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Abstract 

Parkinson's disease (PD) is a neurodegenerative disease characterized with a severe 

degeneration of the dopaminergic neurons in the nigrostriatal pathway causing motor 

dysfunction and resting tremor. A possible therapeutic strategy is replacing the 

degenerated cells with functional dopaminergic neurons. Great promise lies in stem 

cell therapy as stem cells may be directed to acquire a neuronal dopaminergic 

phenotype. Stem cell based therapy for PD has already been shown to be a promising 

approach in a series of open label trials which took place over 20 years ago. In those 

trials PD patients were transplanted with fetal tissues harvested from the brains of 

aborted embryos.  

Adult human mesenchymal stem cells (hMSCs) reside in the bone marrow and are 

known for their ability to differentiate along the mesenchymal lineage (fat, bone and 

cartilage). Recent works suggest the possibility that these cells are also capable of 

differentiating towards the neuroectodermal lineage. hMSCs possess several 

advantages in comparison to embryonic stem cells, they can easily be isolated from 

fresh bone marrow aspirates and serve as a reservoir for autologous stem cell 

transplantation, reducing the risk of immune rejection and allaying the controversy of 

the usage of embryos or fetal tissues.  

The object of this work was to establish a feasible protocol of generating dopamine 

producing cells which exhibit the phenotype of midbrain dopaminergic neurons from 



 
 

adult bone marrow MSCs. Hopefully; we hoped to generate cells which would serve 

as an autologous source of cell replacement therapy for Parkinsonian patients in the 

future.   

Human bone marrow derived MSCs were isolated, expanded to sufficient numbers 

and characterized in accordance with accepted protocols. Then, we sought to induce 

dopaminergic differentiation through exposing the MSCs to various cocktails of 

extrinsic signaling molecules, in the form of neurotrophic factors and differentiation 

agents. Efficiency of the induction protocol was determined by the monitoring of 

tyrosine hydroxylase expression (TH, the rate limiting enzyme in dopamine 

synthesis). Our results show that various induction protocols indeed resulted in robust 

TH expression. Further analysis of the induced cells revealed that 30% of the cells 

expressed TH, some cells expressed neuronal genes and proteins and, most 

importantly, secreted significant amounts of dopamine. However, a focused 

microarray of the induced cells revealed that dopaminergic specification was limited, 

as key midbrain dopaminergic transcripts were not upregulated in the differentiation 

protocol. Therefore, we turned to another strategy of inducing differentiation which 

involved genetic manipulation of the MSCs.   

Recent works have shown that the forced expression of specific transcription factors 

could prove to be efficient in directing stem cell differentiation and even inducing 

unexpected pluripotency of stem cells, in a process termed stem cell reprogramming. 

In our work, we aimed to direct the MSCs to a specific midbrain dopaminergic fate 

through forcedly expressing LMX1a, a transcription factor that was reported to be a 

master gene in the midbrain mesodiencephalic dopaminergic neuron development. 



 
 

Since MSCs are known to resist genetic manipulations, we established a lentiviral 

based expression system which allowed us to express the transgene in sufficient cell 

numbers and sustain its expression for months. Transduction of cells with fluorescent 

reporter genes confirmed efficiency of gene delivery (more than 80% of GFP+ cells). 

Following transduction of the hMSCs with a lentiviral vector encoding the cDNA of 

the human LMX1a, we found substantial LMX1a gene expression and, moreover, 

more than 70% of the cells expressed the LMX1a protein.  

Recent reports indicated that LMX1a expression requires the presence of extrinsic 

signaling molecules in order to exert the full extent of its effect on dopaminergic 

differentiation. In our work, upon incubation of the LMX1a transduced cells in 

differentiation medium, we observed increased concentration of the LMX1a 

transcription factor in the nucleus. Furthermore, specific dopaminergic developmental 

genes were upregulated suggesting the generation of dopaminergic-like cells derived 

from adult human bone marrow, which exhibit the transcriptional profile typical of 

developing midbrain dopaminergic neurons. Moreover, the transduced cells expressed 

higher levels of tyrosine hydroxylase, the rate limiting enzyme in dopamine synthesis 

and secreted significantly higher level of dopamine in comparison to non transduced 

cells. To our knowledge, this is the first time in which a factor involved in the 

embryonic dopaminergic neuron development directs non-neural derived adult stem 

cells towards the dopaminergic phenotype. We postulate that the dopaminergic 

direction of adult MSCs follows parallel molecular pathways to that of embryonic 

stem cells. Using ex vivo gene delivery to adult stem cells, we present a novel 

strategy to facilitate the dopaminergic differentiation of bone marrow derived 

mesenchymal stem cells. 

 



 
 

  :עבודת דוקטוראט; רן ברזילי

השראת התמיינות דופאמינרגית על תאי גזע הומאנים  ממח העצם כאפשרות "
  "פרקינסוןלטיפול תאי למחלת ה

  דניאל אופן ופרופסור אלדד מלמד. דר: מנחים

  תקציר

היא מחלה ניוונית של המח המאופיינת בניוון חמור של העצבים הדופאמינרגים  פרקינסוןמחלת ה

אחת האפשרויות לטיפול . במסלול הניגרוסטריאטאלי הגורם לפגיעה בתפקוד המוטורי ולרעד במנוחה

רבה טמונה  התקוו. במחלה היא להחליף את התאים שהתנוונו בתאי עצב מפרישי דופאמין תפקודיים

באמצעות  פרקינסוןהטיפול במחלת ה. תן לכוונם להתמיין לכיוון עצבים דופאמינרגיםבתאי גזע שכן ני

במחקרים אלה . ערכו לפני יותר מעשרים שנהרת ניסויים קלינים שנתאי גזע הוכח כאפשרי בסד

  . הושתלו חולי פרקינסון ברקמות אשר נלקחו ממוחם של עוברים שעברו הפלה

תאי גזע מזנכימלים בוגרים שוכנים במח העצם וידועים ביכולתם להתמיין לאורך השורה המזנכימלית 

שתאים אלה עשויים להתמיין גם לתאים שיתכן עבודות עדכניות מראות ). עצם וסחוס, שומן(

העבודה עם תאי גזע מזנכימלים ממח העצם הבוגר טומנת בחובה יתרונות רבים . מהשורה העצבית

השימוש , ניתן לבודדם ממח העצם בצורה פשוטה יחסית. אה לעבודה עם תאי גזע עוברייםבהשוו

הם מאפשרים השתלה עצמית ובכך מורידים משמעותית  לומעל הכו בעיות אתיותבהם אינו מעלה 

  .את החשש מדחייה חיסונית של השתל

מפרישי דופאמין  לבסס פרוטוקול שיאפשר ייצור תאים תפקודיים המטרת העבודה הנוכחית היית

מאוכלוסיית תאי הגזע המזנכימלים ) המאופיינים בסמנים זהים לעצבים דופאמנירגים מהמח התיכון(

להוות אפשרות להחלפת  בעתיד לייצר תאים ממקור עצמי אשר יוכלו מטרתמו היתה. ממח העצם

  .התאים הפגועים בחולי פרקינסון בעתיד

הורבו למספרים מספקים ואופיינו בהתאם , ודדותאי הגזע המזנכימלים ממח העצם האנושי ב

ניסינו להשרות התמיינות לכיוון דופאמינרגי על ידי חשיפת , בהמשך. לדרישות המקובלות בספרות

יעילות תהליך ההתמיינות . בקומבינציות שונות) 'בדמות גורמי גידול וכו(התאים לסיגנלים חיצוניים 

ובע הקצב קהאנזים  ,tyrosine hydroxylase (TH)זים הוערכה על ידי בדיקת רמת הביטוי של האנ

תוצאותינו מראות שקומבינציות רבות של דרכים להשראת התמיינות . במסלול הייצור של דופאמין



 
 

מהם  30%ניתוח יותר מעמיק של התאים גילה ש. THגורמות לעליה מרשימה ברמת הביטוי של 

התאים , המאפיינים תאי עצב ומעל הכל חלקם ביטאו גנים וחלבונים, ברמה גבוהה THביטאו 

סקירה רוחבית של רמת ביטוי הגנים הדופאמינרגים , אולם. הפרישו רמות משמעותיות של דופאמין

מוגבלת שכן גנים משמעותיים רבים הקשורים להתפתחות העצב  ההראתה שההתמיינות היית

תאי ל להחדיר גנים ייחודייםהחלטנו , לפיכך.  הדופאמינרגי לא היו מעורבים בתהליך ההתמיינות

  .לשפר את תהליך ההתמיינותהגזע בניסיון 

עבודות עדכניות הראו שהחדרת גורמי שעתוק ספציפים לתאים עשויה לסייע בהתמיינות תאי גזע 

. ואפילו עשויה להביא ליצירת תאים דמויי תאי גזע מתאים ממוינים בתהליך המכונה תכנות מחדש

כוון את תאי הגזע ממח העצם לעבור התמיינות דופאמינרגית על ידי ניסינו ל, בעבודה הנוכחית

אשר דווח להיות המפתח העיקרי בהתמיינות העצבים , LMX1aהחדרת גורם השעתוק 

  .הדופאמינרגים מהמח התיכון בעבודות שנעשו בהתפתחות עוברית

מערכת של הדבקה  הקמנו, גנטית למניפולציהמכיוון שתאי הגזע המזנכימלים ידועים כתאים הקשים 

וירוס אשר אפשרה לנו להחדיר גנים בצורה יעילה שהתבטאה באחוזי הדבקה גבוהים -בעזרת לנטי

הדבקת התאים בוירוס המקודד לגן מדווח . ובשמירה על הביטוי של הגן המוחדר לאורך חודשים

 סרובעקבות הדבקת התאים בווי). 80%מעל (הזורח פלורוסנטית הוכיחה את יעילות ההדבקה 

מהתאים אף מבטאים את  70%ראינו ביטוי משמעותי של הגן בתאים ומצאנו ש LMX1aהמקודד לגן 

  .LMX1aחלבון ה

זקוק לנוכחות של סיגנלים חיצוניים על מנת להשרות את  LMX1aש לאחרונה עבודות הראומספר 

ראינו שכאשר אנו מוסיפים את אותם , שלנו במהלך העבודה. פעולתו כמחולל התמיינות דופאמינרגית

גנים ספציפיים הקשורים , מעבר לכך. מתרכז בגרעין התא LMX1aחלבון ה, סיגנלים חיצוניים

דבר שהצביע על יצירת תאים , להתפתחות העצב הדופאמינרגי במח התיכון עלו ברמת הביטוי שלהם

, יתרה מכך. ממח העצם הבוגר הדומים לעצבים דופאמינרגים מתפתחים אשר מקורם בתאי גזע

ואף הפרישו  ובע הקצב במסלול הייצור של דופאמיןקהאנזים  ,THהתאים ביטאו רמות גבוהות של 

. LMX1aתאים שלא ביטאו  שר היו גבוהות מהרמות אותם הפרישול דופאמין ארמות משמעותיות ש

הידוע כמחולל  ,וקה שמראה את תפקודו של גורם שעתעבודה זו היא הראשונ, למיטב ידיעתנו

כשחקן מפתח המעורב בהתמיינות העצבית , התמיינות דופאמינרגית במערכות עובריות



 
 

אנו מציעים . הדופאמינרגית גם במערכת תאי גזע מן הבוגר ושאינה נלקחה ממקור עצבי

שההתמיינות הדופאמינרגית של תאי הגזע המזנכימלים ממח העצם חולקת מסלולים דומים עם 

, בעזרת שימוש החדרת גנים לתאי גזע. העוברית של התאים הדופאמינרגים" טבעית"ההתמיינות ה

 אנו מציגים גישה חדשנית המשפרת את יכולת ההתמיינות הדופאמינרגית של תאי הגזע המזנכימלים

  .שעשויה בעתיד לשמש כטיפול אוטולוגי לחולי פרקינסון
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Introduction 
1. Parkinson's disease 

1.1. General 
Parkinson's disease (PD) is a slowly progressive disease of the nervous system, 

involving nerve cells in the basal ganglia of the brain that control muscle 

movement. PD affects 1% of people aged more than 60 years and 2% of people 

over the age of  70 years [1]. Patients suffering from PD often experience resting 

tremor, muscular rigidity, bradykinesia, impaired balance, walking and voluntary 

movement. The major pathology of PD is progressive degeneration of nigrostriatal 

dopaminergic (DAergic) pathway essential for normal motor function. It results 

from the deterioration of dopamine-producing neuronal cells in a discrete brain 

region called substantia nigra pars compacta (SNpc) [2]. One of the pathological 

hallmarks of  PD is the presence of Lewy bodies, intracellular inclusions of 

aggregated proteins, predominantly α-Synuclein [3]. DAergic neuron loss in SNpc 

results in decrease of dopamine (DA) production rate. When ~80% of dopamine is 

depleted and ~60% of SNpc dopaminergic neurons have already been lost PD 

symptoms appear [4]. Although PD primarily affects motor functions, 

neuropsychiatric alterations are also observed in some patients [5].  

The majority of PD cases are sporadic (90%-95%). The remaining have been 

found to involve some genetic associations. Several genes have been implied to 

play a role in the cases of familial Parkinson's disease, which tends to onset in 

patients younger than 50 [6]. There have yet to be found a clear explanation for 

the onset of sporadic Parkinson's disease, still it is evident, that similar to other 

neurodegenerative disease, the damage underlying PD involves oxidative stress, 
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mitochondrial dysfunction and abnormal protein accumulation [7]. The exact 

mechanism which causes the final molecular fate of the affected dopaminergic 

neurons is still, however, not clear [8]. 

1.2 Treatment strategies 
1.2.1 Pharmacological treatment  

Most of the pharmacological treatments for PD aim to enhance dopaminergic 

function, and by this offer patients symptomatic relief. We can roughly define 

three different categories: amino acid precursors to dopamine, agonists that 

stimulate dopamine receptors, and enzyme antagonists that prevent the 

metabolism of dopamine (Monoamine oxidase B (MAO-B) and catechol-O-

methyltransferase (COMT) inhibitors) and hence permit more or prolonged 

neurotransmitter activity [9]. For more than 30 years, the gold standard treatment 

of PD is applying dopamine agonists and L-Dopa (L-3-4-

dihydroxyphenylalanine), a precursor of dopamine, which in contrast to dopamine 

(DA) penetrates the blood brain barrier and controls most symptoms. However, 

most PD patients develop adverse effects such as dyskinesia, fluctuations of 

efficacy (on-off effect), freezing and mental changes after prolonged treatment 

with L-Dopa. Therefore the choice most physicians employ is to delay the 

administration of l-dopa and prescribe MAO-B and COMT inhibitors or DA 

agonists to early stage PD patients [10].  

A different pharmacological approach involves the protection of the remaining 

dopaminergic neurons within the PD affected brain, thus slowing the disease 

progression. Among these compounds we can find MAO-B inhibitors ,  

dopaminergic agonists,  antioxidants, mitochondrial energy enhancers, 

antiapoptotic agents and antiglutamatergic compounds, which are currently being 



3 
 

investigated in ongoing clinical trials [11]. Though the mechanism of 

neuroprotection is not fully understood, it involves at least some of the following 

processes:  mitochondrial enhancement, antiapoptotic activity, anti-inflammatory 

activity, protein aggregation inhibition and neurotrophic activity. 

Other pharmacological alternatives involve anticholinergic agents, 

Antiglutamatergic agents, Adenosine A2A antagonists, and drugs acting on 

serotonin receptors [12].  

1.2.2 Surgical treatment 

In principle, surgical procedures in PD patients can be divided to three 

approaches. 1) Surgical procedures which interfere with the defected brain 

circuitry such as ablative surgery and deep brain stimulation. 2) cell 

transplantation therapies.  3) gene therapy. The first approach aims to reduce the 

abnormal excessive neuronal activity often observed in PD, and is performed 

either at the thalamus, the globus pallidus internus or at subthalamic nucleus. 

Those procedures include ablative surgery like Pallidotomy, Thallamotomy or 

more recently subthalamotomy [13]. Due to the high incidence of side-effects 

associated with bilateral ablative procedures, alternative approaches were 

explored. Nowadays, the most common surgical procedure offered to PD patients 

is deep brain stimulation (DBS). Thalamic DBS was developed first and has 

proven to be a very effective treatment for tremor. The limitation is the lack of 

effect on other symptoms. Other targets were therefore investigated, and the 

procedure was applied to the subthalamic nucleus (STN) and the internal globus 

pallidus (GPi). STN stimulation can improve a wide range of symptoms and is 

currently the preferred target for many patients [14].  DBS remains a symptomatic 
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treatment for a limited number of patients though it does not seem to alter the 

disease progression. 

The second approach of surgical treatment for PD aims to augment and restore the 

damaged DAergic tone through cell therapy. The target sights of this approach are 

the striatum and, to a lesser extent, the substantia nigra.  The first attempts to 

employ cell therapy in PD patients involved the transplantation of autologous 

adrenal medullary cells. The rationale behind this work was that the transplanted 

cells expressed tyrosine hydroxylase (TH), the rate limiting enzyme in dopamine 

biosynthesis, and would therefore enable DA production in the brain after 

transplantation. However the results showed no significant improvement in the 

patients' motor functions and postmortem revealed poor survival of the 

transplanted cells [15-17].  

The first proof of concept that cell therapy is a realistic approach for PD has been 

established in a series of open label trials involving fetal graft transplantations in 

human PD patients [18,19]. Post-mortem studies demonstrated long graft survival 

years after transplantation and a significant reinnervation in the patients' striata 

[20-22] . These studies illustrated the enormous therapeutic potential of cell 

therapy for PD but the moral issues concerning the use of fetuses and the risk of 

immune rejection require new solutions to be found. 

The third surgical solution for PD patients is the use of gene therapy. To date, a 

few clinical trials have provided a proof of concept for this approach. The first 

studies to employ gene therapy in PD patients involved the adeno associated viral 

(AAV) administration of glial derived neurotrophic factor [23-25]. No significant 

clinical improvement was observed in those studies, but some clinical scores were 
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improved and increased 18F-dopa uptake was observed. Another stage 1 clinical 

trial is now on the way involving the AAV intrastriatal delivery of Neurturin, a 

neurotrophic factor from the GDNF family, indicates promising results [26]. 

