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ABSTRACT 
 

Several researchers have demonstrated the therapeutic potential of mesenchymal stem cells 

(MSCs) in various neurodegenerative disorders, including demyelinating diseases. 

However, this effect was generally observed only locally, in the surrounding area where 

the MSCs were transplanted. Moreover, current treatments modifying the pathological 

mechanisms are capable of ameliorating the disease symptoms, but are frequently 

insufficient to repress the progressive loss of myelin and promote functional recovery. 

Thus, in order to achieve general remyelination in various brain structures simultaneously, 

bone marrow-derived MSCs were transplanted into the lateral ventricles of chronic 

demyelinated mice. In this manner, the first section of this work shows that the cells may 

secrete soluble trophic factors into the cerebrospinal fluid (CSF) and boost the endogenous 

oligodendrogenic potential of the subventricular zone (SVZ). The results indicated an 

enhanced recruitment of oligodendrocyte progenitor cells (OPCs) within the corpus 

callosum (CC) over time, which was correlated with an increase in myelin content. 

Electrophysiological studies, together with electron microscopy analysis corroborated that 

the newly-formed myelin was functional. Whereas the number of astrocytes seemed to be 

unaffected, an enhancement in the proliferation of neural stem progenitor cells (NSPCs) 

was detected in the SVZ, possibly due to their contact with the tropic factors released in 

the CSF. Hence, the findings of this study revealed that MSCs intraventricular-injection is 

a feasible method to elicit a paracrine effect in the oligodendrogenic niche of the SVZ, 

which is prone to respond to the secreted factors and therefore promoting 

oligodendrogenesis and functional remyelination. Similarly, the second part of this work 

reveals that the fibroblast growth factor 8 (FGF8), a key molecular signal for early 

embryonic development of the central nervous system, was capable of activating mouse 

post-natal OPCs in vitro. The results demonstrated that FGF8 is a novel factor to induce 

OPCs activation, migration, and increase their proliferation, without impairing their 

differentiation. In conclusion, both strategies were proven as very interesting alternative 

treatments for demyelinating diseases. 
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1.1 Organisation of the vertebrate nervous system 
	
  
The nervous system is the most complex system that vertebrates developed throughout 

evolution, regulating crucial functions ranging from sensory perception and motor 

coordination to cognitive features such as learning and memory. The mammalian nervous 

system can be subdivided into two distinct morphological and functional entities, the CNS, 

including the brain and the spinal cord, and the PNS, which contains the cranial and spinal 

nerves as well as the connections between the CNS and the target organs of the body.  The 

CNS is a control center that integrates all input signals from the PNS to process the 

information and eventually evoke an appropriate response. The PNS, on the other hand, 

provides the sensory and motor wiring to convey and elicit the answers to the rest of the 

body in a voluntary (somatic nervous system) or involuntary manner (autonomic nervous 

system) (Kandel et al., 2000). 

	
  
The major cellular components of the nervous system are the neurons, which conduct 

electrical impulses to another neuron or to other cell types by synaptic communication; and 

the glial cells, which are much more abundant than neurons, having important 

developmental, supportive and trophic roles critical for the normal function of the nervous 

tissue. Virchow first described that there were cells other than neurons. He thought that it 

was the connective tissue of the brain, which he called “nervenkitt” (nerve glue), i.e., 

neuroglia (Virchow, 1846). The name survived, although the original concept radically 

changed. The characterization of the major glial cell types was the result of microscopic 

studies, and especially the techniques of metallic impregnation developed by Ramon y 

Cajal and Rio Hortega (Rio Hortega, 1928; Ramon y Cajal, 1913b). Our understanding of 

the role of the glia in the CNS function has drastically progressed in recent years. We 

know now that glial cells are subdivided into astrocytes, microglia and the myelin forming 

cells (oligodendrocytes in the CNS and Schwann cells in the PNS) (Figure 1). Each of 

these cell types performs different essential tasks in the CNS. Astrocytes form a selective 

filter around the brain capillaries, the blood brain barrier (BBB), that prevents toxic 

substances and pathogens in the blood from entering the CNS, while other substances are 

allowed to enter freely. They also support neurons by providing energy, specific substrates 

and facilitate the formation, maintenance and function of synapses (Allen and Barres, 

2009). Following injury, these cells are major regulators of neuronal and myelin repair. 

The microglia are the resident macrophages of the brain and spinal cord, and thus act as the 
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first and main form of active immune defense in the CNS, being responsible of eliminating 

dead cell debris (Graeber et al., 2011). Two types of glial cells (oligodendrocytes and 

Schwann cells) produce myelin sheaths used to insulate nerve axons, thereby allowing the 

fast saltatory conduction of the action potential,  increasing the speed of its propagation in 

function of the diameter of the axon (Hartline and Colman, 2007). Moreover, the myelin 

sheath provides trophic support to the axon during all its life (Nave and Trapp, 2008). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Cells of the central nervous system. Schematic drawing of different glial cells, their interactions 
with neurons and the surrounding blood vessels.  (Allen and Barres, 2009). 
 

1.2 Myelin 
	
  
During evolution, different organisms have demonstrated a need to increase the conduction 

speed of the electrical impulse, which can be accomplished by two different mechanisms. 

One way is to increase the diameter of an axon, which effectively decreases the internal 

resistance and thus a faster axon potential propagation. The second strategy is to insulate 

the axonal membrane, reducing the leaking of the current and thus increasing the distance 

along the axon that a given local current can flow passively. This strategy is evident in the 

myelination of axons (Purves et al., 2001). Although the myelin sheaths of the CNS and 

PNS differ in their cellular origins, anatomical details and molecular constituents, they are 
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thought to function similarly (Berthold and Rydmark, 1995; Peters et al., 1991). Myelin is 

a multilamellar spiral of specialized membrane that ensheaths axons larger than l µm in 

diameter. It arises from glial cells as an outgrwoth that is elaborated around the axons and 

later becomes compacted by withdrawal of cytoplasm to form a tightly wound, 

membranous sheath comprising a number of lamellae (Figure 2). Its unique composition, 

rich in lipids (70-85% of the dry mass) and low content of water, allows electrical 

insulation of axons. Its segmental structure is responsible for the saltatory conduction 

which allows the fast nerve conduction in the thin fibres of the vertebrate nervous system. 

Myelin also participates in the regulation of axonal maturation as well as the maintenance 

and survival of axons (Griffiths et al., 1998; Waxman, 1997). The importance of the 

myelin is illustrated by the neurological deficits caused by demyelinating deseases such as 

multiple sclerosis (MS) and leukodystrophies in the CNS and peripheral neuropathies in 

the PNS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Mature oligodendrocyte wrappig an axon. An oligodendrocyte (G) sends a glial process forming 
compact multilamellar spiral of myelins around an axon. Cytoplasm is trapped occasionally in the compact 
myelin. In transverse sections, this cytoplasm is confined to a loop of plasma membrane, but along the 
internode length, it forms a ridge that is continuous with the glia cell body. In the longitudinal plan, every 
myelin unit terminates in a separate loop near a node (N). Within these loops, glial cytoplasm is also retained. 
Adapted from Bunge, 1968. See also Baumann and Pham-Dinh, 2001. 
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1.2.1 CNS myelination 

	
  
In the CNS, myelination is driven by the oligodendrocytes. These cells extend many 

processes to form several myelin sheaths, and in the optic nerve one oligodendroyte can 

myelinate up to 30-50 axon segments (Peters et al., 1991; Bunge, 1968). The 

oligodendrocyte progenitor cells (OPCs) are derived from the neuroepithelium of the 

ventricular areas of both spinal cord and brain, being able to differentiate into mature 

oligodendrocytes (Nave and Trapp, 2000). The mature CNS retains a population of adult 

OPCs that are ubiquitously distributed in the brain parenchyma and which are thought to 

be activated later for repair of demyelinated axons. The sequential expression of 

developmental markers, identified by a panel of cell-specific antibodies, divides the 

oligodendrocyte lineage into distinct phenotypic stages characterized by proliferative 

capacities, migratory abilities and changes in cell morphology (Figure 3). Early OPCs can 

be identified by their expression of  platelet derived growth factor receptor alpha (PDGFR-

α) and the chondroitin sulphate proteoglycan NG2. Possibly upon axonal contact but also 

by cell-intrinsic mechanisms the cell transits to a myelinating state where the O4, GalC and 

PLP/DM20 markers start to be expressed (Levine et al., 2001).  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 3. Schematic illustration of the oligodendrocyte stages. Morphological and atigenic progression 

from precursor cells to myelinating mature oligodendrocytes. Timing of neuronal and astrocytic signaling is 
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indicated. Stage-specific markers are boxed. RNAs are in italics. (Baumann and Pham-Dinh, 2001). See also 

Lubetzki et al., 1997; Hardy & Reynolds, 1991.  

 

In the mouse CNS the myelination starts perinatally, peaks at third posnatal week and 

continues until at least P60 (Vincze et al., 2008; Baumann and Pham-Dinh, 2001). In 

humans myelination starts during mid-gestation although little myelin exists in the brain at 

the time of birth. During infancy, myelination occurs quickly, leading to a child's fast 

development, until the age of 40 months approximately (Parazzini et al., 2002).  

	
  
1.3  Demyelinating diseases 
	
  
The term demyelination refers to the loss of myelin with relative sparing of axons. This is 

the result of a wide range of diseases that either damage myelin sheaths or the cells that 

form them. These diseases must be distinguished from those that damage the myelin 

sheaths in concert with the destruction of axons, which are not considered “demyelinating” 

since the axonal degeneration occurs first and degradation of myelin is secondary, as it 

occurs for example in amyotrophic lateral sclerosis. Additionally, there are CNS and PNS 

demyelinating diseases and disorders, as the myelin is antigenically different (CNS myelin 

derives from oligodendroglia while PNS myelin arise from Schwann cells). Regarding 

CNS demyelinating diseases, which will be the focus of this thesis, they can be caused by 

several factors such as inflammatory processes, autoimmune reactions (i.e., MS), 

infectious factors, metabolic/genetic alterations (leukodystrophy), cerebrovascular 

affections, neurodegenerative conditions and injuries. However, this classification is rather 

simplistic and in many occasions there is an overlap in pathogenesis between some of the 

different categories. In all cases, the loss of myelin ultimately causes irreversible 

neurological deficits, as the oligodendrocytes are crucial both for the correct transmission 

of the nerve impulse as well as the metabolic support of the axons (Jaramillo-Merchán et 

al., 2013; Reeves & Swenson, 2008; Love, 2006).  

	
  
1.3.1 Multiple sclerosis 
 
Demyelinating diseases and disorders affect millions of people worldwide. Of these 

diseases, MS, also known as disseminated sclerosis or encephalomyelitis disseminata, is 

the most common, with 2.5 million people affected worldwide. It is a chronic, 

inflammatory, and multifocal demyelinating disease where demyelination occurs in the 
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white matter (WM) of the brain and in the spinal cord, with progressive neurodegeneration. 

It is caused by an autoimmune response to self-antigens in a genetically susceptible 

individual. Although the aetiology is still unknown, there is proof that a combination of 

multiple genetic, environmental, virus or metabolic factors are involved, which altogether 

leads to a self-sustaining autoimmune disorder in the CNS. MS is more common in young 

adults in the western hemisphere, the onset being normally at the age of 20–50 and a mean 

age of onset of 30, affecting twice as many women as men (Milo & Miller, 2014; Nylander 

& Hafler, 2012). 

	
  
The pathology of the disease lies entirely in the CNS and is characterized by a sequence of 

events that include inflammation of localized areas surrounding venules that extend to the 

myelin sheaths, demyelination, axonal loss and gliosis in the brain and spinal cord. 

Traditionally, MS has been considered a T cell-mediated autoimmune reaction against the 

major constituents of myelin sheaths, such as myelin basic protein (MBP) and proteolipidic 

protein (PLP) (Greer, 2013). However, it has been demonstrated that the pathogenesis is 

far more complex, involving all arms of the innate and adoptive immune system with 

slowly progressive neurodegeneration in addition to acute inflammation (Milo & Miller, 

2014). More recently, it was also proposed that OPCs themselves contribute to the 

postinjury inflammatory milieu by producing cytokines that directly enhance their 

repopulation of areas of demyelination and hence their ability to contribute to 

remyelination (Moyon et al., 2015). MS seems to begin with the activation of autoreactive 

CD4+ T helper type 1 (Th1) cells directed against CNS antigens in the periphery. Once 

these cells become activated, they start to upregulate surface cell adhesion molecules and 

cytokine receptors as well as secrete pro-inflammatory cytokines. This causes changes in 

the endothelial cells, enabling adherence of the activated cells to the endothelium and 

facilitating their penetrance through the BBB (De Riccardis et al., 2015). In addition, the 

participation of another subset of CD4+ cells, termed Th17 cells, was discovered. Thus, 

once the autoreactive T-cells have entered into the CNS, they can be reactivated by 

resident antigen presenting cells (APC) such as microglia, resulting in their recruitment. 

Also, brain resident and peripheral inflammatory cells are then activated as a consequence 

of the T-cells, ultimately leading to plaque formation (Figure 4) (Milo & Miller, 2014; 

Nylander & Hafler, 2012; Brinkmann et al., 2010; Fletcher et al., 2010). It is this plaque 

formation from with MS derives its name, as the plaques are scar tissue and “sclerosis” 

means scar. MS plaques are formed in different white matter (WM) regions such us the 
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corpus callosum (CC), optic nerves and tracts, around the ventricles, subpial regions of the 

spinal cord and brainstem, as well as in grey matter areas. The plaques are mainly 

composed of perivenular infiltrates such as T-cells, monocytes/macrophages, and plasma B 

cells, and characterized by demyelinated or even transected axons, reduced number of 

oligodendrocytes, and astrocyte proliferation with the result of a glial scar (C Lucchinetti 

et al., 2000). 

 

 
Figure 4. Simplify schema of the pathophysiology of multiple sclerosis. Immature dendritic cells are the 
central players in innate immune responses and are involved in the maintenance of peripheral tolerance, 
presumably by promoting regulatory T cell responses. Abnormally activated (mature) antigen-presenting 
dendritic cells can be found in patients with multiple sclerosis (MS), and effective regulation and immune 
tolerance is partially lost. This favours the clonal expansion of self-cross-reactive T cells in lymph nodes. 
The nature of the antigen, the co-stimulatory signals and the cytokine environment in the lymph nodes directs 
the differentiation of cells towards CD4+ T helper 1 (TH1), TH2, TH17 or regulatory T (TReg) cells and CD8+ 



     Introduction 

	
   -22- 

cytotoxic T lymphocytes (CTLs). Primed autoreactive cells recirculate to blood and, after reactivation by 
phagocytes at leptomeningeal vessels, penetrate the blood–brain barrier to invade the central nervous system 
(CNS), where they are reactivated, clonally expanded and terminally differentiated by self antigen presented 
on dendritic cells. The presence of autoreactive TH1 and TH17 cells, CTLs and plasma B cells in the CNS, 
together with abnormally activated astrocytes and microglia, lead to an increased production of inflammatory 
cytokines, reactive oxygen species, excitotoxicity, autoantibody production and direct cytotoxicity, which are 
all involved in demyelination and axonal, neuronal and blood–brain barrier damage that is present in patients 
with MS. Abbreviations: IFN, interferon; IL, interleukin; MHC class II, major histocompatibility complex 
class II; MMPs, matrix metalloproteinases; NO, nitric oxide; TGFβ, transforming growth factor-β; TNF, 
tumour necrosis factor. Adapted from Brinkmann et al., 2010. 
 

Typically, MS is grouped into four major categories based on the course of the disease. 

The most common form is the “relapsing-remitting” course, affecting approximately 85% 

of MS patients. The second most common is the “primary progressive”, affecting 

approximately 10% of MS patients, whose symptoms continue to worsen gradually from 

the beginning. The “secondary progressive” form of MS refers to when the disease course 

continues to worsen with or without periods of remission and which may be developed in 

cases of relapsing–remitting MS. “Progressive-relapsing” MS is the last and rarest form, 

with a prevalence lower than 5%, being progressive from the onset, with intermittent flare-

ups of worsening symptoms during the disease progression and with no periods of 

remission (Figure 5) (Milo & Miller, 2014; Goldenberg, 2012; Lucchinetti et al., 2000; 

Rubin & Reingold, 1994).   

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5. Multiple sclerosis types. Relapsing-remitting: Unpredictable attacks which may or may not leave 
permananent deficits followed by periods of remission. Secondary progressive: Initial relapsing-remiting 
multipe sclerosis that suddenly begins to have decline without periods of remission. Primary progressive: 
Steady increase in disability without attacks. Progressive-relapsing: Steady decline since onset with super-
imposed attacks. Adapted from Rubin & Reignold, 1994. 
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Additionally, MS generally progresses through two phases, depending on the type of 

demyelinating lesions: acute and chronic. In the acute phase, the nearby oligodendrocyte 

progenitor cells invade the lesion, differentiate into mature oligodendrocytes as early as 7 

days after the injury and remyelinate (Chari et al., 2003; Health & Complete, 2003). The 

chronic phase, on the other hand, affects the migratory and differentiating mechanisms of 

these progenitors, resulting in sustained demyelination (Williams et al., 2007), due to the 

lack of factors that stimulate regeneration and/or to the presence of molecules that repress 

remyelination (Kuhlmann et al., 2008). Thus, OPCs stimulation to migrate and 

differentiate will be vital in a remyelinating therapy in order to favor neuronal survival 

(Irvine & Blakemore, 2008).  

	
  
Regarding the clinical symptoms of the disease, these are entirely attributable to the CNS 

pathology and patients usually present a wide variety of neurological symptoms that can 

arise alone or in combination, as isolated attacks or as a part of a gradual progression. 

These may include: visual disturbances, paresthesias or numbness, motor weakness, bowel 

and bladder incontinence, sensory disturbances including dizziness, spasticity, neuropathic 

pain, sexual dysfunction, vertigo, depression and less common cognitive impairments 

(Milo & Miller, 2014; Goldenberg, 2012; Steinman, 1996). It is very difficult to predict the 

course of MS, although there seems to be a relation between MS focality (local or 

multifocal) and prognosis. Thus, life expectancy is considered to be the same as the 

general population in most of the cases, however, when the presentation is multifocal and 

in severe cases that lead to medical complications the life expectancy can be reduced by an 

average of 7–10 years (Milo & Miller, 2014; Miller et al., 2005). The diagnosis of MS is 

primarily clinical and relies on the demonstration of symptoms and signs attributable only 

to WM damages distributed in time and space, along with the exclusion of other disorders 

that may mimic MS. There is no single laboratory test diagnostic for MS and although 

several sets of criteria have been proposed, the diagnosis criteria of MS was formalized as 

the so-called McDonald Criteria and updated to reflect the increased reliance on imaging 

for lesion identification (Figure 6) (Milo & Miller, 2014; Rocca et al., 2013).  
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Figure 6. Contribution of magnetic resonance imaging to the diagnosis of multiple sclerosis. Axial fluid-
attenuated inversion recovery images of the brain (a, b) and T2-weighted images of the cervical spinal cord 
(c) of a patient with a clinically isolated syndrome of the central nervous system at onset. Lesions can be seen 
in at least two of four locations typical for multiple sclerosis: (1) periventricular (circles), (2) subcortical 
(asterisks), (3) infratentorial (arrowheads), (4) spinal cord (arrows). On the basis of the 2010 revision of the 
McDonald criteria, this case fulfils criteria for dissemination in space (DIS). (Rocca et al., 2013). 
 

As of yet there is no cure for MS, and current treatments focuses on reducing lapse risk, 

slowing the progression, preserving neurological function and managing symptoms. 

Typical MS treatments use disease-modifying drugs (DMTs), which have a variable degree 

of efficacy, tolerability, likelihood of adherence and secondary effects (Wingerchuk & 

Carter, 2014). These include treatments for the attacks such as corticosteroids or plasma 

exchange (plasmapheresis), those which focus in modifying the progression, such us 

immune-suppressive cytokines interferon beta-1a and interferon beta-1b, the immune-

modulating drug glatiramer acetate, the immune-suppressant mitoxantrone, dimethyl 

fumarate, the monoclonal antobody natalizumab which decrease the ability of immune 

cells to cross the BBB and fingolimod, that reduces lapse rate. Finally, it is possible to find 

treatments that ameloriate signs and symptoms such as physical thearpy, muscle relaxants, 

drugs to reduce fatigue among others (Wingerchuk & Carter, 2014; RJ Franklin et al., 

2012; Goldenberg, 2012). However, all kinds of MS treatments have only minor effects in 

the progressive forms of MS, and although current treatments ameliorate the pathological 

mechanisms, there is no efficient method to repress progression and restore lost function. 

Thus, the medical and scientific community is expecting for new therapeutic approaches 

capable of modifying the disease rather than being purely palliative (Jaramillo-Merchán et 

al., 2013; McKernan et al., 2010; Kassis et al., 2008).  
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1.4   Remyelinating response to myelin damage 
	
  
It is generally considered that the CNS has a limited capacity for regeneration after 

traumatic injuries and degenerative or demyelinating diseases. It has instead an 

endogenous regenerative capacity to regain structure and function (Rivera & Aigner, 

2012). In MS, macrophages phagocyte the myelin sheaths in response to the autoimmune 

attack, leading to multi-foci demyelinated areas. After an acute inflammatory mediated 

demyelination, the affected regions can be effectively remyelinated, although with a 

thinner and shorter myelin sheath than would be expected for a given diameter of axon, 

unlike what happens during developmental myelination (Figure 7) (RJ  Franklin & Hinks, 

1999).  

 

 

 

 

 

 

 

 
 
 
Figure 7. Schematic illustration of the relationship between the length and thickness of the myelin 
sheath and axon size. (A) As the axon increases the length and thickness, the myelin sheaths change 
proportionally. (B) In the adult there is a constant relationship between the axon diameter and myelin sheath 
size.  After a demyelinating event (C), there is no proportional change in the myelin sheaths dimensions (D), 
resulting in a much thinner and shorter sheaths. (RJ  Franklin & Hinks, 1999). 
 
During the progression of the disease, as well as during aging, remyelination begins to fail. 

In the chronic MS plaques, the nude axons are more likely to degenerate, leading to 

irreversible neurological dysfunctions, characteristics of MS (Figure 8) (RJ Franklin et al., 

2012; RJ Franklin, 2002). Hence, while remyelination can be a highly efficient repair 

process, it shows clinically significant failure in MS and other diseases. 
 
 
 



     Introduction 

	
   -26- 

 
Figure 8. Demyelination/Remyelination process. (A) When a demyelinating event occurs in the CNS, the 
nude axon has two posible fates. In many cases, after an acute phase there is spontaneous remyelination 
induced by mature oligodendrocytes. This leads to functional recovery. However, in certain circumstances 
chronic plaques are formed due to remyelination failure, leaving the axons susceptible to degeneration. This 
leads to the degeneration of the entire neuron and consequently to the progressive neurodegenerative process. 
(B) An effective method to visualize the remyelination is to examine semi-thin sections by light microscopy. 
The transverse axonal section showed in this figure belongs to an adult rat cerebellum. The images 
correspond to a normally myelinated area (left), a demyelinated area with debris-filled macrophages 
(middle), and a remyelinated area with shorter and thinner myelin sheaths (right). Adapted from RJ Franklin 
& Ffrench-Constant, 2008. 
 

The use over the last decades of different animal models to study the 

demyelinating/remyelinating process has increased our knowledge about the underlying 

mechanism of this event (Ransohoff, 2012). However, the reasons why adult remyelination 

does not recapitulate the full program of developmental myelination is still unclear. There 

is an enormous interest in understanding the factors that lead to this failure as this will 
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enable us to develop efficient therapeutic approaches (RJ Franklin, 2002; Rivera & Aigner, 

2012).  
 

1.4.1 The oligodendrogenic program 

 
Myelination of vertebrate CNS axons by oligodendrocytes represents one of the clearest 

and best orchestrated processes. After a demyelinating event, the number of 

oligodendrocytes in the lesion is greater than it was before demyelination. This implies that 

there must exist a mechanism by which new oligodendrocytes are generated (RJ Franklin, 

2002). Currently it is clear that these oligodendrocytes arise from a population of adult 

CNS stem/precursor cells, termed adult oligodendrocyte precursor or progenitor cells 

(OPCs).  The process by which OPCs remyelinate can be divided into three steps: (1) 

OPCs activation, (2) recruitment/migration and (3) differentiation into mature myelinating 

oligodendrocytes (DM Chari et al., 2003). Upon demyelination, OPCs are activated by the 

mitogens secreted by the astrocytes and microglia which induce the expression of 

oligodendrogenic transcription factors such as Olig2, Nkx2.2 and SOX2 (Menn et al., 

2006; S. Wang et al., 2013). The recruitment phase of activated OPCs is the next step in 

the remyelinating process, where OPCs migrate to the demyelinated areas in addition to 

the ongoing proliferation. Once the progenitors contact with the bare axons, they activate 

the processes to produce myelin membranes that finally wrap around the axons to form the 

myelin sheaths (RJ Franklin, 2002; Kotter et al., 2006).  

	
  
In such a scenario, where remyelination involves very well define and controlled stages, it 

is posible to identify at which moment the remyelinating process fails. Thus, remyelination 

can be limited due to an inadequate provision of OPCs (recruitment failure) or because of a 

differentiation block of OPCs (Kuhlmann et al., 2008). With aging both process become 

more protracted, leading to a decrease in remyelination efficacy (Sim et al, 2002). Another 

posible cause of the failure is that successives steps of demyelination and remyelination, 

which are characteristic of MS, can exhaust the OPC reservoir, considerably affecting the 

number of recruited OPCs (RJ Franklin, 2002). Finally, the failure to repopulate the 

demyelinated areas can arise because of an inappropiate microenvironment governing their 

recruitment, because the OPCs become less responsive to these factors and even for the 

myelin debris generated during the demyelination, which can impair the OPC 

diferentiation (Figure 9)  (Kotter et al., 2006). 
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Figure 9. Phases and impairments of remyelination. (A) Along the normal adult white matter several cell 
types can be detected, such as progenitor and mature oligodendrocites, microglia and astrocytes. After a 
demyelinating event, OPCs become activated (B) by the mitogens secreted in the microenvironment by 
inflammatory cells and astrocytes. (C) This results in the proliferation and migration of the OPCs which start 
to populate the nude axons. Additionally, macrophages start to clean the myelin debris. (D) The last stage 
corresponds to OPCs recruitment, which engage the axons and differentiate to produce new myelin sheaths. 
Remyelination failure can occur as a result of the failure in OPC recruitment or due to the impairment on the 
differentiation phase. Adapted from RJ Franklin & Ffrench-Constant, 2008. 
 
1.4.2 Oligodendrogenesis in the Adult Subventricular Zone (SVZ) 

	
  
Whereas the birth of new neurons in the adult mammalian brain is apparently limited to the 

dentate gyrus of the hippocampus and the lateral ventricle (LV) wall, newly produced 
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oligodendrocytes are derive from OPCs, which are ubiquitous distributed throughout the 

brain parenchyma (Miller & Mi, 2007; Polito & Reynolds, 2005) as well as from 

multipotent neural stem/progenitor cells (NSPCs) present in the SVZ (Figure 10B). The 

SVZ of the adult mammalian brain contains slowly dividing astrocytic neural progenitors, 

which express glial fibrillary acidic protein (GFAP), known as type-B cells. These 

germinal astrocytes give rise to actively proliferating transient amplifying type-C cells, 

which in turn generate immature neuroblasts termed type-A cells. Menn and colleagues 

demonstrated that some type-B cells, possibly via intermediate precursors similar to type-C 

cells that express the oligodendrocyte lineage transcription factor 2 (Olig2) (Gonzalez-

Perez & Alvarez-Buylla, 2011), were capable of giving rise to OPCs which in turn would 

differentiate into mature myelinating oligodendrocytes (Figure 10A) (Ming & Song, 2011; 

Menn et al., 2006). Alternatively, some groups found that neuroblasts (type-A cells), which 

normally generate interneurons in the OB, could be re-specified during migration to 

generate glial cells, as it is the case after lysolecithin-induced demyelination of the CC and 

SVZ cell grafting into the CC (Cayre et al., 2006; Nait-Oumesmar et al., 1999). 

Furthermore, in patients suffering from MS as well as in experimental models of 

demyelinating diseases, it has been observed that SVZ-derived NSPCs respond to 

demyelinating lesions enhancing basal oligodendrogenesis at the expenses of neurogenesis 

(Rivera & Aigner, 2012; Gonzalez-Perez & Alvarez-Buylla, 2011). These newly generated 

OPCs have been observed migrating towards the CC, the striatum, the fimbria fornix and 

to the cortex (Figure 10B) (Menn et al., 2006; Kessaris et al., 2005). 
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Figure 10. Schematic of NSPC lineage fate and OPC behavior after a demyelinating lesion. (A) B1 
astrocytes are the quiescent neural stem/progenitor cells of the adult ventral-SVZ (V-SVZ). Under normal 
circumstances, they give rise to transient amplifying type-C cells, which in turn produce neuroblasts (type-A 
cells), with a small subpopulation giving rise to highly migrating OPCs (possibly via intermediate precursor 
as the type-C cells or more unlikely via migrating type-A-cells). OPCs finally differentitate into mature 
myelinating oligodendrocytes. (B) After demyelination, both NSPCs and OPCs attempt to repair the lesioned 
white matter area by proliferating, migrating and finally restoring the myelin sheaths. This causes a shift in 
the fate of SVZ-derived NSPC, from neuronal lineage to oligodendrogenic. The newly generated OPCs are 
capable of migrating and remyelinating the cortex, fimbria/fornix, corpus callosum and striatum, however, 
the migration of local OPCs residing outside the V-SVZ (e.g., pia matter, fimbria or cortical layer) could be 
more relevant when demyelination occur in more distant areas. Adapted from Maki et al., 2013. 
 
