain properties
of transplanted cells, that is, whether human BMDC have
the capacity to become integrated into host tissues, in this
case an animal model being necessary (Kemp and others
2011; Reitz and others 2012), or to determine the capacity
of genetic expression of donor-derived cells (Johansson
and others 2008). In any case, these xenotransplants of

bone marrow SC may develop more graft-versus-host disease than transplants performed between animals of the
same species (Chu and Gress 2008).

Other Tracking Methods
Bone marrow SC are proliferating cells and hence once
extracted they can also be labeled with a pulse of BrdU
before their transplantation (Fig. 3C; Kopen and others
1999; Muñoz-Elías and others 2004). However, this
labeling would not be useful for the long-term tracking of
BMDC because of the progressive dilution of BrdU in
successive cell divisions.
Moreover, donors and recipients can also be modified
genetically in order to detect the process of integration of
BMDC into host tissue. This is the case of mice with the
Cre-LacZ system (Fig. 4), which was employed for the
first time for this purpose by Álvarez-Dolado and others
(2003) and then by other researchers (Espejel and others
2009; Nern and others 2009; Piquer-Gil and others 2009;
Recio and others 2011).
Finally, there is also the possibility of visualizing
transplanted cells in vivo by employing positron emission
tomography (PET) or real-time magnetic resonance
imaging (MRI; Doudet and others 2004). PET allows
cells labeled with isotopes to be tracked (Doudet and others 2004), whereas MRI is suitable for fluorescencelabeled cells (Fiandaca and others 2009). However, both
techniques are only employed after engraftments performed directly in the brain parenchyma, as large numbers of clustered labeled cells are necessary if they are to
be detected (Doudet and others 2004; Fiandaca and others 2009; Thompson and others 2005). Thus, it is not possible to detect cells derived from transplanted bone
marrow, which are integrated into the brain either one by
one or in discrete, disseminated populations.

From the Bench to the Bedside:
Future Human Application and
Current Clinical Trials
In this review, different parameters for research with
BMDC in the CNS have been summarized. Clearly, the
final goal of research is not only to determine the properties
of integration and migration of the transplanted cells but
also their therapeutic potential. In this sense, BMDC are
capable of transdifferentiating into neural elements as well
as fusing with specific neurons, raising the possibility for
substitutive and regenerative therapies or for gene delivery
through fusion. However, the efficacy of these processes is
low (Wagers and others 2002) and only Purkinje neurons
fuse with BMDC (Álvarez-Dolado and others 2003). Thus,
much research remains to be done before the BMDC
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properties of transdifferentiation and fusion can be suitably
employed in clinical practice. In addition, much of the
research reviewed here involves highly invasive methods
(i.e., involving encephalic damage, high doses of radiation,
intrauterine administration, etc.), which for ethical and
operational reasons raise concerns in humans. Accordingly,
ongoing clinical trials concerning the use of BMDC in neural diseases take advantage of the immunomodulatory, neurotrophic and neuroprotective properties of these cells.
Currently, there are many clinical trials that can be
consulted readily at the www.ClinicalTrials.gov website.
These investigations employ unfractionated bone marrow
cell populations, stromal (mesenchymal) or hematopoietic SC, or even more restricted cell populations. In addition, the routes of administration are open to many
different possibilities, mainly systemic (usually into the
carotid artery), intrathecal, into the ependymal canal, and
even into the neural parenchyma (i.e., spinal cord). The
variety of techniques employed in basic/translational
research is also reflected in clinical practice. Moreover,
the vast majority of clinical trials are in phase I or II, and
are therefore related to the safety of the treatment and
possible therapeutic benefits, but do not consider the use
of systematic use. In any case, a large number of different
neural diseases has been studied in clinical trials with
BMDC. Some of these studies have begun to yield promising results, as reflected in scientific publications: stroke
(Moniche and others 2012), Parkinson’s disease
(Venkataramana and others 2010), cerebral palsy
(Giordano and others 2014), multiple sclerosis (Connick
and others 2011; Karussis and others 2010), epilepsy,
cancers of the CNS (Kreissman and others 2013), traumatic brain injuries (Sharma and others 2012), autism,
spinal cord injury (Geffner and others 2008), amyotrophic
lateral sclerosis (Blanquer and others 2012; Karussis and
others 2010), retinitis pigmentosa (Siqueira and others
2013), cerebellar ataxia, and Huntington’s chorea.

Final Remarks

Figure 4. Method for detecting cell fusion events. (A, B)
Schematic representation of the transgenes expressed by the
mouse lines used for this purpose. (C) When a cell expressing
Cre recombinase (A) fuses with a cell bearing the LacZ
reporter transgene (B), the stop cassette located between
two loxP sites (floxed) is excised and the LacZ reporter is
expressed in the fused cell. LacZ expression can be detected
by the generation of a blue precipitate after X-gal staining
or by immunohistochemistry against the translated protein
(β-galactosidase). RTV, Integration retroviral sequence (LTR).
Adapted by permission from Macmillan Publishers Ltd: Nature
(Álvarez-Dolado and others), copyright (2003).

We have summarized the multiple parameters that should
be taken into account in order to employ bone marrow SC
for research in the CNS. Each factor or technique has its
pros and its cons, and can generate different secondary
effects or conditions that can also influence the integration of BMDC into the encephalic parenchyma.
Depending on the goals and conditions, researchers
should choose the methodologies that best match the
requirements of a given experiment in order to perform it
with the fewest secondary effects that might interfere in
the results. In addition, analysis of these effects, beyond
those of transplantation itself, should also clarify unexpected results. Hopefully taking these parameters into
account, research can move forward in the promising
field of cell therapy in the CNS.
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