Other promising gene therapy clinical trials involve the forced expression of 

aromatic amino acid decarboxylase, which metabolizes L-Dopa to dopamine. A 

positive clinical response has been demonstrated in animal studies and a human 

phase I clinical trial is currently ongoing [27,28]. The most impressive gene 

therapy clinical trials to date involved an open label, safety and tolerability trial of 

unilateral subthalamic AAV delivery of glutamic acid decarboxylase (GAD) in 11 

men and 1 woman with Parkinson's disease [29].  After one year, the patients 

suffered no adverse events related to gene therapy, showed significant clinical 

improvement, predominantly on the side of the body that was contralateral to 

surgery, which was observed 3 months after gene therapy and persisted up to 12 

months. 

2. Stem cells 
2.1 General 

A   stem cell possesses two distinct traits which defines it: self renewal and 

differentiation capacity. Self renewal is the process in which a single cell gives  

rise to two daughter cells, one being identical to the original cell and the other 

further committed towards a more restricted phenotype. In turn, the further 

committed progenitor cell, upon specific cues and signals, may proceed and 

differentiate to a mature cell type, a process termed differentiation (Figure 1).  

Stem cell research raises huge hopes for future medicine due to its potential to 
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provide suitable sources for cell based regenerative medicine and the prospects it 

holds for the study of developmental biology [30]. 

 

2.2 Embryonic stem cells (ESCs) 
The stem cell population is comprised of two main cell types: embryonic stem 

cells (ESCs) and adult stem cells. The first are derived from the early blastocyte 

and are well known for their totipotency, the ability to differentiate into virtually 

any specific cell type in the adult organism. In the pioneer studies on ESCs, the 

cells were cultivated in vitro for extended periods while maintaining expression of 

markers characteristic of pluripotency. When grafted into severe combined 

immunodefficient (SCID) mice, ESCs gave rise to teratomas containing 

derivatives of all three embryonic germ layers [31,32]. Concomitantly, 

embryology has offered important insights into key pathways regulating ESC 

differentiation. This has led to the development of protocols for the efficient 

generation of a broad spectrum of cell types including hematopoietic cells, 

cardiomyocytes, oligodendrocytes, dopamine neurons, and immature pancreatic β 

cells from ESCs [33]. 
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2.3 Adult stem cells  

Adult stem cells have been known for years for their capacity of differentiating 

along their lineage of origin. These cells are comprised of several subtypes of cell 

populations since they can be found within various adult tissues. The most studied 

adult stem cell population is the hematopoetic, which resides in the bone marrow 

and has been known for years for its ability to replenish the blood system after 

immunologic irradiation of patients suffering from hematological malignancies by 

differentiating along the blood system hierarchy [34].  More recent studies have 

reported the isolation of tissue specific stem/progenitor cell populations within the 

cord blood [35], brain [36], skin [37], fat [38], skeletal muscle [39], heart muscle  

[40],  liver  [41], and the kidney [42]. 

Furthermore, in recent years a large body of evidence indicated that some 

subpopulations of adult stem cells are capable of differentiating into mature cells 

different from their original lineage, a phenomenon termed transdifferentiation. 

These multipotent adult stem cells reside in various compartments in the mature 

organism and display plasticity initially thought to be reserved exclusively to 
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ESCs. Those cells have been isolated from brain [43,44], bone marrow [45], skin 

[46], fat [47], skeletal muscle [48], umbilical cord blood [49] and other visceral 

organs (Figure 2). 

2.4 Bone marrow derived adult stem cells  

The therapeutic potential of bone marrow transplantation has already proven itself 

in the treatment of hematological malignancies. Whole bone marrow contains two 

distinct cell populations, the hematopoetic cells and the non hematopoetic cells. 

Hematopoetic stem cells (HSCs)  are known for years for their capacity to 

replenish the complete blood system [50]. HSCs are well characterized as 

CD45+/CD34+ cells and have been used in the clinic with major success for 

hematological disorders [51]. The non hematopoetic cells (CD45-) have been 

widely known for their essential role in nourishing the HSCs by secreting different 

growth factors and have also been used as a feeder layers supporting the 

development of ESCs. In the 70s, Friedenstein reported to have found a stem cell 

population negative for HSCs markers [52]. Those cells showed the capacity to 

self renew and differentiate along the mesenchymal lineage into bone, fat and 

cartilage cells [53]. These cells are the bone marrow stromal cells, also referred to 

as Mesenchymal Stem cells or Multipotent Stromal cells (MSCs). Recent works 

have shown that under specific conditions, MSCs are capable of differentiating 

outside their original restricted lineage, extending their plastic potential [54]. It 

has been speculated that MSCs is not a homogenous cell population, a few groups 

have reported the isolation of pluripotent stem cells within the MSCs population. 

Among these subpopulations are the Multipotent Adult Progenitor Cells 

(MAPCs), which were reported to differentiate to all three germ layers cell types 
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both in vitro and in vivo [55] and the Marrow-isolated adult multilineage 

inducible (MIAMI) cells [56]. 

 

2.5 Adult versus embryonic stem cells for regenerative medicine 

The reports indicating the pluripotent plasticity of adult stem cells widened the spectrum 

of possible sources for restorative medicine [30]. Nonetheless, why should one go so far 

as to induce a blood cell to become a neuron rather than to differentiate the more 

hymeneal ESC? Well, there are three major consideration to bear in mind:(i) The use of 

ESCs and fetal tissues raises major ethical considerations (ii) Implanting ESCs will 

always involve allograft transplantation raising immunological consequences while the 

ultimate use of adult stem cells will provide the possibility of autologous cell 

transplantation (Figure 3) (iii) adult stem cells, in their nature of being more committed 

than ESCs are of less risk as for teratoma formation [57-59]. Taking all into account, one 

must consider the different aspects of adult versus embryonic stem cells for clinical use, 
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the first being more available and less risky, the latter being more malleable and potent in 

terms of differentiating capacity.  

3 Dopaminergic neuron development 
3.1 General 

DAergic neurons reside in several brain areas, including the midbrain, 

hypothalamus, retina, and olfactory bulbs. The most prominent groups of DA 

neurons are in the substantia nigra (A9 cell group) and the ventral tegmental area 

(A10) of the midbrain, both of which project to the forebrain [60]. DA neurons in 

the substantia nigra project to the striatum and form the extra pyramidal motor 

system that controls postural reflexes and initiation of movement. Degeneration of 

these DA neurons underlies Parkinson’s disease. The DAergic neurons in the 

tegmental area connect to neurons in the limbic system, and defects in the 

functioning of these cells are thus implicated in psychiatric behaviors. DAergic 

neurons in other parts of the brain are mostly interneurons involved in local 

circuitries. Hence, DAergic neurons in the midbrain differ significantly from those 

in the forebrain in morphology, co expression of neurotransmitters, and function. 

Strikingly, and independent of specific etiology, in both the sporadic and the 

familial cases of PD, A9 DAergic neurons are preferentially affected and A10 DA 

neurons are relatively spared [61,62].  

The specificity of the damaged cell type in PD patients has prompted researchers 

to study the molecular pathway underlying midbrain DAergic neuron 

development. Albeit the tremendous effort invested in the topic, the complete 

picture of dopaminergic differentiation is still much in haze. However, it is clear 

that fully compatible dopaminergic differentiation requires both extrinsic cues 

provided by signaling molecules and intrinsic determinants in the form of specific 
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transcription factors that are crucial for dopaminergic differentiation (Figure 4) 

[63]. 

 

Developmental neurobiology and embryonic stem cell research focused on the 

extrinsic signals involved in dopaminergic cell differentiation have suggested the 

importance of a wide range of molecules. Among the extrinsic factors, crucial part 

is associated to Sonic hedgehog (Shh) and the Fibroblast Growth Factor 8 (FGF8) 

[64]. During development, they interact in a spatiotemporal manner to induce and 

specify the dopaminergic precursors in the ventral midbrain. Other molecules 

related to dopaminergic differentiation include wnt1  [65], retinoic acid [66], 

estrogen [67], and a spectrum of cytokines and neurotrophic factors [68,69]. 

Extrinsic signaling in the developing midbrain is accompanied by a transcriptional 

cascade within the mesencephalic progenitors. Knockout studies enabled 

researchers to identify some of the transcription factors essential for dopaminergic 

differentiation, including the LIM homeobox transcription factor 1 beta (LMX1b) 

[70], the orphan nuclear receptor-related 1 (Nurr1) [71], the paired-like 
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homeodomain transcription factor 3  (Pitx3) [72], the engrailed genes (En1/2) 

[73], Neurogenin2 (NGN2) [74] and the forkhead box gene A2 (Foxa2) [75]. 

3.2 The role of LMX1a in dopaminergic neuron development 

Special interest lies in the homebox transcription factor LIM homebox 

transcription factor 1 alpha  (LMX1a), of which expression in the midbrain 

correlates with dopaminergic neurogenesis. Previously, LMX1a was reported for 

its role in the development of the roof plate and the specification of dorsal cell 

fates in the central nervous system (CNS)  [76,77]. In a more recent report, 

Andersson et al. have shown that it is also involved the development of DAergic 

neurons at the ventral extreme of the midbrain [78]. The study reports that Lmx1a, 

along with msh homeobox 1 (MSX1), are selectively expressed in DAergic cell 

progenitors in the ventral midbrain and that they are critically involved in the 

process of DAergic cell-fate specification. Moreover, they reported the generation 

of robust dopaminergic neuron population derived from mice embryonic stem 

cells upon delivery of LMX1a and exposure to Shh in mouse cells. In the study, 

ectopic injection of LMX1a in the neural tube was sufficient to induce midbrain 

dopaminergic neurons whereas RNA-interference experiments in chicken 

embryos resulted in reduction of dopaminergic neurogenesis. A more recent 

report conducted in human ESCs indicated that LMX1a's crucial role in 

mesencephalic DA neuron development is relevant in human cells as well [79]. 

Moreover, LMX1a's forced expression facilitated the dopaminergic differentiation 

of human fetal mesencephalic progenitor, inducing threefold expression of TH 

[80]. In spite of the huge effort being invested in deciphering the complete 

molecular cascade underlying dopaminergic differentiation, there is no one single 

accepted transcriptional cascade between different researchers. However, it is now 
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accepted by most, that LMX1a plays a key role in that process, and some have 

already referred to it as the master gene to dopaminergic differentiation 

[31,63,81,82]. 

4 Dopaminergic differentiation of stem cells 
4.1 General 

Over the past years, researchers have been studying relentlessly the mechanisms 

involved in the embryonic development in rodents and understanding the cues and 

signals directing the early inner mass cell towards the neuroectodermal lineage 

and onward towards maturing into fully differentiated nerve cells. In principal, 

stem cell researchers attempt at applying that knowledge to develop protocols 

directing the uncommitted stem cell to become a neuron. Since the most 

prominent pathology of PD is midbrain dopaminergic cell loss, the primary 

rational behind stem cell regenerative therapy for PD would be to transplant 

differentiated dopaminergic cells to replace the damaged cells. The requirements 

from the transplanted cells would be to survive in the host brain, produce and 

secrete dopamine, and, of no less importance, to be able to integrate in the brain 

parenchyma and in the neural networks.  

4.2 Dopaminergic differentiation of embryonic stem cells 

Since the establishment of human embryonic stem cell lines [31,32], relentless 

efforts have been made to generate ESCs' derived dopaminergic neurons. In 

principle, three types of approaches are used to induce ESCs' in vitro 

dopaminergic differentiation: (i) co-culture with feeder cells; (ii) addition of 

soluble growth and neurotrophic factors; and (iii) genetic manipulations of ESCs. 

Some studies involve a combination of these approaches [83].  
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The first study to employ a feeder layer as a tool to induce dopaminergic 

differentiation was conducted on mouse ESCs, the induction protocol was termed 

"Stromal Derived Inducing Activity" (SDIA)[84]. In that study, mouse ESCs were 

co-cultured with mouse PA6 stromal cell line, and upon the withdrawal of serum 

underwent neuronal differentiation, while 16% of the cells expressed TH and 

produced dopamine. More recent works have managed to implement the same 

principle of SDIA activity in human ESCs [85,86]. Several studies have 

demonstrated that the addition of differentiation agents could enhance this SDIA 

activity and achieve  more robust in vitro dopaminergic differentiation [87-91].  A 

single report was made regarding the positive effect of co-culturing hESCs with 

astrocytes as a mean to induce dopaminergic differentiation [92]. 

As mentioned earlier, ESCs' dopaminergic differentiation could also be achieved 

through the addition of soluble factors to the culture media. Use of defined 

chemicals and growth factors provides a “cleaner” differentiation protocol than 

feeder cells. Most protocols in this differentiation approach involve the growing of 

the ESCs in embryoid bodies, then the selection of neural directed cells and finally 

the addition of the extrinsic inductive signals. In 2000, McKay et al. reported the 

generation of dopaminergic neurons from mouse embryonic stem cells in vitro 

after selecting CNS progenitors from the primary ESCs population, expanding the 

cells in the presence of basic Fibroblast Growth Factor (b-FGF) and inducing 

dopaminergic differentiation by withdrawal of the mitogen and addition of cAMP 

and ascorbic acid [93]. Moreover, that study showed that the addition of 

molecules previously known to be involved in the midbrain dopaminergic neurons 

development; Sonic Hedgehog and FGF-8, significantly raised the expression of 

TH, the rate limiting enzyme in dopamine synthesis. The induced cells expressed 
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specific markers of dopamine neurons, secreted dopamine in response to 

depolarization and showed electrophysiological properties similar to neurons. 

Since then several groups have been able to generate dopamine producing cells 

from mice, primate or human ESCs by following or by optimizing the 

differentiation protocol, achieving a higher yield of differentiated dopaminergic 

cells [94-98].  Those studies involved the use of various factors in addition to Shh 

and FGF-8, among these factors are brain derived neurotrophic factor (BDNF), 

glial derived neurotrophic factor (GDNF), transforming growth factor beta3 

(TGFβ3), neurotrophin3 (NT-3), retinoic acid (RA) Wnts. 

Taking the dopaminergic engineered cell into animal models of PD has been an 

elusive task for ESCs researchers. Evidently, good cell survival is essential for 

grafts to be clinically effective. One of the  obstacles facing a successful clinical 

result include poor graft survival, moreover, once the cells do survive, they often 

do not keep their in vitro dopaminergic phenotype [85,89,94]. The other hurdles 

on the way are the risk of tumor formation [85,86,94,99], and of course, when 

looking to the future use of hESCs in the clinic, the immune response that is prone 

to occur in allograft transplantation [100].  

Albeit all obstacles, transplantations of ESCs derived dopaminergic neurons in 

animal models of PD have been successful to a certain extent. Takagi et al. 

managed to generate dopaminergic neurons from primate ESCs and achieved 

behavioral improvement upon transplantation into 1-Methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) models of primates [101]. Nevertheless, histological 

analysis revealed a low rate of TH positive surviving neurons after 

transplantations. Xu et al. reported a symptomatic improvement in a rat 6-

hydroxydopamine model of PD after transplantation of mouse ESCs' derived 
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neural progenitors, again albeit a low survival rate of cells 6 weeks after 

transplantation (2%) [102]. More impressive cell survival rate was achieved when 

mouse ESCs' derived dopaminergic neurons were transplanted in Parkinsonian 

mice [87]. 

As for human ESCs, several studies have struggled succeeding in reducing 

parkinsonism in PD models [86,89,92,94]. Possible explanations for these 

disappointing results could be the low survival rate of TH+ neurons due to host 

immune response and apoptotic behavior of dopaminergic cells in the host brain, 

perhaps due to limited success of the differentiation protocol. Moreover, some of 

these works have also reported of ectopic non neural protein expression of the 

transplanted cells in the brain suggesting the possibility of teratomas formation 

[85,89]. Still, encouraging results were reported by Ben Hur et al. in 2004, as a 

behavioral improvement was observed in a PD rat model after transplantation of 

hESCs derived neural progenitors [95]. In that study, the authors point a 

correlation between TH+ cells presence and the degree of behavioral 

improvement. But once again, the TH+ population was significantly reduced in 

comparison to works conducted in vitro suggesting the need to direct cells to 

dopaminergic differentiation prior to transplantation. The most impressive 

evidence for dopamine cell replacement in animals using dopaminergic cells 

derived from hESCs was recently published by Yang et al. In their study, they 

show that the transplanted cells survive and contribute to locomotive function 

recovery at 5 months. The animal behavioral improvement was correlated with the 

dopamine neurons present in the graft. Although the donor cells contained 

forebrain and midbrain dopamine neurons, the DAergic neurons present in the 
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graft mainly exhibited a midbrain, or nigra, phenotype, suggesting the importance 

of midbrain dopamine neurons in functional repair [98]. 

4.3 Dopaminergic differentiation of adult brain derived stem cells 

Brain derived neural stem cells (NSCs) can be isolated from various parts of the 

brain, such as the subventricular zone [103]  and the midbrain [104]. NSCs are 

often propagated as floating aggregates called neurospheres in appropriate media 

supplemented with mitogenes, such as epidermal growth factor (EGF) and bFGF 

[36]. Under specific conditions they can differentiate into neurons, astrocytes, and 

oligodendrocytes. The neuronal (including DAergic) differentiation properties of 

neural progenitors seem to be dependent upon the brain regions from which they 

have been isolated  [105,106]. Studer et al. reported the transplantation of ventral 

mesencephalic precursors from E12 rat embryo into hemi-parkinsonian rats; the 

cells survived for up to 80 days and elicited a dramatic reduction in amphetamine-

induced rotation [107]. However, the survival rate of the grafted  neurons derived 

from the expanded precursor was low (3%–5%).  A more recent report 

demonstrated the capability of obtaining NSCs from the adult tegmentum and 

inducing them towards dopaminergic differentiation [108]. However another 

group reported the limited capacity of adult subventricular zone derived NSCs to 

undergo compatible differentiation towards the midbrain dopaminergic phenotype 

[109]. Interestingly, even the ventral midbrain precursors, which themselves 

differentiate in vivo to the mature dopaminergic neurons, fail to keep their 

differentiation potential when propagated in vitro [110].   