 
1.5   Animal models of multiple sclerosis (MS) 
	
  
There are several well-characterized MS animal models that allow studying from different 

angles the pathology of MS as well as look for new therapeutic strategies. Thus, depending 

on which clinical aspects and mechanistic hypotheses are being modeled it would be better 

to use one model or another. Immune-mediated, viral, genetic and toxic models are the 

main ones that are now used to understand the mainfold aspects of MS (Ransohoff, 2012). 

Experimental autoimmune encephalomyelitis (EAE) is the most commonly used 

experimental model. EAE has been used for about 85 years to model MS, and nowadays 

the model has been finely tuned. EAE is induced by either the systemic administration of 

myelin proteins such as MBP, PLP, myelin oligodendrocytic protein (MOG), peptides of 

these proteins in adjuvant or by the adoptive transfer of encephalitogenic T cell blasts into 

naïve recipients, all resulting in distinct models featuring different aspects of the diseases 
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(Constantinescu et al., 2011; SD Miller et al., 2010). Above all the models, EAE has 

contributed enormously to our understanding of the autoimmune and inflammatory 

processes as well as to the cytokine biology (Waksman, 1999). Additionally, the 

mechanics of several treatments have been elucidated using this model (Yednock et al., 

1992). Although, this model may be the most suitable to decipher the underlying 

inflammatory mechanims in MS and has contribute to major advances, it has also some 

major drawbacks to take into consideration (reviewed in Ransohoff, 2012): 

 

-­‐ While in humans with MS the major affected areas are found in the cerebral and 

cerebellar cortex, EAE is mainly a disease of the subpial spinal cord WM. 

-­‐ Disssapointing conducted researchs to find out the potential benefits of neuronal 

and oligondendrocyte growth and survival factors. 

-­‐ Demyelination and remyelination processes can not be well studied in this model as 

lesions occur stochastically with regard to timing and localization. 

-­‐ It is not the most appropiate model to investigate the MS progression. 

-­‐ The model makes it difficult to study B cells, which have been proven to have a 

very important role in MS. 

-­‐ Most forms of EAE are generated by immunization mechanism that trigger CD4+ 

T cell responses, of instead of CD8+ T cells which predominate in MS. 

 

Viral vector have been also used to induce demyelination in the CNS. Two of the most 

used are the picornavirus TMEV and certain strains of the coronavirus mouse hepatitis 

virus (MHV). Whereas MHV provides a model where the viral infection is controlled by 

well-defined mechanims that provide sequence of inflammatory demyelination in the 

absence of detectable pathogen gene expression (Rivera-Quiñones et al., 1998), TMEV has 

been very useful to study the origin of certain behavioral signs that arise after a 

demyelinating event (Miller et al., 1997). 

	
  
1.5.1 Cuprizone model 

	
  
Understanding remyelination may hold the key to understand how to treat MS, yet this 

cannot be addressed using the EAE mouse model. On the other hand, toxicity-induced 

demyelination overcomes the limitations of timing and lesion localization and provides a 

perfect way to study the remyelinating processes. One of particular interest is the copper 
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chelating agent Bis(cyclohexanone)oxaldihydrazone (cuprizone). In the cuprizone model 

the toxin causes dysfunction of mitochondrial complex IV, specifically affecting the 

oligodendrocytes (Mahad et al., 2008). This model offers the advantage of being helpful to 

elucidate the molecular and cellular mechanism that occurs during de- and mainly 

remyelinating processes independently of the participation of peripheric immune cells, as 

the BBB is intact (Bakker & Ludwin, 1987; Kondo et al., 1987). Thus, microgliosis and 

astrogliosis, driving inflammatory but also reparative processes in the face of an intact 

BBB, are prominent features of this animal model (Gudi et al., 2014). Additionally, the 

cuprizone model produces highly reproducible demyelination of distinct brain regions. 

Among them the CC is the most commonly used to investigate the mechanism of 

remyelination (Steelman et al., 2012). First of all, the CC is a large area that is greatly 

affected both in MS patients and in the experimental model and secondly, it is near one of 

the two neurogenic niches in the adult, making it feasible to study the activationg of the 

NSPCs of these areas and the oligodendrogenic program that they may undergo (Jaramillo-

Merchán et al., 2013). Moreover, cuprizone treatment can be halted at any time to allow 

the study of spontaneous remyelinating processes, which is not possible or more difficult 

with viral or autoimmune models (Hibbits et al., 2009). When the cuprizone diet is kept for 

5-6 weeks the CC and other WM tracts are demyelinated in a process that mimic the “acute 

phase” of MS, and in which spontaneous remyelination occurs when diet is changed to 

normal chow. However, if the cuprizone administration is prolonged until 12 weeks or 

more, the remyelination is highly restricted, leading to the so-called “chronic phase” of the 

disease. This provides an excellent tool for researchers to investigate both MS phases 

separatedly, which is not possible with other animal models (Kipp et al., 2009).  

	
  
Another toxin-induced model is produced by microinjections of lysophosphatidylcholines, 

also called “lysolecithins” into specific regions of WM tracts causing immediate 

demyelination followed by remyelination. While the strength of this model lies in isolating 

the demyelination/remyelination as discrete events with spatial and temporal predictability, 

similar to the cuprizone model, the major limitation is the lack of an autoimmune response 

(Miller & Fyffe-Maricich et al., 2010). Thus, there is a great interest in using these toxin-

induced models to identify new strategies to enhance remyelination, which is deemed 

crucial for neuroprotection and therefore a major line of defense against progressive MS. 
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1.6   Novel remyelinating therapies 
	
  
Since the early 1990s, when beta-IFN 1b was shown to reduce the relapse rate in patients 

with “relapsing-remitting” forms of MS, we have been witnesses of the development of 

several types of DMTs which beneficially modify the course of MS (the principal ones are 

reviewed in previous sections) (Cross & Naismith, 2014). However, and despite the 

enormous benefit that they have provided, these molecular therapies might not be 

sufficient to target all different aspects of MS pathogenesis. In addition to the fact that MS 

is a multifactorial disease, it is also progressive, and thus both the microenvironment and 

the pathogenic parameters change during the course of the disease. For that reason it is 

unlikely that a single drug would be able to drive MS treatment into the next frontier. 

Ideally, an effective treatment for MS should target the autoimmune/inflammatory side, the 

neurodegenerative aspect and finally activate repairing mechanisms such as remyelination 

(Rivera & Aigner, 2012).  Regarding this, there are two major approaches that have been 

tested in animal models: transplantation of different exogenous cells that could 

remyelinate, and stimulation of the endogenous repairing machinery (precursor and 

progenitor cell populations) by transplantating cells that stimulate the existing cell niches 

(reviewed in RJ Franklin & Ffrench-Constant, 2008). 

	
  
Experimental studies with the aim of enhancing remyelination by exogenous cell 

transplantation were initiated in the early 1980s, showing that transplantion of glial cells in 

the developing CNS were capable of myelinating WM tracts in rodents with myelin 

mutations or toxin-induced focal demyelinations (Blakemore & Crang, 1985; Lachapelle, 

et al., 1984; Duncan at el., 1981). Since then, several studies have focused in these 

approaches, transplanting different cell types such as primary OPCs (Windren et al., 2004; 

Zhang et al., 1999; Groves et al., 1993), Schwann cells (Bachelin et al., 2005; Honmou et 

al., 2005; Blackemore et al., 1985), olfactory ensheathing cells (Barnett et al., 2000; 

Imaizumi et al., 1998; RJ Franklin et al., 1996), neural stem cell lines (Hammang et al., 

1997) and embryonic-stem-cell-derived glial precursors (Brustle et al., 1999), all of which 

have been reported to produce new myelin after the transplant. However, despite these 

promising results there are significant hurdles associated with exogenous cell 

transplantation (Lindvall & Kokaia, 2010). First, it may be illogical to transplant 

exogenous remyelinating cells into an environment that contains resident progenitors that 

are themselves impaired to remyelinate by the diseased microenvironment. Second, MS is 
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a multifocal chronic disease and therefore would probably require direct intralesional 

injection throughout the disease course, as evidence from some studies indicate the limited 

capacity of the glial cells to migrate. This is a relative invasive technique that would 

require repetitive cell transplantations in multiple points (Divya M Chari & Blakemore, 

2002). Additionally, it is necesary to control the proliferation and differentiation process of 

the transplanted cells in order to avoid uncontrolled cell proliferation that may lead to 

tumor formation or aberrant differentiation and migration, which appears as a very difficult 

challenge. In many cases, these type of transplants have shown to attenuate the disease 

symptoms to a certain degree. However these could be due to an immunomodulatory effect 

which reduce the content of infiltrating immune cells and pro-inflammatory cytokines, 

rather than to direct remyelination (Einstein et al., 2007, 2006). Finally, there is the issue 

of the source of these cells. As there would be problems with the availability of these cells, 

either  surgical specimens or fetal material would be required. Another option could be 

stem cell lines, which possess the advantage of being able to provide unlimited quantities 

of progenitors as well as to partially match human leukocyte antigen types for each patient 

(Nistor et al., 2005).  

	
  
The second alternative approach to achieve remyelination would be to mobilise the 

endogenous precursor and progenitor stem cell populations to enhance the 

regenerative/remyelinating process. It has been already mentioned in the preceding 

sections that insufficient OPC recruitment and more commonly OPC differentation failure 

are the two main reasons of remyelination impairment (Angeles et al., 2002; Claudia 

Lucchinetti et al., 1999). However, the underlying biology of these processes are different 

and sometimes mutually exclusive. This, makes it difficult to find a single candidate factor 

to enhance both phases of the remyelinating process. For instance, PDGF induces OPC 

proliferation and migration however, in vitro it seems to inhibit the final stages of 

differentiation when myelin is produced (Wang et al., 2007). This means that pro-

recruitment factors may not promote and even impair remyelination, where the primary 

limitation is OPC differentiation and viceversa. In this context, stem cell therapies which 

may stimulate both processes, via the secretion of several trophic factors, appears as an 

attractive and promising strategy.  
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1.6.1 The potential use of mesenchymal stem cells (MSCs) 

 
Both in our lab (Jaramillo-Merchán et al., 2013) and others have shown the therapeutic 

potential of mesenchymal stem cells (MSCs) (El Akabawy & Rashed, 2015; Barhum et al., 

2010; Bai et al., 2009; Lu et al., 2009; Gerdoni et al., 2007). MSCs were initially identified 

as a subpopulation of bone marrow cells with osteogenic potential (Friedenstein et al., 

1976, 1970, 1968). We know now that MSCs are abundant and reside in the bone marrow 

and most connective tissues (Meirelles et al., 2006; Minguell et al., 2001) being highly 

accessible and simple to expand in vitro (Jadasz, et al., 2012; Martino et al., 2010), in 

contrast to NSPCs and OPCs. Other advantages of MSCs are that they have been proven to 

be relatively safe in non-human primates and humans as well as exhibit low 

immunogenicity compared with other types of stem cell treatments (Darlington et al., 

2011). MSCs are capable of giving rise to different cell types with mesenchymal lineage 

such us adipose tissue, cartilage, tendons, muscle and bones. In bone marrow, the MSCs 

also present stromal properties, as they control the activity and fate of hematopoietic stem 

cells, most probably through paracrine mechanisms (Minguell et al., 2001). Thus, this dual 

nature as stromal and stem cells may represent an advantage to adapt in a neural 

microenvironment that occur in neurological diseases such as MS. All this make MSCs 

transplantation therapies a very attractive alternative to develop an autologous cell-based 

therapy for demyelinating diseases. 

	
  
During the last decades, researchers have performed great efforts to evaluate the 

therapeutic properties of MSCs transplantations into the diseased CNS. In animal models 

of demyelination, MSCs have shown the capacity to promote functional remyelination 

(Jaramillo-Merchán et al., 2013). Despite early studies which proposed that MSCs could 

transdifferentiate into mature neurons and/or oligodendrocytes (MSC plasticity) (Krampera 

et al., 2007), this has been later proven to be untrue, being their primary function to boost 

endogenous OPCs population for remyelination, exerting a neuroprotective effect and also 

modulating the immunological response (Figure 11) (El Akabawy & Rashed, 2015; 

Jaramillo-Merchán et al., 2013; Barhum et al., 2010; Bai et al., 2009; Lu et al., 2009; 

Gerdoni et al., 2007). It has been also shown that in vivo MSCs appear to be perivascular 

and propose that during local injury, MSC are released from their perivascular location, 

become activated and set up a favorable microenvironment by secreting bioactive 

molecules (Caplan & Correa, 2011). In the EAE model, treatment with MSC induces anti-
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inflammatory Th2 polarized immune response at the expense of pro-inflammatory Th1, 

and promote endogenous repair (Bai et al., 2009). In addition, it has been reported that 

MSC conditioned medium (MSC-CM) can enhance remyelination with hepatocyte growth 

factor as a critical component (Bai et al., 2012) and also instruct an oligodendrocytic fate 

on adult NSPCs in vitro (Rivera et al., 2006).  
 

	
  
Figure 11. Therapeutic activities of MSCs in the diseased nervous system. The mechanisms proposed for 
the pathophysiology of MS have been extrapolated mainly from EAE models. The autoimmune-mediated 
proinflammatory process would arise as a response of autoreactive lymphocytes in the body or damage 
gradients caused by oligodendrocyte and axonal lesions in the CNS. Briefly, TLRs would recognize both 
DAMPs and PAMPs and activate innate immune cells to produce proinflammatory cytokines and 
chemokines, acting as APCs for naive T cells. This activates proinflammatory Th1 and Th17 cells, which 
secrete soluble factors, increasing the chemotaxis gradients, ultimately resulting in their migration into the 
CNS. Autoantibodies, cytokines such as IFN-g and TNF-a and hypoxia-inducible factors including NO and 
ROS are responsible for demyelination and finally the axonal injury/loss. Additionally to this type of 
damage, proinflammatory damage gradients can also activate innate and adaptive immune response in the 
CNS to release neurotoxic soluble factors. Proposed therapeutic activity of MSCs include (A) neurogenesis, 
and subsequently oligodendrogenesis, and/or stimulate endogenous OPCs differentiation and maturation that 
might enhance remyelination in vivo, (B) regeneration and repair of myelin and axons and (C) 
immunemodulation of the systemic and CNS inflamatory response. Pathologic mechanisms underlying 
multiple sclerosis pathophysiology are depicted as dashed boxes, and proposed mechanims of MSCs are 
illustrated with encircled letters. Abbreviations: DAMP, Damage-associated molecular pattern; EAE, 
Experimental autoimmune encephalitis; HO-1, Heme-oxygenase 1; IDO, Indoleamine 2,3-dioxygenase; 
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MSC, Mesenchymal stem cell; NO, Nitric oxide; NT-3, Neurotrophin 3; PAMP, Pathogen-associated 
molecular pattern; ROS, Reactive oxygen species; TLR, Toll-like receptor. (Salem & Thiemermann, 2010). 
 

Although pre-clinical and clinical trials suggest MSC transplantation as a promising 

therapy for MS, more studies and long-term clinical trials are necessary to provide final 

conclusions. As of April 2015, the NIH website (http://clinicaltrials.gov) lists 13 MSC-

based therapies in multiple sclerosis. Currently, there are over 215 open studies and 195 

closed clinical trials (results retrieved 26th April 2015) in a search of 

www.clinicaltrials.gov on the search term “mesenchymal stem cells” and excluding trials 

with an unknown status.  

 

1.6.1.1 Mesenchymal stem cell secretome 

 
The wide range of secreted soluble factors produced by the MSCs, generally refered to as 

the MSC secretome, has a considerably therapeutic potential for the treatment of several 

diseases, including demyelinating disorders. Thus, harnessing the secretome will have 

important implications for clinical approaches. To this end, different groups have identified 

a spectrum of cytokines, growth factors, chemokines, extracelular matrix (ECM),  

proteases hormones and lipid mediators secreted by MSCs (Paul & Anisimov, 2013; 

Zimmerlin et al., 2013; Bai et al., 2012; Ranganath et al., 2012; Meirelles et al., 2009; 

Rivera et al., 2008, 2006). However, it must be considered that once the MSCs have been 

transplanted, it is more challenging to control and study the secretome expression and that 

it is most likely to be different from that observed in vitro. Meirelles and colleagues 

reviewed the main bioactive molecules secreted by MSC that may exert a paracrine effect 

upon transplantation (Figure 12) (Meirelles et al., 2009). 



     Introduction 

	
   -38- 

 

 
Figure 12. Main soluble factors secreted by MSCs. The secretion of a wide range of bioactive molecules is 
believed by many scientist to be the main mechanims by which MSCs exert their beneficial therapeutic 
effect. It can by divided into 6 categories: Immunomodulatory, anti-apoptotic, angiogenic, support of the 
growth and differentiation of local stem and progenitor cells, antiscarring and chemoattracting. Although new 
factors are discovered every day, the main modulators of the paracrine effect of MSCs are depicted here for 
illustrative purposes. Regarding the immunomodulation, MSCs inhibit the proliferation of CD8+ and CD4+ 
T lymphocytes and natural killer (NK) cells, suppress the immunoglobulin production by plasma cells, 
stimulate the proliferation of regulatory T cells and finally inhibit the maturation of dendritic cells (DCs). 
The rest of the effects induced by the soluble factors are depicted in the figure (Meirelles et al., 2009). 
 

Despite the progress made in recent years regarding the elucidation of the MSCs 

secretome, there are still some questions that remain elusive: 1) Do scientist have the 

required technology to study the MSC secretome in vivo? Which are the most effective 

approaches to achieve this? 2) How do the composition and sustainability of the MSC 

change in vitro and after transplantation, and how is this is influenced by the dynamic of 

local microenvironment? (3) What are the ways to control the secretome properties over 

time after transplantation? These and other challenges remain, and harnessing the MSCs 

secretome for meaningful therapeutic outcomes will be necessary in the near future 

(Ranganath et al., 2012). 
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1.7   Fibroblast growth factors (FGFs) 
 
Fibroblast growth factors (FGFs) are a family of soluble protein ligands that regulates a 

plethora of developmental processes, including brain patterning, branching morphogenesis and 

limb development, as well as tissue homeostasis and metabolism. Additionally, several 

mitogenic, cytoprotective and angiogenic therapeutic applications of FGFs have been explored 

(reviewed in Beenken and Mohammadi, 2009). There are 18 mammalian FGFs (FGF1–FGF10 

and FGF16–FGF23), with different receptor binding affinities and biological functions 

including neural induction, patterning, survival, proliferation, diferentiation, axon 

pathfinding and synapse formation (Mohammadi et al., 2005; Itoh and Ornitz 2004; 

Eriksson et al., 1991). The molecular weight of FGFs proteins range 17-34kDa. They 

present similar tridimensional structure and alternative splicing modulates their receptor 

affinity. Transductional mechanims of FGF signaling pathways is mediated via 

transmembrane tyrosine-kinase FGF receptors (FGFR1-4). Heparine sulphate 

proteoglycans (HSPGs) act as co-factors in the activation of the FGFRs by FGFs. The 

FGFs act through highly conserved Ras-ERK mitogen-activated protein kinase (MAPK) 

signaling cascade or through the phospatidylinositol-3 kinase (PI3K-AKT) pathway, 

promoting proliferation, survival, and/or motility in various cell types, including 

oligodendrocytes (Mitew et al., 2013; Furusho et al., 2011; Turner & Rose 2010; Gotoh 

2008; Bottcher & Niehrs 2005; Thisse & Thisse 2005; Chandran et al., 2003). Such a 

diverse set of activities requires a tight control of the transduction signal which is achieved 

through the expression of genes that function in the FGF-feedback regulation such as the 

Sproutys, Sef and MAP kinase phosphatase 3 which are responsible for the attenuation of 

FGF signals, limiting its activities in time and space (Thisse & Thisse, 2005). 

 

1.7.1 Fibroblast growth factor 8 (FGF8) 

 
Fibroblast growth factor 8 (FGF8) was originally identified as an androgen-induced growth 

factor (AIGF) being isolated from the mouse mammary carcinoma cell line SC-3 in 

response to androgen stimulation (Tanaka & Takeda, 1992). The gene structure of FGF8 is 

more complicated than that of most FGF genes, since there are at least four exonic forms in 

FGF8 that correspond to the usual first exon of other Fgf genes. Despite the existence of 

such isoforms, in situ hybridization and immunohistochemistry (IHC) analysis have not 

revealed major differences in the spatial and temporal localizations of the FGF8 isoforms, 
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being postulated that they are functionally redundant (Blunt et al., 1997; Crossley & 

Martin 1995; Macarthur et al., 1995). FGF8 is known to be implicated in early vertebrate 

brain patterning, and its inhibition causes early embryonic death with absence of the entire 

mesencephalic and cerebellar primordia (Nakamura et al., 2008; Partanen 2007; Reifers et 

al., 1998; Crossley & Martin 1996, 1995) as well as important thalamic and telencephalic 

malformations (Martinez-Ferre & Martinez 2009; Storm et al., 2006). FGF8 is capable of 

binding to all its four receptors, with different affinities among them (Ornitz et al., 1996; 

Kouhara et al., 1994). When the growth factor binds to its receptor, phosphorylation of the 

Extracellular signal Regulated Kinase 1/2 (ERK1/2) usually occurs, activating the RAS-

MAPK intracellular pathway (TsangM & Dawid 2004; Corson et al., 2003; Chirsten & 

Slack 1999; McKinnon et al., 1990) Several studies have demonstrated the importance of 

the FGF8 in the treatment of several neurodegenerative diseases, since in vitro generation 

of dopaminergic neurons, cells that are lost in Parkinson´s disease, requires the presence of 

this inductive growth factor (Parmar & Li, 2007; X. Wang et al., 2004; Goridis & Rohrer 

2002). However, our knowledge about the role of FGF8 in the CNS diseases remains 

poorly understood.  

	
  
Another interesting growth factor of this family that has attracted some attention during the 

past years, due to its effects in some CNS cell populations, is the fibroblast growth factor 2 

(FGF2), also known as basic fibroblast growth factor (bFGF) and which is found in the 

MSCs secretome. FGF2 when combined with PDGF-AA, is known to induce proliferation 

in OPCs (Bogler et al., 1990; McKinnon et al., 1990), while mature oligodendrocytes in 

the presence of this growth factor revert to a progenitor state (Fressinaud et al., 1995; 

Grinspan et al., 1993). The survival of newly generated OPCs as well as oligodendrocytes 

is likely to be via the prosurvival PI3K/Akt signaling pathway, which is a downstream 

effect of FGFR2 activation (Bryant et al., 2009). Moreover, FGF2 is typically used in 

combination with other factors to mantain neurospheres cultures in vitro in an 

undifferentiated state, promoting their proliferation. In addition, Azim and colleagues 

shown that intraventricular injection of FGF2 induce NSPCs to follow an oligodendrocytic 

fate, and even though FGF2 did not notably block OPC differentiation, increasing the 

number of oligodendrocytes in the perivascular white matter (PVWM) and cortex, it 

markedly disrupted myelination in the PVWM (Azim et al., 2012). Similarly, Zhou and 

collaborators have reported that FGF2 inhibits OPCs differentiation during development 

and limits remyelination following chronic demyelination (Zhou et al., 2004). The key 
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evidence that FGF2 may have a direct detrimental effect on mature oligodendrocytes 

comes from previous culture studies showing that exposure of pure cultures of mature 

oligodendrocytes to FGF2 results in loss of myelin-like membranes (Bansal and Pfeiffer, 

1997), as well as the negative effects of FGF2 on myelination that may be mediated via 

FGFR1, and not FGFR2 signaling (Fortin et al., 2005). Thus, whereas this factor is 

promising due to its mitotic effect in OPCs and the promotion of an oligodendrocityc 

determination in NSPCs, all the studies indicate that there is also a negative effect in terms 

of OPCs differentiation and myelin production. On the other hand, it has been proven that 

OPCs cultured in the presence of FGF8 expressed significantly more MBP compared to 

FGF2 (Fortin et al., 2005), revealing that these two at-first similar growth factors, may 

have a distinct effect, possibly due to its different binding receptor affinity. 
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2.1   Project aim 
	
  
The general aim of this work is to investigate the therapeutic potential of bone marrow-

derived mesenchymal stem cells (MSCs) in a murine chronic demyelinating model. In 

particular, the present study focuses on the analysis of the effect that 

intracerebroventricular injections of MSCs may have on remyelination and whether the 

trophic factor support exerted by the stem cells in the CSF could be stimulating the 

endogenous oligodendrogenic program in the ventricular-subventricular zone (V-SVZ). In 

addition, the main objective of the second section of this thesis is to study the effect that 

the fibroblast growth factor 8 (FGF8) may exert on post-natal OPCs in vitro. As this factor 

is a known morphogen during embryonic development, the rationale is that FGF8 may be 

used to induce OPCs mobilization, proliferation, differentiation and/or remyelination. 

	
  
2.2   Project objectives 
	
  
Section I 
 

1. To investigate whether the transplanted MSCs could change the 

oligodendrocyte and astrocyte numbers within the demyelinated corpus 

callosum (CC) over time. The CC is by far the largest fiber tract in the brain, 

being a common target in MS (Ozturk et al., 2001; Warlop, et al., 2008). Thus, the 

number of oligodendrocytes will be calculated at different stages of differentiation 

within the CC over time as well as the astrocyte content, using 

immunohistochemical techniques (IHC). 

 
2. To assess the myelin content in the corpus callosum over time and its 

correlation with the oligodendrocyte numbers. In order to elucidate if the 

increase of oligodendrocytes over time correlates with a real increase of myelin 

content in the CC, the myelin density will be quantified both in vivo in a 

longitudinal study by magnetic resonance imaging (MRI) and in vitro using a 

combination of IHC and 3D Imaris reconstruction software. 

	
  
3. To study the functionality of the newly formed myelin as well as its 

ultrastructure. In order to characterize the functional consequences of the MSC 

treatment, electrophysiological recordings of the axonal conduction velocity in the 

callosal axons will be performed. Moreover, further assessment of the integrity of 
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the myelin ultrastructure will be performed, calculating its thickness as well as the 

g-ratio of myelinated and unmyelinated axons by electron microscopy (EM) 

analysis. 

	
  
4. To analyze the trophic factor content of the cerebrospinal fluid (CSF) as well 

as the behaviour of the injected MSCs. MSCs are known to be the source of 

multiple immunomodulatory agents and trophic factors involved in repair and 

regenerative processes. In this study, the trophic factor content of the CSF will be 

analysed by qPCR three months after MSCs transplantation, as they may be the 

potential candidates for the remyelinating effects observed. Furthermore, the 

precise location, viability and phenotypic characteristics of the transplanted MSCs 

will be studied by IHC, MRI and Western Blot (WB). 

 
5. To unravel the mechanisms underlying the remyelination processes observed. 

In order to elucidate whether the NSPCs located within the V-SVZ are capable of 

responding to the secreted soluble factors in the CSF, BrdU proliferating assay will 

be performed in vivo, just after MSC transplantation. Furthermore, it will be 

analysed whether the MSCs are capable of activating survival and proliferation 

signalling pathways in the NSPCs in vitro. To this end, NSPCs will be cultured in 

the presence of MSC conditioned medium (MSC-CM) and the activation of the 

PI3K/Akt and MAPK/Erk1/2 signaling cascades analysed by WB. 

 
Section II 
 

1. To study the effect of FGF8 in the proliferation and differentiation of 

oligodendrocyte progenitor cells (OPCs) in vitro. Post-natal OPCs will be 

cultured in the presence of FGF8. BrdU incorporation analysis, IHC and 

quantitative PCR (qPCR) will be performed in order to study their proliferation and 

differentiation due to the morphogen effect. 

	
  
2. To investigate the capability of FGF8 to stimulate OPCs migration throughout 

the binding of FGF8 to its FGF receptors in vitro. Migration studies will be 

performed in matrigel cultures, where OPCs will be placed at a certain distance of a 

FGF8-soaked heparin bead. In order to confirm this migrating property, the FGF-

receptor inhibitor SU5402 will be used in the cultures to counteract the effect of 

FGF8. 



 
Chapter III 
 
 
 
 
 
 
- MATERIAL & METHODS - 

 
 
 
 
 
 
 
 
 
 



 



Material & Methods 

	
  -49- 

3.1   Animals models 
 
All experiments have been performed in compliance with the Spanish and European Union 

laws on animal care in experimentation (Council Directive 86/609/EEC) and have been 

analysed and approved by the Animal Experimentation Committee of the Universidad Miguel 

Hernández. Green fluorescent protein (GFP) (C57BL/6-Tg(ACTB-EGFP)1Osb/J) transgenic 

mice were used as donors, whereas C57BL/6 wild type mice were used as hosts. Both animal 

strains were bred and maintained in the animal facilities at the Universidad Miguel Hernández. 

 
3.1.1  Cuprizone treatment to obtain the chronically demyelinated model 
 
The approach used was similar to our previously published reports (Cruz-Martinez et al., 2014 

[Appendix 1]; Jaramillo-Merchán et al., 2013). Six-week old C57BL/6 mice were given a diet 

with 0.2% cuprizone (w/w) (Sigma, Cat. No. C9012) for 12 weeks ad libitum in order to 

obtain a chronic version of toxicity-induced demyelination. Finely powdered cuprizone 

(Sigma-Aldrich, St. Louis, MO) was mixed in the rodent chow and administered to the mice 

using specially designed feeders. After 12 weeks, the mice were used for different experiments 

and returned to normal chow until their sacrifice, which was depending on the test at 0, 15, 30, 

60, 90 or 120 days. 

	
  
3.2   Tissue culture 
	
  
3.2.1  Mesenchymal stem cells (MSCs) isolation & culture 
 
The isolation and culture of MSCs was performed as in our previous studies (Cruz-Martinez et 

al., 2014 [Appendix 2]; Jaramillo-Merchán et al., 2013; Pastor et al., 2012; Jones et al., 2010). 

Femurs were dissected from 2-3 month old mice, which were sacrificed by cervical 

dislocation. Bone marrows (BM) of either transgenic-GFP or C57BL/6 wild type mice were 

extracted and cells were collected by cutting both ends of femurs and flushing them into a 15-

ml conical tube (Sarstedt) with complete medium (CM), containing Dulbecco's Modified 

Eagle Medium (DMEM), (High Glucose) with GlutaMAX (Bioscience, Cat. No. 32430-027, 

1X), fetal bovine serum (Biochrom, Cat. No. S0115, 15%) and Penicillin/Streptomycin 

(Gibco, Cat. Num. 15140-122, 1%). The obtained cell suspension (3 animals per falcon tube) 

was centrifuged at 1000 rpm for 5 min and the supernatant was removed. The pellet was then 
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resuspended into 5 ml of the complete medium (CM) and plated in T-25 flasks (Sarstedt). The 

first media change was performed less than 72 hours after plating the cells in the flask. The 

stem cells were maintained for 3–4 weeks (passages 2–3) growing in T-75 flasks (Sarstedt), 

changing the media every 2-3 days and replating when needed, before proceeding to the 

surgical interventions. It was checked that the MSCs were positive for CD44 and CD90, 

typical surface markers of these cells, and negative for hematopoietic surface antigens like 

CD45. 

 
3.2.1.1 Preparation of MSC conditioned medium (MSC-CM) 
 
The isolation and culture of MSCs was performed following the above mentioned protocol. 

MSC-CM was collected after 24h of plating the MSCs at 60-70% of confluence in a T-75 

flask with fresh culture medium (complete medium). The MSC-CM was then filtered using a 

0.22 µm filter.  

 
3.2.2  Neural stem progenitor cells (NSPCs) isolation & culture 
 
NSPCs were isolated and cultured in a similar fashion as published in (Hutton and Pevny, 

2008; Wachs et al., 2003). The brains of the C57/BL6 mice (P0-P1) noeonates were carefully 

removed from the skull and placed in a clean culture dish containing ice-cold Neurobasal 

medium (Fisher, Cat. No. 11570556). Using fine-tipped forceps and a microsurgical knife, the 

meninges were carefully removed and the SVZ was microdissected. Using a sterile transfer 

pipette, the SVZ was then transferred using a sterile transfer pipette to a non-treated 

polystyrene dish containing cold Neurobasal medium, where the tissue was cut into smaller 

pieces using  a 1.75 mm angled phaco slit knife (Eagle Labs). The pieces were then transferred 

to a 15-mL conical tube (Sarstedt) containing 2 mL of 1mg/ml Collagenase XI (Sigma, Cat. 

No. C7657)/3mg/ml Dispase (Gibco, Cat. No. 17105-041), minimizing the amount of 

Neurobasal transferred with the sample. The tissue was incubated at 37°C for 20 min in a cell 

culture incubator, mixing every ~5 min by mechanical trituration, with different sized pipette 

tips. The obtained cell suspension (5 animals per falcon tube) was centrifuged at 1000 rpm for 

5 min and the supernatant was removed. The resulting pellet was resuspended in 5ml of 

Neurobasal medium (Life Technologies; Cat. No. 21103-049) supplemented with B27 1X 

(Gibco, Cat. No. 17504-044), 20ng/ml EGF (Roche; Cat. No. 11376454001), 2ng/ml bFGF 
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(Roche, Cat. No. 11104616001), 0.7U/ml Heparin (Sigma, Cat. No. H3393), 2mM L-

glutamine (Gibco, Cat. No. 25030-024) and 1% Penicillin/Streptomycin (Gibco, Cat. No. 

15140-122), and plated in non-coated T-25 flasks (Sarstedt), changing ½ of the culture 

medium every 2-3 days. After 5-7 days, neurospheres with variable sizes (50-100 µm in 

diameter) were formed in the culture. Neurosphere cell suspension was collected and 

centrifuged at 1000g for 5 min, the supernatant was discarded, and the pellet resuspended in 2 

ml of Accutase (Sigma-Aldrich, Cat. No. A6964) at 37 °C for 5 min. The cell suspension was 

gently pipetted, 4 ml of Neurobasal was added and centrifuged again at 1000g for 5 min. The 

pellet was then resuspended in 10 ml of supplemented Neurobasal medium and subcultured 

into new T-75 flask (Sarstedt). The culture was maintained for another 12 days, when the 

neurospheres were collected for experiments. 

 
3.2.3  Treatment of NSPCs with MSC-CM 
 
To study the phosporylation state of MAPK (Erk1/2) and AKT, neurospheres were obtained as 

in the above-mentioned procedure. NSPCs cultures from 2-3 T-75 flasks were collected, the 

cell suspension was divided into 2 15-ml conical tubes and centrifuged at 1000g for 5 min. 

The supernatant was discarded and both pellets resuspended in 4 ml of MSC-CM and the 

control medium [Dulbecco's Modified Eagle Medium (DMEM), (High Glucose) with 

GlutaMAX] respectively. One mililiter of each conical tube was added in a Petri dish 

(Sarstedt), with a total of 8 Petri dishes and placed into a cell culture incubator at 37ºC and 5% 

CO2. The culture was stopped at 15´, 30´ and 1 hour by pippetting the cell suspension of each 

Petri dish into an eppendorf, placing it in ice and centrifuging at 1000g for 5 min at 4ºC, 

discarding the supernatant and resuspending the pellet in lysis buffer. Subsequently, the 

suspension was processed for protein analysis by Western Blot. For further analysis, the NSPC 

cultures were analysed at 15 minutes. 

	
  
3.2.4  Oligodendrocyte Progenitor Cells (OPCs) isolation & culture 
 

The protocol used was similar to previous publications (Morello et al., 2011; Lee et al., 2007; 

Yang et al., 2005). The brains of C57/BL6 mice (P0-P1) neonates were carefully removed 

from the skull, and using fine-tipped forceps under a dissection microscope, the meninges 

were carefully removed from the tissue. Placing the meninges-free brains into one clean Petri 
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dish on ice, the forebrains were microdissected and diced into 1 mm fragments, placing them 

in a clean dish containing ice-cold DMEM medium (Sigma, Cat. No. D6546). The pieces from 

every 4 neonates  were pippetted into a 15-ml conical tubes, and 1ml of 1mg/ml Collagenase 

XI (Sigma, Cat. No. C7657)/3mg/ml Dispase( Gibco, Cat. No. 17105-041) solution was 

added. The tissue was incubated at 37°C for 20 min, mixing every 5 min by mechanical 

trituration, with different size pipette tips. The obtained cell suspension was centrifuged at 

1000 rpm for 5 min and the supernatant removed. The resulting pellet was resuspended in 5ml 

of DMEM (Sigma, Cat. No. D6546) supplemented with fetal bovine serum (Biochrom, Cat. 

No. S0115, 15%) and Penicillin/Streptomycin (Gibco, Cat. Num. 15140-122, 1%). The 

resulting cellular suspension was then placed on previously poly-L-lysine coated T-25 flasks 

(Sarstedt), changing the culture medium every 2-3 days. After 7–10 days, the culture consisted 

mainly in astrocytes with a small number of OPCs growing on top. In order to purify the 

culture, the flasks were placed on a horizontal orbital shaker at 200 rpm and 37ºC in order to 

remove microglial cells. The medium was discarded from the flasks by aspiration, adding 

fresh culture medium. Tightening the plug-seal caps and securing the flasks to the orbital 

shaker, the flaks were shaken again at 200 rpm overnight at 37 ºC . The next day, the flasks 

were removed from the shaker and sterilized the surface by spraying with 70% ethanol to 

prevent contamination. The cell suspension from each flask was collected and plated onto 

uncoated Petri dishes (Sarstedt) for 1h to further remove residual contaminating 

microglia/astrocytes. The cell suspension was then replated in DMEM with 10% FBS 

(Biochrom, Cat. No. S0115), Penicillin/Streptomycin (Gibco, Cat. Num. 15140-122, 1%), 10 

ng/ml PDGF-AA (Sigma, Cat. No. SRP3228) and 10 ng/ml bFGF (Roche, Cat. No. 

11104616001) for 7 days to stimulate the proliferation of OPCs, changing the culture medium 

every 2-3 days. This resulted in a cell culture of mainly OPCs. Some of these OPCs were used 

for the matrigel culture experiments, whereas the rest were used for immunocytochemistry and 

quantitative PCR analysis. 

 
3.2.5  Treatment of OPCs with FGF8 
 
Purified OPCs were obtained as mentioned above and the resulting pellet was resuspended in 

three different culture medium:  differentiating medium (DMEM with 15% FBS, 1% 

penicillin/streptomycin), undifferentiating medium (DMEM with 10% FBS, 1% 
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penicillin/streptomycin, 10 ng/ml PDGF-AA and 10 ng/ml bFGF) and differentiating medium 

+ 500 ng/ml  FGF8 (R&D, Cat. No. 423-F8-025). The resulting cell suspensions was plated at 

the same concentration in different poly-L-lysine coated Petri dishes for qPCR and onto 

coated coverslips for immunocytochemistry analysis. The cultures were kept in each specific 

mediums for 7 days, refreshing the medium every 2-3 days. In the case of the proliferation 

assay, BrdU (1µg/ml) was added to the culture 24 hours before fixing the cells.  

 

3.2.6  Matrigel cultures 
 

OPCs obtained by the aforementioned protocol were also used to perform matrigel culture 

experiments. This experiment was conducted in collaboration with another independent 

researcher of our group. The method used was similar to that previously published (Aarum et 

al., 2003). A total of 20.000 oligodendrocyte progenitor cells were re-suspended in 5 ml of 

DMEM (Sigma, Cat. No. D6546) and 20 ml of matrigel basement membrane matrix (BD 

Bioscience, 10 ml). DMEM supplemented with 15% FBS (Biochrom, Cat. No. S0115) was 

used as culture medium, as in the differentiation protocol of OPCs. The re-suspended cells 

were spread on a tissue culture dish (Becton Dickinson Labware), solidified during 25 min at 

37ºC and culture medium was added. Afterwards the cell-matrigel was cut in small squares of 

125 mm2 and put on a solidified matrigel drop. Heparin acrylic beads (Sigma) were first rinsed 

in phosphate-buffered saline (PBS) four to six times and then soaked in FGF8 solution (5000 

ng/ml; R&D) at 4ºC overnight. The beads were then rinsed three times in PBS and put on the 

solidified matrigel drop 500 mm from the place where cellsmatrigel was located. Control 

beads were soaked only in PBS and implanted in the same manner. FGF inhibitor (SU5402) 

was diluted in culture medium to a final concentration of 20 mM and soaked in Affigel blue 

beads (Bio-Rad), using the same procedure as described for FGF8-soaked beads. Then, 25 ml 

of a 1:1 matrigel:culture medium mix was added, covering the drop where cells and beads 

were placed. After 2 h at 37ºC, the culture medium was added. Finally, 24h and 48h 

afterwards, the migrating and/or non-migrating-cells were observed under a dissecting 

microscope. To confirm an FGF8-mediated attracting effect, the proximal/distal rate was 

calculated in control and FGF8-embedded cultures. This was performed similar to a previous 

publication (Vernerey et al., 2013). Thus, the images of the cell clusters were analyzed by 

imaging software to draw a 45º arc from the cluster towards the beads. The number of cells 
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counted inside this arc (proximal cells) was divided by the number of cells outside the arc 

(distal cells), obtaining a proximal/distal rate. Values greater or less than 1 indicated more or 

less cells, respectively, near the bead. 

 
3.3   Surgical procedures 
	
  
3.3.1  MSCs transplantation & experimental groups 
 
A total of 42 mice were injected with MSCs [n=12 for immunohistochemistry (IHC), n=6 for 

immunofluorescence (IF) & Imaris analysis software, n=6 for magnetic resonance imaging, 

n=4 for electrophysiology, n=4 for electron microscopy (EM), n=6 for BrdU proliferation 

assay, n=4 for electroporation]. For the sham-operated group a similar number of animals 

were used for each type of experiment. The protocol used was similar to previous publications 

with some modifications (Cetin et al., 2006). Before starting the surgery, the surgical area was 

disinfected by wiping with 70% ethanol and the tools sterilized. The animals were weighed 

individually in order to calculate the appropriate dose of anesthesia/analgesia, which consisted 

in a mixture of ketamine and xylazine at a dose of 80–100 mg ketamine (Richter Pharma) and 

10 mg xylazine (Laboratorios Calier) per kilogram body weight, given intraperitoneally. To 

inject the mixture, the animals were restrained with one hand with abdomen facing up and the 

injection was performed intraperitoneally through a needle inserted into the lower left 

abdominal quadrant (needle size, 22–23 G). The mice normally fell asleep (but still be 

sensitive to nociceptive stimuli) within 2–3 min and surgical anesthesia (lack of response to 

nociceptive stimuli) reached within 10–15 min. The fur of the skull of the animals was shaved, 

the skin cleaned with 70% ethanol and the mice placed in the stereotaxic apparatus (Stoelting, 

Wheat Lane Wood Dale, IN, USA). The injections were performed in both LV at the 

following stereotaxic coordinates (Kopf, model 900 small animal stereotaxic instrument; 

anteroposterior relative to bregma, mediolateral and dorsoventral from the surface of the 

brain): +0.5, 0.75 and 2.5 mm, respectively. The x, y and z coordinates that would be used for 

the injection were calculated and a small incision with a 27-G needle held at a flat angle was 

cut (avoiding injuring the brain surface by pointing the needle downward). The MSCs were 

injected using a 5 µ l Hamilton syringe (Reno, NV, USA). A volume of 2µL, containing 

approximately 300.000 cells, was injected in a 4-minute time lapse into each LV. The needle 
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was left in place after injection for 2 minutes and then withdrawn slowly. After the injection, 

the incision was sutured and 30 ml of sterile PBS per kilogram body weight were injected 

subcutaneously to avoid dehydration. Mice were kept warm either under a heat lamp or on a 

temperature-controlled heat blanket (in the electroporation experiments) until they fully 

recovered. Aftery recovery, buprenorphine (RB Pharmaceuticals) was injected at a dose of 0.1 

mg per kilogram body weight. The animals were returned to a clean cage, adding a small dish 

with wet food pellets in the cage for easy access to food. Injections of additional analgesic, 

meloxicam (Norbrook) at a dose of 1 mg per kilogram body weight on the first and second 

days after the surgery were carried out. The recovery of the animals was monitored closely on 

a daily basis for at least 1 week, assessing any signs of distress, lack of grooming, reduced 

locomotion, wound healing. For the IHC analysis, the mice were sacrificed at 30, 60 and 90 

days after the surgical intervention, whereas for MRI mice were euthanized at 0, 15, 30, 60 

and 90 days after the surgery. For the BrdU analysis mice were analysed 1 month post-

injection, and 20 days post-injection in the case of the electroporations. As for the remaining 

tests (electrophysiology and EM), the mice were sacrificed 2 and 4 months after the 

intervention. 

 
3.4   Molecular biology techniques 
 
3.4.1  Western Blot analysis for NSPCs protein extract 
 
Proteins were processed for Western blot analysis to determine the relative levels of p-AKT 

and p-ERK1/2. Neurospheres were lysed with 10mM TRIS-HCl buffer (pH7.4) containing 

0.5% TX-100, 0.5% Igepal, 150mM NaCl, 50mM MgCl2, 1mM EGTA, (all from Sigma), and 

the proteases inhibitor cocktail tablet, and phosphoStop tablet (both from Roche). Samples 

were sonicated and centrifuged at 12.000 rpm for 30 min at 4ºC; the supernatant collected in 

aliquots and stored at -20ºC. The protein concentration was determined using the BCA protein 

assay kit from Pierce (Rockford, IL). Sample proteins were separated by electrophoresis in 

10% SDS-polyacrylamide minigels and transferred to nitrocellulose membranes (Protran, 

Whatman GmbH). Membranes were blocked with 5% BSA (Sigma) in (TBS-T) Tris buffer 

saline (TBS) (0.2 M Tris-HCl, 137 mM NaCl, from Sigma, at pH 7.6) with 0.025% Tween 20 

(Sigma), and incubated with primary antibodies diluted in blocking solution overnight at 4ºC: 

rabbit anti-Akt phosphorylated (Ser 473, 1:1000, Cell Signalling), rabbit anti-ERK1/2 di-



Material & Methods 

	
  -56- 

phosphorylated (Thr 44/42, 1:1000, Cell Signalling). After extensive washing with (TBS-T), 

membranes were incubated with the HRP-conjugated goat anti-rabbit 1:5000 diluted in 1% 

milk blocking solution for 90 min at RT. The membranes were revealed with the Luminata 

Forte HRP substrate (Millipore) and images taken with a LAS-1000 apparatus (Fuji). 

Membranes were subsequently washed with TBS-T in order to perform the loading control, 

using  mouse monoclonal anti-β actin (1:15000, Sigma) as primary antibody and HRP-

conjugated horse anti-mouse (1:7000, Vector Laboratories, CA) as secondary. For signal 

development Luminata Classic HRP substrate (Millipore) was used. Quantifications and data 

analysis were performed using ImageJ software (http://rsbweb.nih.gov/ij) as described by (Hu 

& Beeton, 2010).	
  

 
3.4.2  Western Blot analysis for cerebrospinal fluid (CSF) protein extract 
 
Animals were anesthetized three months after MSC-injection and placed in the stereotaxic 

device. Subcutaneous tissue was scraped off the skull with a scalpel, and a small burr hole 

(from 1 mm to 2 mm diameter) was drilled where the old incision was made, as it was still 

visible. The CSF was withdrawn through a needle, placing it into the LVs as explained before, 

and 200 µL of CSF from each animal were draw, making sure that the sample did not contain 

traces of blood. Animals were then sacrificed by cervical dislocation and used for other 

experiments. Control CSF was obtained from age-matched animals (SHAM) in a similar 

fashion. The samples were procesed as before, following a standard Western Blot protocol, 

analyzing in this case the GFP protein content. Rabbit anti-GFP (1:5000, Molecular Probes) 

was used as a primary antibody and HRP-conjugated goat anti-rabbit (1:7000, Vector 

Laboratories, CA) as a secondary antibody. The antibodies for the control charge were the 

same as before.  

 
3.4.3  Quantitative real time PCR (qPCR) 
 
3.4.3.1 CSF analysis 
 
CSF of MSC-transplanted as well as SHAM mice was extracted as previously explained and 

analysed for gene expression of neurotrophic factors NT3, NT4, PDGF, IGF, VEGF, BDNF, 

FGF2, NGF, and GDNF.  Total mRNA of the cells was isolated using the Trizol protocol 

(Invitrogen). A total of 5 µg of mRNA was reverse-transcribed, and approximately 100 ng of 
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cDNA was amplified by Real Time PCR using Power SYBR Green Master mix (Applied 

Biosystems). All the samples were run in triplicate using the StepOne Plus Real-Time PCR 

system (Applied Biosystems) and analysed with the StepOne Software. Analyses were carried 

out using the delta C(T) method and calculated relative to GAPDH. The results were 

normalized with respect to the control condition, which presented a value of 1, using the same 

approach as in previous report (Jones et al. 2012). The sequences of the primers used are 

shown in Table 1. The resulting PCR products were placed in a QIAxcel apparatus (Qiagen) 

and analysed using the QIAxcel gel analysis software (QIAxcel Biocalculator). 

	
  
3.4.3.2 OPCs gene expression 

	
  
For the OPCs experiments, total mRNA of these cells was isolated using the Trizol protocol 

(Invitrogen). A total of 5 µg of mRNA was reverse-transcribed, and approximately 100 ng of 

cDNA was amplified using the same method previously commented. PDGFR-α, NG2 and 

Olig2 gene expression were analysed. All the samples were run in triplicate. Analyses were 

also carried out using the delta C(T) method and calculated relative to GAPDH. The results 

were normalized as in the aforementioned protocol. Primers sequences are shown in Table 1. 
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Table 1. List of primers used for the qPCR. 

Gene Forward Primer Reverse Primer 

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 

PDGFR-α TCCATGCTAGACTCAGAAGTCA TCCCGGTGGACACAATTTTTC 

NG2 GGGCTGTGCTGTCTGTTGA TGATTCCCTTCAGGTAAGGCA 

Olig2 CTAATTCACATTCGGAAG AAAAGATCATCGGGTTCT 

NT3 AGTTTGCCGGAAGACTCTCTC GGGTGCTCTGGTAATTTTCCTTA 

NT4/5 TGAGCTGGCATATGCGAC CAGCGCGTCTCGAAGAAGT 

PDGF GCAAGACCAGGACGGTCATTT GGCACTTGACACTGCTCGT 

FGF2 AGTGTGTGCTAACCGTTACCT ACTGCCCAGTTCGTTTCAGTG 

BDNF TCATACTTCGGTTGCATGAAGG GTCCGTGGACGTTTACTTCTTT 

NGF GCACTACACCCATCAAGTTCA TCCTGAGTCATGCTCACAAGT 

GDNF CGCCGGTAAGAGGCTTCTC CGTCATCAAACTGGTCAGGATAA 

VEGF CGCAGCTACTGCCATCCAAT GTGAGGTTTGATCCGCAT 

IGF-1 GGAGCTGTGATCTAAGGAGGC GGGCTGATACTTCTGGGTCTT 

 

3.5   BrdU proliferation assay 
 
MSC-transplanted and SHAM mice were given 5-bromo-2-deoxyuridine (BrdU) (Sigma, Cat. 

No. B5002) in the drinking water (1 mg/ml) daily for up to two weeks just after 

transplantations, followed by another 2 weeks with BrdU-free drinking water. BrdU-

containing water bottles were shielded from light to prevent BrdU degradation and the water 

was replaced twice per week. Mice were then sacrificed and brain sections were obtained as 

previously described. Sections were double immunostained for BrdU/Nestin/DAPI. Sixteen 

14-µm sections that were 84-µm apart were selected, containing the SVZ (n=6 in each 

treatment group). The total number of double immunostained cells (BrdU/Nestin+) per section 

and per SVZ was then calculated. 
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3.6   Histological techniques 
 
3.6.1  Paraffin microtome sections 
 
To fixate the brain tissue, the mice were anesthesized using isoflurane and perfused 

intracardially with ice-cold 4% filtered paraformaldehyde (PFA) in phosphate buffer solution 

(PBS; pH 7.4). Animals were decapitated using large scissors, the skin down the midline from 

the neck up was removed and subsequently the scissors inserted in the foramen magnum of the 

skull and continued along the midline rostrally. The skull was peeled back with straight 

forceps, and the brain rapidly removed using a small spatula, placing it immediately in a flask 

containing 4% PFA. Brains were kept in 4% PFA overnight rocking at 4ºC. After fixation, the 

samples were dehydrated and paraffin-embedded overnight. The paraffin was then changed 

every 1h around 5-7 times, the brains were finally oriented and the paraffin was allowed to 

solidify. 14µm coronal serial sections were obtained using a microtome (Microm HM335E), 

mounted on six parallel series and processed for staining or IHC. 

 
3.6.2 Klüver-Barrera staining 
 
Several microtome series were used to study the areas of demyelination in the cuprizone-

treated mice. The sections were incubated with Luxol Fast Blue (1% in 95% ethanol with 

0.5% acetic acid) and counterstained with Cresyl Violet according to the standard Klüver-

Barrera protocol (Sheehan and Hrapchak, 1980). Sections were incubated in Luxol Fast Blue 

(Fisher, Cat. No. 212170250) staining solution overnight at 60ºC, the excess solution removed 

using 96% EtOH in water, rinsed in distilled water, treated with lithium carbonate solution 

(0.05%) for 30 seconds followed by 70% EtOH until the gray matter was clear and WM 

sharply defined. When the staining was completed, the slides were placed in distilled water 

and counterstained in (Cresyl Violet Acetate) for 5 min, dehydrated in an ethanol series, 

cleared in xylene and mounted for microscopy. 

 
3.6.3 Immunohistochemistry (IHC) 
 
For IHC, sections were deparaffinised in xylol for 2h, rehydrated through a descending series 

of EtOH solutions: 2 X 10 min in 100% EtOH, 2 X 10 min in 96% EtOH in water, 2 X 10 min 

in 70% EtOH in water and 1 X 10 min in water. Afterwards, antigen retrieval was performed 
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when necessary with a Dako Autostainer (Dako). In the case of BrdU antigen, DNA was 

denatured by incubating sections in 2N HCl (Sigma-Aldrich, Cat. Num. 30721) for 30 minutes 

at 37 °C, and the acid neutralized by immersing sections in 0.1M borate buffer (Sigma-

Aldrich) for 2 x 5 min, before incubation in PBS-T. Samples were then blocked with 5% 

Bovine Serum Albumin (BSA) (A2058) + 10% serum (same species as the secondary 

antibody) diluted in PBS 1X for 2h. After the blocking step, the slides were incubated 

overnight at 4ºC with different primary antibodies (Table 2). Even when the transplanted 

MSCs and the electroporated GFP-plasmid express GFP, immunostaining was performed on 

this protein in order to amplify the signal in both cases. After washing in PBS-T for 30 min, 

the slides were incubated with the appropriate fluorescent labelled secondary antibody for 1h 

or biotinylated secondary for 2h at RT (Table 2) followed by an incubation with streptavidin 

conjugated with Cy2 or Cy3 (1:500, Amersham) for 1h at RT in the case of the biotinylated 

secondary. 6-Diamidino-2-phenylindole (DAPI; 2ng/ml; Molecular Probes) was used to stain 

nuclei. For non-fluorophore-conjugated antibodies, biotinylated secondary antibodies were 

visualized using the streptavidin-biotin-peroxidase method (Vectastain ABC Kit, Vector 

laboratories), stained with the cromogen 3-3′-diaminobenzidine tetrahydrochloride (DAB 

Substrate Kit for peroxidase, Vector laboratories) and counterstained with cresyl violet (Acros 

Organics, Belgium). Controls of immunostaining were performed in two slides of each sample 

following the same procedure, but eliminating primary or secondary antibodies. Finally, the 

slides were mounted with either Mowiol-NPG solution (fluorescence) (Millipore, Cat. No. 

475904) or with Eukitt mounting medium (EMS, Cat. No. 15322). 

 
3.6.4 Immunocytochemistry (ICC) 
 
OPCs for ICC were cultured on top of poly-L-lysine coated coverslips. After the specific 

treatment the cells were fixed in 4% ice-cold paraformaldehyde (pH 7.4) and processed for 

ICC following a standard protocol. Coverslips were rinsed 3 x 10 min in PBS 1X, incubated 

1h with PBS-T (0.05% Triton in PBS) and blocked with 5% BSA (Sigma, Cat. No. A2153-

506) + 10% serum (same specie as secondary antibody) diluted in PBS 1X for 2h. In the case 

of BrdU antigen, DNA was denatured by incubating sections in 2N HCl (Sigma-Aldrich, Cat. 

Num. 30721) for 15 minutes at 37 °C, and the acid neutralized by immersing sections in 0.1M 

borate buffer (Sigma-Aldrich) for 2 x 5 min, before incubation in PBS-T. After the blocking 
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step, the coverslips were incubated overnight at 4ºC with different primary antibodies (Table 

2). After washing in PBS 1X for 30 min, the slides were incubated with the appropriate 

fluorescent labelled secondary antibody 1h or biotinylated secondary 2h at RT (Table 2) 

followed by an incubation with streptavidin conjugated with Cy2 or Cy3 (1:500, Amersham) 

1h at RT. 40,6-Diamidino-2-phenylindole (DAPI; 2ng/ml; Molecular Probes) was used to 

stain nuclei. 
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Table 2. List of primary and secondary antibodies used for the histological analysis. 