Since primary culture brain derived NSCs show a limited expansion capacity, 

some researchers have tried an alternative approach, to immortalize neural stem 

and progenitor cells [111], by arresting the cells at specific stages of development 
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and preventing their terminal differentiation, thus creating a NSCs cell line [112]. 

Thogh not applicable for any future clinical uses, these lines serve as a tool to 

investigate the course of dopaminergic differentiation [113]. 

4.4 Dopaminergic differentiation of adult bone marrow stem cells 

4.4.1 Neural differentiation of bone marrow stem cells  

The therapeutic potential of bone marrow transplantation has already proven itself 

in the treatment of hematological malignancies. Whole bone marrow contains two 

distinct cell populations, the hematopoetic cells and the non hematopoetic cells. 

Hematopoetic stem cells (HSCs) are well characterized as CD45+/CD34+ cells 

and are well known for their capacity to differentiate along the blood cell 

hierarchy [50,51]. Although some works suggested the possibility of HSCs 

capacity to undergo neuronal differentiation [114,115], more recent reports 

contradict this approach and claim that neuronal differentiation of HSCs is ,at 

best, a marginal phenomenon both in vitro [116] or in vivo [117]. 

A more promising bone marrow derived cell population which holds the potential 

to undergo neuronal differentiation is the mesenchymal stem cells/ bone marrow 

stromal cells/ multipotent stromal cells (MSCs). MSCs were originaly 

characterized for their capacity to differentiate along the mesenchymal lineage 

[53], but a serious of papers in 2000 demonstrated MSCs capacity to differentiate 

outside their accepted mesenchymal identity, differentiating to other 

developmental lineages, including neuroectodermal, in a process termed 

transdifferentiation, in vitro  [118,119] and in vivo [120,121]. 

Woodbury et al. were the first to report the MSCs capacity to break the 

mesenchymal lineage barrier and to differentiate into neurons [118]. Rat and 

human MSCs were expanded before being induced to differentiate in a serum free 
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medium containing β-mercaptoethanol and other antioxidants. Upon exposure to 

induction medium, MSCs dramatically changed their morphology from long flat 

spindle shaped cells to contracted rounded cells with long extensions resembling 

neurite outgrowths. The induced cells expressed typical neuronal proteins such as 

Neuron Specific Enolase (NSE), Neurofilament M and the neuronal nuclear 

specific antigen (NeuN). Another group reported the differentiation of human and 

rat MSCs to both neuronal and glial cells in the presence of retinoic acid and 

BDNF [119]. Moreover, their experiments showed that co-culture of MSCs with 

NSCs derived from neonate mice or human fetal tissues promoted the neuronal 

differentiation of MSCs. 

To determine whether transdifferentiation of MSCs to neurons could also occur in 

vivo, rat MSCs were transplanted into rat embryo [122]. The transplanted cells 

integrated in the brain parenchyma and followed specific developmental cues and 

migratory pathways of the rat neurogenesis. Abundant donor cells were detected 

in the neocortex, hippocampi, cerebellar peduncles, colliculi, thalamus, midbrain, 

forebrain germinal zones, rostral migratory stream and olfactory bulbs. The cells 

expressed different gene products and morphologies in a region-specific manner, 

apparently exhibiting the plastic ability to respond specifically to different 

microenvironments. The results therefore not only demonstrated MSCs capacity to 

differentiate to neurons but also strongly suggested that the process of 

differentiation from bone marrow to neurons is parallel to the 'natural' course of 

differentiation of neural stem cells to mature neurons. 

4.4.2 MSCs neuronal transdifferentiation- is it possible?  

The conceptual outcome of the studies presented in the preceding paragraphs was 

not to be easily accepted by the stem cell community. Soon enough reports were 
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published questioning the feasibility of transdifferentiation of adult stem cells 

[123]. The phenomenon was considered by some either insignificant in scale or 

simply a misinterpretation of the data. According to the critiques, MSCs 

transdifferentiation to neurons was more of an artifact than a true fact. A few 

papers argued that the neuronal differentiation of MSCs in vitro was only a result 

of cytotoxic effects of the chemicals present in Woodbury's differentiation 

medium [124-126]. The authors claimed that the cells acquired a neuronal like 

morphology in response to the exposure to chemical stressors, a response also 

observed when introducing fibroblasts and other non stem cell population to the 

same induction protocol. The positive immunoreactivity for neuronal markers 

such as NeuN and NSE was not accompanied by increasing expression levels of 

corresponding mRNA levels, thus implying the results were due to technical 

procedures regarding the immunostaining. The rapid morphology change (as soon 

as 2 hours in some works) was attributed to cytotoxic disruption of the actin 

cytoskeleton and retraction of the cell edge. The fact that the induction resulted in 

excess death rates and that the differentiation was both gained and lost (upon 

media withdrawal) in a few hours strongly argues against the possibility of true 

physiological differentiation in response to the chemical induction. 

As for in vivo works indicating transdifferentiation [120,121,127], doubts were 

also raised regarding the interpretation of the results. Different studies of bone 

marrow cells transplantations suggested that the supposedly 'transdifferentiated 

cells' were rather a result of fusion between donor and host cells of the brain 

[128].  In that study, irradiated female mice were transplanted with mismatched 

male mice bone marrow. Although Y chromosomes were detected in the recipient 

cerebellar cells, confocal laser scanning microscopy allowed definitive 
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identification of the sex chromosomes within the morphologically distinct 

Purkinje cells. In the brains of females who received male bone marrow, four 

Purkinje neurons were found that contained an X and a Y chromosome and two 

other Purkinje neurons contained more than a diploid number of sex 

chromosomes. Although the possibility remains that the Purkinje cells with one X 

and one Y chromosome arose de novo from cells within the bone marrow, an 

argument based on sampling can be made in support of cell fusion. The possibility 

of cell fusion was further augmented following the publication of studies pointing 

at the fusion phenomenon in other organs as well [129-131]. 

In spite of the studies doubting MSCs capacity to differentiate to neurons or glia 

cells, one cannot stay indifferent to the growing body of evidence being built in 

the last few years. It is now common knowledge in the stem cell community that 

MSCs express a respectable repertoire of neural genes, suggesting neurogenic 

predisposition even prior to any induction [132-134]. Recent publications 

indicated that marrow derived neuronal- like cells exhibit some typical neuronal 

electrophysiological traits [135-140]. Another study have showed that the 

functional neuronal differentiation was accompanied by a comprehensive 

upregulation of genes associated to involved in the synaptic transmission and long 

term potentialisation [141]. Furthermore, differentiation in vitro cannot be 

explained by the occurrence of fusion and newer induction protocols have shifted 

from the initial usage of chemical stressors to the more 'physiologic' signaling 

molecules such as neurotrophic factors or other cytokines [142-144].  

To date, little is known about the molecular mechanism of MSCs differentiation to 

neuron but the primary studies indicate the involvement of cAMP dependent 

canonical protein kinase A (PKA) pathway and the MEK-ERK signaling pathway 
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[145,146]. Recent studies suggested the importance of suppressing 

phosphatidylcholine-specific phospholipase C (PC-PLC) in the presence of basic 

fibroblast growth factor. This suppression could induce cell neuronal 

differentiation and contribute to the decrease in the membrane potential towards a 

more neuronal membrane potential [147]. 

4.4.3 MSCs dopaminergic differentiation  

In the first reported work describing the generation of dopamine producing cells 

from MSCs, cells were first converted to a neural stem cell phenotype [148]. 

These cells expanded in floating aggregates resembling neurospheres, displayed 

clonal capacity and were differentiated at the single cell level to both neurons and 

glial cells. After induction with BDNF, the neuronal-like cells secreted dopamine 

in response to depolarization. However neuronal electrophysiological properties 

were not observed. Another in vitro study reported the dopaminergic 

differentiation of Marrow-isolated adult multilineage inducible (MIAMI) cells 

[149]. The study presents elevated levels of TH expression and typical neuronal 

electrophysiology in the dopaminergic induced cells but does not report dopamine 

secretion. Another recent report describes that among a population of neuronal 

induced MSCs, after propagation in neurospheres, some cells produce increased 

levels of dopamine through the course of differentiation and some exhibit partial 

typical electrophysiological properties including the typical Na+ and K+ ion 

channel currents [150]. 

In our lab, we have previously reported the generation of dopamine producing 

cells through the addition intacellular cAMP elevating compounds and GDNF 

[151]. When transplanted into the 6-OHDA PD model we found the cells to 

survive for months within the grafted striatum and exert clinical improvement 
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rotational behavior [152]. However, since that the transplanted cells did not 

secrete dopamine in vitro (the dopamine producing cells showed increased 

mortality in the culture dish, hence we transplanted MSCs derived neural 

progenitors), and since only a low percent of the surviving cells expressed TH, 

and since the cells did not show neuronal electrophysiologyin vitro, it is unlikely 

that the beneficial effect of the transplanted cells could be attributed to DAergic 

cell replacement.  

The most impressive in vitro study to date to show MSCs dopaminergic 

differentiation was conducted by Trzaska et al. in 2007. In their study, MSCs were 

incubated in dopaminergic induction medium containing Shh and FGF8 resulting 

in the generation of cells expressing dopaminergic-specific genes and proteins 

such as TH, Pitx3, Nurr1, DA transporter, and vesicular monoamine transporter 2 

(VMAT2)[153]. The induced MSCs also synthesized and secreted DA, though not 

in a depolarization dependent manner. The electrophysiological findings 

suggested that the induced cells are in an immature stage of development likely 

representing DA neuronal progenitors. Another interesting study described the 

generation of dopamine producing cells from umbilical cord derived MSCs. In 

that study, MSCs were induced to differentiate in neuronal conditioned media 

(obtained after culturing brain cells of a week old rat) supplemented with Shh and 

FGF8. The resulting cells expressed TH, secreted dopamine and were effective in 

reducing rotational behavior in PD rat models [154]. 

5 Genetic manipulation of stem cells 
5.1 General 

In the previous chapters we described the potential of utilizing stem cells as a 

source for regenerative cell therapy following differentiation induced by exposing 
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the cells to extrinsic signaling molecules. A different strategy of harnessing the 

potential of stem cells for the prospects of regenerative medicine is their genetic 

manipulation [155]. Genetic manipulation of stem cells could be employed in 

different strategies: (i) A gene delivery approach, in which case transplanted stem 

cells will serve as a vehicle to deliver specific supportive genes in the affected 

area[156]. (ii) Stem cell reprogramming, in which stem cells will either be forced 

to over express or knock down the expression of a gene as a mean to enhance their 

directed differentiation[157,158].  (iii) Stem cells will be equipped with a reporter 

gene that would help enrichment of a desired differentiated cell population 

[159,160]. 

 

Genetic manipulation of stem cells is a tricky task. Their remarkable proliferation 

capacity makes them poor candidates for non viral episomal plasmid transfection/ 

electroporation/nucleofection as they tend to "throw out" the foreign DNA. At the 

same time most stem cells are sensitive to antibiotics selection hence establishing 

a stable transfection of stem cells has only rarely been reported in the literature. 

The method mostly employed to conduct genetic manipulation of stem cells is the 

use of viral transduction, owing to their high efficiency of transfection [156]. The 
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viral systems used to transduce stem cells include the adenovirus, adeno-

associated virus, retrovirus and lentivirus (Table 1).  

 

5.2 Lentiviral gene delivery 

5.2.1 Lentiviral vectors  

Lentiviral vectors, due to their high infectivity and low cytotoxicity in both 

dividing and non dividing cells, have been used in vitro, ex vivo and in vivo 

(Figure 5). Lentiviruses are RNA viral vectors and are members of Retroviridae 

family of viruses. Lentiviral 

vectors are derived from the 

human immunodeficiency 

virus (HIV-1) by removing 

the genes necessary for viral 

replication. Although they 

are devoid of replication 

genes, the vector can still 

efficiently integrate into the 

host genome allowing stable 

expression of the transgene. 

The general principle 

underlying the design of 

these vectors is simple: 

within a so-called ‘producer 

cell’, trans-acting functions 

necessary for making an infectious virion are expressed together with the DNA 
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encoding the vector itself, which is the only piece of genetic information that is 

transferred to the target cells [161].  

 

Lentiviral genomes consist of two identical copies of single stranded positive 

sense RNAs, coding for four genes; gag, pol, rev and env, flanked by long 

terminal repeats (LTR) [162]. The gag gene encodes the core protein capsid 

containing the matrix and nucleocapsid elements that are cleavage products of the 

gag precursor protein. The pol gene codes for the viral protease, reverse 

transcriptase and integrase enzymes derived from gag-pol precursor gene. The rev 

encodes a post-transcriptional regulator necessary for efficient gag and pol 

expression. The env gene encodes the envelop glycoprotein which mediates viral 

entry. An important feature of the retroviral genome is the presence of LTRs at 

each end of the genome. These sequences facilitate the initiation of viral DNA 

synthesis, moderate integration of the proviral DNA into the host genome, and act 

as promoters in regulation of viral gene transcription. For HIV-1-based vectors, 

the core and enzymatic components of the virion come from the gag and pol genes 

of this virus, whereas the envelope commonly originates from another source, 

such as the highly stable and pantropic G protein of vesicular stomatitis virus. All 

of the so-called ‘accessory genes’ of HIV, which encode crucial virulence factors, 

are absent from the packaging construct, thereby maximizing safety.  

5.2.2 Lentiviral genetic manipulation of mesenchymal stem cells  
Lentiviral delivery systems have many advantages for manipulating stem cells. 

They are highly infective to both dividing and non dividing cells, they are not 

immunogenic; their expression persists due to the integration of the genetic 

content to the host DNA. Lentiviral vectors have been reported for the efficient 

transduction of ESCs [163,164] and adult stem cell population such as NSCs 
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[165], HSCs [166] and MSCs [167,168]. Furthermore, a few studies indicated the 

possibility of  in vivo transduction of adult stem cells through in situ delivery of a 

lentiviral vector [169,170]. 

Mesenchymal stem cells derived from bone marrow are being evaluated as 

potential vehicles for cell and gene specific therapy against disease. Their ability 

to home to sites of injury [171],  makes them promising candidates for the 

restoration or replacement of organ systems and/or the delivery of gene products. 

McMahon et al. have shown the superiority of lentiviral gene delivery to rat 

MSCs over other viral or non viral gene delivery method [172]. Other studies 

reported the ability of lentiviral vectors to transduce human [167,168,173-175] or 

mouse  [176] MSCs and sustain transgene expression longer than other viral and 

non viral vectors. Those studies have also indicated that the transduction 

procedure by itself did not affect the growth, differentiation potential and 

migration capacity of MSCs and did not induce excessive cell death. 

There are various strategies to harness the lentiviral delivery of genes into stem 

cells. One possibility is to over express a therapeutic gene and transplant the stem 

cells to the affected region. In a recent study, lentiviral transduced human MSCs 

expressed therapeutic levels of enzyme in a xenotransplantation model of human 

disease. This study provided evidence that transduced human MSCs retain their 

normal trafficking ability in vivo and persist for at least 4 months, delivering 

therapeutic levels of the protein [177]. In another recent study, MSCs were 

lentiviraly engineered to deliver an interfering RNA (RNAi) molecule in mice 

brains in order to control seizure. The engineered human MSCs enabled lentiviral 

RNAi mediated downregulation of adenosine kinase, the major adenosine-
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removing enzyme, in the hipocampi of epileptic mice. Treated mice displayed 

reduction in seizure duration and in hipocampal neuronal cell loss [178]. 

6 Stem cell reprogramming 
6.1 General 

Over the last few years, cutting edge technologies has enabled stem cell 

researchers to challenge the orthodox view of embryonic development. Lineage 

restricted differentiation of stem cells does not appear to be a deterministic fate as 

genetic manipulation of cells have proven the feasibility of reprogramming them 

into an identity which surpasses their "natural progeny". Thomas Graf and 

colleagues have shown in their works that a fully differentiated B cell could be 

reprogrammed to the fate of a macrophage through the forced expression of a 

single transcription factor [179,180]. Various reports have shown that forced 

expression of a transcription factors in stem cells could serve as a mean to induce 

or enhance the differentiation process. These studies, among others, have founded 

the basis for pioneering studies that report the generation of ESCs-like cells from 

somatic cells through forced expression of a number of transcription factors [181-

183]. 

6.2  Induced pluripotent stem cells (iPS) 

The ultimate manifestation of cell reprogramming is the generation of induced 

pluripotent stem cells (iPS cells) from somatic cells. The stem cell field was 

stunned in 2006 when Takahashi and Yamanaka demonstrated that the 

introduction of four transcription factors — octamer-binding transcription factor-

3/4 (OCT3/4), SRY-related high-mobility-group (HMG)-box protein-2 (SOX2), 

MYC and Kruppel-like factor-4 (Klf4) — could induce pluripotency and 

reprogram mouse fibroblasts into cells closely resemble embryonic stem cells in 
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their cellular phenotype and gene-expression profile [181] and contribute to the 

germline when transplanted into blastocysts [184,185]. The protocol has since 

been applied to other types of somatic mouse cells [186] and to other human 

somatic cells including skin, blood and pancreatic mature cells [182,187-191]. 