Primary Antibody Dilution Company 

anti-NG2 rabbit-polyclonal IgG 1:150 Chemicon 

anti-CC1 mouse monoclonal IgG 1:50 Calbiochem 

anti-BrdU sheep polyclonal IgG (IHC) 1:150 Abcam 

Anti-BrdU mouse monoclonal IgG (ICC) 1:200 Dakocytomation 

anti-PDGFR-α rabbit monoclonal IgG 1:100 Santa Cruz Biotechnology 

anti-MBP mouse monoclonal IgG 1:100 Chemicon 

Anti-Nestin mouse monoclonal IgM 1:200 Chemicon 

Anti-Olig2 rabbit polyclonal IgG 1:200 Chemicon 

Anti-GFP chicken polyclonal IgY 1:500 AVES 

Anti-O4 mouse monoclonal IgM 1:500 Chemicon 

Anti-GFAP rabbit polyclonal IgG 1:500 Calbiochem 

Anti-CD44 rat polyclonal IgG 1:250 BD Biosciences 

Anti CD-45 rat monoclonal IgG 1:500 BD Biosciences 

Secondary Antibody Dilution Company 

Rabbit anti-Chicken biot 1:200 Abcam 

Rabbit anti-Sheep biot 1:200 Vector Labs 

Goat anti-Mouse biot 1:200 Vector Labs 

Goat anti-Mouse Alexa 488 1:500 Molecular Probes 

Goat anti-Mouse Alexa 594 1:500 Molecular Probes 

Donkey anti-Rabbit Alexa 488 1:500 Molecular Probes 

Donkey anti-Rabbit Alexa 594 1:500 Molecular Probes 

Goat anti-Rat biot 1:200 Vector Labs 

Goat anti-Rat Alexa 488 1:500 Molecular Probes 

 
	
  
3.7   Microscopy & cell quantification analysis 
 
3.7.1  Oligodendrocyte & astrocyte quantifications in brain slides 
 
Inmunostained brain sections were divided into rostral (coronal sections where CC fibers are 

crossing the midline of the brain) and caudal (coronal sections corresponding to the caudal 
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fibers in the posterior forceps) for cell quantification analysis. Brain sections were observed 

under a fluorescence microscope (Leica DM6000D; Leica Microsystems, Wetzlar, Germany). 

Micrographs were taken with DFC350/FX and DC500 Leica cameras. To quantify the number 

of Olig2+, NG2+, CC1+, PDGFR-α+ and GFAP+ cells, six to nine 14-µm sections that were 

168-µm apart in the rostral CC and six in the caudal CC, were randomly selected (n = 4 per 

group for each time point). The average cell number per section was calculated by counting 

labelled cells in 5 non-overlapping, randomly selected, medial to lateral bilaterally distributed 

files per section at 40X magnification in the rostral CC and 3 non-overlapping, randomly 

selected, medial to lateral distributed files per section at 40X magnification in each 

hemisphere of the caudal CC forceps (Figure 15M). 

 

3.7.2 Cell quantifications in cell cultures 
	
  
To quantify the number of OPCs, mature oligodendrocytes as well as proliferating 

oligodendrocytes (BrdU incorporation) in the case of the FGF8 experiment, the average cell 

number per culture treatment was calculated by counting double labelled cells (Olig2/PDGFR-

α/DAPI or Olig2/NG2/DAPI) and (BrdU/NG2/DAPI) or single labelled cells (O4/DAPI or 

Olig2/DAPI) in 5 random 20X fields (n = 4 per treatment). Quantifications were performed 

using a Leica fluorescence microscope (Leica DMR, Leica Microsystems) and micrographs 

were taken with a DFC350/FX Leica camera.  

	
  
3.7.3 Confocal microscopy 
 
For the BrdU proliferation assay, MBP immunostaining (Imaris analysis) and the postnatal 

electroporations, a Leica DM5500 laser scanning confocal microscope was used. Ten to 

twelve z-stack images (1-µm Z-step) were obtained and all the focal planes were merged to 

visualize the maximum projection. Nine to twelve 14-µm sections that were 168-µm apart and 

which contained either the SVZ or the CC, were selected for each specific experiment.  

	
  
3.8   Magnetic resonance imaging (MRI)  
 
Twenty-four hours before the surgical intervention, the MSCs were pre-cultured in 7 µg/ml of 

Feraspin XL (Viscover). This product consists in nanoparticles containing iron and enveloped 

in dextran, allowing its diffusion to the cells. For the detection of SPIO labeled cells, the 
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protocol used was identical to our previously published works (Cruz-Martinez et al., 2014 

[Appendix 2]; Jones et al., 2014). Using this method, grafted cells were tracked in vivo by 

MRI. Thus, mice were anesthetized in an induction chamber with 3–4% isoflurane (Esteve 

Veterinary, Milan, Italy) in medical air and maintained with 1–2% isoflurane during the 

process. Anesthetized animals were placed in a custom-made animal holder with movable bite 

and ear bars and positioned fixed on the magnet chair. This allowed precise positioning of the 

animal with respect to the coil and the magnet and avoided movement artifacts. The body 

temperature was maintained at ~37 ºC using a water blanket, and the animals were monitored 

using a MRI compatible temperature control unit (MultiSens Signal conditioner, OpSens, 

Quebec, Canada). Experiments were carried out in a horizontal 7 Tesla scanner with a 30 cm 

diameter bore (Biospec 70/30v; Bruker Medical, Ettlingen, Germany). The system had a 675 

mT/m actively shielded gradient coil (Bruker Medical; BGA 12-S) of 11.4 cm inner diameter. 

A 1H mouse brain receive-only phase array coil with integrated combiner and preamplifier, no 

tune/no match, in combination with the actively detuned transmit-only resonator (Bruker 

BioSpin MRI) was employed. Data were acquired with a Hewlett-Packard console running 

Paravision software (Bruker Medical) operating on a Linux platform.  

 

T2-weighted anatomical images to position the animal were collected in the three orthogonal 

orientations using a rapid acquisition relaxation enhanced sequence (RARE), applying the 

following parameters: field of view 40 × 40 mm, 15 slices, slice thickness 1 mm, matrix 256 × 

256, effective echo time 56 ms, repeti- tion time 2 s, RARE factor of 8, 1 average and a total 

acquisition time of 1 min 4 s. To detect superparamagnetic iron oxide labeled cells, a T2* 

multigradient echo images were acquired in the three orthogonal orientations with the 

following parameters: repetition time: 1,500 milliseconds, echo time: 3 milliseconds, flip 

angle: 30º, field of view: 20 x 20 mm, 20 slices, slice thickness: 0.5 mm, matrix: 256 x 256, 

two averages and a total acquisition time of 12 minutes 48 seconds. As a result, the cells were 

observed at different time points (0-15-30-60-90 days), studying the location of the 

transplanted MSCs within the brain, as they appear as black spots due to the iron 

nanoparticles. In addition, the demyelinated areas can also be visualized and myelin quantified 

using the image analysis software Image J (http://imagej.nih.gov/ij/) and the Franklin and 

Paxinos atlas (Franklin & Paxinos, 2001). This allows the quantification of myelin density in 
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the same individual at different moments before and after transplantation, in a longitudinal 

study (Willenbrook et al., 2012). 

 
3.8.1  Myelin density quantifications 
 
To correlate the MRI results with the histological data, the 3D structure of the CC was also 

divided into rostral and caudal sections (see Microscopy & Cell quantification analysis 

section). In order to extract T2 signal intensity from WM and for each subject, a ratio of mean 

T2 signal intensity of WM to a reference region (cortex) was implemented. Myelin content 

within the CC was quantified by measuring the mean grey level with ImageJ software, 

obtaining the T2 ratio from every section, using a similar method as described by (Chandran et 

al., 2012). Finally, the average of all sections was calculated for the rostral and caudal CC in 

both sham-operated and stem cell-treated mice. 

 
3.9   Electrophysiological recording procedures  
 
Axonal conduction-velocity measurements were performed similarly as previously described 

(Crawford et al., 2010). Animals were sacrificed by cervical dislocation at 2 or 4 months after 

transplantation or the equivalent age for sham-treated, wild type and cuprizone controls (non-

surgical procedure), the head wiped with 70% ethanol and then decapitated using large 

scissors. The brains were rapidly extracted following the same procedure as explained in 

previous sections, and immediately placed in a flask containing ice-cold artificial 

cerebrospinal fluid (ACSF) containing 124mM NaCl, 2.5mM KCl, 1.25mM NaH2PO4, 2.5mM 

MgCl2, 0.5mM CaCl2, 26mM NaHCO3 and 10mM glucose (pH=7.4, osmolarity ≤ 300 

mOsm/kg). During the whole process the skull and brain were rinsed with ice-cold ACSF, 

bubbled with carbogen (95% oxygen and 5% carbon dioxide, PH). Using a spatula, the brain 

was placed into a petri dish with ice-cold ACSF, so that the ventral side of the brain was in 

contact with a filter paper. The olfactory bulbs and the cerebellum were removed by making a 

cut with a sterile razor blade. The brain was then place in dry filter paper with the spatula, with 

the caudal part touching the filter. While the brain dried, a few drops of glue were placed onto 

the vibratome base plate near a block of agar, spreading the glue out so that it formed a thin 

layer covering a few square centimeters. Once dried, the brain was placed onto the base plate 

with the caudal parto ver the glue and the ventral part in close contact with the block of agar. 
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The base plate was rapidly placed into the vibrating-knife microtome (Leica, model VT1000S, 

Wetzlar, Germany) containing ice-cold ACSF bubbled with carbogen. Four coronal slices that 

were 400-mm thick, corresponding approximately to Plates 25-31 and 40-46 in the atlas of 

Franklin and Paxinos (Franklin & Paxinos, 2001), were obtained and placed in a submersion 

type recording chamber that was filled with extracellular solution at 37ºC and bubbled with 

carbogen, containing 124mM NaCl, 5mM KCl, 1.25mM NaH2PO4, 1mM MgCl2, 1.2mM 

CaCl2, 26mM NaHCO3 and 10mM glucose (pH=7.4, osmolarity ≤ 300 mOsm/kg). The slices 

were incubated in this solution at 37º during 30 min and thereafter kept at RT during 1h until 

use. 

	
  
The CC was stimulated as shown in Figure 21A with a 200 µm diameter concentric metallic 

electrode (Frederick Haer & Co, Cat. No. CBBRC75), with a round tip and inner filaments of 

platinum and iridium that were 25 µm in diameter. The stimulus was continuously performed 

using pulses of 0.1 ms of duration. Two simultaneous extracellular recordings were obtained 

with borosilicate glass microelectrode (0.2–5MΩ) filled with extracellular solution; the two 

electrodes were placed at a certain distance from each other as well as from the stimulating 

electrode (Figure 21A).  The recordings were obtained at room temperature (24.3–26.3ºC) in 

voltage clamp configuration, with a two channel Multiclamp 700B amplifier (Axon 

Instruments, Molecular Devices, USA), filtered at 4 KHz and digitized at 20 KHz with a 16-

bit resolution analogue to digital converter Digidata 1200B (Axon Instruments, Molecular 

Devices, USA). All recordings were performed under visual control using an upright 

microscope (Olympus BX50WI). Images were obtained for each position with a (SONY 

CCD-Iris, Japan) camera. The generation of pulses (Iso-Flex, A.M.P.I. instruments, Jerusalem, 

Israel) and data acquisition was controlled by Clampex 10.3 software (Axon Instruments) at a 

frequency of 20kHz. To eliminate the background noise (50Hz) a Hum-Bug (Quest Scientific, 

Digitimer, England) was used. To enhance the signal-to-noise ratio, all the recordings were 

conducted on waveforms that were the average of fifteen succesive sweeps. 

 
3.9.1  Axonal conduction velocity measurement 
	
  
For the recordings analysis Clampfit10.1 software (Axon Instruments) was used. The 

conduction velocity was measured from the distance between the tips of both electrodes and 
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the difference in the latency of the propagated action potential for both (fast-conducting 

axons) and (slow-conducting axons) components (Figure 21A, B).  

 
3.10   Electron microscopy (EM) 
 
The following part of the project was performed in collaboration with Dr. Susana González 

Granero, from the group of Dr. Jose Manuel García Verdugo, at the Cavanilles Institute 

(University of Valencia, Spain). Mice were perfused with a 2% paraformaldehyde, 2.5% 

glutaraldehyde fixative solution. The brains were dissected out and postfixed in the same 

solution. Coronal 200 mm sections were cut on a vibratome (Leica VT-1000) and were post-

fixed with 2% osmium, rinsed, dehydrated and embedded in Durcupan resin (Sigma, St Louis, 

MO, USA). Semithin sections (1.5 µm) were cut, using an ultramicrotome (Leica EM UC-6) 

with a diamond knife (Histo; Diatome), and stained lightly with 1% toluidine blue to select the 

regions of interest. Later ultra-thin sections (0.08 µm) were cut, using an ultramicrotome 

(Leica EM UC-6) with diamond knife (Ultra 45º; Diatome), stained with lead citrate 

(Reynolds solution) and examined under a transmision EM (FEI Tecnai G2 Spirit BioTwin) 

using a digital camera (Morada, Soft Imaging System, Olympus). 

	
  
Three telencephalic areas, enriched in myelinic axons, were studied: cingulate cortex (cg), in 

anterior levels of the telencephalon (from Bregma 1.10 to -0.10 mm), dorsal hippocampal 

commissure (dhc) and alveus of the hippocampus (alv), two regions of the posterior levels. 

Three levels for each region and animal were analysed and 100 myelinic axons from non-

overlapping electron micrographs were measured per level for G-ratio analysis. G-ratios of 

axons were quantified using ImageJ software, where it was implemented a plug-in 

(http://gratio.efil.de/), which allowed for semiautomated analysis of randomly selected sets of 

axons (Goebbels et al., 2010).  

	
  
3.11   Postnatal GFP electroporations in vivo 
 
Animals were deeply anesthesized and stereotaxically injected with 2 µl of the plasmid 

solution (pCX-GFP with a final concentration of 18 µg/µl) in one LV, following the same 

procedure as explained in previous sections. Similar protocol as previously described 

(Barnabé-Heider et al., 2008) was performed. After the injection, conductive gel (Siemens) 
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was applied on the skin of the skull and electroporated (200V, 5 pulses, 50 ms per pulse, 950 

ms intervals) using round (0.5-cm diameter) electrodes and a square electroporator CUY21 

EDIT (Nepagene, Chiba, Japan). Immediately after electroporation, MSCs were injected in 

MSC-treated group, following the same surgical procedure as explained before. Mice were 

sutured and kept under observation for 24h. Twenty days after electroporation, mice were 

sacrificed, the brains were carefully extracted and prepared for immunofluorescence (IF).  

	
  
3.12   Rotarod test 
 
The rotarod test was performed on an 8500 Rota-rod (Letica Scientific Instruments, Barcelona, 

Spain). The lane was 500 mm wide, and the rod had a diameter of 30 mm. After 12 weeks of 

cuprizone intake, C57BL/6 chronic demyelinated mice and C57BL/6 wild type at the same 

age, were trained daily for 1 week on the rotarod. Afterwards, they were analysed during the 

next five consecutive days, taking note of the maximum speed achieved, by increasing the 

speed at a constant rate of 4 to 40 rpm in a 1-min interval until the animal fell from the rod. 

	
  
3.13   Imaris analysis software 
 
Confocal z-stack images for MBP immunostaining were obtained with a Leica DM5500 laser 

scanning confocal microscope as detailed in previous sections. 18 randomly selected areas 

correspondind to the rostral CC, and 12 to the caudal CC, were analysed (n=6 MSC, n=8 

SHAM). Three-dimensional reconstruction Imaris software (Bitplane) was used to project the 

z-stacks in the three dimensional view. The resulting files were loaded into Imaris and using 

surface rendering, fluorescence thresholding, and masking of unwanted immunolabeling, tools 

found in IMARIS, we were able to obtain an accurate 3D structure of each CC MBP 

immunostained section. To this end, images were processed using the “Surpass Module” of 

Imaris, which is able to piece together the suite of z-stack confocal images to create a three 

dimensional reconstruction on a region of interest. Finally, volume ratios were calculated for 

each z-stack (intensity sum normalized by volumen) as the relative volumen of myelin.  

	
  
3.14   Statistical analysis 
 
Statistical analysis of mean values was performed using Sigmaplot v12.0, GraphPad Prism and 

SPSS softwares. Statistical significance between control and experimental groups were 
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calculated using Student’s t-test for independent samples, one-way ANOVA and Bonferroni’s 

multiple comparison post hoc test where applicable, establishing the level of significance at 

P<0.05. Values are expressed as mean ± standard error of the mean (SEM). 
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Section I	
  
 
4.1 Twelve weeks cuprizone-intake predominantly affects the corpus 

callosum (CC) leading to chronic demyelination 
 
In order to detect the degree of demyelination, Klüver-Barrera staining, together with IHC 

for MBP were performed. Although different patches of demyelination were observed in 

the fimbria/fornix and septum, the CC was rather homogenously affected among mice 

(Figure 13A-D, H). Moreover, these lesions presented a high concentration of OPCs NG2+ 

cells (Figure 13E-G), which is a major feature of the response after a demyelinated insult 

in the brain parenchyma.  

 

	
  

Figure 13. Chronic cuprizone treatment causes severe demyelination in the CC. Six-week old C57BL/6J 
mice were given cuprizone (CPZ, 0.2% w/w) in their diet for 12 weeks and then were euthanized and brain 
paraffin sections were stained with Luxol Fast Blue (LFB) and counterstained with cresyl violet (Klüver-
Barrera staining). (A-D) Brain coronal sections from WT mice (A, C) and cuprizone-fed mice (B, D) were 
stained with Klüver-Barrera at the most rostral (A, B)  and caudal  areas of the CC (posterior forceps) (C, D).  
Black arrows indicate patches of demyelination (LFB-negative), similar to that seen in chronic lesions of 
MS. (E, F) Coronal brain sections of the CC were immunostained against NG2 (OPC marker) and 
counterstained with Klüver-Barrera. Brown arrows shows patches of demyelination surrounded by high 
concentration of NG2+ OPCs. (G) Higuer magnification image of these regions showing the OPC NG2+ 
typical stellate morphology. (H) Myelin basic protein (MBP) staining (in red immunofluorescence) of the CC  
posterior fórceps (white matter borders marked with a dotted line) of a cuprizone-fed mice and DAPI for 
nuclear staining (in blue fluorescence). White arrows indicate patches of myelin loss (MBP-). Abbreviations: 
CC, corpus callosum; Fi, fimbria; HP, hipocampus; 3V, third ventricle. Scale bar, 100 µm (A-F, H); 50µm 
(G). 
	
  	
  
Although cuprizone-induced demyelination is always most notable in the CC and fimbria, 

some authors have demonstrated certain degree of demyelination in the cerebellum which 

would affect the motor function of cuprizone mice (Steelman et al., 2012; Groebe et al., 

2009; Skripuletz et al., 2008). In the present study, neither demyelinating patches in the 
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cerebellum, nor staining differences when compared to the WT mice were detected. 

However, it was decided to confirm that the motor function was not affected. Thus, rotarod 

treadmill assay was performed to assess forelimb-hindlimb coordination (Figure 14). As a 

result, no differences were detected among the cuprizone treated mice and the WT at 

increasing speeds. On average, both mice were capable of walking until reaching speeds of 

10–11 rpm (Figure 14). This corroborated previous observations with the Klüver-Barrera 

staining, where the white matter of the cerebellum was not affected by the cuprizone 

treatment. This, together with the fact that the CC is by far the largest fiber tract in the 

brain, being a common target in MS patients (Ozturk et al., 2001; Warlop, et al., 2008), 

made that the subsequent analysis were decided to be performed focusing in this structure. 

 

	
  
Figure 14. Rotarod assay. C57BL/6J  and chronic (12 weeks) cuprizone  demyeliated mice were analysed at 
the same age, for their motor abilities by a rotarod apparatus. The histogram shows the maximum speed 
achieved by the mice when placed in the rotarod at increasing speeds (4–40 rpm in regular intervals). Control 
mice n=10, Cuprizone mice n=20. The values are presented as mean ± standard error of the mean (SEM). 
 
 
4.2 MSCs intraventricular-injection increases the number of OPCs and 

mature oligodendrocytes in the demyelinated CC 
 
One of the objectives of this study was to assess whether intraventricular injected MSCs 

were capable of increasing the OPCs numbers in the CC. In order to detect differences 

regarding the different areas of the CC, and therefore to obtain a more precise data, the 3D 

structure of the CC was analysed separately, naming it from now on as rostral CC 

(segments where CC fibers are crossing the midline of the brain) (Figure 15A, E, I) and 

caudal CC (corresponding to the caudal fibers in the posterior forceps) (Figure 15B-D, F-

H, J-K). The average cell number per section was calculated by counting labelled cells in 5 

non-overlapping, randomly selected, medial to lateral bilaterally distributed files per 

section at 40X magnification in the rostral CC and 3 non-overlapping, randomly selected, 

medial to lateral distributed files per section at 40X magnification in each hemisphere of 
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the caudal CC forceps (Figure 15M). The oligodendrocyte numbers were calculated at 

different stages of differentiation (detected by specific markers) within the CC over time 

(30-60-90 days after MSC-intraventricular transplantations). A significant increase was 

observed (P<0.05) in the number of OPCs (NG2+, PDFGR-α+) in the CC of the MSC-

treated group compared with the SHAM, as early as 2 months after transplantation, as well 

as a significant raise (P<0.05) in the number of mature oligodendrocytes (CC1+) 3 months 

after the injection at the caudal forceps of the CC (Figure 15N). This effect in 

oligodendrocyte cell lineage at the demyelinated white matter, may be due to the a 

paracrine effect of trophic signals, which likely stimulate the differentiation of NSPCs of 

the SVZ toward OPCs, their migration toward the demyelinated lesions in the CC and their 

final differentiation in mature oligodendrocytes; as well as the local induction of the same 

effect in pre-existing OPC in the nearer areas. 
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Figure 15. Quantification of OPCs and mature oligodendrocytes in the CC. (A-H) Immunostained brain 
coronal sections of the CC of stem cell-treated mice and SHAM for different OPC (PDGFR-α, NG2), mature 
oligodendrocyte (CC1) and the oligodendrocyte lineage marker (Olig 2), and conterstained with cresyl violet. 
For better visibility borders of CC are illustrated with a dotted line. (I-L) Close-up images of the same 
coronal sections representing the typical morphology shown with each marker. (M) Schematic representation 
of  mice brain sections containing the most rostral (midline-crossig) and caudal (non midline-crossing) CC. 
Quantification was performed in each 40X field within the CC of consecutive coronal brain slides as 
represented in the images. Adapted from Allen Brain Atlas (http://www.brain-map.org). (N) Quantification 
of OPCs and mature oligodendrocytes at different months after MSC-transplantation demonstrated an 
increase of OPCs (NG2+ and PDGFR-α+) in the stem cell treated group as early as two months and of 
mature oligodendricytes (CC1+) in the most caudal CC. Statistically significant compared to SHAM (* 
P<0.05, ** P<0.01). n=4 per group for each time point. All data are reported as mean ± standard error of the 
mean (SEM). Scale bar, 100 µm (A-H); 50µm (I-L). 
 

 
4.3 MSCs intraventricular-injection stimulates remyelination of the CC 

over time 
 
In order to elucidate if the increase of oligodendrocytes over time correlated with a real 

increase of myelin content in the CC, and also to track in vivo the location of the MSC, 

bone marrow-derived MSC were pre-incubated in vitro with iron nanoparticles and 

stereotaxic-guided intraventricularly injected into both LVs. In this manner, it was possible 

to track in vivo the grafted cells by magnetic resonance imaging (MRI) as well as to 
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analyse the myelin content at different time points (0-15-30-60-90 days), without the need 

of sacrifice different experimental mice at different time points. To our knowledge, this is 

the first time that the remyelinating process has been studied over time, with the advantage 

of being able to quantify the myelin density in the same individual mouse at different time 

points before and after transplantation. First, it was observed that the cuprizone-treated 

mice were clearly demyelinated when compared with the WT (Figure 16A, B) and that up 

to 3 months after the injection the MSCs were still detectable, confined within the CSF of 

the lateral and diencephalic ventricles, appearing cellular masses as black spots due to the 

contrast provided by the iron nanoparticles (Figure 16C, D). Second, as early as 2 months 

after transplantation, a significantly higher level of myelin density content was observed in 

the cell-treated group when compared with themselves at earlier time points as well as 

compared to the sham controls (P<0.05) (Figure 16E). 	
  

	
  

	
  

	
  

	
  

	
  

 
 
 
 

0 
0.2 
0.4 
0.6 
0.8 

1 
1.2 
1.4 

0 15 30 60 90 

R
el

at
iv

e 
M

ye
lin

 In
te

ns
ity

 

Days Post Injection 

 Rostral Corpus Callosum 

SHAM 

MSC-TX 

Δ * Δ 
** 

0 
0.2 
0.4 
0.6 
0.8 

1 
1.2 
1.4 

0 15 30 60 90 

R
el

at
iv

e 
M

ye
lin

 In
te

ns
ity

 

Days Post Injection 

Caudal Corpus Callosum 

SHAM  

MSC-TX 

Δ * 
Δ 



    Results 

	
   -78-	
  

Figure 16. Magnetic resonance imaging (MRI) and in vivo myelin content quantification.  
Representative brain T2-weighted images of WT (A) and chronic cuprizone treated mice (B) in coronal and 
sagital planes. Myelinated structures appear in black, grey matter in grey and CSF in white. The CC of the 
cuprizone treated mice shows a lighter grey color, corresponding with the demyelinated state. Representative 
images at Day 0 before MSC transplantation (C) and 90 days after the injection (D). 90 days after the 
injection the MSCs are homogenously distributed and confined within the CSF of the ventricles. Arrows 
show the MSC appearing as black spots due to the contrast provide by the iron nanoparticles. (E) 
Quantification of the myelin density content showed as early as 2 months after transplantation, a  significant 
increase in the cell-treated group when compared with themselves previously on time as well as with the 
sham-treated group. Statistically significant compared to SHAM (* P<0.05, ** P<0.01) and compared to Day 
0 (Δ P<0.05). n=6 in each treatment group. All data are reported as mean ± standard error of the mean 
(SEM). Abbreviations: CC, corpus callosum; D3V, dorsal third ventricle; Fi, fimbria; LV, lateral ventricle; 
3V, third ventricle. 
 
Myelin content was also measured by IHC. Myelin basic protein staining was performed 

and z-stacks of the CC were obtained in the confocal microscope. All z-stacks were 

subsequently converted into 3D volumes by using the Imaris software. In this way, all the 

tissue stained for MBP could be measured in a more realistic and precise way, as relative 

myelin volume, rather than using conventional approaches. In Figure 17A, MBP 

immunostaining is shown in MSC and SHAM groups in both rostral and caudal CC. 

Typical Imaris 3D reconstruction from MBP immunostained z-stacks is shown in Figure 

17B. In this case, although there is more MBP immunostaining in MSCs transplants than 

in control animals, no significant differences in myelin content were found between the 

SHAM and the MSC transplanted group (Figure 17C). 
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Figure 17. Imaris 3D reconstructions and in vitro myelin content quantification. (A) Representative 
brain images of rostral and caudal CC in both MSC transplanted (MSC-TX) and SHAM group, 
immunostained for MBP.  Arrows indicate some patches of demyelination. For better visibility borders of 
caudal CC are illustrated with a dotted line. (B) Example of MBP immunostained CC and Imaris software 3D 
reconstruction of the same section. (C) Quantification of the myelin volumen by the Imaris software at 2 and 
3 months post-injection in the rostral and caudal CC. No significant differences were found between groups 
at any time point, despite the demyelination patches present in the SHAM group. MSC-TX n=5, SHAM n=8. 
All data are reported as mean ± standard error of the mean (SEM). Scale bar, 50 µm (A); 50µm (B). 
 
 
4.4 Grafted MSCs does not affect the number of astrocytes in the CC 
 
Reactive astrocytes contribute to the formation of glial scarring, through the secretion of 

chondroitin sulphate proteoglycans (CSPGs), and this may results in axonal regeneration 

impairment. Although these cells have long been considered detrimental to the repair of an 

injured spinal cord, there is some controversy, as other studies have shown that astrocytes 

can support spinal cord repair (Renault-Mihara et al., 2008). For these reasons, and 

regardless their role, it was considered relevant to analyse whether intraventricular 

injections of MSCs was affecting the accumulation of astrocytes in the CC, which may be 

directly or indirectly inhibiting or promoting the remyelinating process. To this end, IHC 

analysis and quantification of astrocyte accumulation in the CC was conducted. In Figure 

18A, GFAP+ astrocytes were observed in both MSC and SHAM mice. Astrocyte 

quantification showed no significant differences in the number of GFAP+ astrocytes 

between the MSC transplanted and SHAM groups in both rostral and caudal CC (Figure 

18B). 
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Figure 18. Astroglial activation in the CC. (A) Representative brain images of the CC in both MSC 
transplanted (MSC-TX) and SHAM group, immunostained for GFAP. Arrows indicate GFAP+ astrocytes. 
(B) Quantification of astrocytes within the CC one month after MSC-transplantation. No significant 
differences were found between groups at this time point in both rostral and caudal CC. n=4 in each 
treatment group. All data are reported as mean ± standard error of the mean (SEM). Scale bar, 50 µm (A). 
 
 
4.5 Transplanted MSCs remain primarily in the CSF, overexpressing 

trophic factors genes & with little penetration into the brain 
parenchyma. 

	
  
Three months after transplantation, MSCs were still present in the CSF of the ventricles as 

it was shown by MRI and being consistent with a paracrine mechanism in the observed 

remyelinating effect. Further experiments were performed in order to histologically map 

the precise location of the grafted cells, if any had penetrated into the brain parenchyma; 

and if the cells generated any malformations, tumours, or other structural anomalies. Also, 

their viability and phenotypic characteristics were studied. To this end, both GFP 

transgenic mice as well as wild type C57BL/6 were used as donors to obtain the MSCs, 
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which were injected into C57BL/6 cuprizone-treated mice. IHC analysis (Figure 19A-J) 

was performed three months post-injection and the CSF of both GFP+ MSC-treated and 

SHAM group was extracted at the same time point to analyse the presence of the GFP 

protein by Western blot. First, the results indicated that the MSCs were still present within 

the CSF of the transplanted mice as shown by the expression of GFP protein (Figure 19M). 

Moreover, in the histological analysis some GFP+ grafted cells were found attached to the 

choroid plexus (Figure 19D-E). In particular experimental cases, grafted cells were found 

penetrating into several brain structures sometimes forming long chains of migrating cells, 

such as the hippocampus and CC (Figure 19A-C, G), fimbria (Figure 19E) and lateral wall 

of the SVZ (Figure 19F). In few cases, the grafted MSCs were detected in close contact 

with blood vessels (Figure 19J), possibly contributing and promoting angiogenesis, as it 

has been previously described (He et al., 2007). It was also observed in very rare occasions 

that the MSCs were surrounded by macrophages or microglia CD45+ (Figure 19I, J). In all 

cases, the regular morphology of the cell body, and the absence of cells with more than one 

nucleus indicated that there was no sign of trans-differentiation into any type of 

identifiable neural cell or cell fusion. Moreover, no tumour formations were observed. 

Similarly, some of the MSCs transplanted cells escaped from the needle path and clearly 

exert their attracting effect to the OPCs of that area, as the MSCs were mostly found 

surrounded by OPCs PDGFR-α+ (Figure 19H). 
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Figure 19. Location of intraventricular transplanted MSCs. MSC obtained from GFP transgenic mice 
were intraventricular injected in cuprizone treated mice. Immunofluorescence analysis for GFP (green) were 
performed three months post-injection to detect the MSC location. The GFP+ MSCs were found penetrating 
into several brain structures such as the hippocampus (HP) (A-C, G), CC (A, B, H), fimbria (E), 
subventricular zone (F) and attached to the choroid plexus (D, E). (B) Close-up region of a pathway form 
from the HP to the CC (inset in A). (H) Double immunostaining for GFP (green) and PDGFR-α+ (red). The 
MSC appear surrounded by OPCs around the needle path as well as within the CC. Arrows indicate the 
location of MSC. For better visibility borders of CC, CA1, DG and SVZ are illustrated with a dotted line. (I, 
J) double immunostaining for CD44 (green) and CD45 (red). The MSC CD44+ appear surrounded by few 
macrophages (CD45 high) or microglia (CD45 low) as well as in close contact with blood vessels (J, 
asterisk).  In all images blue staining corresponds to the nuclei (DAPI). (K-L) Schematic representation of  
coronal brain sections showing the location of the MSC after transplantation. Adapted from The Mouse Brain 
Library (http://www.mbl.org). (M) Western Blot analysis of the CSF confirmed the presence of the MSC in 
the stem cell treated group 3 months post-injection. n=5 in each treatment group. All data are reported as 
mean ± standard error of the mean (SEM). Abbreviations: CA1, cornus amonis 1; CC, corpus callosum; CP, 
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choroid plexus; DG, dentate gyrus; Fi, fimbria; SVZ, subventricular zone; 3V, third ventricle. Scale bar, 100 
µm (A,E); 50µm (B-D, F-G, H, I-J). 

 
MSCs are known to be the source of multiple immunomodulatory agents and of trophic 

factors involved in repair and regenerative processes. However, this broad array of 

secreted factors has been widely analysed in vitro and under many different conditions. In 

this study, the trophic factor content of the CSF was analysed three months after MSC 

transplantation. To this end, the CSF was extracted from both MSC and SHAM operated 

mice and subsequently analysed by qPCR for several trophic factors. As a result, PDGF, 

IGF, NT3, NT4 and FGF2 were greatly overexpressed (P<0.0001) in the CSF of the MSC-

treated group compared to the SHAM (Figure 20), which are the likely candidates that 

stimulate the regenerative effects previously observed with the MRI and histology. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Trophic factor support exert by MSCs. (A) qPCR analysis of the CSF shows the 
overexpression of some trophic factors such as PDGF, IGF, NT3, NT4 and FGF2 in the MSC-treated group. 
Other factors such as BDNF, GDNF, VEGF and NGF were not detected. Statistically significant compared to 
SHAM (* P<0.0001). n=5 in each treatment group. All data are reported as mean ± standard error of the 
mean (SEM). 
 

4.6 MSCs transplantation increases the axonal conduction velocity of 
the demyelinated fibers in the CC over time 

 
In order to characterize the functional consequences of the neuropathology as well as the 

observed regenerative effect in the CC of this cuprizone model, compound action 

potentials (CAP) were recorded in callosal axons (Figure 21). Coronal brain slices with 

midline-crossing segments of the CC, corresponding to specific Franklin and Paxinos 

atlas-based plates (see Material and Methods) were used for recording, with a stimuli and 

two recording electrodes placed as shown in Figure 21A. Two downward phases of the 
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CAP corresponding to fast- and slow-conducting fibers were observed, probably 

representing fast depolarization from large, myelinated axons and slower depolarization 

from non-myelinated axons, respectively. Typical voltage recordings are shown in Figure 

21B. 

	
  
Hence, it was firstly necessary to confirm whether the axonal conduction velocity was 

affected in the model, therefore comparing the cuprizone treated mice with wild types. It 

was observed that the cuprizone induced a decrease in the conduction velocity of the fast 

fibers, whereas the slow fibers, corresponding to the non-myelinated axons presented 

normal values when compared with WT, as it was expected due to the fact that the 

cuprizone only affect the oligodendrocytes and thus the myelinated fibers (Figure 21C). 

Regarding the stem cell-treated mice and the SHAM group, the conduction velocity was 

recorded 2 and 4 months after MSC transplantation. No significant differences were 

detected between MSC-treated and SHAM groups at any time point for any type of fibers. 

However, when the same group of animals were compared over time, the axonal 

conduction velocity was significantly increased in the MSC group (P<0.05). This 

difference was only observed in the fast conduction fibers, whereas the conduction velocity 

of the slow fibers did not change (Figure 21D). In conclusion, the electrophysiological 

analysis corroborate the previous data, indicating that the increase of oligodendrocytes and 

myelin content over time in the CC, was translated as a final step into a functional 

recovery, with a slight but significant improvement in the axonal conduction velocity of 

the MSC-treated group. 
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Figure 21. MSCs intraventricular-injection increases axonal conduction velocity over time. (A) 
Schematic representation of the brain slices corresponding approximately to Plates 25-31 and 40-46 in the 
atlas of Paxinos and Franklin (2001), and details of the position of the stimuli and two recording electrodes. 
(B) Typical CC compound action potential (CAP) from recording electrode 1 (red), and recording electrode 2 
(black); Two fibers were detected: fast (thicker myelin sheaths) and slow-conducting fibers (thin and/or non-
myelin sheaths); ΔLat (difference in latency between both peaks). (C) Histogram depicting the axon 
conducting velocities in the WT (blue) and the cuprizone mice model (red). The cuprizone produced a 
significant decrease in the conduction velocity of the fast fibers when compared with the WT. (D) Histogram 
depicting the axonal conduction velocity over time of MSC treated group (black) and SHAM (green). The 
conduction velocity of the slow fibers did not change between groups at any time. Statistically significant 
compared between different time points (* P<0.05). n=4 in MSC-TX & CT Cuprizone, n=8 SHAM & WT. 
All data are reported as mean ± standard error of the mean (SEM). Scale bar, 300 µm (A). 

 
4.7 MSCs transplantation increases myelin thickness, decreasing the    

g-ratio of callosal axons 
	
  
Apart from the functionality of the new-formed myelin, it was of vital importance to 

further assess the integrity of myelination ultrastructure, calculating the axonal diameters, 

myelin thickness and mean g-ratio of myelinated and unmyelinated axons by EM analysis. 

To this end, the ratio between the inner axonal area and the outer myelin area, g-ratio, a 
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gold standard for assessment of demyelination and remyelination in experimental models, 

was therefore calculated. Three telencephalic areas, enriched in myelinic axons, were 

studied: cingulate cortex (cg), in anterior levels of the telencephalon (from Bregma 1.10 to 

-0.10 mm) (Figure 22A, C-E), dorsal hippocampal commissure (dhc) and alveus of the 

hippocampus (alv), two regions of the posterior levels (Figure 22B, F-K). The results 

revealed that the stem cell treated group presented a significantly thicker myelin sheat than 

SHAM control mice in all the regions analysed and consequently lower g-ratio values 

(Figure 22L-N). In addition to that, significant differences in mean g-ratio when compared 

to the WT were also observed, since neither the vehicle-control animals nor the MSCs 

treated reached the WT normal values (Figure 22L-N).  
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Figure 22. Quantitation of myelin thickness by G-ratio analysis for three telencephalic areas. Coronal 
section scheme of anterior telencephalic level (A) and posterior telencephalic level (B) with a magnification 
of these areas. Representative electron micrographs of cingulate cortex (cg) (C-E), dorsal hippocampal 
commissure (dhc) (F-H) and alveus of the hippocampus (alv) (I-K) in SHAM, MSC-TX and WT mice 
respectively. The graphs (L-N) show the G-ratio quantification in cg, dhc and alv regions (* P<0.05, ** 
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P<0.001, *** P<0.001). n=4 in each treatment group. All data are reported as mean ± standard error of the 
mean (SEM). Scale bar, 2 mm (C-K). 
 

4.8 MSCs stimulate the proliferation of the NSPCs in the adult SVZ in 
vivo and activate proliferation and survival signalling routes in 
NSPCs in vitro 

 
The regenerative potential of MSCs transplantation has been demonstrated in previous 

section of this thesis, with an increase in the number of oligodendrocytes and myelin 

content that was also proven to be fully functional in terms of increasing axonal 

conduction velocity. Mammalian neurogenesis in the adult has been demonstrated to be 

mainly restricted to the SVZ of the LVs and the subgranular zone (SGZ) of the dentate 

gyrus in the hippocampus (Gonzalez-Perez & Alvarez-Buylla, 2011; Ming & Song, 2011). 

Also, it has been reported that in vitro MSCs are capable of instructing an 

oligodendrogenic fate decision on adult NSPCs (Rivera et al. 2006). Therefore, based on 

the previous findings, it was hypothesized that the remyelination observed could be due to 

the enriched environment created by the MSCs, which would be stimulating through a 

paracrine effect, the endogenous neurogenesis and possibly an oligodendrogenic fate 

decision on the NSPCs of the SVZ, which are in direct contact with the CSF through their 

primary cilia at their apical end. In order to further assess this issue, BrdU incorporating 

assay was performed just after MSC transplantation. Mice were given BrdU in the drinking 

water daily for up to two weeks just after transplantations, and sacrificed two weeks later, 

to analyse the proliferation of the NSPCs (Nestin+) in the adult SVZ (Figure 23A-H). 

Thus, a significant increase was detected in the number of these cells proliferating in the 

SVZ of MSC treated mice when compared to SHAM (Figure 23I).  
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Figure 23. Increased proliferation of NSPCs in the adult SVZ. (A-D) Representative images of 
proliferating cells within the V-SVZ. Immunostaining for BrdU+ (green) and nuclei (DAPI, blue) is shown. 
Arrows indicate BrdU+ proliferating cells. (E, G) Representative images of proliferating BrdU/Nestin+  

NSPCs in the SVZ. Nestin staining appears in red. (F, H) Close-up regions were the cells are located (inset in 
E and G respectively). Arrows indicate double immunostained cells. (I) The hisogram shows a significant 
increase in the total number of BrdU/Nestin+ cells per SVZ of MSC treated mice compared to SHAM. 

Statistically significant compared to SHAM (* P<0.05). n=6 in each treatment group. All data are reported as 
mean ± standard error of the mean (SEM). Abbreviations: CC, corpus callosum; lSVZ, lateral subventricular 
zone; LV, lateral ventricle;. Scale bar, 200 µm (A-D); 200 µm (E,G). 50µm (F, H). 
 
 
In order to further confirm these observations in vivo, the capacity of MSCs to activate 

survival and proliferation routes in vitro was tested. To this end, NSPCs were cultured in 

the presence of MSC conditioned medium (MSC-CM) and the activation of the PI3K/Akt 

and MAPK/Erk1/2 signaling pathways was analysed by Western blot. These signal 

cascades have been shown to be involved in promoting neurogenesis, neuroprotection, 
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oligodendrocyte fate decision and OPC differentiation as well as inhibiting apoptosis. 

(Ishii et al., 2013; Xiao et al., 2012; Younes-Rapozo et al., 2009; Hawkins et al. 2006; 

Pernet et al., 2005; Hayley et al. 2005; Rubinfeld & Seger, 2004; Choi et al. 2003; Brunet 

et al. 2001; Baron et al., 2000; Leevers et al. 1999). Thus, phospho-AKT and phospo-44/42 

MAPK activations were studied at 15, 30 and 60 minutes after adding MSC-CM to the 

NSPC cultures (Figure 24A), and compared to control cultures where MSC non-CM was 

added. No differences were observed among incubation times (Figure 24B). The 

subsequent repetitions of the experiment were conducted, in agreement with this and 

previous reports (Hu et al., 2012), for 15 minutes after adding the MSC-CM to the NSPC 

cultures. Hence, both phosphorylated-AKT and phosphorylated-ERK1/2 protein 

expression levels changed significantly compared to controls (Figure 24C). This 

observation indicated that MSC-CM was able to activate both routes in NSPC in vitro, and 

therefore corroborated the initial hypothesis.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Western blot analysis of the activation of AKT and MAPK pathways induced by MSC 
conditioned medium. (A) Undifferentiated NSPCs grow in suspension, forming neurospheres just before 
treatment with MSC-CM. (B) Western Blot images taken in the same gel for p-AKT and p-44/42 MAPK in 
non-conditioned (CT) and MSC-CM corresponding to different NSPC cultures at 15´, 30´and 60 minutes 
after exposure to the specidic culture medium. (C) Histogram corresponding to the gel density analysis of CT 
and MSC-CM for p-AKT and p-44/42 MAPK at 15 minutes after exposure. The mean expression of pAKT 
and pERK1/2 after normalization is shown as fold induction from the data obtained from four independent 
experiments. Statistically significant compared to control (* P<0.05). n=4 independent experiments. All data 
are reported as mean ± standard error of the mean (SEM). Scale bar, 500 µm (A). 
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Finally, to clarify whether the NSPCs of the SVZ, which were proven here to be activated 

and increased their proliferation, were capable of migrating outside of the SVZ to their 

final destinations, such as the CC, the V-SVZ was electroporated with a pCX-GFP 

plasmid. Animals where sacrificed 20 days post electroporation (dpe) and analysed for the 

expression of both GFP and the neural progenitor cell marker (Nestin). The transfection 

was successful in all mice, resulting in efficient plasmid uptake and gene expression, 

which was not limited to the injected LV, but also efficient in the contra-lateral ventricle 

and in the third ventricle (Figure 25). The electroporation efficiency ranged from 7-15 

transfected cells per section, which is lower than the one reported by Barnabé-Heider et al., 

2008. Unfortunately, no cells were detected outside from the V-SVZ at the time analysed. 

 

 
 
Figure 25. In vivo electroporation of GFP in the adult V-SVZ. Double immunostaining for GFP+ (green) 
and Nestin+ (red) is shown in all cases and indicated with arrows. Representative images of GFP/Nestin+ 
NSPCs found in the SVZ of the LV as well as GFP+ ependymal cells lining the walls of both LV and 3V. (A-
D) images correspond to the MSC transplanted group and (E-H) to the SHAM vehicle control group. 
Abbreviations: dSVZ, dorsal subventricular zone; lSVZ, lateral subventricular zone; Fi, fimbria; 3V, third 
ventricle; CC, corpus callosum; LV, lateral ventricle. Scale bar, 100 µm (A, C-E, G, H); 50µm (B, F). 
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Section II 
 
4.9 FGF8 increases proliferation in cultured OPCs 
	
  
Previous work in our lab have proven that OPCs can be activated and remyelination 

induced using bone marrow stem cells (Jaramillo-Merchán et al., 2013). These findings 

may be due to the secretion of certain soluble factors, generally referred to as the MSC 

secretome. These soluble factors have an enormous potential for the treatment of several 

diseases, including demyelinating conditions. Harnessing the MSC secretome, will have 

relevant implications for clinical applications. In this work, it was analysed the effect that a 

single trophic factor, FGF8, may exert on the activation and differentiation of OPCs. 

	
  
In order to firstly elucidate the role of FGF8 in terms OPCs proliferation, these were 

isolated from P0–P2 newborn mice and cultured on poly-L-lysine coated culture dishes. 

The initial culture was a mixture of astrocytes, OPCs and other cell types, where the OPCs 

were being mainly detected on top of the astrocytes (Figure 26A). After 7 days of culture, 

the cells were treated with trypsin and shaken in order to detach the OPCs and replated 

onto new culture dishes, where they were further expanded using mitogens PDGF-AA and 

FGF2 (Figure 26B). In this fashion, after an additional 7 days of culture the majority of the 

cells detected corresponded to OPCs, as indicated in previous publications (Lunn et al., 

2007; Yang et al., 2005; Tsang et al., 2004).  

	
  
To induce OPCs differentiation, the culture medium was changed removing the mitogens 

and adding fetal bovine serum, resulting in spontaneous differentiation (Figure 26C). 

Mature oligodendrocytes, identified as cells with many small prolongations, could be 

detected after 7 days of culture. FGF8 was then added to the culture in the same 

differentiation medium (Figure 26D). All the analysed cultures were mainly composed of 

oligodendrocytes, as proved by Olig2 staining (Figure 26E–H). In the cultures with FGF8, 

an increased number of cells were detected compared to the other treatments, even when 

the cultures were started with the same initial number of cells. To corroborate that FGF8 

induced proliferation, BrdU was incorporated to the culture 24 hours before fixing, and 

then ICC for BrdU and double stained with NG2+ (an OPC marker) in order to confirm 

that only oligodendrocytes were counted (Figure 26I–L). The results showed a marked 

increase in proliferation in the OPC cultures where FGF8 was added, even more than in the 
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undifferentiated cultures (Figure 26L). This confirmed that FGF8 induced the proliferation 

of OPCs. 

 

 
Figure 26. Culture and differentiation of OPCs. (A) OPCs cultured for 3 days after extraction on poly-L- 
lysine coated culture dishes. Numerous astrocytes are present. (B) OPCs after passaging and expanding in the 
presence of FGF2 and PDGF-AA, to induce proliferation and maintenance of the OPCs. (C) OPCs cultured 
in differentiation inducing medium for 7 days. Mature oligodendrocytes appear in the culture. (D) OPCs 
cultured for 7 days in the differentiating medium and FGF8. All images were taken at 100X magnification. 
(E–G) Immunocytochemistry of OPCs in undifferentiating medium (E), differentiating inducing medium (F), 
and in the presence of FGF8 (G), staining for Olig2 (in green) and DAPI for nuclear staining (in blue). (H) 
Histogram presenting the percentage of Olig2+ cells in the various cultures observed in (E–G). Percentages 
are with respect to the total number of cells, calculated by DAPI staining. (I–K) ICC of NG2/Brdu+ cell in 
undifferentiating medium (I), differentiation inducing medium (J), and in the presence of FGF8 (K). (L) 
Histogram presenting the percentage of NG2/BrdU+ cells in the different cultures, with respect to the total 
number of cells. (* P<0.05). n=4 in each treatment group. All data are reported as mean ± standard error of 
the mean (SEM). Scale Bar, 150 mm (A–D) and 100 mm (E–G) and (I–K). 
 
4.10 FGF8 upregulates the expression of early OPC markers 
 
This study showed that OPC proliferation was enhanced by FGF8, and therefore it is 

possible that differentiation might be hampered in turn, as some authors demonstrated that 

occurred with FGF2 (Fortin et al., 2005; Zhou et al., 2004; Bansal and Pfeiffer, 1997). To 

confirm this, the immature and OPC markers NG2 and PDGFR-α, oligodendrocyte lineage 

marker Olig2 and mature oligodendrocyte marker O4 were analysed (Figure 27A). 
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Differentiated cultures showed a lower percentage of cells positive for PDGFR-α and 

Olig2 in comparison to the undifferentiated and FGF8 treatments (Figure 27B). As for O4, 

which begins to be expressed during oligodendrocyte maturation, coinciding with the loss 

of expression of NG2 and PDGFR-α (Baumann & Pham-dinh, 2001), its expression was 

increased in the differentiated and FGF8 treatments (Figure 27B). This data was 

corroborated by qPCR (Figure 27C), indicating that the differentiated treatment resulted in 

less immature oligodendrocytes and OPCs, coinciding with more mature oligodendrocytes. 

However, in the case of FGF8, it is interesting to note that there were more immature and 

mature markers (Figure 27C). Since the composition of both medium only differs in the 

growth factor, this data seems to indicate that FGF8 induces proliferation, resulting in 

more OPCs in culture, and does not hamper differentiation, which in turn results in more 

mature oligodendrocytes in the culture. 
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Figure 27. OPCs differentiation with and without FGF8. (A) Immunocytochemistry of NG2/Olig2+, 
PDGFR-α/Olig2+ and O4+ cells in the undifferentiated, differentiating and FGF8 culture media. In all 
images, blue staining corresponds to the nuclei (DAPI). (B) Histogram depicting the percentage of cells in 
the different cell cultures staining for markers analysed in A. Percentages are with respect to the total number 
of cells. (C) Histogram depicting the results from the quantitative PCR analysis of the different cell cultures. 
(* P<0.05, ** P<0.01, *** P<0.001). n=4 in each treatment group. All data are reported as mean ± standard 
error of the mean (SEM). Scale bar indicates 50 mm. 

 
4.11 FGF8 induces the migration of OPCs 
	
  
Undifferentiated OPCs were placed on matrigel cultures to perform migration assays. To 

this end, a heparin bead previously soaked in FGF8 solution (500 ng/ml) was placed 0.5 

mm away from the cluster of OPCs, while a PBS-soaked bead was used as control (Figure 

28A–C). Twenty-four hours afterwards, outgrowths were observed from the OPCs, the 

majority of which were detected in the direction of the FGF8-soaked bead (Figure 28B). 

The cultures were maintained and observed after 48 and 72 hours, and the OPCs still 

migrated towards the heparin bead (Figure 28C). To confirm the attracting effect of FGF8, 

proximal/distal analysis was performed on the cultures (Figure 28D). The cultures where 

FGF8-soaked beads were used presented a significantly higher proximal/distal ratio than 

control cultures where only PBS was used. Specifically, a 2-fold increase in cells was 

detected near the beads in comparison to more distal areas of the cell clusters (Figure 

28D). Therefore, the results indicated a predominantly migrating and attracting effect 

induced by FGF8. In order to confirm this migrating property, the FGF-receptor inhibitor 

SU5402 was used in the cultures to counteract the effect of FGF8 (Figure 28E–G). In this 

case, two beads were used; on one side of the cluster of OPCs, a FGF8-soaked bead was 

placed, while a bead soaked in the inhibitor was positioned on the other end of the plate. A 

PBS-soaked bead was used as control of the inhibitor (Figure 28H). After 48 hours of 
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culture, the side of the OPCs where the SU5402-soaked bead was placed, no cell sprouting 

or migration was detected (Figure 28F). In the other side of the cluster, closer to the FGF8-

soaked bead, numerous cell outgrowths were present (Figure 28G), indicating that the 

OPCs were stimulated by the FGF8 but the inhibitor managed to halt further migration. In 

the cases where PBS was used instead of the inhibitor, migration of the OPCs was 

observed like when FGF8-soaked beads were placed alone (Figure 28H). Overall, the 

results demonstrated that FGF8 is capable of inducing OPC migration, exerting an 

attracting effect, which is mediated by the binding of FGF8 to FGF receptors. 

 

 
Figure 28. Matrigel cultures of OPCs. (A) OPC matrigel culture where a PBS-soaked bead was placed 0.5 
mm away from the cell cluster. Image taken at 40X magnification. (B–C) OPCs where a cluster of cells 
migrating towards a FGF8-soaked bead can be observed. (D) Histogram depicting the OPC proximal/distal 
rate in control cultures and where FGF8 was included. (*P<0.01). n=4 in each treatment group. All data are 
reported as mean ± standard error of the mean (SEM). (E–G) Matrigel cultures where on one side a FGF8-
soaked bead was placed and on the other side a FGF8 inhibitor. (F, G) Close-up images of the areas near the 
inhibitor-soaked bead (F) or near the FGF8-soaked bead (G). (H) OPCs where a FGF8-soaked bead was 
placed and on the other side a PBS-soaked bead, as control of the inhibitor. Scale bar indicates 500 mm for 
(A–C, D, H) and 200 mm for (F, G). All images were taken 48 hours after culture. 
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Section I 
	
  
5.1 MSCs intraventricular-injection as a feasible method to boost 

endogenous oligodendrogenesis & study remyelination within the 
CC 

	
  
The adult CNS maintains a certain endogenous potential to repair myelin damage. This 

regenerative function is, however, insufficient in chronic MS in which progenitor cells 

either fail to be recruited into lesion sites (Boyd et al., 2013) or experience difficulties with 

respect to differentiation, as they remain in a quiescent state (Back et al., 2005; Reynolds 

et al., 2001; Prineas and Connell, 1979). The microenvironment of chronic demyelinated 

lesions also plays an important role, as it inhibits remyelination (Jadasz et al., 2012). This 

inefficiency or failure of myelin-forming oligodendrocytes to remyelinate axons and 

preserve axonal integrity remains a major impediment in the repair of MS lesions and is 

principally responsible for axonal and neuronal degeneration leading to chronic disability 

(Trapp and Nave, 2008; Pagani et al., 2005). Current MS treatments mostly focus on 

reducing the formation of inflammatory lesions within the CNS but do not enhance 

endogenous myelin repair. Thus, boosting the endogenous oligodendrogenesis, either by 

targeting stimulatory or inhibitory pathways in resident stem and precursor cells or through 

appropriate cell therapies as presented in this thesis, will probably lead to the development 

of significant repair strategies for the demyelinated CNS and complement the currently 

available immunosuppressive treatments. 

	
  
In this regard, MSCs represent an attractive source to develop a cell therapy for MS. First, 

bone marrow-derived MSCs are accessible cells, easy to obtain and therefore minimally 

invasive. Second, autologous MSCs can be used, avoiding the search for compatible tissue 

donors. Third, MSCs exert stromal bystander immunomodulatory, neuroprotective and 

eventually remyelinating effects in the damaged CNS. As commented in the introduction 

section, different authors have shown that MSCs are capable of releasing a number of 

trophic factors that in vitro induce oligodendrocyte fate decision in NSPCs, OPCs 

activation/migration and eventually their differentiation toward mature myelinating 

oligodendrocytes (Cruz-Martinez et al., 2014; Jadasz, et al., 2013; Jaramillo-Merchán et 

al., 2013; Barhum et al., 2010; Bai et al., 2009; Lu et al., 2009; Gerdoni et al., 2007; Rivera 

et al., 2006). Moreover, during the last decades, different research groups have studied the 

therapeutic effect of MSC transplantation into the diseased CNS, demonstrating that MSC 
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induces regeneration and neuroprotection in the damaged areas of different animal 

experimental models (Gerdoni et al., 2007; Neuhuber et al., 2005; P. Lu et al., 2005; Zhang 

et al., 2005; Hofstetter et al., 2002; Dezawa et al., 2001;). In the case of demyelinating 

diseases, our group (Jaramillo-Merchán et al., 2013) as well as others  (Kemp et al., 2011; 

Gordon et al., 2010; Bai et al., 2009; Lanza et al., 2009; Z. Lu et al., 2009; Rafei et al., 

2009a; Rafei et al., 2009b; Zhang et al., 2009, 2006, 2005; Gordon et al., 2008; Kassis et 

al., 2008; Gerdoni et al., 2007; Zappia et al., 2005) have shown that in vivo transplantations 

of MSCs, increase neuroprotection, modulate neuroinflammation, reduce demyelination 

and partially enhance functional recovery in some MS models.  

	
  
There are two principal approaches to transplant cells into the body: local delivery into the 

tissue and systemic delivery. However, both methods have been shown to be inefficient for 

long-term engraftment of MSCs. Whereas the loss of locally injected cells can be 

attributed to wash out, cell death, and rejection via the innate immune system, for systemic 

delivery (especially intravenous, via tail vein) transplantations have resulted in 

significantly entrapment of MSCs in the lung (reviewed in Kean et al., 2013). In this 

context, intraventricular transplantations seem to be an alternative interesting route of 

MSC administration, which has not attracted so much attention as the others. Kassis and 

colleagues demonstrated that following intraventricular injection, a small percentage of the 

transplanted cells expressed several neural markers, suggesting that some level of 

transdifferentiation is possible (Kassis et al., 2008). Similarly, Barhum and colleagues 

showed that intraventricular injections of modified MSCs produce neurotrophins, which 

successfully attenuated EAE development (Barhum et al., 2010). However, a deeper 

understanding of the phenomenon and the mechanisms activated in vivo after the stem cell 

infusion is necessary. In addition, it was also reported that intravenously and intranasally 

applied murine and human bone marrow-derived MSCs on cuprizone induced 

demyelination, had not impact on demyelination or glial activation, as the cells could not 

cross the intact BBB and therefore enter the CNS (Nessler et al., 2013). Altogether, these 

studies lead us to hypothesize whether intraventricular transplantation of MSCs in the 

chronic demyelinated cuprizone model may be a more feasible route of administration in 

terms of cell survival, engraftment, effect duration and mainly, its potential to stimulate the 

neurogenic/oligodendrogenic niche of the V-SVZ due to its direct contact with the CSF, 

and the presence of neurotrophic receptors in the primary cilia of NSPCs (Cuccioli et al., 

2015). 
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As for the mouse model, cuprizone intake produced highly intense and reproducible 

demyelination of distinct brain regions, among them the CC, which is the most commonly 

studied region to investigate the mechanism of remyelination (Steelman et al., 2012). 