Although the original gene set for reprogramming was comprised of Oct3/4, Sox2, 

Myc and Klf4, recent studies have shown that other combinations of factors can 

substitute for MYC and KLF4 and produce iPS cells [187,192]. A recent report 

demonstrated the capacity to generate iPS from neural stem cells through the 

delivery of less than 4 genes [193,194]. The reprogramming procedure is 

straightforward, robust and has been independently replicated by multiple groups 

[183]. However, the detailed mechanism for reprogramming is unknown and is a 

topic of intense scrutiny in several laboratories.  

iPS paves the way for various scientific and medical advances. iPS could 

potentially be used for future regenerative medicine (with the differentiation 

potential of ESCs but the possibility of autologous transplantation). Recent studies 

reported the generation of haematopoietic precursor cells derived from iPS cells 

that could rescue lethally irradiated mice in a sickle cell anemia model [195] and 

the generation of neuronal cells from iPS that proved beneficial in a PD model 

[196]. iPS could also enable the generation of disease specific stem cells that can 

offer an unprecedented opportunity to recapitulate both normal and pathologic 

human tissue formation in vitro, thereby enabling disease investigation and drug 

development. Those iPS cells have already been generated from patients with a 

variety of genetic diseases with either Mendelian or complex inheritance [197]. 

iPS were also generated from Amyotrophic lateral sclerosis (ALS) patients. These 
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cells were then induced to undergo motor neuron differentiation in vitro, and may 

provide suitable autologous cell replacement source for the patients [198]. 

There are still major technical challenges regarding the use of iPS cells [183]. 

Those include the low efficiency of derivation human iPS, the use of retroviral 

vectors to introduce reprogramming factors into cells and the use of the oncogene 

MYC to achieve reprogramming. Still iPS is a striking method in that it can 

convert somatic cells directly into pluripotent cells, in a manner that is totally 

independent of the availability of embryonic cells. Namely, with the right set of 

molecular signals, any cell could be virtually differentiated to any other cell. 

6.3 Forced expression of transcription factors as a mean to induce 

mesenchymal stem cell differentiation 

The potential of generating suitable differentiated cell populations from MSCs has 

led researchers to explore efficient differentiation protocols. Studies in ESCs and 

somatic cells have highlighted the rational of inducing the expression of 

transcription factors (TFs), via genetic manipulation, as a mean to induce and 

maintain differentiation. The strategy of delivering TFs could enable MSCs 

reprogramming and widen the spectrum of MSCs plasticity. 

Though mesenchymal stem cells' "innate" differentiation capacities include the 

differentiation to bone and cartilage, the first works to employ the strategy of TF 

delivery as a mean to induce differentiation directed the cells to the chondrogenic 

and osteogenic fate [199,200]. Another study has shown that forced expression of  

the Smad8 TF, together with the bone morphogenic protein2 (BMP2) expression, 

was sufficient to generate neotendon from MSCs both in vitro and in vivo[201]. 

MSCs' migratory properties [202] and pro-angiogenic properties [203] were also 

markedly improved through forcing the expression of specific TFs. 
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Perhaps a more tempting use of TF forced expression in MSCs is required in the 

quest to induce MSCs transdifferentiation to cell types outside the mesenchymal 

lineage. Encouraging results demonstrating the efficient generation of functional 

insulin producing cells were reported following the over expression of the 

pancreatic β-cell specific TF Pancreatic duodenal homeobox 1 (PDX1) [157,204].  

Those works demonstrated the feasibility of generating suitable cell sources for β-

cell replacements therapy in Diabetes showing a clinical effect in animal models 

as well as functional in vitro differentiation.  

In another path of MSCs differentiation, three recent reports were made regarding 

the genetic manipulation involving TFs in MSCs as a strategy to induce or 

enhance neuronal transdifferentiation [158,205,206]. The capacity of MSCs to 

undergo a compatible neuronal transdifferentiation has been an issue of debate in 

the stem cell field [124-126]. Thus the attempt to reprogram the MSCs through 

genetic manipulation could enhance and facilitate neuronal transdifferentiation. A 

recent study demonstrated the neurogenic effect of the proneural Nerogenin1 

(NGN1) TF on MSCs neuronal differentiation. In this study, expression of 

Neurogenin1 was sufficient to convert the mesodermal cell fate of MSCs into a 

neuronal one. Ngn1-expressing MSCs expressed neuron specific proteins and 

voltage-gated Ca2+ and Na+ channels that were absent in parental MSCs. Most 

importantly, transplantation of Ngn1-expressing MSCs in the animal stroke model 

dramatically improved motor functions compared to the parental MSCs [158]. 

Two other recent reports suggested the positive effect of silencing a TF, the 

neuron-restrictive silencer factor (NRSF) as a mean to facilitate MSCs neuronal 

differentiation [205,206]. The manipulated MSCs showed an advantage of their 

electrophysiological properties following the gene silencing. 
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6.4 Forced expression of transcription factors as a mean to enhance 

dopaminergic stem cell differentiation 

The effort made in deciphering the developmental code of midbrain dopaminergic 

differentiation has implicated the crucial involvement of specific transcription 

factors in that process [63,81,82]. Stem cell researchers working with ESCs and 

NSCs have tried for years to forcedly express some of the TFs involved in 

dopaminergic differentiation in an attempt to generate the ultimate midbrain 

dopaminergic neuron. The TF Nurr1 was evaluated for the purpose of inducing 

dopaminergic differentiation in various stem cell types, as a sole factor involved 

in the differentiation [207], combined with a differentiation protocol composed of 

extrinsic cues [208] or combined with other TFs co-expressed in the cells such as 

NGN2, Mash1 and Pitx3 [209-211]. Nurr1 is considered a key player in rodents' 

cells dopaminergic differentiation though it is presumed to play a differential role 

in mouse, rat and human cells [212,213]. In 2002, Chung et al. reported that Nurr1 

forced expression in mouse ESCs resulted in 4 fold increase in the number of 

dopaminergic neurons generated and increased dopamine production from these 

cells in vitro [207]. The same year, Kim et al. demonstrated the therapeutic effect 

of Nurr1 engineered mouse ESCs in a rat model of PD [214]. A year later, another 

study reported the parallel effect of Nurr1 over expression in CNS progenitors 

obtained from rat brains [215]. Those studies, though promising, concluded that 

added factors are required to enable a more robust differentiation. Indeed the next 

studies involved the addition of other TFs into the cells which resulted in a better 

dopaminergic phenotype and function of ESCs [209] and NSCs [216]. 

Besides Nurr1, other TFs were also examined for their capacity to induce 

dopaminergic differentiation. Pitx3 was proved superior to Nurr1 when 

overexpressed in mouse ESCs in the capacity to generate specific midbrain 
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dopaminergic A9 neurons [217]. Another study screened the over expression of 

various developmental dopaminergic TFs, Nurr1, Pitx3, LMX1b and En1 and 

concluded that co-expression of Nurr1 with Pitx3 yields the best results [209]. The 

study that managed to yield the highest amount of midbrain dopaminergic cells 

from stem cells described the over expression of LMX1a and MSX1 in mouse 

embryonic stem cells [78]. A recent study evaluated the effect of over expressing 

LMX1a, MSX1, NGN2 and Pitx3 in rat ventral midbrain progenitrors but yielded 

disappointing results in generating DAergic neurons. A possible explanation could 

be the differences between species. 
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Research aim 
To generate dopaminergic-like neurons from human bone marrow MSCs, thus 

provide a suitable source for cell replacement therapy for PD. 

Specific aims 
A. To isolate, expand and characterize human mesenchymal stem cells from fresh bone 

marrow aspirates. 

B. To generate dopamine producing cells from the marrow derived human MSCs by 

exposing the cells to different neurotrophic factors and differentiation agents.  

C. To establish an efficient reliable method of gene delivery to the human MSCs. 

D. To direct the induced cells towards the midbrain A9 dopaminergic cell subtype 

phenotype by reprogramming ther cells following forced expression of a DAergic 

determinant. 

E. To determine the effect of LMX1a forced expression on differentiation of the MSCs.  
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Materials 
Table 2. Tissue culture reagents 

Catalogue # Website ManufacturerMaterial 
01-055-1 http://www.bioind.com Biological Industries, 

Beit Haemek, Israel 
Dulbecco's modified 
eagle medium 
(DMEM) with D-
Glucose 4500mg/l 

04-121-1 http://www.bioind.com Biological Industries, 
Beit Haemek, Israel 

Fetal calf serum 
(FCS), Heat 
inactivated 

02-015-1 http://www.bioind.com Biological Industries, 
Beit Haemek, Israel 

Hank’s balanced salt 
solution (HBSS) 

04-004-1 http://www.bioind.com Biological Industries, 
Beit Haemek, Israel 

Horse serum (HS)  

03-020-1 http://www.bioind.com Biological Industries, 
Beit Haemek, Israel 

L-Glutamine 
200mM 

01-340-1 http://www.bioind.com Biological Industries, 
Beit Haemek, Israel 

Nonessential amino 
acid (X100) 

03-032-1 http://www.bioind.com Biological Industries, 
Beit Haemek, Israel 

Penicillin 10000 
U/ml / streptomycin 
10 mg/ml / nystatin 
1250 U/ml (PSN) 

02-020-1 http://www.bioind.com Biological Industries, 
Beit Haemek, Israel 

Phosphate buffer 
saline (PBS)  

03-042-1 http://www.bioind.com Biological Industries, 
Beit Haemek, Israel 

Sodium Pyruvate 
(X100) 

03-052-1 http://www.bioind.com Biological Industries, 
Beit Haemek, Israel 

Trypsin (0.25%) 
EDTA (0.05%)  

03-055-1 http://www.bioind.com Biological Industries, 
Beit Haemek, Israel 

Water- Cell Culture 
Grade  
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Table 3. Differentiation media, supplements, and 
cytokines  

Catalogue#Website ManufacturerMaterial 
I7018 http://www.sigmaaldrich.com Sigma 3-isobutyl-1-methyl-xanthine 

(IBMX) 
R2625 http://www.sigmaaldrich.com Sigma all-trans-retinoic acid (RA) 
A0278 http://www.sigmaaldrich.com Sigma Ascorbic acid 
17504-044 http://www.invitrogen.com Invitrogen B27 supplement 
233-FB http://www.rndsystems.com R&D Systems Basic fibroblast growth factor 

(bFGF, FGF2) * 
I6634 http://www.sigmaaldrich.com Sigma Bovine Insulin 
450-02 http://www.peprotech.com Peprotech Brain derived neurotrophic 

factor (BDNF) * 
B-1253 http://www.sigmaaldrich.com Sigma Butylated hydroxyanisole 

(BHA) 
861871 http://www.sigmaaldrich.com Sigma Dexamethasone 
D0627 http://www.sigmaaldrich.com Sigma Dibutyryl cyclic AMP (db-

cAMP) 
21331-020 http://www.invitrogen.com Invitrogen DMEM/F12 medium 
236-EG http://www.rndsystems.com R&D Systems Epidermal growth factor 

(EGF) * 
E-2758 http://www.sigmaaldrich.com Sigma β-Estradiol  
100-25 http://www.peprotech.com Peprotech Fibroblast growth factor 8 

(FGF8) * 
450-10 http://www.peprotech.com Peprotech Glial derived neurotrophic 

factor (GDNF) * 
G9891 http://www.sigmaaldrich.com Sigma Glycerol 2-Phosphate  
I7378 http://www.sigmaaldrich.com Sigma Indomethacin 
17502-048 http://www.invitrogen.com Invitrogen N2 supplement 
21103-049 http://www.invitrogen.com Invitrogen Neurobasal medium 
243-B3 http://www.rndsystems.com R&D Systems Transforming growth factorβ3 

(TGFβ3) * 
450-03 http://www.peprotech.com Peprotech Neurotrophin-3 (NT-3) * 
450-11 http://www.peprotech.com Peprotech Neurturin * 
1314-SH http://www.rndsystems.com R&D Systems Sonic hedgehog (Shh) * 

*All cytokines and trophic factors used were human recombinant 
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Table 4. Other materials 
Catalogue # Website ManufacturerMaterial 
O0625 http://www.sigmaaldrich.com Sigma Oil red O stain 
A5533 http://www.sigmaaldrich.com Sigma Alizarin Red stain 
U-10 http://www.novamed.co.il Novamed Uni-Sep Maxi tubes 
P6148 http://www.sigmaaldrich.com Sigma Paraformaldehyde 

(PFA) 
8832 http://www.gadot.com Gadot Ethanol 70% 
04-009-1B http://www.bioind.com Biological industries Goat serum 
A-4503 http://www.sigmaaldrich.com Sigma Bovine serum 

albumin (BSA)  
23225 
 

http://www.piercenet.com Pierce BCA protein assay 
kit 

  Orion Biosolutions IntraCyte kit  
S1516 http://www.sigmaaldrich.com Sigma Sodium 

metabisulfite 
T-6878 http://www.sigmaaldrich.com Sigma TritonX-100 

(octylphenoxy 
polyethoxyethanol) 

2750 http://www.millipore.com Chemicon Cell Proliferation 
ELISA Kit, BrdU 
Detection 

16664 http://www.sigmaaldrich.com Sigma X-Gal 
D-5879 http://www.sigmaaldrich.com Sigma Dimethyl sulfoxide 

(DMSO)  
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5. Antibodies 
Table 5.1 Dye conjugated antibodies for FACS 
Antibody Reactivity Dilution manufacturer Website Catalog# 
FITC 
conjugated 
mouse IgG1 

Isotype , 
nonspecific 

1:10 eBioscience http://www.ebioscience.com 11-4714 

FITC 
conjugated 
mouse IgG1 

Anti human 
CD105 

1:100 Ancell 
Corporation 

http://www.ancell.com 326-040 

FITC 
conjugated 
mouse IgG1 

Anti human 
CD14 

1:10 eBioscience http://www.ebioscience.com 11-0149 

PE 
conjugated 
mouse IgG1  

Isotype , 
nonspecific 

1:10 eBioscience http://www.ebioscience.com 12-4714 

PE 
conjugated 
mouse IgG1 

Anti human 
CD45 

1:10 DAKO http://www.dako.com R708701 

PE 
conjugated 
mouse IgG1 

Anti human 
CD34 

1:10 Miltenyi 
Biotech 

http://www.miltenyibiotec.com  130-081-
002 

PE 
conjugated 
mouse IgG1 

Anti human 
CD73 

1:10 BD 
Pharmingen 

http://www.bd.com 550257 

PE 
conjugated 
mouse IgG1 

Anti human 
CD29 

1:25 eBioscience http://www.ebioscience.com 12-0297 

PE 
conjugated 
mouse IgG1 

Anti human 
CD44 

1:10 Cymbus 
Technology 

Not available  

Table 5.2 Antibodies used for Western Blot 
Antibody Dilution manufacturer Website Catalog# 
Goat anti 
mouse 
Horseradish 
peroxidase 
conjugated 

1:10,000 Jackson 
ImmunoResearch 

http://www.jacksonimmuno.com. 115-036-072 

Goat anti rabbit 
Horseradish 
peroxidase 
conjugated  

1:10,000 Jackson 
ImmunoResearch 

http://www.jacksonimmuno.com. 111-036-045 

Mouse anti 
human actin 

1:10,000 Chemicon http://www.millipore.com MAB1501 

Mouse anti 
human emerin 

1:10,000 Santa Cruz http://www.scbt.com sc-15378 

Mouse anti 
human tyrosine 
hydroxylase  

1:10,000 Sigma http://www.sigmaaldrich.com T1299 

Table 5.3 Antibodies used for Intracellular FACS analysis 
Antibody Dilution manufacturer Website Catalog# 
Mouse anti 
human nestin 

1:20 R&D systems http://www.rndsystems.com MAB1259 

Mouse anti 
human tyrosine 
hydroxylase  

1:1,000 Sigma http://www.sigmaaldrich.com T1299 

PE conjugated 
donkey anti 
mouse IgG 

1:500 Jackson 
ImmunoResearch 

http://www.jacksonimmuno.com. 715-116-150 

 

 

http://www.biocompare.com/jump.asp?vendorurl=y&vendorid=196&itemid=244351�
http://www.ebioscience.com/ebioscience/specs/antibody_12/12-0297.htm�
http://www.millipore.com/catalogue/item/mab1501�
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Table 5.4 Antibodies used for Immunocutochemistry 
Antibody Dilutio

n 
manufacturer Website Catalog# 

Alexa 568 conjugated 
goat anti rabbit  

1:500 Molecular probes http://www.invitrogen.com A11011 

biotin conjugated goat 
anti mouse 

1:500 Zymed http://www.invitrogen.com 50-234Z 

biotin conjugated goat 
anti rabbit 

1:500 Molecular probes http://www.invitrogen.com B2770 

mouse anti En1 1:50 Developmental Studies 
Hybridoma Bank 

dshb.biology.uiowa.edu 4G11 

Mouse anti human 
nestin 

1:20 R&D systems http://www.rndsystems.com MAB1259 

Mouse anti human 
tyrosine hydroxylase  

1:1000 Sigma http://www.sigmaaldrich.co
m 

T1299 

mouse anti MAP2 1:250 Zymed http://www.invitrogen.com 13-1500 
mouse anti MSX1 1:50 Developmental Studies 

Hybridoma Bank 
dshb.biology.uiowa.edu 4G1 

Mouse anti NeuN 1:10 Chemicon http://www.millipore.com MAB377 
mouse anti pan NaV 1:500 Sigma http://www.sigmaaldrich.co

m 
S8809 

mouse anti 
synaptotagmin 1 

1:500 Synaptic systems http://www.sysy.com 105011 

Mouse anti Tuj1 (β3 
Tubulin) 

1:500 Sigma http://www.sigmaaldrich.co
m 

T8660 

Rabbit anti human 
tyrosine hydroxylase 
(TH) 

1:500 Pel-Freez http://www.pelfreez-bio.com P40101-0 

rabbit anti Pitx3 1:300 Zymed http://www.invitrogen.com 38-2850    
rabbit anti Synapsin 1:500 abcam http://www.abcam.com Ab8-10 
rabbit anti VMAT2 1:500 Chemicon http://www.millipore.com AB1767 
rabbit anti-LMX1a 1:50 Aviva-biosystems http://www.avivasysbio.com ARP31999_P050 
Streptavidin 
conjugated Alexa 488 

1:500 Molecular probes http://www.invitrogen.com S32354 

 

Table 5.5 Nuclear staining for immunocytochemistry 
Material Dilution manufacturer Website Catalog# 
4',6-Diamidino-
2-phenylindole 
Dihydrochloride 
(DAPI) 