Moreover, the major advantage of this model is that permits the study of the processes 

independently of the participation of peripheric immune cells, as the BBB is intact. 

However, the cuprizone effect is strain-dependent and can be influenced by a variety of co-

factors such as age, genetic background, dose, duration of exposure, and even the method 

of administration into the diet (Skripuletz et al., 2010a; Adamo et al., 2006; Stidworthy et 

al., 2003; Love, 1988; Kimberlin et al., 1976; Carlton, 1969). For this reason, it was firstly 

analysed the demyelinated brain regions of the mice 12 weeks after cuprizone intake. As it 

was shown in Figure 13, the CC was more homogenously affected among mice than any 

other region. Moreover, the cerebellum, which was reported by other authors to be affected 

and therefore the motor function altered, (Steelman et al., 2012; Groebe et al., 2009; 

Skripuletz et al., 2008) was preserved in our model (Figure 14). This, together with the fact 

that the CC is by far the largest fiber tract of the brain and its close proximity to the 

ventricles and SVZ, made that the complete analysis of this work was basically focused on 

this structure. 

	
  
5.2 MSCs intraventricular-injection in a chronic demyelinated model, 

induces remyelination, enhancing the number of oligodendrocytes in 
the CC 

	
  
The idea that the adult CNS was fixed, immutable and unable to generate new cells was 

long believed. However, in the early twentieth century, Santiago Ramón y Cajal published 

his work on the regeneration of the nervous system following injury (Ramon y Cajal, 

1913a). More recent scientific and technological advancements have shown that the CNS 

has a certain level of regenerative capacity, with a pool of undifferentiated dividing cells 

within the brain. These cells are mainly located in two major brain regions during 

adulthood: the SVZ of the frontal horns of the LVs and in the antero-lateral region of the 

subgranular layer of the hippocampal dentate gyrus (DG) (reviewed in Gonzalez-Perez & 

Alvarez-Buylla, 2011). For instance, in MS, after myelin damage, resident OPCs and 

NSPCs located in the neurogenic niches direct their fate into myelin-producing 

oligodendorcytes. However, repeated episodes of demyelination and remyelination may 

lead to their exhaustion, being these mechanism of self-renewal and repair either impaired 



   Discussion 

-102-	
  

or insufficient (reviewed in RJ Franklin, 2012). Therefore, to restore the normal brain 

function in MS the first question to be adressed was whether intraventricular injection of 

MSCs could enhance the number of recruited oligodendrocytes in the demyelinated CC by 

modulating the cell fate decision of endogenous NSPCs and/or stimulating resident OPCs 

to proliferate and/or migrate. 

	
  
In the first part of this work, it was revealed that MSC transplantations elicits a  significant 

increase in the number of OPCs (NG2+, PDFGR-α+) in the CC when compared with the 

SHAM group, as early as 2 months after transplantation as well as a significant rise in the 

number of mature oligodendrocytes (CC1+) 3 months after the injection at the most caudal 

part of the CC (Figure 15). This may be due to the paracrine effect of several trophic 

factors, which are likely to be stimulating the differentiation of NSPCs of the SVZ towards 

OPCs, as well as their migration towards the CC and their final differentiation. A similar 

effect possibly occurs with resident OPCs in the ventricular surface of the CC since it 

coincides with the dorsal pole of the LV. However, despite these findings it was necessary 

to confirm that the newly recruited oligodendrocytes were capable of producing myelin 

and repair the damaged areas. To this end, the same animals were analysed over time in a 

longitudinal study by magnetic resonance imaging (MRI). This technique has the 

advantage of allowing the quantification of the myelin density in the same individual 

mouse at different time points before and after transplantation in vivo. As a result, a 

significantly higher myelin content was detected in the cell-treated group 2 months after 

transplantation, comparing themselves with respect to the myelin content before 

transplantation as well as compared to sham controls (Figure 16). These results suggest 

that the MSCs were not only capable of stimulating the endogenous oligodendrogenic 

program, increasing the oligodendrocyte numbers within the CC, which actually was not 

capable to react anymore, but also enhancing the myelin production. Altogether, these data 

shows that the MSCs may induce indirectly a regenerative/repairing process in the treated 

brain, either by stimulating resident OPCs or NSPCs located in the SVZ, which would  

migrate to the CC and remyelinate it as early as 2 months post-transplantation. 

	
  
In order to further confirm these observations, the myelin content was also analysed by 

using quantitative measurements of MBP immunostaining. To this end, the Imaris analysis 

software was used to make 3D reconstructions in combination with MBP immunostaining. 

Unfortunately, in this case no significant differences were detected (Figure 17). However, 
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it is necessary to consider that using this second approach to measure the myelin content, 

different animals are being compared at different time points, as in this case it is necessary 

to sacrifice the mice for their analysis, rather than comparing the same animal over time 

which would be far more realistic. Hence, the variability that could exist between 

individuals, something that does not occur in the case of MRI, may lead to a masking of 

the differences between both animal groups. 

	
  
5.3 MSCs do not affect glial activation within the CC 
	
  
Despite the fact that, in 1904, Müller stated that MS was astrocyte-based disease (Müller, 

1904), the majority of the researchers have focused their work on the role of 

oligodendrocytes. However, everyday there is more evidence suggesting that astrocytes 

play a vital role regulating de- and remyelination in MS, making the analysis of this cell 

population in MS of vital importance. Whereas it is well known that in the healthy brain, 

astrocytes have different functions including metabolic and structural support to neurons, 

regulation of the extracellular ionic environment, and elimination of excessive levels of 

neurotransmitters such as glutamate (Sofroniew, 2010), their role in demyelinating 

diseases is controversial, showing both protective as well as deleterious effects on 

demyelination (Moore et al., 2011; De Keyser et al., 2010; Renault-Mihara et al., 2008; 

William et al., 2007). On one hand, reactive astrocytes are suggested to promote 

inflammation and damage to oligodendrocytes, contributing into the formation of a glial 

scar, which creates a physical barrier that impairs remyelination as it contains growth 

inhibitory proteins such as myelin-derived proteins and proteoglycans (Sofroniew, 2010) 

as well as by enhancing the immune response through expression of cytokines and 

recruitment of T cells, microglia and macrophages to demyelinating lesions (Skripuletz et 

al., 2013; De Keyser et al., 2010; Tanuma et al., 2006). On the other hand, they can create 

a permissive environment and attenuate the inflammatory response for remyelination as 

they can secrete anti-inflammatory cytokines, such as interleukin 10, TGF-β and 

interleukin-27, as well as their effect on OPCs migration, proliferation, and differentiation 

(Nair et al., 2008).  

	
  
For this reason, it was considered important to analyse whether the injected stem cells 

influence astroglial activation in the CC. As a result, no difference in the GFAP+ astrocyte 

numbers was detected between SHAM and MSC-treated mice (Figure 18). This may 

indicate that although MSCs does not seem to have an obvious effect on the populations of 
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astrocytes, it cannot be excluded the possibility that, as the injection site is at a distant 

range from the regions of the brain where astrocytes are more abundant, it may be difficult 

for the paracrine effect of the MSCs to reach these cells. The SVZ, however, is much 

closer and thus capable of responding to the stimuli. However, future studies should focus 

on the mechanisms underlying stem cell-mediated reduction of astrocytic scar in brain 

lesions, which may be crucial in promoting a pro-neurogenic microenvironment that 

supports tissue repair. 

 

5.4 MSCs are primarily located in the CSF three months after 
transplantation, overexpressing several trophic factor encoding 
genes  

	
  
Apart from the regenerative potential previously observed, it was considered interesting to 

assess the location and survival timing of the injected MSCs. Two different approaches 

were used to address this issue. First, the MSCs were pre-incubated in vitro prior to 

transplantation with iron nanoparticles, and then injected into the LVs. This enables to 

track in vivo their location due to the contrast that they show when analysed by MRI. 

Second, MSCs extracted from GFP+ mice were injected in the same manner into the 

cuprizone treated mice, that were then sacrificed at several time points to perform western 

blot analysis of the CSF, together with histological analysis of the brain tissue. Thus, the 

MRI images confirmed that 3 months after transplantation the MSCs were still present 

within the ventricles, and not only in the lateral ones, but homogenously distributed and 

confined within the CSF, as they can be observed also in the third ventricle in Figure 16D, 

appearing as black spots. Moreover, the protein analysis confirmed this observation, as 

when the CSF was extracted at different time points and Western blot analysed, GFP 

protein expression was detected in the stem cell treated group (Figure 19M). To further 

confirm the precise location of the MSCs, and whether they were penetrating into the brain 

parenchyma (as well as discard the appearance of tumors and study the 

microglial/macrophage activation), IHC analysis were conducted. It was concluded that the 

vast majority of MSCs were located within the CSF, which cannot be detected by IHC, and 

only in very rare occasions some were found in the brain parenchyma (Figure 19), with 

higher numbers attached to the choroid plexus (Figure 19D, E). In a few cases, the MSCs 

were detected in close contact with blood vessels (Figure 19J), possibly contributing and 

promoting angiogenesis, as it has been previously described (He et al., 2007). It was also 

observed in an insignificant number, that the MSCs were surrounded by macrophages or 
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microglia CD45+, without being phagocyted (Figure 19I, J). In all cases, the regular 

morphology of the cell body, and the absence of cells with more than one nucleus 

indicated that there was no sign of transdifferentiation or cell fusion. Finally, we did not 

observe any signs of malignancy, with a total absence of mass aggregates along the whole 

brain. Both in our group (Pastor et al., 2012) as well as other authors had previously shown 

(Giordano et al., 2007; Vitry et al., 2003; Corti et al., 2002) this lack of tumourigenesis 

when MSC were injected, possibly due to contact inhibition (Javazon, et al., 2004), which 

is an essential factor to consider in cell therapy. 

	
  
Similarly, the CSF was also analysed for its content in trophic factors. MSCs are known to 

be the source of multiple immunomodulatory agents plus trophic factors involved in repair 

and regenerative processes. This broad array of secreted factors has been widely analysed 

in vitro and under many different conditions. However, in this study it was aimed to 

analyse the trophic factor expression within the CSF three months after MSC 

transplantation. As a result, PDGF, IGF, NT3, NT4 and FGF2 were greatly overexpressed 

(P<0.0001) in the CSF of the MSC-treated group compared to the SHAM (Figure 20), 

which are the likely candidates together with others not analysed, to be responsible for the 

regenerative effect previously observed. 

	
  
5.5 MSCs transplantation increases axonal conduction velocity, myelin 

thickness and reduces g-ratio of callosal axons 
	
  
In summary, up until now it was proven the activation and maturation of OPCs, which 

were recruited into the demyelinated CC and it could be correlated with an increase in the 

myelin content. However, it was crucial to corroborate the functional consequences of this 

myelin increase, since an excess of myelin and/or oligodendrocytes not capable of placing 

the new myelin layers around the demyelinated axons could lead to a deregulated process, 

with a negative effect (reviewed in RJ Franklin, 2002). Thus, it was necessary to address 

two fundamental questions: 1) It is the new formed-myelin wrapping the axons correctly? 

and 2) It is this myelin ensheathing the appropriate axons? To this end, the axonal 

conduction velocity in the CC was analysed by electrophysiological recordings. The first 

analysis performed was to confirm that the axonal conduction velocity was affected in the 

cuprizone model. Whereas non-myelinated fibers, presented normal axonal conduction 

velocity values, as it was expected due to the fact that the cuprizone only affect the 

oligodendrocytes and thus the myelinated fibers, myelinated axons were affected by the 
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cuprizone when compared with the WT (Figure 21C). Therefore, the next step was to 

compare the MSC-treated group with the SHAM, which were analysed 2 and 4 months 

after transplantation. Interestingly, the data revealed that there was no difference between 

the MSC-treated and the SHAM animals at any time point in terms of conduction velocity. 

However, when the animals were compared within the same group over time, the axonal 

conduction velocity was significant increased in the MSC group. In response to the second 

question, this difference was only observed in the fast conduction fibers, whereas the 

conduction velocity of the slow fibers did not change, showing that the remyelination was 

directed only to the axons that were previously myelinated, instead of aberrantly 

myelinating the slow, unmyelinated fibers (Figure 21D). This demonstrated that the 

increase in myelination with MSCs treatment was functionally relevant as it led to 

improved axon conduction velocity over time. Moreover,  the  selective  effect  on  the  

myelinated fibers suggested that the newly activated oligodendrocytes recognized  

selectively these fibers, reestablishing  their function and without developing a 

disorganized myelinating pattern. Therefore, correct signals to stimulate and enhance 

myelin formation are still present in chronically demyelinated fibers. 

	
  	
  	
  
In addition, the integrity of myelination ultrastructure was also studied, calculating the 

mean g-ratio of myelinated and unmyelinated axons by EM analysis in three telencephalic 

areas, enriched in myelinic axons. The results revealed that the stem cell treated group 

presented significantly thicker myelin sheath than SHAM control mice in all the regions 

analysed and consequently lower g-ratio values (Figure 22L-N). Although, it was also 

observed that when compared to the WT, neither the vehicle-control animals nor the MSCs 

treated reached their normal values (Figure 22L-N). This is easy to explain since a 

characteristic feature of remyelination is that the new myelin sheaths are always thinner 

and shorter than expected for the diameter of the axon as it was explained in the 

introduction section (reviewed in RJ Franklin, 2002). In conclusion, the 

electrophysiological recordings together with the EM analysis indicated that the increase of 

oligodendrocytes and myelin content over time in the CC, was translated as a final step 

into a functional recovery. 

	
  
5.6 MSCs stimulate NSPCs in the adult SVZ, inducing survival and 

proliferation through PI3K/Akt & MAPK/Erk1/2 activation 
 
In the present work, it was confirmed the regenerative potential of intraventricular 
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transplanted MSCs into a chronic model of demyelination. However, it was of vital 

importance to elucidate the mechanism by which the stem cells were exerting this 

beneficial effect. It is well known, that the V-SVZ harbours the largest population of 

NSPCs in the adult brain. They are closely associated with ependymal cells and as radial 

glia during embryonic development, type B1-cell often possesses a single primary cilium 

that projects into the ventricle (Tramontin et al., 2003). The function of this apical ending 

has been considered essential for growth factor, morphogen reception and transduction, 

and therefore for the proliferation, survival and/or differentiation of these quiescent cells 

(Cuccioli et al., 2015; García-González et al., 2014; Ka-Tong et al., 2013; Nait-Oumesmar 

et al., 2008). In fact, several studies reported that the CSF flow plays a major role in the 

proliferation (Owen-Lynch et al., 2003) and directional migration (Sawamoto et al., 2006) 

of these cells. Furthermore, Cayre and colleagues demonstrated that when the adult SVZ 

was heterotopically transplanted into WM tracts they massively generate myelinating 

oligodendrocytes as well as exhibit a migratory potential along these fiber bundles (Cayre 

et al., 2006). This, together with the data previously obtained in this work, led to 

hypothesize that both the resident OPCs of the CC and the NSPCs of the SVZ may be 

responding to the MSCs secreted soluble factors into the CSF, increasing their proliferative 

rate and eliciting an oligodendrocytic fate decision in the latter ones. These newly 

generated or activated OPCs would migrate to the damaged areas and remyelinate the 

affected axons, which was already demonstrated in previous sections. 

	
  
Therefore, the first aspect to analyse was whether the population of NSPCs located within 

the V-SVZ were capable of responding to the secreted soluble factors in the CSF. To this 

end, BrdU proliferating assay was performed, starting immediately after MSCs 

transplantation. BrdU was added to the drinking water for fifteen days, and mice sacrificed 

one month post-transplantation. As a result, a significant increase in the percentage of 

NSPCs (BrdU/Nestin+) was detected, proliferating in the SVZ of MSC-treated mice when 

compared to the SHAM controls (Figure 23). These results indicate that intraventricular 

injected MSCs were exerting a paracrine effect in the V-SVZ, which was prone to respond 

to the soluble factors secreted into the CSF. In order to further confirm this finding, it was 

also analysed whether the MSCs were capable of activating survival and proliferation 

routes in vitro. To this end, NSPCs were cultured in the presence of MSC-CM and the 

activation of the PI3K/Akt and MAPK/Erk1/2 signaling pathways was analysed by 

Western blot.  
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The PI3K/AKT pathway regulates a diverse array of cellular functions, such as cell 

growth, survival, proliferation, and movement (Hawkins et al. 2006; Brunet et al. 2001; 

Leevers et al. 1999). In the mammalian brain, apart from its functions in neuronal survival 

and differentiation (Frebel and Wiese, 2006), several studies have implicated this pathway 

in synaptic plasticity, learning, and memory, showing that activation of PI3K/AKT was 

necessary for the expression of long-term potentiation (LTP) in the dentate gyrus (Kelly & 

Lynch 2000) and CA1 region of the hippocampus (Raymond et al. 2002; Sanna et al. 

2002). On the other hand, ERK1/2, the mitogen-activated protein (MAP) kinase family 

members, is classically implicated in the regulation of various cellular functions 

(Rubinfeld & Seger, 2004). Emerging evidences have indicated that ERK1/2 signalling is 

involved a variety of neural cellular processes including cell proliferation and survival, 

neoplastic transformation, neural plasticity and differentiation  (Ishii et al., 2013; Xiao et 

al., 2012; Pernet et al., 2005). More importantly, it was shown that the pharmacological 

blockade of ERK1/2 activation leads to fewer oligodendrocytes with mature phenotypes, 

suggesting the implication of the ERK1/2 pathway in oligodendrocyte differentiation 

(Younes-Rapozo et al., 2009; Baron et al., 2000). Moreover, activation of the MAPK/ERK 

pathway could inhibit apoptosis by inducing the phosphorylation of Bax (a proapoptotic 

protein) as well as enhancing the expression of antiapoptotic Bcl-2 (Hayley et al. 2005; 

Choi et al. 2003). As a result, it was observed that the expression of phosphorylated-AKT 

and phosphorylated-ERK1/2 protein was significantly enhanced in the MSC-CM treated 

NSPCs compared to controls (Figure 24C). This data proved that the soluble factors 

secreted by the MSCs were capable of stimulating both in vivo and in vitro the activation 

of NSPCs and increased their proliferation, suggesting a neurogenic and neurprotective 

effect as well as possibly promoting an oligodendrocytic fate decision on these cells, 

therefore corroborating the initial hypothesis. 

	
  
Finally, the question remained as to which cells were responsible for the remyelinating 

effect observed in this study. Thus, to clarify whether the NSPCs from the adult SVZ were 

capable of migrate to the CC once activated to differentiate toward the oligodendrocyte 

lineage, the V-SVZ was electroporated with the pCX-GFP plasmid. Animals where 

sacrificed 20 days post electroporation (dpe) and analysed for the expression of both GFP 

and the neural progenitor cell marker Nestin. Despite the successful transfection in all 

mice, resulting in efficient plasmid uptake and gene expression (Figure 25), unfortunately 
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any GFP+ cell was detected outside of the V-SVZ cytoarchitecture. Although many 

possible explanations exist, the fact that this type of plasmids provides only transient GFP 

short-term expression is a remarkable limitation. This require that the animals are 

sacrificed less than 3 weeks after transplantation, while the first remyelinating effects 

within the CC were observed only at 2 months post-transplantation. For this reason, other 

approaches such as viral vectors or transgenic mice lines could be considered in the future 

to address this issue and obtain stable, long-term expression of GFP in these specific 

populations of cells. In conclusion, the results suggest that the NSPCs of the SVZ are 

likely to increase the numbers of OPCs in the CC, which in turn functionally remyelinate 

the damaged axons. However, the increase in myelin content could also be derived from 

resident OPCs in the CC which would be being activated, as the ventricular surface of the 

CC coincide with the dorsal pole of the LV, where the MSCs are creating a trophic factors-

enriched CSF. 
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Section II 
 

5.7 FGF8 activates proliferation and migration in mouse post-natal 
OPCs, without impairing their differentiation 

 
In this work, it was proven that FGF8 is capable of activating post-natal mouse (OPCs) in 

vitro. Proliferation, migration and finally differentiation of OPCs to mature 

oligodendrocytes were observed in vitro, indicating that this process is not hampered. 

Oligodendrocytes are known to express various FGF receptors, mainly several subtypes of 

FGFR1, FGFR2 and FGFR3 (Bansal et al., 1996). Many studies have focused on the 

expression of these receptors, as well as on the effect of FGFs on the cells, which varies 

throughout its lineage. For example, FGF2, when combined with PDGF-AA, is known to 

induce proliferation of OPCs (McKinnon et al., 1990; Bogler et al., 1990), while mature 

oligodendrocytes, in the presence of this growth factor, revert to a progenitor state 

(Grinspan et al., 1993; Fressinaud et al., 1995). This indicates a negative effect in terms of 

differentiation and myelin production using FGF2. On the other hand, another work has 

shown that OPCs cultured in the presence of FGF8 expressed significantly more MBP 

compared to FGF2 (Fortin et al., 2005), revealing a distinct effect of these two at-first 

similar growth factors. That study also shown that in oligodendrocyte cultures, while FGF2 

downregulated mature oligodendrocyte markers and induced a reverted state, this was not 

observed with FGF8. In the current work, we have further revealed that FGF8 is not only 

capable of inducing a proliferative effect on OPCs in culture (Figure 26), but is also 

capable of attracting these cells (Figure 28) and allowing their differentiation to 

myelinating oligodendrocytes (Figure 27). Thus, while FGF2 is useful in inducing OPC 

proliferation at the handicap of blocking differentiation, FGF8 seems to possess similar 

properties without this impediment.  

	
  
The mouse model used in this study, where cuprizone was added to the mice diet, results in 

a chronic, irreversible demyelinating model similar to the lesions observed in MS. If the 

cuprizone is removed prematurely (before 12 weeks), remyelination is spontaneously 

activated, which occurs in two phases: OPCs proliferation and colonization of the 

demyelinated area, and differentiation towards immature oligodendrocytes that bind to the 

demyelinated axons and mature to myelinating oligodendrocytes. This process is regulated 

by the coordinated expression of soluble factors (Chari et al., 2007). The remyelinating 

process observed by early cuprizone removal also occurs naturally in vivo. OPCs are 
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expressed throughout the adult CNS, and are capable of differentiating to mature 

oligodendrocytes when a demyelinating lesion occurs (Menn et al., 2006). However, in the 

chronic phase of MS, there is a multiple dysfunction in the activation of OPCs, which 

affects the remyelinating process (Sim et al., 2002). This may be due either to the absence 

of nearby OPCs or to their quiescence, which make them unable to react. Regardless of the 

reason, the lack of soluble factors that activate the migration and differentiation of OPCs 

may be one of the primary reasons for this failed response. Thus, for a therapeutic 

approach to be effective it must be capable of stimulating the quiescent OPCs, as well as of 

inducing their migration to the damaged area and their final differentiation. This work 

demonstrates that FGF8 may be used to this end. In conclusion, FGF8 is a morphogenetic 

factor that may be used to induce post-natal migration, proliferation and differentiation of 

OPCs. This property makes it a candidate factor to treat demyelinating disorders as an 

alternative therapy. 
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Section I 
 
Intraventricular-injection of bone marrow-derived MSCs in the cuprizone chronically 

demyelinated model: 

	
  
1. Increases the number of both OPCs and mature oligodendrocytes in the CC over 

time, without affecting the number of astrocytes. 

	
  
2. Promotes remyelination in the CC, with a functional recovery, increasing the 

conduction velocity of the myelinated fibers in the callosal axons over time. 

	
  
3. Increases the myelin sheath thickness and therefore decreases the g-ratio of the 

newly-formed myelin layers. 

	
  
4. Overexpress several trophic factor-encoding genes in the CSF, which stimulates the 

proliferation of NSPCs in the adult SVZ.  

	
  
5. MSC-CM activates both PI3K/AKT and MAPK/ERK signalling pathways in 

NSPCs in vitro, routes that participate in processes of proliferation, differentiation, 

movement and survival. 

 
Section II 
 

1. FGF8 activates post-natal mouse OPCs, inducing proliferation without impairing 

their differentiation to mature oligodendrocytes. 

 

2. FGF8 stimulates OPCs migration, exerting an attractant effect, which is mediated 

by the binding of FGF8 to its FGF receptors. 
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Abstract

Fibroblast growth factor 8 (FGF8) is a key molecular signal that is necessary for early embryonic development of the central
nervous system, quickly disappearing past this point. It is known to be one of the primary morphogenetic signals required
for cell fate and survival processes in structures such as the cerebellum, telencephalic and isthmic organizers, while its
absence causes severe abnormalities in the nervous system and the embryo usually dies in early stages of development. In
this work, we have observed a new possible therapeutic role for this factor in demyelinating disorders, such as
leukodystrophy or multiple sclerosis. In vitro, oligodendrocyte progenitor cells were cultured with differentiating medium
and in the presence of FGF8. Differentiation and proliferation studies were performed by immunocytochemistry and PCR.
Also, migration studies were performed in matrigel cultures, where oligodendrocyte progenitor cells were placed at a
certain distance of a FGF8-soaked heparin bead. The results showed that both migration and proliferation was induced by
FGF8. Furthermore, a similar effect was observed in an in vivo demyelinating mouse model, where oligodendrocyte
progenitor cells were observed migrating towards the FGF8-soaked heparin beads where they were grafted. In conclusion,
the results shown here demonstrate that FGF8 is a novel factor to induce oligodendrocyte progenitor cell activation,
migration and proliferation in vitro, which can be extrapolated in vivo in demyelinated animal models.
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Introduction

Oligodendrocyte degeneration and subsequent myelin loss is the

primary cause of multiple sclerosis and leukodistrophy, among

other demyelinating conditions. This may be due to either an

autoimmune attack (multiple sclerosis) or metabolic/genetic

defects (leukodistrophy) [1–3]. Myelin loss causes irreversible

neurological deficits, as the oligodendrocytes are crucial both for

the metabolic support of the axons [4] as well as the correct

transmission of the nerve impulse. Thus, oligodendrocyte loss

implicates neuronal degeneration.

Oligodendrocyte progenitor cells (OPCs) are located throughout

the central nervous system, which can be detected by the

expression of the proteoglycan NG2 [5,6]. These cells, after an

acute demyelinating lesion, are activated and differentiate into

mature oligodendrocytes as early as 7 days after the injury [7].

Depending on the type of demyelinating lesions, multiple sclerosis

is divided into two phases: acute and chronic. In the acute phase,

the nearby OPCs invade the lesion and remyelinate [8,9], while in

the chronic phase the migratory and differentiating mechanisms of

the progenitors are affected, resulting in sustained and progressive

demyelination [10]. This latter phase is partly due to the lack of

factors that stimulate regeneration and/or to the presence in the

lesion of molecules that inhibit remyelination [11]. In this case, the

stimulation of OPCs to migrate and differentiate by external

sources is a viable therapeutic option in order to favor neuronal

survival [12].

Previous works in our lab have proven that OPCs may be

activated and remyelination induced using bone marrow stem cells

[13]. This was due to the secretion of certain soluble factors. In this

work, we analyzed the effect that fibroblast growth factor 8 (FGF8)

may exert on the activation and differentiation of OPCs.

Fibroblast growth factors (FGFs) are a family of soluble protein

ligands that play numerous roles during embryonic development,

tissue homeostasis and metabolism. There are 22 known members,

with different receptor binding affinities and biological functions

[14–16]. Depending on the type and receptor, FGFs activate the

RAS-MAPK or PI3K-AKT pathway, promoting proliferation,

survival and/or motility in various cell types, including oligoden-

drocytes [17–23].

Of the FGFs members, FGF8 is known to be implicated in early

vertebrate brain patterning, and its inhibition causes early embryonic

death with absence of the entire mesencephalic and cerebellar

primordia [24–28], as well as important thalamic and telencephalic

malformations [29,30]. FGF8 is capable of binding to all 4 FGF
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receptors, with different affinities among them [31,32]. When the

growth factor binds to its receptor, phosphorylation of the

Extracellular signal Regulated Kinase 1/2 (ERK1/2) usually occurs,

activating the RAS-MAPK intracellular pathway [33–36].

The aim of this study is to analyze if FGF8 may exert an effect

on post-natal OPCs, both in vitro and in vivo. As this factor is a

known morphogen during embryonic development, the rationale

is that FGF8 may be used to induce the mobilization, proliferation,

and differentiation of OPCs, as well as possibly remyelination. The

results of this work may indicate a possible use for this morphogen

in therapies to induce remyelination such as in multiple sclerosis.