10 μg/ml Sigma http://www.sigmaaldrich.com D9542 
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Table 6. Primers designed for Real Time PCR 
Gene sense antisense 
Aldh1 ATGAACCTATTGGTGTATGTGGCC CCAACGGGAAATTCCAAG G 

DAT CTGGAGCCATAGACGGCATC CCGCGTCAATCCAAACAGA 

En1 GTTATTCGGATCGTCCATCCTC CGCCTTGAGTCTCTGCAGCT 

En2 CGGCCTTCTTCAGGTCCC CTCGTTGAGGCTCAGCTCCT 

Fibronectin GAGATCAGTGGGATAAGCAGCA CCTCTTCATGACGCTTGTGGA 

Fox1a GGCATGAAACCAGCGACTG AGGCCTCCTGCGTGTCTG 

GAD67 CGAGGACTCTGGACAGTAGAGG GATCTTGAGCCCCAGTTTTCTG 

GAPDH CGACAGTCAGCCGCATCTT CCAATACGACCAAATCCGTTG 

Hash1 AGCAGGGTGATCGCACAAC ACGCCACTGACAAGAAAGCACTA 

LMX1a CCTGCAGGAAGGTGAGAGAGA TGGACGACACGGACACTCAG 

LMX1b CGCGTGGTCCAGGTCTG CGCGCCAGCTTCTTCATC 

MSX1 CCCTCACACTGCTCCAGTTTC TAAGGGACTCTTCCAGCCACT 

NGN2 CAACTAAGATGTTCGTCAAATCCG CCTTCAACTCCAAGGTCTCGG 

Nks6.1 AGAGGGCTCGTTTGGCCTAT TGGAACCAGACCTTGACCTGAC 

Nkx2.2 GACCAAGTGAAGCTACAACTTTGC ATGGTTCGAGACCCCAAAATT 

Nurr1 GGATGGTCAAAGAAGTGGTTCG CCTGTGGGCTCTTCGGTTT 

Otx2 CGAGGGTGCAGGTATGGTTTA TCCCGAGCTGGAGATGTCTT 

Pitx3 GTTCGCTGAAAAAGAAGCAGC TCTGGAAGGTCGCCTCTAGCT 

PTCH CTGGCAGGAGGAGTTGATTG GCCGCTTTGTCCTCGTTC 

RUNX2 GCCTTCAAGGTGGTAGCCC CGTTACCCGCCATGACAGTA 

Smoh CACCCTGGCCACATTCGT AAGCACGCATTGACGTAGAAGA 

Sox2 CAGGAGAACCCCAAGATGC GCAGCCGCTTAGCCTCG 

VMAT2 CCGCCCTGGTACTCTTGGAT TCCCCTTCTGACTCTCTGGCT 

• Amplicon sizes range between 50-150 base pairs. 
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Table 7. Materials used for vector preparation 
Material Manufacturer Website Catalogue # 
Ampicilin Sigma http://www.sigmaaldrich.com A0166 
Chloramphenicol Sigma http://www.sigmaaldrich.com 857440 
Extensor Hi-Fidelity 
PCR Enzyme 

ABgene http://www.abgene.com AB-0792 

JM109 Competent 
Cells 

Promega http://www.promega.com L-2001 

Kanamycin Sigma http://www.sigmaaldrich.com K-1377 
LB Sigma http://www.sigmaaldrich.com L-3022 
LB AGAR Sigma http://www.sigmaaldrich.com L-2897 
LR Clonase™ Plus 
Enzyme Mix 

Invitrogen http://www.invitrogen.com Part of kit  
K5910-00 

One Shot® Stbl3™ 
Chemically 
Competent 
E. coli 

Invitrogen http://www.invitrogen.com Part of kit K5910-
00 

Plasmid Midi Prep 
Kit 

QIAGEN http://www.qiagen.com 12143 

Plasmid Mini Prep 
Kit 

QIAGEN http://www.qiagen.com 27104 

Restriction enzymes New England 
Biolabs 

http://www.neb.com  

Spectinomycin Sigma http://www.sigmaaldrich.com S4014 
Top10 Chemically 
Competent 
E. coli 

Invitrogen http://www.invitrogen.com Part of kit K5910-
00 

ViraPower™ 
Promoterless 
Lentiviral 
Gateway® 
Expression Kit 

Invitrogen http://www.invitrogen.com K5910-00 

Water, DEPC 
treated 

Biological Ind. http://www.bioind.com 01-852-1A 

Wizard SV Gel and 
PCR Clean-Up 
System 

Promega http://www.promega.com A9282 

 

Table 8. List of vectors 
Vector name Manufacturer Website Catalog# 
pBluescript/LMX1a RZPD http://www.rzpd.de Clone 

IRATp970G0667D 
pCR®8/GW/TOPO® Invitrogen http://www.invitrogen.com K2500-20 
pDsRed2-1 Clontech http://www.clontech.com 632405 
pENTR ™5′-TOPO® Invitrogen http://www.invitrogen.com Part of kit  

K5910-00 
pIRES-AcGFP Clontech http://www.clontech.com 632435 
pLenti6/R4R2/V5-DEST Invitrogen http://www.invitrogen.com Part of kit  

K5910-00 
pLenti6/UbC/V5-GW/lacZ Invitrogen http://www.invitrogen.com Part of kit  

K5910-00 
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Table 9. Materials used for virus production 
Material Manufacturer Website Catalog# 
293-FT cell line Invitrogen http://www.invitrogen.com R700-07 
Amicon ultra-15 centrifugal 
filter 10kDa 

Millipore http://www.millipore.com UFC901024 

Blasticidin Invitrogen http://www.invitrogen.com R210-01 
Crystal violet Sigma http://www.sigmaaldrich.com C3886 
Lipofectamine 2000 Invitrogen http://www.invitrogen.com 11668-019 
OptiMem medium Invitrogen http://www.invitrogen.com 31985-047 
Polybrenne Sigma http://www.sigmaaldrich.com H9268 
PVDF filter Millipore http://www.millipore.com SLHV033NS 
ViraPower™ Packaging Mix Invitrogen http://www.invitrogen.com K4975-00 

 

Table 10. Equipment and software 
Instrumentation Manufacturer 
ABI Prism 7000 sequence detection system  Applied Biosystems, Foster City, CA, USA 
Autoclave  Tuttnauer, USA
BX52TF normal & fluorescent light source 
microscope  

Olympus, Tokyo, Japan

CELLQuestTM version 3.0 software  Becton Dickinson, USA
Centrifuge  Ohermle Z 360 K
Centrifuge 5403 or 5417C or 5810R  Eppendurf 5403, Hamburg, Germany 
Centrifuge RC5C plus  Sorvall instruments, Newtown, CT, USA 
DP50-CU microscope digital camera  Olympus, Tokyo, Japan
Electrophoresis power supply model 3000Xi  BioRad, Japan
FACSCaliburTM flow cytometer  Becton Dickinson. USA
Gel box for Electrophoresis  BioRad, Japan
HPLC-ECD Bioanalytical Systems
Ice machine  Scotsman AF-10, Italy
Image-Pro® Plus software  Media Cybernetics, Silver Spring, MD 
Incubator  Tuttnauer, USA
IX70-S8F2 normal & fluorescent light source 
microscope  

Olympus, Tokyo, Japan

Laminar hood – Class II  Nuaire, Plymouth, MN, USA 
Light-microscope BH-2  Olympus, Japan
PCR  device  Biometra, Goettingen, Germany 
pH Meter MP220  Mettler Toledo,Switzerland
Quantity One®  BioRad, Japan
Sequencing ABI PRISM® 3100 Genetic Analyzer Applied Biosystems, Foster City, CA, USA 
Spectrophotometer ND-1000  Nano-drop, Wilmington, DE, USA 
Spectrophotometer PowerWaveX microplate 
reader  

BIO-TEK instruments. Inc, VT, USA 
StudioLite™ software  Olympus, Tokyo, Japan
VersaDocTM model 1000 Imaging System  Bio-Rad Laboratories, Hercules, CA 
ViewfinderLite™ software  Olympus, Tokyo, Japan

 

http://www/�
http://www/�
http://www/�
http://www/�
http://www/�
http://www/�
http://www.millipore.com/catalogue/item/SLHV033NS�
http://www/�
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Table 11. Cell lines used as controls 
Cell line Source Website Catalog# 
HeLa Human cervical 

cancer 
http://www.atcc.com CCL-2 

M17 Human 
neuroblastoma 

http://www.atcc.com CRL-2267 
SH-SY5Y Human 

neuroblastoma 
http://www.atcc.com CRL-2266 

PC12 Rat 
pheochromocytoma 

http://www.atcc.com CRL-1721 
 

Table 11.1 HeLa/SH-5Y/M17 growth medium 
Material Concentration 
Dulbecco's modified eagle medium 
(DMEM) 

 

L-Glutamine  2mM
SPN [streptomycin (10mg/ml) / penicillin 
(10,000U/ml) / nystatin (1,250U/ml) ] 

1% 

Fetal calf serum (FCS)  10%
 

Table 11.2 PC12 growth medium 

Material Concentration 
Dulbecco's modified eagle medium 
(DMEM) 

 

L-Glutamine  2mM
SPN [streptomycin (10mg/ml) / penicillin 
(10,000U/ml) / nystatin (1,250U/ml) ] 

1% 

Fetal calf serum (FCS)  10%
Horse serum 5% 
 

 

http://www/�
http://www/�
http://www/�
http://www/�


44 
 

Methods 
1. Mesenchymal stem cells isolation and culture 

Fresh bone marrow aspirates were harvested from iliac crests of healthy adult 

donors (5 donors, aged 25-78) following informed consent. Samples were diluted 

with Hank's balanced salt solution. Isolation of mononuclear cells was achieved 

by centrifugation in UNISEP-MAXI tubes (Novamed, Jerusalem, Israel) on the 

basis of density gradient. Mononuclear cells were plated in MSCs growth medium 

(Table 2 in the Methods section) in polystyrene plastic 75-cm2 tissue culture flasks. 

After 24 hours nonadherent cells were removed.  Medium was changed every 3-4 

days. Adherent cells were cultured to 70%-90% confluency and reseeded at a 

density of 5,000-10,000 cells/cm2. Cells were maintained at 37°C in a humidified 

5% CO2 incubator. 

Table12- Mesenchymal stem cells growth medium 

Material Concentration 
Dulbecco's modified eagle medium 
(DMEM) 

 

L-Glutamine  2mM
SPN [streptomycin (10mg/ml) / penicillin 
(10,000U/ml) / nystatin (1,250U/ml)] 

1% 

Fetal calf serum (FCS)  15%
 

2. Characterization of Mesenchymal Stem Cells 

2.1FACS analysis for cell surface CD markers 

Bone marrow mononuclear cells were analyzed on the day of bone marrow 

aspiration. Following 2-3 passages hMSCs were harvested from the tissue culture 

flasks, centrifuged and resuspended in phosphate-buffered saline (PBS). Cells 
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were incubated with suitable antibodies (Table 5.1 in the Materials section) for 45 

min on ice, washed twice in flow-buffer, consisting of 5% fetal calf serum (FCS) 

and 0.1% sodium azide in PBS, and analyzed using a Beckton Dickinson flow 

cytometer. The results were analysed with CellQuest software. An appropriate 

fluorophore conjugated isotype control was included in each experiment. 

2.2Mesenchymal differentiation of MSCs 

For mesenchymal differentiation, MSCs growth medium was replaced with 

adipogenic or osteogenic induction media (see tables 3 and 4 in the Methods 

section) for three weeks. Medium was changed twice a week. After 3 weeks of 

differentiation, adipogenic induced cells were fixed in 4% paraformaldehyde 

(PFA) in PBS for 30 minutes at room temperature, washed with water and stained 

for the detection of fat vacuoles with Oil Red O. Osteogenic induced cells were 

fixed in 70% ethanol in 1 hour at room temperature, washed with water and 

stained for the detection mineral depositions with Alizarin Red stain. Cells were 

photographed in bright light prior and following differentiation. 

Table 13- Adipogenic induction medium 

Material Concentration 
Dulbecco's modified eagle medium 
(DMEM) 

 

L-Glutamine  2mM
SPN [streptomycin (10mg/ml) / penicillin 
(10,000U/ml) / nystatin (1,250U/ml) ] 

1% 

Fetal calf serum (FCS)  10%
Insulin 5µg/ml 
Indomethacine 50µM 
Dexamethasone 1µM 
3-isobutyl-1-methyl-xanthine (IBMX) 0.5mM 
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Table 14- Osteogenic induction medium 

Material Concentration 
Dulbecco's modified eagle medium 
(DMEM) 

 

L-Glutamine  2mM
SPN [streptomycin (10mg/ml) / penicillin 
(10,000U/ml) / nystatin (1,250U/ml) ] 

1% 

Ascorbic acid 0.2mM 
Glycerol 2-phospahte 10mM 

 

3. Induction of dopaminergic differentiation 

3.1Dopaminergic differentiation of naïve mesenchymal stem cells 

The differentiation protocol was composed of 2 steps (Table 15 in the Methods 

section). In step 1, cells were transferred to serum-free medium (DMEM) 

supplemented with 2 mM glutamine, 100 µg/ml streptomycin, 100 units/ml 

penicillin, 12.5 units/ml nystatin (Biological Industries), N2 supplement 

(Invitrogen) and 20 ng/ml fibroblast growth factor 2 and epidermal growth factor 

(both from R&D Systems) for 48-72 hours. In step 2, the medium was changed to 

Basic induction medium containing Neurobasal, B27 (both from Invitrogen), in 

addition to 1 mM dibutyryl cyclic AMP (dbcAMP), 3-isobutyl-1-methyl-xanthine 

(IBMX), and 200 μM ascorbic acid (all from Sigma). The following factors were 

added to the Basic induction medium in different combinations: brain-derived 

neurotrophic factor (BDNF; 50 ng/ml), glial-derived neurotrophic factor 

(GDNF;10 ng/ml), neurturin (100 ng/ml), neurotrophin 3 (NT3; 50 ng/ml), and 

fibroblast growth factor 8 (FGF8; 100 ng/ml (all from PeproTech); transforming 

growth factor β3 (TGFβ3; 2 ng/ml), sonic hedgehog (Shh; 500 ng/ml, both from 

R&D); estrogen (0.1 µM, Sigma); and all-trans-retinoic acid  (RA; 0.1 μM, 

Sigma) for 2-5 days. 
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Table 15- Mesenchymal stem cells dopaminergic induction medium 

 Material Concentration 

Stage 1 

Dulbecco's modified eagle 
medium (DMEM) 

 

L-Glutamine  2mM 
SPN 1% 
N2 supplement 1% 
Epidermal growth factor 
(EGF) 

20ng/ml 

Basif Fibroblast growth 
factor (b-FGF) 

20ng/ml 

Stage 2-Basic 
induction media 

Neurobasal medium  
L-Glutamine  2mM 
SPN 1% 
B27 supplement 2% 
dibutyryl cyclic AMP 
(dbcAMP) 

1mM 

3-isobutyl-1-methyl-
xanthine (IBMX) 

0.5mM 

ascorbic acid 200 μM 

Supplements 
added to Basic 

induction media 

brain-derived neurotrophic 
factor (BDNF) 

50 ng/ml 

glial-derived neurotrophic 
factor (GDNF) 

10 ng/ml 

neurturin  100 ng/ml 
neurotrophin 3 (NT3) 50 ng/ml 
fibroblast growth factor 8 
(FGF8) 

100 ng/ml 

transforming growth factor 
β3 (TGFβ3) 

2 ng/ml 

sonic hedgehog (Shh) 500 ng/ml 
estrogen  0.1 µM 
all-trans-retinoic acid  
(RA) 

0.1 μM 

 

3.2Dopaminergic differentiation of lentiviral transduced   

mesenchymal stem cells  

The differentiation media consisted 50% DMEM/F12 (Biological industries) 

supplemented with N2 (Invitrogen) and 50% Neurobasal medium with B27 

supplement (both from invitrogen), 2 mM glutamine, 100 µgr/ml streptomycin, 

100 units/ml penicillin, 12.5 units/ml nystatin (all from Biological industries), 20 
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ng/ml FGF-2, (R&D Systems), 100 ng/ml Fibroblast growth factor 8 (FGF8, 

PeproTech) and 1.7nM Sonic hedgehog (Shh, R&D Systems) for one to three 

weeks, medium was changed twice a week (Table 6 in the Methods section). 

Table 16- Dopaminergic induction medium for lentiviral transduced 
MSCs 

Material Concentration 
DMEM/F12 50% 
Neurobasal medium 50% 
L-Glutamine  2mM 
SPN [streptomycin (10mg/ml) / penicillin 
(10,000U/ml) / nystatin (1,250U/ml) ] 

1% 

N2 supplement 0.5% 
B27 supplement 1% 
Basic fibroblast growth factor (b-FGF) 20ng/ml 
fibroblast growth factor 8 (FGF8) 100 ng/ml 
sonic hedgehog (Shh) 34 ng/ml 

 

4. Analysis of protein expression 

4.1Western blot 

Total protein was extracted by suspending the harvested cells in lysis buffer 

containing 10 mM Tris base (U.S. Biochemical Corporation, Cleveland, OH), 

5 mM EDTA (Merck, Whitehouse Station, NJ), 140 mM sodium chloride (NaCl; 

BioLab, Jerusalem, Israel), 10 mM sodium fluoride (NaF; Sigma), 0.5% NP 40 

(U.S. Biochemical Corporation), and 1 μM phenylmethylsulfonyl fluoride (PMSF; 

Sigma). Following incubation on ice for 30 min, the mixture was centrifuged 

(15,000 rpm, 4°c) and the supernatants were collected. Protein content was 

determined by the BCA protein assay kit (Pierce, Rockford, IL) according to the 

manufacturer's instructioins. Twenty-five or fifty micrograms of protein from each 

sample were subjected to sodium dodecyl-sulfate (SDS)-polyacrylamide gel 

electrophoresis (PAGE) (12.5% acrylamide), followed by electrophoretic transfer 
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to nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). Membranes 

were probed by suitable primary antibodies (Table 5.2 in the materials section) 

followed suitable secondary horseradish peroxidase conjugated antibodes. 