Materials and Methods

1 Animal experimentation
All the experiments with animals have been performed in

compliance with the Spanish and European Union laws on animal

care in experimentation (Council Directive 86/609/EEC), and

have been analyzed and approved by the Animal Experimentation

Committee of the University Miguel Hernandez and Neuroscience

Institute, Alicante, Spain (Reference IN-SM-001-12). All efforts

were made to minimize suffering. Mice were bred and maintained

in our animal facilities.

2 Oligodendrocyte progenitor cell isolation and culture
The protocol used is similar to previous publications [37–39].

Briefly, the forebrains of newborn mice were removed, diced into

1 mm fragments, digested at 37uC for 20 min with a collagenase

(1 mg/ml)/dispase (3 mg/ml) solution and mechanically dissoci-

ated. The resulting cellular suspension was then placed on poly-L-

lysine coated dishes with the following culture medium: DMEM,

15% FBS, 1% penicillin/streptomycin. After 7–10 days, the

culture consisted mainly in astrocytes with a small number of

oligodendrocyte progenitor cells (OPCs) growing on top. In order

to purify the culture, the cells were trypsinized with 0.05% trypsin

and shaken to separate the OPCs from the astrocytes. Cell

suspensions were then plated onto uncoated Petri dishes for 1 h to

further remove residual contaminating microglia/astrocytes. The

cell suspension was then replated in DMEM with 15% FBS, 1%

penicillin/streptomycin, 10 ng/ml PDGF-AA and 10 ng/ml

FGF2 for 7 days to stimulate the proliferation of OPCs. This

resulted in a cell culture of mainly OPCs. Experiments were

performed in triplicate (i.e. isolating OPCs from 3 different mice),

and a total of 4 independent experiments were performed.

3 Brdu/Proliferation Analysis, Immunocytochemistry and
Immunohistochemistry

A standard immunocytochemistry protocol was used. Twenty-

four hours before fixing the cells, 1 mg/ml of BrdU was added to

the culture to allow its incorporation. Primary antibodies used

were anti-BrdU (1:200, Dakocytomation, Denmark), anti-NG2

(1:150, Chemicon), anti-PDGFR-a (1:200, Santa Cruz Biotech-

nology), anti-Olig2 (1:500, Santa Cruz Biotechnology), anti-O4

(1:1000, Chemicon), anti-MBP (1:100, Oncogene Research

Products), and DAPI as nuclear staining. As for secondary

antibodies, Alexa Green (1:500, Molecular Probes) was used to

stain in green, while for red staining a biotinylated secondary

antibody was used (1:200, Vector Laboratories, Burmingham,

California) followed by an incubation with streptavidin conjugated

with Cy3 (1:500). Samples were visualized and images taken with a

Leica fluorescence microscope (Leica DMR, Leica Microsystems).

For immunohistochemical analysis of the in vivo experiments,

the mice were anesthetized and perfused using 4% filtered

paraformaldehyde (PFA) in phosphate buffer (pH 7.4). The brain

was carefully excised and kept in 4% PFA overnight. After

fixation, the samples were cryoprotected for 12 hours at 4uC in

15% sucrose, followed by incubation overnight in 30% sucrose.

Finally, samples were embedded in Neg 250 Frozen Section

Medium (Richard-Allan Scientific, Kalamazoo, Michigan).

Twelve micrometer transverse or longitudinal serial sections were

obtained using a Microm HM525 cryostat and mounted on seven

parallel series and processed for immunohistochemistry. Histolog-

ical samples were observed under a fluorescence microscope (Leica

DM6000D, Leica Microsystems). Micrographs were taken with

DFC350/FX and DC500 Leica cameras.

4 Quantitative Real Time PCR
Total mRNA of the cells was isolated using the Trizol protocol

(Invitrogen). A total of 5 micrograms of mRNA was reverse-

transcribed, and approximately 100 ng of cDNA was amplified by

Real Time PCR using Power SYBR Green Master mix (Applied

Biosystems). All the samples were run in triplicate using the StepOne

Plus Real-Time PCR system (Applied Biosystems) and analyzed with

the StepOne Software. Analyses were carried out using the delta C(T)

method and calculated relative to GAPDH (forward: AGGT-

CGGTGTGAACGGATTTG, reverse: GGGGTCGTTGATGG-

CAACA). The results were normalized with respect to the control

condition, which presented a value of 1, using the same approach as

in our previous report [40]. The following primers were used:

PDGFR-a (Forward: TCCATGCTAGACTCAGAAGTCA, Re-

verse: TCCCGGTGGACACAATTTTTC), NG2 (Forward: GGG-

CTGTGCTGTCTGTTGA, Reverse: TGATTCCCTTCAGG-

TAAGGCA), Olig2 (Forward: CTAATTCACATTCGGAAG, Re-

verse: AAAAGATCATCGGGTTCT).

5 Matrigel Cultures
The method used was similar to that previously published [41]. A

total of 20,000 oligodendrocyte progenitor cells were re-suspended

in 5 ml of D-MEM and 20 ml of matrigel basement membrane

matrix (BD Bioscience, 10 ml). D-MEM supplemented with 15%

FBS was used as culture medium, as in the differentiation protocol

of oligodendrocyte progenitor cells. The re-suspended cells were

spread on a tissue culture dish (Becton Dickinson Labware),

solidified during 25 min at 37uC and culture medium was added.

Afterwards the cell-matrigel was cut in small squares of 125 mm2

and put on a solidified matrigel drop. Heparin acrylic beads (Sigma)

were first rinsed in phosphate-buffered saline (PBS) four to six times

and then soaked in FGF8 solution (5000 ng/ml; R&D) at 4uC
overnight. The beads were then rinsed three times in PBS and put

on the solidified matrigel drop 500 mm from the place where cells-

matrigel was located. Control beads were soaked only in PBS and

implanted in the same manner. FGF inhibitor (SU5402) was diluted

in culture medium to a final concentration of 20 mM and soaked in

Affigel blue beads (Bio-Rad), using the same procedure as described

for FGF8-soaked beads. Then, 25 ml of a 1:1 matrigel:culture

medium mix was added, covering the drop where cells and beads

were placed. After 2 h at 37uC, culture medium was added. Finally,

24 h and 48 h afterwards, the migrating and/or non-migrating-cells

were observed under a dissecting microscope.

To confirm an FGF8-mediated attracting effect, the proximal/

distal rate was calculated in control and FGF8-embedded cultures.

This was performed similar to a previous publication [42]. Briefly,

the images of the cell clusters were analyzed by imaging software

to draw a 45u arc from the cluster towards the beads. The number

of cells counted inside this arc (proximal cells) was divided by the

number of cells outside the arc (distal cells), obtaining a proximal/

distal rate. Values greater or less than 1 indicated more or less

cells, respectively, near the bead.

Oligodendrocyte Progenitor Proliferation by FGF8
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6 Cuprizone Treatment of Mice as an In Vivo Chronic
Demyelinating Model

The approach used was similar to our previously published

report [13]. Briefly, Four-week old C3H/He mice were given a

diet with 0.2% cuprizone (w/w) for 12 weeks ad libitum in order to

obtain a chronic version of toxicity-induced demyelination, but

with the following changes. Finely-powdered cuprizone (Sigma-

Aldrich, St. Louis, MO) was dissolved in 60% tap water (w/v) with

0.5% (w/v) commercialized cane sugar. The cane sugar was added

to avoid the weight loss observed in other studies due to the

cuprizone treatment. After 12 weeks, the mice were grafted with

the FGF8-soaked beads (or culture medium in the case of sham

operated group) and returned to normal chow until their sacrifice.

7 FGF8-soaked heparin bead transplantation
The surgical procedure and coordinates used to inject the FGF8-

heparin beads was the same as our previous report [13]. Before the

surgical procedure, 0.1 mg/kg of buprenorphine (Buprex, Schering-

Plough, Madrid, Spain) was injected into the mice. Isoflurane (Esteve

Veterinary, Milan, Italy), an inhalational anesthesia, was used, and

the mice were placed on a stereotaxic apparatus (Stoelting, Wheat

Lane Wood Dale, IN, USA). The animals were monitored, and

anesthesia concentration controlled. After the injection, the incision

was sutured and the mice were monitored throughout the whole

process of experimentation. A total of 8 cuprizone-treated mice were

operated, 4 with FGF8-embedded heparin beads (at 1 mg/ml) and 4

sham controls (where PBS-soaked beads were used). After 1 month,

the mice were sacrificed.

To quantify NG2 and MBP immunoreactivity, a similar approach

as published in [13] was used. Briefly, images were taken and

changed to an 8-bit black and white image. Then, the percentage of

illuminated pixels was calculated, and compared between the

experimental groups.

8 Statistical Analysis
Statistical significance between control and experimental groups

were calculated with Sigmaplot v12.0 software, using the paired t-test

and one-way ANOVA test where applicable, establishing the level of

significance at p,0.05. Values are measured as mean +/2 standard

deviation.

Figure 1. Culture and Differentiation of Oligodendrocyte Progenitor Cells (OPCs). A) OPCs cultured for 3 days after extraction on poly-L-
lysine coated culture dishes. Numerous astrocytes are present. B) OPCs after passaging and expanding in the presence of FGF2 and PDGF-AA, to
induce proliferation and maintenance of the OPCs. C) OPCs cultured in differentiation inducing medium for 7 days. Mature oligodendrocytes appear
in the culture. D) OPCs cultured for 7 days in the differentiating medium and FGF8. All images taken at 100X magnification. E–G)
Immunocytochemistry of OPCs in undifferentiating medium (E), differentiation inducing medium (F), and in the presence of FGF8 (G), staining for
Olig2 (in green) and DAPI for nuclear staining (in blue). H) Histogram presenting the percentage of Olig2+ cells in the various cultures observed in E–
G. Percentages are with respect to the total number of cells, calculated by DAPI staining. I–K) Immunocytochemistry of NG2+/Brdu+ cell in
undifferentiating medium (I), differentiation inducing medium (J), and in the presence of FGF8 (K). L) Histogram presenting the percentage of NG2+/
BrdU+ cells in the different cultures, with respect to the total number of cells. *p,0.05 (paired t-test), n = 4. Scale Bar indicates 150 mm for A–D and
100 mm for E–G and I–K.
doi:10.1371/journal.pone.0108241.g001
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Results

1 FGF8 Increases Proliferation in Cultured
Oligodendrocyte Progenitor Cells (OPCs)

The OPCs were isolated from P0–P2 newborn mice and

cultured on poly-L-lysine coated culture dishes. The initial culture

was a mixture of astrocytes, OPCs and other cell types, the OPCs

being mainly detected on top of the astrocytes (Figure 1A). After 7

days of culture, the cells were treated with trypsin and shaken in

order to detach the OPCs and re-plated onto new culture dishes,

where they were further expanded using mitogens PDGF-AA and

FGF2 (Figure 1B). In this fashion, after an additional 7 days of

culture the majority of the cells detected corresponded to OPCs, as

indicated in previous publications [35–37].

In order to induce OPCs differentiation, the culture medium was

changed removing the mitogens and adding fetal bovine serum,

resulting in spontaneous differentiation (Figure 1C). Mature oligo-

dendrocytes could be detected after 7 days of culture, observed as

Figure 2. Oligodendrocyte progenitor cell differentiation with and without FGF8. A) Immunocytochemistry of NG2+/Olig2+, PDGFR-A+/
Olig2+ and O4+ cells in the undifferentiated, differentiating and FGF8 culture media. In all images, blue staining corresponds to the nuclei (DAPI).
Scale bar indicates 50 mm. B) Histogram depicting the percentage of cells in the different cell cultures staining for markers analyzed in A. Percentages
are with respect to the total number of cells. C) Histogram depicting the results from the quantitative PCR analysis of the different cell cultures. *p,
0.05, **p,0.01, ***p,0.001 (paired t-test in B, one way-ANOVA in C), n = 4.
doi:10.1371/journal.pone.0108241.g002
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cells with many small prolongations. In the experimental procedure

with FGF8, this factor was added to the culture using the same

differentiation medium (Figure 1D). Independently of the treat-

ment, the cultures were mainly composed of oligodendrocytes, as

analyzed by Olig2 staining (Figure 1E–H). In the cultures with

FGF8, an increased number of cells were detected compared to the

other treatments, despite performing the cultures with the same

initial number of cells. To corroborate that FGF8 induced

proliferation, BrdU was incorporated to the culture 24 hours before

fixing, and then immunocytochemistry for BrdU and double-

stained with NG2+ (an oligodendrocyte progenitor cell marker) to

confirm that only oligodendrocytes were counted (Figure 1I–L). As

a result, the oligodendrocyte progenitor cell cultures where FGF8

was added presented a marked increase in proliferation, even more

so than in the undifferentiated cultures (Figure 1H). This confirmed

that FGF8 induced the proliferation of OPCs.

2 FGF8 Upregulates the Expression of Early
Oligodendrocyte Progenitor Cell Markers

As proliferation is enhanced, it is possible that differentiation

may be hampered in turn. To confirm this, immature oligoden-

drocytic and oligodendrocyte progenitor cell markers NG2 and

PDGFR-a, oligodendrocyte marker Olig2 and mature oligoden-

drocyte marker O4 were analyzed (Figure 2A). As a result, the

percentage of cells positive for PDGFR-a and Olig2 was lower in

the differentiated cultures, compared to the undifferentiated and

FGF8 treatments (Figure 2B). As for O4, which begins to be

expressed during oligodendrocyte maturation, coinciding with the

loss of expression of NG2 and PDGFR-a [43], was increased in

the differentiated and FGF8 treatments. This data was corrobo-

rated by QPCR (Figure 2C), indicating that the differentiated

treatment resulted in less immature oligodendrocytes and OPCs,

coinciding with more mature oligodendrocytes.

It is interesting to note that FGF8 treatment presented both

more immature and mature markers. The composition of this

culture medium was the same medium used for differentiation,

except for the growth factor. Therefore, this data seems to indicate

that FGF8 induces proliferation, resulting in more OPCs in

culture, and does not hamper differentiation, which in turn results

in more mature oligodendrocytes in the culture.

3 FGF8 Induces the Migration of Oligodendrocyte
Progenitor Cells

Undifferentiated OPCs were placed on matrigel cultures to

perform migration assays. To this end, a heparin bead previously

soaked in FGF8 solution (500 ng/ml) was placed 0.5 mm away from

the cluster of OPCs, while a PBS-soaked bead was used as control

(Figure 3A–C). Twenty four hours afterwards, outgrowths were

observed from the OPCs, the majority of which were detected in the

direction of the FGF8-soaked bead (Figure 3B). The cultures were

maintained and observed after 48 and 72 hours, with similar results

(Figure 3C), the OPCs reaching the heparin bead. To confirm the

attracting effect of FGF8, proximal/distal analysis was performed on

the cultures (Figure 3D). The cultures where FGF8-soaked beads

were used presented a significantly higher proximal/distal ratio than

control cultures where PBS was used. Specifically, a 2-fold increase in

cells was detected near the beads than in distal areas of the cell

clusters. Therefore, the results indicated a predominantly migrating,

attracting effect induced by FGF8.

In order to confirm this migrating property, the FGF-receptor

inhibitor SU5402 was used in the cultures to counteract the effect

of FGF8 (Figure 3E–G). In this case, two beads were used, on one

side of the cluster of OPCs, a FGF8-soaked bead was placed, while

on the other end a bead soaked in the inhibitor. As control of the

inhibitor a PBS-soaked bead was used (Figure 3H). As a result,

after 48 hours of culture, in the side of the OPCs where the

SU5402-soaked bead was placed, no cell sprouting or migration

was detected (Figure 3F). In the other side of the cluster, nearest

the FGF8-soaked bead, numerous cell outgrowths were present

(Figure 3G), indicating that the OPCs were stimulated by the

FGF8 but the inhibitor managed to halt further migration. In the

cases where PBS was used instead of the inhibitor, migration of the

OPCs was observed as in the previous results (Figure 3H).

Overall, the results demonstrated that FGF8 is capable of inducing

oligodendrocyte progenitor cell migration, exerting and attracting

effect, and is mediated by the binding of FGF8 to FGF receptors.

Figure 3. Matrigel cultures of OPCs. A) Oligodendrocyte progenitor cell matrigel culture where a PBS-soaked bead was placed 0.5 mm away
from the cell cluster. Image taken at 40X magnification. B–C) OPCs where a cluster of cells migrating towards a FGF8-soaked bead can be observed. D)
Histogram depicting the oligodendrocyte progenitor cell proximal/distal rate in control cultures and where FGF8 was included. *p,0.01 (paired t-
test, n = 4). (E–G) Matrigel cultures where on one side a FGF8-soaked bead was placed and on the other side a FGF8 inhibitor. (F, G) Close-up images
of the areas near the inhibitor-soaked bead (F) or near the FGF8-soaked bead (G). H) OPCs where a FGF8-soaked bead was placed and on the other
side a PBS-soaked bead, as control of the inhibitor. Scale bar indicates 500 mm for (A–C, D, H) and 200 mm for (F, G). All images were taken 48 hours
after culture.
doi:10.1371/journal.pone.0108241.g003

Oligodendrocyte Progenitor Proliferation by FGF8

PLOS ONE | www.plosone.org 5 September 2014 | Volume 9 | Issue 9 | e108241



4 Transplantation of FGF8-Soaked Beads Activates the
Migration of Oligodendrocyte Progenitor Cells In Vivo,
Exerting an Attracting Effect

In order to confirm if the results observed in vitro can be

extrapolated in vivo, as well as analyze if FGF8 may be used as a

therapeutic tool in inducing remyelination, mice were treated with

cuprizone for 12 weeks to induce a chronic demyelinating

condition, similar to previous studies [13,44,45]. Then, FGF8-

soaked heparin beads were grafted on one side of the fimbria

closest to the corpus callosum, while in the other side a PBS-

soaked bead was grafted. As a result, 1 month after transplanta-

tion, an increase in NG2 positive cells was detected in the area

where the beads were transplanted, some of which were

surrounding the beads (Figure 4A). The side where PBS-soaked

beads were used, on the other hand, presented lower NG2

Figure 4. In Vivo Transplantation of FGF8-soaked beads in Chronically Demyelinated Mice. A) FGF8-soaked heparin beads (seen in
green) surrounded by NG2-positive cells (in red. B) Control experiment where PBS-soaked beads were transplanted. C) Histogram depicting the
percentage of NG2 immunoreactivity in the area injected with the heparin beads. The red bar indicates the percentage in the case FGF8-soaked
beads was used, while the blue bar indicates the sham control. D) NG2 immunoreactivity in the corpus callsoum and cortex in the area near the PBS-
soaked beads. E) NG2 immunoreactivity in the corpus callsoum and cortex in the area near the FGF8-soaked beads. F, G) MBP immunoreactivity in the
area near the PBS or FGF8-soaked beads, respectively. H) Histogram depicting the percentage of MBP immunoreactivity in the area injected with the
PBS- (blue bar) or FGF8- (red bar) soaked heparin beads. Scale bar measures 50 mm. *p,0.01 (paired t-test), n = 4.
doi:10.1371/journal.pone.0108241.g004
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immunoreactivity in the area compared to the group where FGF8-

soaked beads were grafted (Figure 4B, C).

Also, both NG2 and MBP (oligodendrocyte progenitor cell and

mature oligodendrocyte markers, respectively) immunoreactivity

were detected in the corpus callosum near the area where the

FGF8-soaked beads were grafted, which was not detected in the

side where PBS-soaked beads were used (Figure 4D–H). Thus,

FGF8-mediated stimulus was capable of reaching the corpus

callosum from the fimbria.

Discussion

In this work, we have proven that FGF8 is capable of activating

post-natal mouse oligodendrocyte progenitor cells (OPCs) both

in vitro and in vivo. Proliferation and migration of OPCs, as well

as their differentiation to mature oligodendrocytes was also

observed in vitro, indicating that this process is not hampered.

Oligodendrocytes are known to express various FGF receptors,

mainly several subtypes of FGFR1, FGFR2 and FGFR3 [46].

Many works have focused on the study of the expression of these

receptors, as well as the effect FGFs have on the cells, which varies

throughout its lineage. For example, FGF2, when combined with

PDGF-AA, is known to induce proliferation in OPCs [47,48],

while mature oligodendrocytes in the presence of this growth

factor revert to a progenitor state [49,50]. This indicates a negative

effect in terms of differentiation and myelin production using

FGF2. On the other hand, another work has shown that OPCs

cultured in the presence of FGF8 expressed significantly more

MBP compared to FGF2 [51], revealing a distinct effect of these

two at-first similar growth factors. This same article also

demonstrated that in oligodendrocyte cultures, while FGF2

downregulated mature oligodendrocyte markers and induced a

reverted state, this was not observed with FGF8. In our work, we

have further demonstrated FGF8 is not only capable of inducing a

proliferative effect on OPCs in culture, but is also capable of

attracting these cells and allowing their differentiation to

myelinating oligodendrocytes. Thus, while FGF2 is useful in

inducing OPC proliferation at the handicap of blocking differen-

tiation, FGF8 seems to possess similar properties without this

impediment.

The mouse model used in this study, where cuprizone was

added to the mices diet, results in a chronic, irreversible

demyelinating model similar to the lesions observed in multiple

sclerosis. If the cuprizone is removed prematurely (before the 12

weeks), remyelination is spontaneously activated, which occurs in

two phases: OPCs proliferation and colonization of the demye-

linated area, and differentiation towards immature oligodendro-

cytes that bind to the demyelinated axons and mature to

myelinating oligodendrocytes. This process is regulated by the

coordinated expression of soluble factors [52].

The remyelinating process observed by early cuprizone removal

also occurs naturally in vivo. OPCs are expressed throughout the

adult central nervous system, and are capable of differentiating to

mature oligodendrocytes when a demyelinating lesion occurs [6].

However, in the chronic phase of multiple sclerosis, there is a

multiple dysfunction in the activation of OPCs, which affects the

remyelinating process [53]. This may be due to either an absence

of nearby OPCs or that they are quiescent and cannot react.

Regardless of the reason, the lack of soluble factors that activate

the migration and differentiation of OPCs may be one of the

primary reasons for this failed response. Thus, for a therapeutic

approach to be effective it must be capable of stimulating the

quiescent OPCs, as well as induce their migration to the damaged

area. This work demonstrates that FGF8 may be used to this end.

In conclusion, FGF8 is a morphogenetic factor that may be used

to induce post-natal migration, proliferation and differentiation of

oligodendrocyte progenitor cells. This property makes it a

candidate factor that may be used in demyelinating disorders.
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Aims: To develop a low-risk, little-invasive stem cell-based method to treat acute 
spinal cord injuries. Materials & methods: Adult mice were submitted to an incomplete 
spinal cord injury, and mesenchymal stem cells injected intramuscularly into both 
hindlimbs. Behavior tests and MRI of the spinal cord were periodically performed 
for up to 6 months, along with immunohistochemical analysis. Immunohistochemical 
and PCR analysis of the muscles were used to detect the grafted cells as well as the 
soluble factors released. Results: The stem cell-treated mice presented significant 
improvements in their motor skills 5 months after treatment. Spinal cord repair was 
detected by magnetic resonance and immunohistochemistry. In the hindlimb muscles, 
the stem cells activated muscle and motor neuron repair mechanisms, due to the 
secretion of several neurotrophic factors. Conclusion: Bone marrow mesenchymal 
stem cell injection into hindlimb muscles stimulates spinal cord repair in acute spinal 
cord lesions.

Keywords: bone marrow • intramuscular injection • in vivo cell tracking • mesenchymal stem 
cells • muscle regeneration • neurotrophic factors • spinal cord injury • spinal cord repair

Spinal cord injury (SCI) is a severe and 
debilitating clinical condition that affects 
thousands of victims around the world annu-
ally, many of whom become permanently 
disabled, and severely affects quality of life 
[1]. The only clinically proven therapy for 
SCI is using methylprednisolone, a glucocor-
ticoid that controls the inflammatory process 
locally and has only a marginal effect on the 
recovery if used early after injury, and has 
been associated with important side effects 
[2–5]. Thus, it is necessary to search for new 
therapeutic approaches to treat SCI patients, 
as well as expand existing knowledge on the 
cellular and molecular aspects of the disorder.

SCI can be separated into two phases: an 
initial acute phase, which eventually becomes 
chronic [6,7]. While in the acute phase there 
are limited autoregenerative capabilities, 
at the chronic stage the damage is irrevers-
ible. Thus, many therapeutic strategies 
consider treating the initial phase, in order 
to ameliorate the final outcome. There are 

numerous strategies currently being inves-
tigated, one of them being the use of adult 
stem cells. The use of adult stem cells, such 
as those found in the bone marrow including 
both populations (hematopoietic and mesen-
chymal stem cells), has been extensively stud-
ied in animal models, demonstrating their 
ability to reduce inflammation, promote 
remyelination, neuronal regeneration, axonal 
outgrowth and ultimately functional recov-
ery [8–23]. Furthermore, autologous bone 
marrow mononuclear cells or pre-isolated and 
expanded mesenchymal stem cells have been 
used in initial clinical trials, with a certain 
degree of functional improvement  [24–27]. 
However, the neurological improvements to 
date have been modest.

The scientific rationale for the use of bone 
marrow stem cells in SCI is mainly based 
on the anti-inflammatory, neuroprotective 
and/or regenerative properties of the grafted 
cells. In the first case, mesenchymal stem cells 
are known to be immunosuppressive  [28–31]. 

Stem cell injection in the hindlimb skeletal 
muscle enhances neurorepair in mice with 
spinal cord injury

Pablo Cruz-Martinez‡,1, 
Diego Pastor‡,2,, Alicia 
Estirado1, Jesus Pacheco-
Torres1, Salvador Martinez1,3 
& Jonathan Jones*,1

1Neuroscience Institute, University Miguel 

Hernández (UMH-CSIC), San Juan, 

Alicante, Spain 
2Sports Research Center, University 

Miguel Hernández, Elche, Spain 
3IMIB-Hospital Universitario Virgen 

de la Arrixaca, University Murcia, 

Murcia, Spain 

*Author for correspondence:  

jon@umh.es 
‡Authors contributed equally

For reprint orders, please contact: reprints@futuremedicine.com



580 Regen. Med. (2014) 9(5) future science group

Research Article   Cruz-Martinez, Pastor, Estirado, Pacheco-Torres, Martinez & Jones

This reduces the inflammatory response to the injury 
and in turn reduces the size of the cavity formed, as well 
as reducing astrocytic and microglial activation [32].

The neuroprotective and regenerative properties of 
mesenchymal stem cells mainly derives from their abil-
ity to produce and secrete numerous trophic factors, 
exerting a paracrine effect on the surrounding tissue. 
For example, the secretion of brain derived neuro-
trophic factor (BDNF), nerve growth factor (NGF) 
and vascular endothelial growth factor (VEGF) are 
known to stimulate neuronal sprouting and axonal 
outgrowth [33,34]. The expression of other factors such 
as ninjurin 1 and 2, netrin 4, Neural Cell Adhesion 
Molecule (NCAM), Robo1 and Robo4 are known to 
be implicated in neuronal migration and axonal regen-
eration [33,35]. Furthermore, mesenchymal stem cells 
are capable of removing potentially damaging debris 
that appears after a spinal cord lesion, such as matrix 
metalloproteinases I and MMP2 [36–38]. Thus, mesen-
chymal stem cell injection is a potentially useful tool 
for SCI treatment. However, direct, intraspinal stem 
cell injection poses certain problems. For example, 
the inflammation and hemorrhage present during the 
acute phase of a spinal cord lesion may be a danger-
ous niche for the stem cell engraftment, causing their 
death before their trophic activity may be in effect. 
Furthermore, it is very difficult to perform the surgical 
procedure during this phase, aggravating the injury. 
Therefore, a less invasive intervention may be neces-
sary to guarantee stem cell survival and subsequent 
spinal cord regeneration.

One possible method to exert a possible regen-
erative/repair effect on the damaged spinal cord is to 
inject bone marrow-derived mesenchymal stem cells 
into the muscle tissue instead of directly in the spinal 
cord. This has been performed both by other groups 
as well as in our lab using amyotrophic lateral sclerosis 
mouse models [39,40]. In these works, the bone marrow-
derived stem cells released neurotrophic factors, such as 
glial-derived neurotrophic factor (GDNF), which were 
captured by the axon terminals of the neuromuscular 
plates and retrogradely transported into the neuronal 
cell body of the spinal cord. Once in the spinal cord, 
the soluble factors rescued the degenerating motor neu-
rons by activating antiapoptic proteins and inducing 
prosurvival mechanisms.

The aim of this current study is to confirm if the 
same effect observed in the amyotrophic lateral scle-
rosis models commented on previously can also be 
extrapolated to spinal cord lesions. To this end, the 
mesenchymal stem cells will be transplanted into the 
hindlimb muscles of mice submitted to a thoracic, 
incomplete lesion, allowing a certain degree of recov-
ery. The results of this work will demonstrate that a 

simple surgical intervention, such as autologous bone 
marrow transplantation into skeletal muscle tissue, is 
capable of enhancing motor neuronal survival, and 
ultimately the motor function recovery.