Adequate controls included HeLa cells (ATCC, Manassas, VA) as negative 

control and neuroblastoma M17 cells (BE(2)-M17, ATCC) as positive control. 

Proteins of interest were detected using the enhanced Super Signal® 

chemiluminescent detection kit (Pierce) and exposed to medical X-ray film (Fuji 

Photo Film, Tokyo, Japan). Densitometry of the specific protein bands was 

preformed by VersaDoc® imaging system and Quantity One® software (BioRad, 

Hercules, CA, USA). 

4.2Immunocytochemistry 

Cells were seeded on glass coverslips, fixed with 4% PFA and blocked with 5% 

goat serum (Biological Industries) and 0.1% bovine serum albumin (Sigma) in 

PBS. Cells were washed and incubated with suitable primary antibodies (Table 

5.4 in the materials section) followed by suitable biotin conjugated and 

Streptavidin conjugated Alexa 488 or Alexa 568 secondary antibodies. Second 

antibody controls were performed in each experiment. DAPI counterstain (Sigma) 

was used to detect cell nuclei. Cells were photographed by fluorescence Olympus 

IX70-S8F2 microscope with fluorescent light source (excitation wavelength, 330–

385 nm; barrier filter, 420 nm) and a U-MNU filter cube (Olympus) at 

magnification X100, X200 or X400. Quantification of LMX1a positive cells was 

performed following analysis of 20 randomly taken fields of cells stained for 

LMX1a and DAPI (at magnification X100). Quantification of cells with LMX1a 

in nucleus was performed following analysis of 20 randomly taken fields of cells 

stained for LMX1a and DAPI (at magnification X200). Counting of co-localized 
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LMX1a and DAPI percentage of cells was conducted following image processing 

using Image-Pro® Plus software (Media Cybernetics). Cells were considered 

positive for LMX1a localization in nucleus when the signal intensity was higher in 

the nucleus than in the cytoplasm.  

4.3 Intracellular FACS analysis 

Cells were harvested from the tissue culture flasks, centrifuged, and resuspended 

in phosphate-buffered saline (PBS). Intracellular staining was performed with the 

IntraCyte kit (Orion Biosolutions), according to the manufacturer's instructions. 

Staining was performed using suitable primary antibodies (Table 5.3 in the 

materials section) followed by suitable phycoerythrin (PE)-conjugated IgG. The 

results were analyzed with CellQuest software. A PE-conjugated isotype control 

was included in each experiment. To verify specific detection of TH expression, 

we employed HeLa cells as negative control and PC12 (ATCC) cells as positive 

control. 

5. Analysis of gene expression 

5.1 RNA extraction and cDNA synthesis 

Total RNA was isolated from using a commercial reagent TriReagent (Sigma) 

according to the manufacturer’s recommended procedure. DNAse treatment was 

performed followed by RNA cleaning using RNeasy mini kit (both from Qiagen). 

The amount and quality of RNA was determined spectrophotometrically by using 

the ND-1000 spectrophotometer (Nano-drop). First-strand cDNA synthesis was 

carried out with Super Script II RNase H-reverse transcriptase (Invitrogen) using 

random primer or poly-t primer. 

5.2 Real Time semi quantitative polymerase chain reaction 
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Real-time semi quantitative PCR of the desired genes was performed in an ABI 

Prism 7700 sequence detection system (Applied Biosystems) by using Platinum® 

SYBR® Green qPCR SuperMix UDG with ROX  (Invitrogen). PCR amplification 

was stopped at 40 cycles (program: 2 min at 50°C; 2 min at 95°C; 40 repeats of 15 

sec at 95°C and 30 sec at 60°C).   The primers employed are listed in table 6 in the 

materials section. The glyceraldehyde-3-phosphate dehydrogenase  (GAPDH) 

gene served as an internal control. For each gene, verifying a single peak in 

melting curve analysis assessed the specificity of the PCR product. PCR analyses 

were conducted in triplicate for each sample. The PCR was performed in a total 

volume of 20 μl containing 1 μl of the previously described cDNA, the 3' and 5' 

primers at a final concentration of either 250nM or 500 nM each and 10 μl of Sybr 

Green Mix. Quantitative calculations of the gene of interest versus GAPDH was 

done using the ΔΔCT method, as instructed in the user bulletin 2 ABI prism 7700 

sequence detection system (updated 10/2001).  

5.3 Microarray assay 

Experiments were conducted using the NeuroStem Chip platform [218]. 

Fluorescent label (24 nmol of the Cyanine 3-CTP (Cy3); PerkinElmer, USA) was 

incorporated to 500 ng of total RNA amplified using Low RNA Input Fluorescent 

Linear Amplification Kit (Agilent Technologies), generally following the kit 

manufacturer's protocol. Similarly, 24 nmols of the Cyanine 5-CTP (Cy5; 

PerkinElmer) fluorescent label were incorporated to 500 ng sample of Human 

Universal Reference RNA (Stratagene, USA); in addition, dye-swap replicate 

amplifications were performed. Amplified fluorescent cRNA samples were 

purified using RNeasy mini-columns (Qiagen), and fluorescence of the eluted 

products was measured using ND-1000 specrophotometer (NanoDrop). 

javascript:if(window.name=='') %7b window.location.href='./nil'; %7d else %7b doaction(null, 88530, 1); %7d�
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Long oligonucleotide probes (69–71 nucleotides) matching gene targets of interest 

were selected from Operon V2 and V3 human AROS sets (Operon 

Biotechnologies Inc., USA). Arrays were produced by the SweGene DNA 

Microarray Resource Centre, Department of Oncology at Lund University 

(Sweden) using a MicroGrid II 600R arrayer fitted with MicroSpot 10 K pins 

(Harvard BioRobotics, USA). Printing was performed in a temperature- (18–

20°C) and humidity- (44–49% RH) controlled area on Corning UltraGAPS 

aminosilane slides (Corning Inc., USA) with 140 μm spot-to-spot centerdistance 

and 90–110 μm average spot size. Following printing, arrays were dried for 48 

hours andstored in a dessicator until used. Microarray slides were UV-cross-

linked (800 mJ/cm2), pre-hybridizedwith fluorescently labeled samples using the 

Pronto! Universal Microarray Hybridization Kit (Corning) and subsequently 

hybridized with test (Cy3-labeled)/reference (Cy5-labeled) RNA samples (or in 

reverse dye-labeling order) at 42°C for 17 h using a MAUI hybridization station 

(BioMicro Systems Inc., USA) and the Pronto! Universal Microarray 

Hybridization Kit, following manufacturer's instructions. Immediately following 

the washing steps, the fluorescence intensities were measured using a confocal 

laser scanner (G2505B, Agilent Technologies). After image formatting by Tiff 

Image Channel Splitter Utility (Agilent Technologies) and grid annotation, a 

complete set of spots was visually inspected for each slide. Using GenePix Pro 

(Molecular Devices Corp. USA) flags for artifactual spots were annotated for each 

spot. Median pixel intensity minus the median local background for both dyes was 

used to obtain a test over reference intensity ratio. Data normalization was 

performed per array subgrid using LOWESS curve fitting with a smoothing factor 

of 0.33 [219]. All normalizations, filtering, merging of technical replicates and 
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analyses were performed in the BioArray Software Environment database [220]. 

To visualize sample-dependent variation of spot intensities, data was uploaded to 

the TIGR MultiExperiment Viewer (MEV; TIGR, The Institute for Genomic 

Research, http://www.tigr.org). 

6. Dopamine detection using HPLC 
Reverse-phase HPLC coupled with an electrochemical detector (ECD) was used 

to measure dopamine levels. Briefly, the conditioned media of the MSCs (growth 

media) and the differentiated neuron-like cells (differentiation media) were 

harvested, and the cells were incubated either in KCL depolarization buffer 

containing 56 mM KCL in Hanks’ balanced salt solution (HBSS; Biological 

Industries) or in neutralized HBSS for 30 min. Following collection, all samples 

were stabilized with 0.1 M perchloric acid/metabisulfite (2 mg/ml) (Sigma) and 

extracted by aluminum adsorption (Bioanalytical Systems, West Lafayette, IN). 

An aliquot of filtrate was applied to the HPLC/ECD (Bioanalytical Systems) 

equipped with a catecholamine C18 column (125 mm × 4.6 mm) (Hichrom, 

Berkshire, UK), with the electrode potential set at +0.65 V relative to the 

Ag/AgCl reference electrode. The mobile phase consisted of a monochloroacetate 

buffer (150 mM, pH 3) containing 10% methanol, 30 mg/l sodium 1-

octanesulfonate, and 2 mM EDTA. The flow rate was 1.2 ml/min. Dopamine was 

identified by retention time and validated by co-elution with catecholamine 

standards under varying buffer conditions and detector settings. 

7. Vector preparation 
pLenti6/CMV/LMX1a, pLenti6/CMV/AcGFP and pLenti6/CMVDsRed were 

constructed using ViraPower™ Promoterless Lentiviral Gateway® Kit 

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. 

http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0kv_DNIbAQ61gkf7C5iFH0qEZnkmT6Myv-p2FUkts&reftype=extlink&artid=1802744&iid=141233&jid=32&FROM=Article%7CCitationRef&TO=External%7CLink%7CURI&article-id=1802744&journal-id=32&rendering-type=normal&&http://www.tigr.org�


54 
 

Briefly, the cytomegalovirus (CMV) promoter was amplified by PCR from 

plasmid pIRES2/AcGFP1 (Clontech, Mountain View, CA, USA) using the 

following primers: CMV FW 5'-CGTATTACCGCCATGCATTAG-3' and CMV 

REV 5'-CGGATCTGACGGTTCACTAAA-3'. The CMV-PCR product was 

cloned into pENTR™5´-TOPO® (Invitrogen). For the expression genes, the 

LMX1a gene was amplified from the plasmid pBluescript/LMX1a (ACCESSION 

number   BC066353, purchased from RZPD, Berlin, Germany) using the 

following primers M13 FW 5'-GTAAAACGACGGCCAG-3' and M13 REV 5'-

CAGGAAACAGCTATGAC-3'. The AcGFP1 gene was amplified by PCR from 

plasmid pIRES2/AcGFP1 (Clontech) using the following primers: AcGFP FW 5'-

CGATGATAATATGGCCACAAC3-' and AcGFP REV 5'-

TCTACAAATGTGGTATGGCTGA-3'. The DsRed gene was amplified by PCR 

from plasmid pDsRed2-1 (Clontech) using the following primers: DsRed FW 5'-

TAGCGCTACCGGACTCAGAT-3' and DsRed REV 

5'GGGAGGTGTGGGAGGTTTT-3'. Each of the PCR amplified constructs, 

LMX1a, AcGFP1 and DsRed were cloned into the pCR®8/GW/TOPO® 

(Invitrogen). All PCR reactions were taken out using Extensor Hi-Fidelity PCR 

Enzyme (ABgene, Epsom, UK). To obtain the final expression construct a 

recombination of the entry clone harboring the CMV promoter, the entry clone 

harboring the expression gene of interest and pLenti6/R4R2/V5-DEST 

(Invitrogen) was performed. Following recombination, the expression construct 

was transformed into One Shot® Stbl3™ Competent E. coli. (Invitrogen).  

Expression clones were sequenced to confirm both the CMV promoter and the 

expression gene presence (LMX1a, AcGFP1 or DsRed). 

8. Virus production 
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Virus was produced using ViraPowerLentiviral Expression System (Invitrogen) 

according to the manufacturer’s instructions. Expression constructs (3µg) were 

cotransfected with the packaging plasmids (9µg): pLP1, pLP2, and pLP/VSVG 

using LipofectAMINE 2000 (Invitrogen) into the 293FT producer cell line which 

stably expresses the SV40 large T antigen. The medium used for transfection 

consisted of OptiMem medium, 10% FBS, PenStrep and l-Glutamine. The 

following day, the medium was replaced with DMEM containing 10% FBS, 

PenStrep ,  l-Glutamine and sodium pyruvate (all media employed for virus 

production is described in Tables 17-19 in the Methods section). The medium 

containing the viral particles was collected 48 or 72 hours after transfection, 

filtered through 0.45µm PVDF filters following low speed centrifugation (3000 

rpm for 15 min 4°C) and concentrated using Amicon ultra-15 centrifugal filter 

100,000 NMWL (Millipore, Billerica, MA, USA) at a speed of 5,000g for10-15 

minutes at 30°c.  

Table 17- 293-FT growth medium 

Material Concentration 
Dulbecco's modified eagle medium 
(DMEM) 

 

L-Glutamine  2mM
SPN [streptomycin (10mg/ml) / penicillin 
(10,000U/ml) / nystatin (1,250U/ml) ] 

1% 

Fetal calf serum (FCS)  10%
Nonessential amino acid (X100) 1% 
G418 antibiotics 500µg/ml 
 

Table 18- 293-FT transfection medium 

Material Concentration 
OptiMemI medium  
L-Glutamine  2mM
Fetal calf serum (FCS)  10%
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Table 19- 293-FT medium for virus production 

Material Concentration 
Dulbecco's modified eagle medium 
(DMEM) 

 

L-Glutamine  2mM

SPN [streptomycin (10mg/ml) / penicillin 
(10,000U/ml) / nystatin (1,250U/ml) ] 

1% 

Fetal calf serum (FCS)  10%
Nonessential amino acid (X100) 1% 
Sodium pyruvate solution (x100) 1% 

 

9. Tittering lentiviral stocks 
One day prior to transduction, HeLa cells were seede to a confluency of no more 

than 30%. Transduction was performed in a serial dilution of the viral stock 

(1:102-1:106) in the presence of 6µg/ml polybrenne. The following day, medium 

was changed. On the next day, blasticidin (4ng/ml) was added to the medium to 

enable selection for the transduced cells.  After two weeks of selection, viral titers 

(transducing units/ml) were determined by counting colonies following Crystal 

Violet staining (Sigma, St. Louis, MO, USA). Viral titers ranged from 1x106 to 

1x107 transducing units/ml. 

10. Transduction of hMSCs 
 
The day before transduction, human MSCs (passage 3-5) were seeded to 30%-

50% confluence. On the following day MSCs were transduced at multiplicities of 

infection (MOI) of 0.1, 1 and 10 with pLenti6/CMV/AcGFP1 in the presence of 

6µg/ml Polybrenne (Sigma). For immunofluorescence analysis of reporter vector, 

transduction of MSCs with pLenti6/CMV/AcGFP1 or with pLenti6/CMV/DsRed 

was conducted at an MOI of 1. For the expression of LacZ, transduction of MSCs 

with pLenti6/CMV/AcGFP1 was conducted at an MOI of 1. For differentiation 
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experiments, MSCs were transduced with pLenti6/CMV/LMX1a or 

pLenti6/CMV/AcGFP1 at an MOI of 10. Medium was changed one day following 

transduction. 

11. Detection of protein forced expression 
11.1 FACS analysis for the detection of GFP expression 

Cells transduced at MOIs of 0.1,1 and 10 were fixed with 2% PFA for 30 minutes 

on ice, washed with PBS and analyzed using a flow cytometer for GFP 

expression. 

11.2 Immunofluorescence 

MSCs transduced with reporter genes at an MOI of 1 were reseeded on glass 

cover slips, fixed with 4% PFA, counterstained with DNA-specific fluorescent 

dye 4,6-diamidino- 2-phenylindole (DAPI, Sigma) and photographed. 

11.3 Detection of LacZ expression 

Cells were transduced with pLenti/Ub/LacZ at an MOI of 1 were fixed with 2% 

formaldehyde + 0.2% glutaraldehyde, washed with PBS and incubated overnight 

in 37°c with X-Gal staining solution (1.33 mg/ml X-Gal in 5mM potassium 

ferricyanide, 5mM potassium ferrocyanide, 2mMMgCl2 PBS). Cells were then 

photographed in bright light. 

12. Cell proliferation (BrdU) assay 

The proliferation of cells was analyzed using the bromodeoxyuridine (BrdU) 

method. The assay was performed using a BrdU cell proliferation assay kit 

(CHEMICON) according to the manufacturer's instructions. Optical density was 

read by PowerWaveX spectrophotometer microplate reader (BIO-TEK 
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instruments. Inc) set at dual wavelength of 450/550 nm. Untreated MSCs’ 

proliferation was considered as baseline (100%). 

13. Transplantation of LMX1a-MSCs into the rat 

striatum 
Male Wistar rats (n=12, Harlan, Israel) weighing 230-250gr were used. They were 

placed under 12 hours light/12 hours dark conditions and grown in IVC plexiglass 

cages with ad libitum access to food and water. All experimental protocols were 

approved by the University Committee of Animal Use for Research and 

Education. Differentiated LMX1a-MSCs (50,000 cells/µl saline) were injected 

into the ventral striatum, 2µl were injected into two different depths at the 

following coordinates: AP +0.5, ML +2.7, DV -4.5 and -6.5. 

14. Immunohistochemistry 

Animals were anesthetized with chloral hydrate, ice cold PBS was perfused 

intracardially for 5 minutes, followed by 15 minutes of 4% paraformaldehyde. 

Brains were removed and immersed in 4% paraformaldehyde for 48 hours in 4oC 

and cryoprotected in 30% sucrose for another 48 hour. After immersion, the 

tissues were frozen in -70oC until they were cryosectioned to 10μm axial sections. 

Immunohistochemistry was conducted similarly to the immunocytochemistry 

protocols. Detection of human nuclei was performed using the mouse anti Hnuc 

antigen (1:50, Chemicon, Millipore) followed with biotinilated anti mouse and 

streptavidin conjugated 488.  