Materials & methods
Animal care
All the experiments with animals have been performed 
in compliance with the Spanish and European Union 
laws on animal care in experimentation (Council 
Directive 86/609/EEC), and have been analyzed and 
approved by the Animal Experimentation Committee 
of the University Miguel Hernandez and Neurosci-
ence Institute, Alicante, Spain. All efforts were made 
to minimize suffering. Mice were bred and maintained 
in our animal facilities. Two- to three-month-old 
C57/B6 mice were used as experimental mice for the 
SCI. For the mesenchymal stem cells, the bone marrow 
of 2- to 3-month-old green fluorescent protein (GFP) 
transgenic mice were used.

Spinal cord injury
The SCI was induced using a similar approach reported 
in [41]. Briefly, a laminectomy of the thoracic vertebra 
segment 9 was performed without damaging the dura-
mater. A bilateral clamp, using a laminectomy forceps 
(Fine Science Tools, Heidelberg, Germany) compress-
ing the sides of the spinal cord but leaving 0.5  mm 
of space in between, was performed for 30  s on the 
exposed spinal cord, then removed and skin sutured. 
Before performing the surgical procedure, 0.1 mg/kg 
of buprenorphine (Buprex, Schering-Plough, Madrid, 
Spain) was injected into the mice. Isoflurane (Esteve 
Veterinary, Milan, Italy), an inhalational anesthesia, 
was used, and the mice was placed on a stereotaxic 
apparatus (Stoelting, Wheat Lane Wood Dale, IN, 
USA). The animal was monitored, and anesthesia 
concentration was controlled.

For the hindlimb surgical intervention, performed 
immediately after the spinal cord lesion, the hindlimb 
muscles were exposed and 10  μl of either culture 
medium (sham control) or 1 million mesenchy-
mal stem cells (TX-MSC) were injected, in a similar 
approach as our previous publication [40].

Bone marrow extraction & mesenchymal stem 
cell culture
Two- to three-month-old GFP-mutant mice were sacri-
ficed by cervical dislocation and the femurs dissected. 
The procedure used was similar to our previous works 
[42,43]. Bone marrow was extracted from the femurs 
and dissociated mechanically to obtain a single-cell 
suspension. Then, the cells were washed, centrifuged 
and resuspended in culture medium, which consisted 
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in D-MEM (Invitrogen) supplemented with 15% FBS 
(Biochrom AG, Berlin, Germany), and 100 U/ml pen-
icillin/streptomycin (Sigma-Aldrich, St Louis, MO, 
USA). The cells were then placed in culture flasks 
to isolate the plastic-adherent cell population. The 
culture medium was changed twice a week and the 
cells replated when needed, for a total of 3–4 weeks 
in culture (passage 4–5) to obtain the necessary cell 
number.

Behavior tests
Treadmill and footprint tests were performed on a 
monthly basis similar to our previous work [44]. The tests 
were performed on a monthly basis for up to 6 months 
after the surgical intervention. A total of 12 control and 
12 experimental mice were used for this test.

The treadmill test consisted of placing the mouse in 
a lane that pushed the animal to a shock grid (0.4 mA). 
In this manner, the animal must run to avoid the 
shock. Each mouse was placed on the treadmill five 
times, with adequate rests between trials, in order to 
obtain the average maximum speed.

In the case of the footprint test, the hindlimb paws 
were painted and the mouse placed on a dark tube with 
a large dark box in the end. A 60-cm strip of paper was 
placed under the tube, so that when the animal walked 
towards the box, its footprints were left on the paper. 
Stride length was measured as the distance from the 
tips of the toes of one paw to the following step, and 
the average of ten distances was calculated per trial.

MRI
For the MRI experiments, mice were anesthetized in 
an induction chamber with 3–4% isoflurane in medi-
cal air and maintained with 1–2% isoflurane during 
the process. Anesthetized animals were placed in a 
custom-made animal holder with movable bite and ear 
bars and positioned fixed on the magnet chair. This 
allowed precise positioning of the animal with respect 
to the coil and the magnet and avoided movement arti-
facts. The body temperature was kept at approximately 
37°C using a water blanket and the animals were mon-
itored using a MRI-compatible temperature control 
unit (MultiSens Signal conditioner, OpSens, Quebec, 
Canada). Experiments were carried out in a horizon-
tal 7 T scanner with a 30-cm diameter bore (Biospec 
70/30v, Bruker Medical, Ettlingen, Germany). The 
system had a 675 mT/m actively shielded gradient coil 
(Bruker, BGA 12-S) of 11.4 cm inner diameter. A 1H 
rat brain receive-only phase array coil with integrated 
combiner and preamplifier, no tune/no match, in 
combination with the actively detuned transmit-only 
resonator (Bruker BioSpin MRI GmbH, Germany) 
was employed. Data were acquired with a Hewlett-

Packard console running Paravision software (Bruker 
Medical GmbH, Ettlingen, Germany) operating on a 
Linux platform.

T2-weighted anatomical images to position the ani-
mal were collected in the three orthogonal orientations 
using a rapid acquisition relaxation enhanced sequence 
(RARE), applying the following parameters: field of 
view 40  ×  40  mm, 15 slices, slice thickness 1  mm, 
matrix 256 × 256, effective echo time 56 ms, repeti-
tion time 2 s, RARE factor of 8, 1 average and a total 
acquisition time of 1 min 4 s [45–47].

To quantify the rate of spinal cord repair, the aver-
age illuminated pixel density of the lesion in each 
mouse was calculated and normalized to the average 
illuminated pixel density of an adjacent region of the 
spinal cord. The average illuminated pixel density was 
calculated using image processing software (ImageJ, 
National Institute of Health [NIH], USA). In this 
manner, a value of 1 would indicate that the pixel den-
sity of the lesion and adjacent spinal cord was the same, 
while below and above 1 would indicate that the lesion 
was darker or lighter, respectively. The spinal cord 
lesion in the MRI was observed as a darkened region, 
thus, the relative value obtained would be below 1.

Immunohistochemistry
The mice were anesthetized with isoflurane and spinal 
cords fixed with 4% paraformaldehyde in phosphate 
buffer (pH 7.4) overnight. After fixation, the spinal 
cords were placed in Osteosoft (Merck Millipore) 
solution for 5 days, in order to decalcify the vertebrae. 
Then, the tissue was placed in paraffin and transverse 
sections of 16  μm were obtained and mounted on 
slides. Only the sections where the SCI was performed 
(at the T9 level) were studied.

First, the tissue samples were permeabilized with 
0.25% triton, then incubated at room temperature in 
PBS with 10% goat serum and 5% bovine albumin 
to block nonspecific binding of the primary antibody. 
Afterwards, the slides were incubated overnight with 
one of the following primary antibodies: mouse or rab-
bit anti-GFP (1:200, Molecular Probes, OR, USA), 
mouse anti-Tuj1 (1:1000, Covance Madrid, Spain), 
rat anti-GFAP (1:500, Calbiochem, Merck Milli-
pore, Billerica, MA, USA), rabbit anti-BDNF (1:200, 
Santa Cruz Biotechnology, CA, USA), and sheep anti-
neurotrophin-3 (NT-3) and anti-neurotrophin-4/5 
(NT-4/5) (1:100 in both cases, Chemicon/Millipore, 
MA, USA). The slides were then incubated with one 
of the following secondary antibodies: anti-mouse 
Alexa Fluor 488 (1:500, Molecular Probes, Life Tech-
nologies, Madrid, Spain) for GFP, and biotinylated 
secondary antibodies for the rest (1:200, Vector Labo-
ratories, CA, USA), which were then incubated with 
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streptavidin conjugated with Cy3 (1:500). For nuclei 
staining DAPI (Molecular Probes, Life Technologies, 
Madrid, Spain) was used. In samples where DAB stain-
ing was used instead of immunofluorescence, second-
ary antibodies conjugated with peroxidase were used 
and the tissue counterstained with cresyl violet (Acros 
Organics, Belgium). The slides were then analyzed 
using a Leica fluorescence microscope and images 
taken using the system ś image software (Leica DMR, 
Leica Microsystems, Barcelona, Spain).

For motor neuron counting, a total of 10 sections 
were used per mouse and group (sham- and stem cell-
treated mice, at 2, 4 and 6 months) staining for Tuj1, 
a motor neuron marker. The average number of motor 
neurons per section was calculated per group.

Conventional & real-time, quantitative PCR
Total mRNA of the cells was isolated using the Trizol 
protocol (Invitrogen Life Technologies, Spain). In the 
case of standard PCR analysis, the mRNA was reverse-
transcribed using the Quantitect Reverse Transcrip-
tion kit (QIAGEN), processed with the QIAGEN 
Multiplex PCR kit, and run on the QIAxcel apparatus. 
For real-time PCR, mRNA was reverse-transcribed to 
cDNA and amplified using Power SYBR Green Master 
mix (Applied Biosystems Foster City, CA, USA). The 
samples were analyzed in triplicate using the StepOne 
Plus Real-Time PCR system (Applied Biosystems, Fos-
ter City, CA, USA). Quantification was performed 
using the DC(T) method relative to GAPDH (for-
ward: AGGTCGGTGTGAACGGATTTG; reverse: 
GGGGTCGTTGATGGCAACA), and normalized 
with respect to control conditions, as in previous 
reports [43]. The primer sequences used were taken from 
the PrimerBank webpage [57], while the muscle mark-
ers were taken from a previous publication [48]: NT4 
(forward: TGAGCTGGCAGTATGCGAC; reverse: 
CAGCGCGTCTCGAAGAAGT), BDNF (forward: 
TCATACTTCGGTTGCATGAAGG; reverse: GTC-
CGTGGACGTTTACTTCTTT), NT3 (forward: 
AGTTTGCCGGAAGACTCTCTC; reverse: GGGT-
GCTCTGGTAATTTTCCTTA), GFP (forward: 
CTGCTGCCCGACAACCA; reverse: GAACTCCA
GCAGGACGACGACCATGTG), Nnt (forward: 
GGGTCAGTTGTTGTGGATTTAGC; reverse: 
GCCTTCAGGAGCTTAGTGATGTT), Snx10 (for-
ward: AGAGGAGTTCGTGAGTGTCTG; reverse: 
CTTTGGAGTCTTTGCCTCAGC), Ankrd1 
(forward: GCTGGTAACAGGCAAAAAGAAC; 
reverse: CCTCTCGCAGTTTCTCGCT), Rtn4 
(forward: TGCCTTCATTGTTTGTCGGG; 
reverse: TTCCTAGCTGCTGATAGGCGA), Mt2 
(forward: GCCTGCAAATGCAAACAATGC; 
reverse: AGCTGCACTTGTCGGAAGC), Myf5 

(forward: AAGGCTCCTGTATCCCCTCAC; 
reverse: TGACCTTCTTCAGGCGTCTAC), Mef2c 
(forward: ATCCCGATGCAGACGATTCAG; 
reverse: AACAGCACACAATCTTTGCCT), Myog 
(forward: CTGTTTAAGACTCACCCTGAGAC; 
reverse: GGTGCAACCATGCTTCTTCA).

Statistical analysis
Statistical significance between control and experimen-
tal groups was calculated with Sigmaplot v.12.0 software 
(Systat Software, San Jose, CA, USA), using the one-
way ANOVA test, establishing the level of significance 
at p < 0.05. Values are measured as mean ±  standard 
deviation.

Results
Stem cell injection into the hindlimb muscles improves 
motor functions in mice with SCI.

The mice were submitted to the surgical intervention 
after SCI and separated into two groups: control mice 
where only culture medium was injected (sham) and the 
experimental group which was injected with 106 bone 
marrow-derived mesenchymal stem cells isolated from 
GFP-transgenic mice (TX MSC). The culture medium 
or stem cells, depending on the experimental group, were 
injected into the quadriceps femoris of the mice, with a 
total volume of 10 μl in each limb. After the treatment, 
the mice were analyzed on a monthly basis, submitting 
them to behavior tests and analyzed by MRI. In the 
case of the behavior tests, two tests were performed, 
treadmill and footprint. Since the crushing injury that 
was performed on the mice resulted in an incomplete 
lesion of the spinal cord, the mice retained at least part 
of their hindlimb motor skills. In the case of the sham 
controls, there was no indication of improvement in 
either of the two behavior tests performed (Figure 1A). 
The histograms are represented as the relative value 
with respect to the scores obtained from each mouse in 
the first month. The scores obtained from each mouse 
in the behavior tests vary greatly from each other; thus, 
to study the progress of the mice, each one is studied 
individually. To this end, the scores obtained by each 
mouse in the behavior tests are divided by the initial 
score (obtained in the first month), obtaining a rela-
tive value (as shown in Figure 1A), so that if the scores 
obtained in the consecutive months were greater than 1, 
this indicated that the mouse presented improvements 
in the behavior tests compared to the initial value, and 
vice versa (i.e., a relative value below 1 indicated that 
the mice worsened).

In the first analysis of the footprint test, performed 
1 month after the surgical intervention, the footprints 
were mostly incomplete, with the mice mainly dragging 
one or both hindlimbs throughout the test (Figure 1B). 
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Figure 1. Results of the treadmill and footprint tests. (A) Histograms depicting the results obtained from the 
treadmill (maximum speed attained) and footprint (stride length) tests. The blue bars represent the sham 
controls, which were compared with the mesenchymal stem cell-treated group depicted in red (n = 12 in each 
group). Both groups were compared to the values obtained in the first month analyzed, which was normalized 
to 1, so that values above and below 1 indicate improvement or loss of motor skills, respectively. (B & C) Image 
taken from a sham control (B) and a mesenchymal stem cell-treated mouse (C) of the footprint assay at the first 
and last month of the study. In the first analysis, both groups showed clear loss of proper walking skills, with few 
complete footprints. At 6 months, the sham control presented a small degree of improvement, while the stem 
cell-treated mouse presented an almost normal walking ability. 
*p < 0.05. 
MSC: Mesenchymal stem cell. 
For color images please see online www.futuremedicine.com/doi/full/10.2217/rme.14.38
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However, 6  months after the intervention, the foot-
prints were more pronounced with a larger number 
of complete footprints, although the stride length 
remained unchanged.

In the case of the mice treated with mesenchy-
mal stem cells, there was a significant improvement 
compared with initial values (scores obtained in the 
first month of analysis) at 5–6 months after the inter-
vention (Figure 1A & C). This was observed both in the 
treadmill and the footprint tests. In the latter case, 
at 1 month postintervention the same paw-dragging 
and incomplete footprints were observed. However, at 
6 months, the footprints were almost as those observed 

in healthy mice, in terms of the full footprint (palm 
and fingers), with little to no dragging.

Mesenchymal stem cells accelerate spinal cord 
repair
MRI was used to analyze the progression of the 
injury in the spinal cord during the whole time of 
experimentation, on a monthly basis. The injury 
could be observed as a darkened region in the spi-
nal cord, corresponding to a thinning of the dam-
aged area (Figure 2A). Initially the images observed 
in both experimental groups were very similar; how-
ever, as the  months passed, the spinal cords of the 
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Figure 2. MRI and histological analysis of the spinal cords (see facing page). (A) MRI images taken from a TX 
MSC and sham control mice, at different time points up to 6 months after the surgical treatment. The top images 
of each group correspond to horizontal sections and the bottom images to sagittal sections. (B) MRI density 
analysis of the images taken at the different time points. In the histogram, relative quantity is the average 
illuminated pixel density of the lesion with respect to nearby healthy spinal cord. n = 12 in each group. (C) 
Immunohistochemical images of TX MSC at 2, 4 and 6 months (sham-injected mice also shown at 6 months) after 
the spinal cord lesion and stem cell injection, staining for GFAP and Tuj1 and counter-stained with violet-cresyl. 
Images taken at 100×. (D) Histogram depicting the number of motor neurons detected (Tuj1+) per section in the 
sham and treated groups. n = 4 in each group. 
*p < 0.05. 
TX-MSC: Mesenchymal stem cell treated mice. 
For color images please see online www.futuremedicine.com/doi/full/10.2217/rme.14.38
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mice treated with mesenchymal stem cells seemed 
to visually improve, with a progressively smaller 
darkened/damaged region. To quantify the pos-
sible regeneration of the spinal cord, the illuminated 
pixel density was calculated in the damaged region 
and normalized with nearby healthy spinal cord of 
the same mice (Figure 2B). Initially, both sham- and 
stem cell-treated groups presented similar values. 
However, the stem cell-treated mice presented pro-
gressively higher values after each passing month, 
these values being significant compared with sham 
controls at 5 months after the surgical intervention. 
At 6  months, the average illuminated pixel density 
values of the lesion compared to the adjacent spinal 
cord in the stem cell-treated mice were very similar. 
The values obtained in the sham controls, on the 
other hand, did not significantly change throughout 
the whole time of experimentation.

Immunohistochemical analysis was performed at 
2, 4 and 6 months postintervention in both sham- and 
stem cell-treated mice. The spinal cords showed clear 
signs of mechanical damage in both groups of mice, 
including posterior horn destruction, the presence of 
cavities and neuronal cell loss. However histological 
differences were observed after 6  months between 
the sham- and stem-cell treated groups (Figure 2C). 
Whereas the spinal cord remained greatly injured in 
the sham controls, with little improvement, the stem 
cell-treated group presented a more normal anatomy.

Furthermore, the number of motor neurons 
observed per section was calculated in the sham- 
and stem cell-treated groups at the different time 
points (Figure 2D). As observed in the MRI analy-
sis, after 4  months of the spinal cord lesion, a sig-
nificant increase in the number of motor neurons 
was observed in the stem cell-treated group com-
pared with the sham-treated group, with similar 
numbers observed after 6 months of the lesion. The 
sham-treated group presented an increased number 
of motor neurons at a slower rate, being equal to the 
stem-cell treated group after 6 months of the lesion. 
These results seemed to indicate that the stem cell 
treatment accelerated motor neuron repair.

Neurotrophic factors BDNF, NT3 & NT4 are 
secreted & released into the muscle tissue by the 
grafted stem cells
At 2, 4 and 6 months after the surgical intervention, the 
hindlimb muscles where stem cells were injected were 
analyzed by PCR to confirm the presence of the grafted 
cells (Figure 3A). This data was corroborated by immuno-
histochemistry, where the coexpression of several trophic 
factors and GFP were also evidenced (Figure 3B). Quan-
titative, real time PCR indicated that the expression of 
neurotrophic factors BDNF, NT3 and NT4 were upreg-
ulated in the muscle tissue where stem cells were grafted 
(Figure 3C). Other factors were also analyzed, but only 
the three previously mentioned were upregulated com-
pared with sham controls (data not shown). The three 
factors are known to be implicated in neuronal survival, 
repair and regeneration, thus they are possible candidate 
factors that may be retrogradely transported into the 
motor neurons and inducing the regeneration processes 
observed in the spinal cord. Our previous works have 
demonstrated that bone marrow-derived mesenchymal 
stem cells are capable of producing and secreting BDNF, 
NT3 and NT4, and can increase their local expression 
in response to adverse conditions affecting the nervous 
system [43].

Muscle regeneration & protection is enhanced 
by stem cell injection
SCI includes motor neuron cell death by direct 
mechanical and neurotoxic effects derived from post-
traumatic hypoxia and inflammation, which eventu-
ally causes muscle atrophy in the deinnervated fibers 
and overall muscle tissue degeneration. Thus, muscle 
regeneration and survival markers were analyzed in the 
hindlimb muscle tissues that were treated with mes-
enchymal stem cells. A total of eight genes were ana-
lyzed, comparing wild-type and sham controls of the 
same ages (Figure 3D). The sham-operated mice pre-
sented a significant downregulation of almost all the 
muscle-regenerating related genes, with the exception 
of MEF2C and myogenin (MYOG). This indicated a 
significant degenerating process in the muscle tissue 
and limited regeneration, which lasted throughout the 
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whole time of experimentation. ANKRD1 is implicated 
in muscle plasticity; MEF2C, MYF5 and MYOG are 
implicated in muscle regeneration processes; MT2 is 
related to oxidative stress in the muscle and muscle 
atrophy; nicotinamide nucleotide transhydrogenase 
(NNT) and SNX10 are related to muscle metabolism; 
and finally, RTN4 is related to deinnervation [48].

However, the expression pattern of these genes 
greatly differed in the mesenchymal stem cell-treated 
mice compared with the sham controls (Figure 3E). All 
the analyzed genes were upregulated compared with 
sham controls after 2 months of the intervention in the 
stem cell-treated groups, which continued at 4 months. 
The increased expression of these genes indicated an 
induction of regenerative processes in the muscle fibers, 
which was observed in the muscles where stem cells 
were injected. At the last time point, 6  months, the 
expression of almost all the genes analyzed lowered to 
standard levels (in many cases similar to wild-type val-
ues, data not shown), possibly indicating a finalization 
of the active regenerative process and normalization of 
the muscular tissue.

Discussion
In this work we have demonstrated that mesenchymal 
stem cells can accelerate neural regeneration after an 
acute, incomplete spinal cord lesion when grafted into 
the skeletal muscle. This in turn allowed the treated mice 
to significantly improve in their motor skills, obtaining 
better scores as early as 5 months after injection, while 
control mice did not present signs of improvement at 
any moment during the experimental procedure. Previ-
ous studies in our laboratory demonstrated this property 
in a neurodegenerative motor neuron mouse model [40], 
where the bone marrow stem cells, when transplanted 
into hindlimb muscles, secreted trophic factors that 
were captured by the motor end plates and retrogradely 
transported into the spinal cord. The expression of 
known soluble factors that are involved in neural regen-
eration and protection, such as BDNF, NT3 and NT4, 
were detected by the grafted stem cells. Mesenchymal 
stem cells are known to upregulate the expression and 
increase secretion of these trophic factors under adverse 
conditions, as a paracrine protective effect [43].

One of the aspects that was observed in this work 
was an increase in the number of motorneurons in the 
spinal cord throughout the time of experimentation 
(Figure 2C & D). This was detected both in the sham- 
and stem cell-treated mice; however, there was a higher 
number of motor neurons in the stem cell-treated mice 
compared with the sham controls at 4  months. At 
6 months, both groups presented similar values. This 
observation seems to indicate that the type of injury 
performed, which is an incomplete lesion by compres-

sion, allows for a certain degree of spontaneous repair 
in the spinal cord. Indeed, the fact that fewer motor 
neurons were detected by immunohistochemistry at the 
earliest time point, 2 months, followed by an increase 
in number at 4 and 6 months is most probably due to 
repair mechanisms of damaged motor neurons, and not 
neurogenesis.

Besides an improvement in motor skills and par-
tial neural recovery, an increase in the expression of 
molecules involved in muscle regeneration and protec-
tion was detected. Spinal cord lesion causes muscle 
denervation and ultimately muscular atrophy, thus 
skeletal muscle-protective markers, as well as those 
implicated in regeneration, are important aspects to 
consider. The sham-operated mice presented a down-
regulation of almost all the genes analyzed related to 
muscle regeneration, with the exception of MYOG and 
MEF2C. This may indicate that the hindlimb muscles 
were undergoing degenerative processes, quite possibly 
due to deinnervation. In turn, mesenchymal stem cell-
injected mice presented increased levels of expression 
of all the myo-regenerative genes analyzed, indicating 
a local effect, besides a direct or indirect effect on the 
spinal cord.

Several trophic factors were analyzed in the muscle 
tissue, with BDNF, NT3 and NT4 being the most 
highly expressed. Other factors included epider-
mal growth factor (EGF), fibroblast growth factor 2 
(FGF2), insulin-like growth factor (IGF), GDNF 
and nerve growth factor (NGF), but none presented 
increased expression values compared with the sham-
operated mice (data not shown). These three trophic 
factors are known to induce neuroregeneration in the 
damaged spinal cord both in vitro and in vivo, and have 
been linked to motor function improvement [49,50]. 
Furthermore, there is a previous study demonstrating 
that retrograde delivery of BDNF from the skeletal 
muscle by adenovirus-mediated gene delivery exerted a 
neuroprotective and oligodendrocytic-protective effect 
in a genetic mouse model of spontaneous spinal cord 
compression [51]. Our laboratory has also proven that 
bone marrow stem cells are capable of this effect in 
another genetic motor neuron degenerative model [40].

There are many published reports demonstrating 
the beneficial effects of bone marrow-derived stem 
cells in SCI, even resulting in significant functional 
recovery [8–23]. In several of these works, the major-
ity of which have been performed in rats, functional 
recovery was detected as early as 1–2  months after 
treatment, compared with the 5  months detected 
in this study. Few of these studies, however, have 
analyzed the effect of the treatment at the time 
frame used here, where the mice were studied up to 
6 months after treatment. Thus, the long-term effect 
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of the treatments analyzed in these studies cannot 
be known. Furthermore, these works have mainly 
focused on direct stem cell injection into the spinal 
cord, which is a potentially dangerous surgical inter-
vention that may cause further damage to the tissue. 
Other methods of administration that have been used 
include intravenous administration or lumbar punc-
ture [52–54]. These two methods have the advantage of 
eliminating the risk of further tissue damage, and the 
cells are capable of migrating to the lesion where they 
exert their effect. However, these approaches have the 
disadvantage of low percentage of engraftment, with 
less than 4% of the cells migrating and integrating 
into the lesion site [55]. Thus, for these methods to 
be effective it is necessary to inject a large number 
of stem cells, which may be a handicap as the stem 
cells must be harvested and expanded in culture until 
the appropriate cell number is reached. This is very 
relevant when considering these approaches be used 
during the acute stage of the lesion, when repair and 
regeneration mechanisms are possible.

As previously commented, there are several stud-
ies, including from our lab, that have shown that 
bone marrow-derived stem cells are capable of exert-
ing similar effects when grafted into the hindlimb 
muscles [39,40], by releasing soluble factors that are 
captured by the motor-end plates and transported 
to the motor neuron cell body in the spinal cord. 
These works, which are a similar approach as with 
intravenous or intrathecal injections [52–54] without 
the low level of engraftment, have indicated that 
this approach is potentially even more effective than 
direct injection to the spinal cord, as it avoids the 
potential puncture damage, as well as protects not 
only the motor neuron but its axonal projection as 

well. In this work, of the trophic factors secreted, 
BDNF is of utmost importance as it has been shown 
to induce nerve growth and overall neuronal survival 
[18]. In fact, exogenous administration of BDNF has 
been shown to promote regeneration of sensory neu-
rons after SCI [56]. Thus, the mesenchymal stem cells 
may be acting as a biological pump that releases this 
trophic factor to the surrounding tissue, which is cap-
tured by the motor-end plates and retrogradely trans-
ported to motor neurons, and ultimately activating 
repair/regeneration mechanisms.

In conclusion, bone marrow-derived mesenchymal 
stem cell injection into the hindlimb muscles in a 
mouse model of thoracic incomplete, acute SCI is capa-
ble of enhancing spinal cord repair, ultimately result-
ing in motor function improvement 5  months after 
the surgical treatment. Owing to the relative simplic-
ity and little invasive method of the approach, this is a 
feasible method to use in the clinic to treat incomplete 
spinal cord lesions in humans soon after injury, either 
by using autologous (bone marrow extraction and sev-
eral weeks of culture to increase stem cell number, or 
directly by cell-sorting the adequate cell population) or 
allogeneic-derived stem cells.

Future perspective
Numerous studies demonstrate that bone marrow-
derived stem cells present a potentially beneficial 
effect on SCI. However, in the clinic this has been 
met with limited success, which is possibly, at least 
partially, due to the method of administration, as the 
stem cells have been directly injected into the lesion 
site. This may cause further damage, hampering their 
efficacy. Previous results using motor neuron degen-
erative mouse models have shown that bone marrow 

Executive summary

Stem cell injection into the hindlimb muscles improves motor functions in mice with spinal cord injury
•	 The mice treated with bone marrow-derived mesenchymal stem cells presented significantly better scores in 

the treadmill (maximum running speed) and footprint (longer stride lengths) tests.
•	 The non-treated mice, on the other hand, did not improve in any of the tests performed throughout the 

whole time of experimentation.
Mesenchymal stem cells, when grafted into the muscle tissue of mice with spinal cord injury, release 
numerous soluble factors that induce repair mechanisms
•	 The spinal cords of the stem cell-treated mice presented signs of accelerated repair mechanisms, analyzed 

both by MRI and immunohistochemistry.
•	 This was due to the release of trophic factors, such as BDNF, NT3 and NT4, which are known to activate 

prosurvival mechanisms and regeneration.
Muscle regeneration & protection is enhanced by stem cell injection
•	 After spinal cord injury, there is a deinnervation of the muscles, which ultimately causes muscle atrophy.
•	 In our experiments, upregulation of muscle regeneration and repair markers was detected in the hindlimbs of 

the stem cell-treated mice, compared with non-treated sham controls.
•	 This indicates the presence of a local repair effect of the stem cells in the hindlimb muscles besides the 

retrograde effect in the motor end plates.
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stem cells can exert similar effects when transplanted 
into the skeletal muscle tissue, by releasing trophic 
factors that are captured by the motor-end plates that 
innervate the muscle. The factors then travel retro-
gradely to the motor neuron cell body, activating 
prosurvival mechanisms while improving motor func-
tions. The work presented in this study demonstrates 
that it is possible to extrapolate this surgical method 
into an acute SCI model. Due to the feasibility of 
the approach, the little invasive and low risk that it 
presents, this work may allow, in the next few years, 
clinical trials administering intramuscularly bone 
marrow-derived stem cells in acute spinal cord lesions 
to induce repair and/or regeneration.
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