15. Statistics 

Statistical analysis of data sets was carried out with the aid of SPSS for windows 

(version 10.0.1). Statistical significance for figure 17 was determined by one-way 
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ANOVA followed by Dunnett post hoc multiple comparisons for comparisons 

between levels of TH upregulation following different differentiation protocols 

and Western blot analysis. Error bars on Figure 8D represent the standard error of 

the mean (SEM). For determination of significance between different MOIs of 

GFP transduction, data was analyzed by one-way analysis of variance (ANOVA) 

followed by multiple paired comparisons (Tukey test). Error bars on Figures 

represent the standard deviation between samples (STD). Error bars on figure 

11E, 12 and 17B represent the standard error of the mean (SEM). For comparisons 

between two groups two-tailed Student's t test was employed. Significance was 

considered for p<0.05. 
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Results 
Isolation and characterization of human bone marrow MSCs 

Mesenchymal stem cells were produced from freshly harvested adult human bone 

marrow aspirates a. Whole bone marrow was diluted in HBSS, centrifuged on a Ficoll 

and mononuclear cell phase was separated and seeded on plastic cell culture dishes 

(Fig. 6A). Mononuclear cells widely expressed the common leukocyte antigen CD45 

and showed no expression of the mesenchymal stem cell marker CD105 (Fig.6B-C). 

After 2-5 passages, adherent cells were characterized for their cell surface phenotype 

using FACS caliber. Forward and side scatter parameters revealed that the cells were 

comprised of a homogenous population both in size and shape (Fig.6D). In contrast to 

the picture observed in fresh bone marrow mononuclear cells, MSCs did not express 

the common leukocyte antigen CD45 and ubiquitously expressed the mesenchmal 

stem cell marker CD105 (>99%, Fig.6E). Further analysis of the cell surface 

phenotype of MSCs revealed that they did not express the hematopoetic stem cell 

marker CD34 and the macrophage marker CD14 (Fig.6F-G). In contrast, the cells 

ubiquitously expressed the mesenchymal markers CD73,CD29 and CD44 (all>97%, 

Fig.6H-J).  

MSCs compatible characterization includes their functional induction into 

differentiated mesenchymal phenotypes such as fat and bone [221]. Therefore, MSCs 

were induced to undergo efficient adipogenic and osteogenic media as can be seen in 

the presence of bone minerals stained in Alizarin red (Fig. 6L) or lipid vacuoles 

stained with Oil Red O (Fig.6M). No staining of either dye was observed in untreated 

MSCs (Fig.6K). Thus, the observed phenotype is characteristic of non hematopoetic   
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mesenchymal stem cell population. To determine whether adult MSCs are capable of 

neural differentiation we stained the cells for nestin, a common marker for neural 

stem cells [222], of which expression is required in MSCs prior to neural 

differentiation[135]. Immunocytochemistry revealed that even prior to any inductive 

Figure 6: Isolation and characterization of human bone marrow MSCs. (A) Scematic 
illustration of bone marrow harvesting from the patient's iliac crest, bone marrow is then 
centrifuged and mononuclear phase isolated on the basis of density gradient. (B-C) FACS 
analysis of CD45 and CD105 expression in fresh bone marrow mononuclear cell population. (D) 
Forward VS. side scatter characterization of bone marrow MSCs after three weeks in culture. (E-
J) FACS analysis of the cell surface phenotype of the MSCs for the following CD markers: 
CD45+CD105, CD34, CD14, CD73, CD29 and CD44. (K) bright light microscopy of MSCs in 
growth medium. (L) Alizarin staining of the MSCs following 3 weeks incubation in osteogenic 
media. (M) Oil Red O staining of the MSCs following 3 weeks incubation in adipogenic media. 
(N-O) Immunocytochemistry  analysis of Nestin expression in passage 0 and passage 2 MSCs, 
respectively. (P) Intracellular FACS analysis of passage 2 MSCs against Nestin.  
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signal, some MSCs (<10%, Fig.6N) expressed nestin in passage 0 while the majority 

of MSCs widely expressed nestin from passage 2 onward (Fig. 6O). Intracellular 

FACS analysis following nestin staining revealed that almost 85% of the MSCs 

expressed nestin prior to any neural induction (Fig.6P). 

Various differentiation protocols upregulate TH expression 

In an attempt to generate MSCs derived dopaminergic neurons, we exposed the cells 

to a variety of  differentiation protocols comprised of different induction cocktails and 

screened the induced cells for their expression of TH, the rate limiting enzyme in 

dopamine synthesis. Western blot analysis of TH protein expression, normalized to 

house-keeping gene actin, revealed that the Basic induction medium (Table 4 in the 

methods section) was associated with a moderate increase in TH protein level; the 

addition of neurotrophic factors further facilitated this effect. In particular, 

supplementation of the Basic induction medium with Shh, TGFβ3, GDNF, BDNF, 

and estrogen directly affected the TH protein expression level. However, adding more 

than one differentiation-inducing factor did not necessarily facilitate TH upregulation. 

The results of 12 different differentiation protocols are summarized in Figure 7A. The 

supplementation of antioxidants such as butylated hydroxyanisole (BHA) and N-

acetylcysteine did not facilitate upregulation, but rather led to higher levels of cell 

death in the culture (data not shown). 

Of the 12 differentiation protocols, we selected the 2 that yielded the highest TH 

expression: one contained GDNF, TGFβ3 and RA, and the other, BDNF and RA. To 

determine the importance of RA, both protocols were carried out with and without its 

addition. Western blot analysis of the TH protein expression normalized to β-actin 

revealed that all 4 induction protocols resulted in up-regulation in TH expression 

compared to the basal level of expression in MSCs. However, significant results were 
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obtained only with BDNF alone, or with the combination of GDNF, TGFβ3, and RA 

(Fig. 7B). In no experiment did we observe TH expression in our starting bone 

marrow mononuclear cell sample. Conversely, in most experiments, untreated MSCs 

expressed basal levels of TH.  

  

 

 

Several reports have questioned the ability of β-actin to serve as an internal standard 

in stem cell differentiation[223]. Therefore, we further verified our results of TH 

expression normalized to the nuclear envelope protein emerin as a standard (Fig. 7C). 

We found that at 7 days, both differentiation protocols yielded a significant increase 

in TH expression compared to untreated MSCs. Elongation of the induction process 

that included incubation in medium containing Shh and FGF8 for 72 hours did not 

lead to a further increase in TH expression (data not shown).  

Figure 7: Various induction protocols induce upregulation of tyrosine hydroxylase. (A) 
Summary of Western blotting for TH expression normalized to β-actin following induction protocols 
based on Basic induction medium and various combinations of growth factors, as specified in 
Materials and Methods. (B) Western blot results of TH expression normalized to β-actin following 
differentiation protocols that included either BDNF or GDNF and TGFβ3, with or without the 
addition of RA (means ± STD,* p<0.05). (C) Western blot results of TH expression normalized to 
emerin following differentiation protocols that included either BDNF or GDNF, TGFβ3 and RA  
(bands presented in duplicates, means ± STD,* p<0.05).
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Induction results in neuronal phenotype 

We next sought to examine whether the 

induction of TH upregulation is correlated with 

neuronal differentiation of the MSCs. Bright-

light microscopy revealed that the  

use of an induction medium containing BDNF 

was associated with a morphological change in 

the cells, from the characteristic MSC 

fibroblast shape to a neuron-like appearance 

(Fig. 8A-B). Immunocytochemistry revealed 

that the induced cells expressed higher levels of 

Tuj1, a neuronal progenitor marker, than the 

untreated MSCs (Fig. 8C-D). In addition, the 

induced cells stained positive for the mature 

neuronal nuclear specific antigen NeuN (Fig. 

8E-F). We found no NeuN-positive cells 

following induction with GDNF, TGFβ3, and 

RA (data not shown). Corelating with the 

results obtained from the western blot analysis, 

we found that TH expression was detected 

strongly in some of the differentiated MSCs in 

contrast    to low    expression   (on the verge of  

detection) in untreated MSCs (Fig.8G-H). 

 

Figure 8: Characterization of neuronal 
differentiation of the BDNF mediated 
differentiation protocol. (A) Fibroblast-like 
morphology of MSCs. (B) Neuronal morphology of 
MSCs following differentiation (C-H). 
Immunocytochemistry for neuronal markers Tuj1, 
NeuN and  TH in differentiated cells and untreated 
MSCs. (I-J) Real-time PCR analysis of the 
dopaminergic transcription factor Nurr1 and the 
GABAergic marker GAD67. 
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BDNF-mediated cell differentiation is dopaminergic-specific 

The characteristics of the MSCs following incubation with the BDNF-containing 

differentiation medium were further investigated. Quantitative real time PCR revealed 

a significant upregulation of the expression of Nurr1, a transcription factor involved 

in dopaminergic neuron differentiation and maintenance [71], compared to untreated 

MSCs (Fig.8I). Further study indicated down regulation of the glutamic acid 

decarboxylase 67 gene (GAD67), a GABAergic marker, indicating that the induction 

was dopaminergic-specific (Fig. 8J).  

 

To quantify the yield of the dopamine-directed cells, we performed intracellular 

FACS analysis of TH expression. Calibration of the intracellular FACS protocol was 

performed with HeLa cells as a negative control and PC12 cells as a positive TH 

expressing cell population (Fig.9A-B). Quantification of TH expressing cells in 

induced MSCs revealed that more than 30% of the induced cells expressed the TH 

protein at a detectable level compared to none of the untreated cells (Fig. 9C-D). 

Figure 9: Quantification 
of the TH+ cell 
population using 
intracellular FACS 
analysis. (A-B) TH 
expression as observed in 
negative control HeLa 
cells line and positive 
control PC12 cells, 
respectively. (C-D) 
Intracellular FACS 
analysis of TH in untreated 
and differentiated MSCs 
(respectively, black line 
represents PE-conjugated 
isotype control; green and 
pink lines represent anti-
TH staining).   
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Although we found a basal level of TH expression in untreated MSCs using Western 

blot analysis, we speculated that the different sensitivities of the methods may have 

accounted for the different results.  

HPLC analysis of dopamine secretion showed that prior to induction, dopamine was 

not detectable in the MSC medium, with or without KCL depolarization. Following 

induction of differentiation, the cells secreted a mean of 673.69 pg/ml of dopamine 

per 106 cells to the conditioned media and 1127.86 pg/ml of dopamine per 106 cells  

to the depolarization buffer (Fig. 10A-C). Interestingly, induced MSCs that produced 

dopamine also produced its precursor DOPA but not epinephrine (Fig. 10B). 

 

 

 

 

Figure 10: Dopamine secretion of the induced MSCs. (A-B) HPLC choromotographs of 
untreated and differentiated MSCs cultures, respectively. (C) HPLC analysis of dopamine 
secreted by MSCs and differentiated cells to the conditioned medium (growth 
medium/differentiation medium) and to the KCL HBSS depolarization buffer (means ± 
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Focused microarray analysis of the induced MSCs for expression of 

dopaminergic genes 

To evaluate the transcriptional nature of the dopaminergic induction protocol upon the 

MSCs, whole RNA was extracted from the starting biological material, whole bone 

marrow mononuclear cells, from untreated MSCs and from dopaminergic induced 

MSCs either with Basic induction media+ BDNF or Basic induction media+ GDNF+ 

TGFβ3+ RA. Samples were analyzed using a focused microarray (NeuroStem chip, 

[218]) containing specific primers for transcripts associated with stemness traits and 

neuronal dopaminergic development (Fig.11A). Cluster analysis of the 4 samples in 

regard to the expression of specific dopaminergic transcripts revealed a distinct 

difference between the cell populations. Indicating that the dopaminergic induced cell 

populations bared more similar expression patterns of dopaminergic transcript 

compared to untreated MSCs (Fig.11B). 

However, a closer look on the expression patterns of genes associated directly to the 

dopaminergic cell development, phenotype and maintenance, revealed rather a mixed 

picture (Fig.11C-D). Of the 13 genes most crucial for dopaminergic traits, 9 were 

already expressed prior to induction at a basal level and their expression was not 

dramatically altered following differentiation (except for Nurr1 upregulation in BDNF 

treated cells). Of the 4 genes not expressed in MSCs prior to transduction, only 

Dopamine receptor2 was significantly up regulated, while Aldh, VMAT2 and DAT 

(all three crucial for dopaminergic cell function), the observed upregulation was 

minor at best. Interestingly, minor TH up regulation was observed only in 

GDNF+TGFβ3+RA treated cells and not at all observed in BDNF treated cells.  
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Generation of lentiviral vectors 

 In order to examine our hypothesis that over expression of dopaminergic transcripts 

will enhance differentiation in adult MSCs, we had to overcome the obstacle of 

successful gene delivery and sustained expression in MSCs.  Few recent studies 

reported the ability of lentiviral vectors to transduce MSCs and sustain transgene 

Figure 11: Focused microarray of human MSCs before and after induction with 2 
differentiation protocols. (A) Schematic illustration of the NeuroStem chip principle, the array 
screens for the expression of "stemness" genes and neuro-dopaminergic genes. (B) Hierarchial 
clustering analysis of fresh bone marrow mononuclear cells, untreated human MSCs and 
induced MSCS treated with induction media+GDNF+TGFβ3+RA or induction media+BDNF. 
(C-D) Expression patterns of specific developmental dopaminergic transcripts and other 
dopaminergic markers within the studied cell populations. (+ represents a basal level of 
expression, ↑ represents upregulation in gene expression, ↓ represents downregulation in gene 
expression). (Abbreviations: Aldh1-Aldehyde dehydrogenase, DR2-Dopamine receptor2, Girk2- G protein-coupled 
inwardly rectifying K+ channel 2, VMAT2-vesicular monoamine transporter 2, Smoh- Smoothened [Shh receptor], 
DAT- Dopamine transporter, DBH- Dopamine-β hydroxylase, PTCH- PATCHED [Shh receptor], En1- Engrailed1, 
Pitx3- Paired-like homeodomain transcription factor 3, Nurr1- Orphan nuclear receptor1, TH- Tyrosine hydroxylase)  
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expression longer than other viral and non viral vectors [167,168,172]. Those studies 

also indicated that the transduction procedure by itself did not affect the 

differentiation potential of MSCs.  

We chose to insert the genes of interest under the control of the cytomegalovirus 

(CMV) promoter since it was reported to induce the highest expression rate in MSCs 

compared to other promoters [167]. The virus was pseudotyped with the vesicular 

stomatitis virus G-protein. We constructed 2 reporter vectors encoding AcGFP 

(pLenti6-CMV-AcGFP) and DsRed (pLenti6-CMV-Red) fluorescent proteins and an 

expression vector encoding LMX1a cDNA (pLenti6-CMV-LMX1a (Fig.12A-C). 

 

 

 

Lentiviral transduction efficiency 

Following harvest of virus and titer determination, human MSCs were transduced 

with pLenti6/CMV/AcGFP1 at a multiplicity of infection (MOI) of 1 to verify 

reporter protein expression in the cells. Transduced cells were fixed and analyzed  

using a fluorescent microscope (Fig. 13A-B). Untreated MSCs did not display  

Figure 12: Schematic diagram of lentiviral vectors. All of the vectors are self inactivating 
vectors due to deletions in the U3 region of the long terminal repeat (ΔU3) and contain the 
packaging signal (Ψ) and the complete RRE (Rev response element) to facilitate RNA export. 
Expression of LMX1a (A) or fluorescent reporter genes (B,C) is controlled by the CMV 
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fluorescence. Fluorescent expression of the transduced cells sustained for more than 2 

months. Transduction rate was evaluated by FACS analysis for GFP expression. 

MSCs were transduced with pLenti6/CMV/AcGFP1 at different MOIs of 0.1, 1 and 

10 (Fig.13C). We found consistent results indicating a clear dose response pattern 

Figure 13: Transduction efficiency of human MSCs with lentiviral reporter constructs. (A-B) 
Immunofluorescence of MSCs transduced with pLenti6-CMV-AcGFP and pLenti6-CMV-DsRed 
at a multiplicity of infection of one (MOI=1). Scale bar represents 20µm. (C-D) FACS analysis of 
GFP expression following transduction with pLenti6-CMV-AcGFP at different MOIs (0.1, 1 and 
10) . (means± SEM, *P<0.005). 
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between the employed MOI and the observed GFP+ percentage of cells (Fig. 13D). In 

cells transduced at an MOI of 0.1, less than 5%were GFP+, (4.45 ± 0.88%) MOI of 1 

resulted in more than 30% GFP+ cells (30.44 ±3.79%) whereas the highest MOI of 10  

yielded nearly 80%  (78.76 ± 4.25%) rate of GFP expression.  

Lentiviral transduction of MSCs does not influence basic biological traits 

To assess any adverse unwanted effects of lentivital transduction we transduced the 

cells at an MOI of 10 with the vectors encoding GFP or LacZ and evaluated their 

morphology, proliferation rate and mesenchymal differentiation capacity. We found 

that MSCs' morphology remained unaltered in the transduced cells (Fig.14A-C).   

 

 

 

Moreover, the MSCs proliferation capacity also remained unchanged following 

transduction with the lentiviral vectors, as was observed using BrdU incorporation 

proliferation assay (Fig.14D). Transduced MSCs were also capable of undergoing 

Figure 14: Effect of lentiviral transduction on cell traits. (A-C) Bright light microscopy 
of hMSCs before and after transduction with a lentiviral vector encoding GFP or LacZ, 
respectively. Scale bar represents 20µm. (D) Proliferation rate of hMSCs before and after 
transduction with a lentiviral vector encoding GFP or LacZ as observed with a BrdU 
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efficient adipogenic and osteogenic differentiation (data not shown) as was previously 

demonstrated in non transduced MSCs (Fig.6L-M). 

Transduced MSCs express LMX1a    

We first sought to examine the gene expression level of LMX1a in the transduced 

cells. Following transduction of MSCs with pLenti/CMV/LMX1a (LMX1a-MSCs) at 

an MOI of 10 total RNA was extracted and LMX1a gene expression was determined 

using semi quantitative real time PCR or semi quantitative RT-PCR. We found  

 

 

substantial levels of LMX1a gene expression in LMX1a-MSCs in comparison to small  

Figure 15: Expression of LMX1a 
following transduction with 
LMX1a lentiviral vector. (A) 
RNA extracts from MSCs 
transduced with LMX1a show high 
expression of LMX1a as indicated 
by early detection in quantative 
Real Time PCR (cycle 27) whereas 
in control MSCs expression is 
detected only in cycle 32. No 
differences in GAPDH expression 
were observed. (B) Semi 
quantitative PCR gel 
electrophoresis reveals low levels 
of LMX1a in MSCs transduced 
with a mock vector 
pLenti.CMV/AcGFP1 compared 
with LMX1a encoding vector. The 
glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) gene 
served as an internal control. (C-D) 
Immunocytochemistry of LMX1a 
(Red) shows no protein expression 
in mock transduced MSCs 
compared with MSCs transduced 
with pLenti/CMV/LMX1a, 
respectively. (E) High 
magnification of a cell transduced 
with pLenti/CMV/LMX1a (DAPI 
nuclear staining in blue, scale bar 
in Fig.D,E=100,m, Fig.F=25,m). 
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or undetectable levels in untreated MSCs or mock transduced MSCs (Fig. 15A-B). To 

assess the expression level of the LMX1a protein we performed 

immunocytochemistry analysis in the transduced cells. We found that most of the 

MSCs were positively stained with anti-LMX1a (Fig 15D-E), 73.34% ± STD 15.38% 

in contrast to no or basal expression level in MSCs transduced with the GFP encoding 

mock vector (Fig. 15C).  

Following differentiation, the LMX1a protein localizes in the cell nuclei  

To direct the LMX1a-MSCs towards the dopaminergic fate we exposed the cells to 

induction medium containing Shh and FGF8, which has previously been reported to 

serve as extrinsic signals required for dopaminergic differentiation [78,209]. 

Following differentiation, immunocytochemistry with anti- LMX1a antibodies 

revealed that LMX1a-MSCs showed increased fluorescent intensity in the cell nucleus 

(Fig. 16B), while LMX1a was dispersed randomly within the cell cytoplasm or 

nucleus prior to differentiation (Fig. 16A).  

 

Figure16: Intracellular distribution of 
the LMX1a protein following 
incubation in differentiation medium. 
(A-B) Immunocytochemistry for LMX1a 
(red) prior to differentiation and following 
differentiation, respectively. (C-D) 
Merged photos of LMX1a and nuclear 
DAPI staining (scale bar=50,m). (E) 
Quantification of immonocytochemistry 
analysis for co-localization of LMX1a and 
DAPI, values represent percent of cells 
displaying intense LMX1a staining within 
the nucleus from total LMX1a positively 
stained cells (means± SEM, *P<0.005). 
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Counterstaining of cell nuclei with DAPI further emphasized significant co-

localization of the LMX1a protein with the cells nuclei in cells following 

differentiation (Fig.16C-D, prior and following differentiation, respectively). 

Quantification of cells harboring high level of LMX1a in nucleus revealed significant 

differences before and after differentiation: before differentiation, 23.81 ± 20.18%, 

after differentiation, 77.1 ± 17.21% (Fig. 16E).  

Effect of LMX1a and induction of differentiation on MSCs proliferation 

During their in vitro growth, MSCs are known to proliferate extensively. One of the 

hallmarks of the differentiation process is the exiting of the cell cycle and the ceasing 

of proliferation. To assess the effect of differentiation and of LMX1a forced 

expression on MSCs we evaluated their BrdU incorporation in growth medium, 

following 2 days and following three weeks of incubation in differentiation media. 

We tested non transduced MSCs, GFP transduced MSCs and LMX1a transduced 

MSCs (Fig.17). The results show that while LMX1a forced expression does not 

interfere with the MSCs 

proliferation rate in the growth 

medium, when induced to 

differentiate, LMX1a-MSCs 

cease to proliferate within 2 

days of differentiation while 

50% of the non transduced or 

mock GFP transduced MSCs 

still proliferate. By 3 weeks of 

Figure 17: Proliferation rate of hMSCs and lentiviral transduced 
hMSCs (with Lenti-AcGFP or Lenti-LMX1a) before and following 
2 days or three weeks of differentiation protocol (means± STD, 
*P<0.005). 
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differentiation, no difference was observed between groups as all three groups showed 

no proliferation.  

Following differentiation, LMX1a-MSCs upregulate typical midbrain 

dopaminergic transcripts  

To evaluate the effect of LMX1a forced expression on the dopaminergic 

differentiation of MSCs, we analyzed the relative gene expression of key transcription 

factors involved in the mesencephalic dopaminergic neuron development using semi 

quantitative real time PCR (Fig 18).   

 

 

 

 

Prior to differentiation, we observed no change in the transcripts' expression levels in 

the LMX1a-MSCs compared with naïve or mock transduced MSCs (data not shown). 

Figure 18: Expression of midbrain dopaminergic transcripts in MSCs overexpressing LMX1a 
following differentiation. Non transduced MSCs and LMX1a-MSCs were induced to differentiate as 
described in the Methods chapter. RNA was extracted following 3 weeks of differentiation.  Samples 
were analyzed by semi quantitative Real Time PCR for neurod-dopaminergic developmental 
transcripts and for mesenchymal (fibronectin and RUNX2) gene expression. Calculations of the 
investigated gene versus GAPDH were done by using the ΔΔCT method. The data presented here are 
from a representative experiment repeated 3 times with similar results (means ± STD). (Abbreviations: 
Sox2- SRY-related high-mobility-group (HMG)-box protein-2, Hash1- human achaete-scute homolog 1, MSX1- msh homeo 
box 1, En1- Engrailed1, NGN2- Neurogenin2, Pitx3- Paired-like homeodomain transcription factor 3, Nurr1- Orphan nuclear 
receptor1, Smoh- Smoothened, PTCH- PATCHED, Nkx2.2- NK2 homeobox 2, Nkx6.1- NK6 homeobox 1, FoxA1- forkhead 
box A1, Aldh1-Aldehyde dehydrogenase, fibron- Fibronectin, RUNX2- runt related transcription factor 2). 
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However, following differentiation with Sonic Hedgehog and FGF-8, we found that 

an impressive number of those transcription factors were upregulated in the LMX1a-

MSCs compared with non transduced MSC by at least 3-folds.  

Among the upregulated genes we found the neural stem cell marker SRY-related 

HMG-box gene 2 (Sox2) , which is expressed in the developing CNS and is required 

for neural stem cell maintenance, lineage specification and neurogenesis in the adult 

brain [224,225]. We also observed an increase in msh homeobox 1 (MSX1), which 

was reported to act downstream of LMX1a and enable dopaminergic differentiation in 

rodents' developmental systems [78]. In addition, we found that LMX1a-MSCs 

upregulated their expression of the proneural genes Neurogenin 2 (NGN2) and the 

Human achaete-scute Homologue (hASH1). Those factors belong to the basic loop 

helix (bHLH) protein family that is involved in the induction of neuronal cell fate 

[226]. Moreover, differentiation of LMX1a-MSCs resulted in the upregulation of the 

specific mesencephalic transcripts Engrailed1 (En1) and Paired-Like Homeodomain 

transcription factor 3 (Pitx3), both of which are known to be crucial for the 

mesencephalic dopaminergic neuron differentiation [73,227]. Interestingly, Nurr1 

expression levels were not affected by the forced LMX1a expression. We also found 

that the two components of the Shh receptors, Smoothened and Patched were 

upregulated in MSCs over expressing LMX1a. 

Of the other transcripts measured, we found a 2 fold decrease in th basal expression of 

the TFs Nkx2.2 and Nkx6.1, both of which are repressed during the course of 

midbrain dopaminergic neuron development in rodents [81]. Interestingly, we found 

no change in the expression level of Aldh1 and Foxa2, the first being a marker of 

dopaminergic neuron and the latter being a TF involved in dopaminergic 

differentiation. 

http://en.wikipedia.org/wiki/SRY�
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To check whether LMX1a overexpression affects the expression of mesenchymal 

genes, we checked the cells for their expression level of Fibronectin and the 

osteogenic transcription factor runt-related transcription factor (RUNX2). We found 

no significant difference in fibronectin expression following dopaminergic 

differentiation while a small decrease in RUNX2 expression was observed in LMX1a-

MSCs compared with the non transduced MSCs. 

Differentiated LMX1a-MSCs express dopaminergic specific proteins 

Following our observations that the dopaminergic mRNA transcripts were 

upregulated in the LMX1a-MSCs, we performed immunocytochemistry analysis for 

detection of the dopaminergic transcription factors in the differentiated cells. While 

we could not detect any expression of MSX1, En1 or Pitx3 in differentiated MSCs 

without LMX1a forced expression (data not shown), we found that the MSX1 protein 

was expressed in the LMX1a-MSCs co-localizing with LMX1a (Fig. 19A-C). The 

same expression pattern was observed when we stained the cells for En1 (Fig. 19E-

G). Pitx3 was also expressed in LMX1a-MSCs (Fig. 19I-J). No expression of those 

transcription factors was noticed in LMX1a-MSCs prior to incubation in 

differentiation medium (Fig. 19D,H,K). Higher magnification of the stained LMX1a-

MSCs further demonstrated that the transcription factors were mainly concentrated in 

and around the cell nucleus (Fig. 19L-N). We found that strong expression of MSX1 

and En1 coincided with high level of expression of LMX1a in some of the cells. 
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Differentiated LMX1a-MSCs express functional neuronal markers  

To examine whether the change in gene expression profile and the expression of 

dopaminergic transcription factors were accompanied by expression of neuronal 

markers, we stained the cells for the neuronal precursor marker Tuj1 (β-3Tubulin), we 

found that following differentiation, most of the LMX1a-MSCs expressed Tuj1 

(>90%, Fig. 20A-C) compared with the basal level of Tuj1 expression in untreated 

MSCs (Fig. 20D). Moreover, when we looked for the expression of functional 

neuronal markers, we found that following differentiation, some of the LMX1a-MSCs 

expressed voltage gated sodium channels typical of neurons (Fig. 20E-G). In addition, 

Figure 19: Immunocytochemistry for expression of dopaminergic transcription factors in 
LMX1a-MSCs following dopaminergic differentiation. (A-B) Staining for LMX1a (red) and 
MSX1 (green). (C-D) Merged photos following and prior to differentiation, respectively. (E-F) 
Staining for LMX1a (red) and En1 (green). (G-H) Merged photos following and prior to 
differentiation, respectively. (I) Staining for Pitx3. (J-K) Merged photos following and prior to 
differentiation, respectively. (L-M) High magnification of differentiated LMX1a-MSCs stained for 
LMX1a and MSX1 or En1. (N) High magnification of differentiated LMX1a-MSCs stained for 
Pitx3. Cell nuclei were stained with DAPI (blue). Scale bars in figures A-K= 50 µm. Scale bars in 
figures L-N= 25 µm.  
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few of the LMX1a expressing cells were stained positively for synaptotagmin 1 (Fig. 

20H), which is a Ca2+ sensor on synaptic vesicles which triggers neurotransmitters' 

release. Some of the differentiated LMX1a-MSCs were also positively stained for the 

mature neuronal marker microtubule associated protein 2 (MAP2) and the synaptic 

marker synapsin (Fig. 20I). None of the functional neuronal markers were found to be 

expressed prior to differentiation.  

 

 

 

Differentiated LMX1a-MSCs up regulate dopaminergic protein 

expression and secrete higher levels of dopamine  

To assess the functional dopaminergic traits of the differentiated LMX1a-MSCs, we 

examined the protein expression of tyrosine hydroxylase (TH) and vesicular 

Figure 20: Neuronal phenotype of differentiated LMX1a-MSCs.  (A-B) Staining of differentiated 
LMX1a-MSCs for Tuj1 (green) and LMX1a (red). (C-D) Merged photos of LMX1a-MSCs following and 
prior to differentiation, respectively. (E-G) Staining of differentiated LMX1a-MSCs for voltage gated 
sodium channel (NaV, green), LMX1a (red) and merge. (H) Merged photos of differentiated LMX1a-
MSCs stained for LMX1a (red) and synaptotagmin 1 (green). (I) Merged photos of differentiated LMX1a-
MSCs stained for synapsin (red) and MAP2 (green). (Scale bars in figures A-D= 100 µm, scale bar in 
figures E-G and I= 50 µm, scale bars in figure H= 25 µm), nuclear DNA was stained with DAPI (blue). 
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monoamine transporter 2 (VMAT2). Immunocytochemistry analysis for TH 

expression revealed that the LMX1a-MSCs expressed higher levels of the TH enzyme 

following differentiation (Fig. 21A-C) compared with the cells prior differentiation 

(Fig. 21D). VMAT2 positively stained cells were detected only in the differentiated 

LMX1a-MSCs, but not in LMX1a-MSCs before differentiation or in non transduced 

MSCs (Fig. 21E-G). Moreover, Real-time PCR revealed that VMAT2 mRNA 

wasonly detected in differentiated LMX1a-MSCs and neither in cells prior to 

differentiation nor in non transduced MSCs (data not shown). At no time point could 

we detect dopamine transporter expression.  

 

 

 

In order to better quantify the upregulation of TH expression, we performed western 

blot analysis on cells with or without LMX1a forced expression before differentiation 

and along the differentiation course (following one week and three weeks of 

differentiation). Consistent with previous works, incubation of MSCs in 

Figure 21: Dopaminergic phenotype of differentiated LMX1a-MSCs.  (A-B) Staining of 
differentiated LMX1a-MSCs for TH (green) and LMX1a (red). (C-D)  Merged photos of LMX1a-
MSCs following and prior to differentiation, respectively. (F-G) Staining of LMX1a-MSCs for 
VMAT2 (green) and DAPI (blue) following and prior to differentiation, respectively. (E) High 
magnification of VMAT2 staining in a cell transduced with LMX1a following differentiation. (Scale 
bars in figures A-D= 100 µm, scale bar in figure E= 25 µm, scale bars in figures F-G= 50 µm), 
nuclear DNA was stained with DAPI (blue). White color represents overlapping of red green and 
blue. 
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differentiation media resulted in upregulation of the TH protein expression levels.  

However, we found that TH protein upregulation was significantly higher in LMX1a-

MSCs compared with non transduced MSCs (Fig.22). One week differentiation 

induced an increase of 3.05-folds ± 0.39 in LMX1a-MSCs versus 1.71-folds ± 0.26 in 

untransduced MSCs, while three weeks of differentiation induced an increase of 4.43-

folds ± 0.66 in LMX1a-MSCs versus 1.82-folds ± 0.22 in non transduced MSCs. 

 

 

 

 

 

 

 

Finally, to evaluate the functional dopaminergic differentiation, we incubated the cells 

in neutralized secretion media 

(HBSS) and analyzed 

dopamine secretion with 

HPLC (Fig.23). We found that 

following differentiation, 

LMX1a-MSCs secreted 

threefold more dopamine to the 

secretion medium compared 

Figure 22: Effect of 
LMX1a forced expression 
on TH protein expression 
in  differentiated MSCs. 
(A) Western blot analysis 
against TH expression in 
MSCS and LMX1a 
transduced MSCS prior to 
differentiation, following 
one week and following 
three weeks of 
differentiation protocol. (B) 
Densitometry analysis of 
western blot with TH 
antibodies. Expression 
levels were normalized to 
β-actin and values represent 
the level of upregulation in 
TH expression in relation to 
expression before 
differentiation (means ± 
SEM, *p<0.05). 

Figure 23: Effect of LMX1a forced expression on dopamine 
secretion in differentiated MSCs. Dopamine secretion of 
LMX1a-MSCs. HPLC analysis for dopamine secretion levels of 
MSCs and LMX1a-MSCs following incubation in secretion media 
for 30 minutes (means ± SEM, *p<0.05). 
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with untransduced MSCs: 294.59 +51.1 pg/100,000 cells in the differentiated 

LMX1a-MSCS versus 95.63 +71.35 pg/100,000 cells in the differentiated MSCS. We 

also observed that the LMX1a-MSCs secreted higher, though not statistically 

significant, levels of dopamine in response to depolarization media (56mM KCl) 

compared to HBSS (data not shown). No dopamine secretion was detected in cells 

prior to differentiation.  

Transplanted differentiated LMX1a-MSCs survive in the rat striatum 

more than a month 

To evaluate the relevance of the differentiatred LMX1a-MSCs for clinical use in 

animal models, we conducted a preliminary experiment to assess cell viability and 

integration in the rat striatum. MSCs were transduced with the lentiviral vector 

encoding LMX, induced to differentiate for 2 weeks in vitro and transplanted in the 

striatum of a rat. One month following transplantation, the rat was sacrificed and the 

brain sectioned. Immunohistotochemistry against the specific human nucleus antigen 

revealed the presence of the human origin transplanted cells in the rat striatum 

(Fig.24).  

 

 

Figure 24: human LMX1a-MSCs survive in the rat brain. Immunohistochemical 
analysis for the detection of LMX1a-MSCs within the rat striatum 30 days after 
transplantation. Red= specific human nuclei staining, blue= DAPI nuclear stain. 
(Scale bar in figure A=100 µm, in figure B=25µm). 
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Discussion 
1. Bone marrow MSCs as a source of cell replacement 

for PD 
1.1. General 

The object of this study was to generate a suitable cell population for cell 

replacement therapy for PD. Stem cells are attractive candidates for this approach 

as they hold the potential to differentiate to the desired phenotype (in this case, 

dopaminergic neurons) under specific conditions. However, the identity of the 

specific stem cells' population most suitable for this approach is not agreed 

between researchers. Though the only stem cell based clinical trials in PD patients 

involved the use of cells derived from fetal tissues [18,19], and though the most 

advanced protocols of generating dopaminergic neurons in vitro involves the use 

of embryonic stem cells [78,84-94,96-98,101], we chose to focus our efforts on 

bone marrow MSCs. The advantages of MSCs are apparent: 1) MSCs will enable 

autologous cell transplantation since they are derived from the patients' own bone 

marrow. This means that the complications of immune rejection would be 

avoided, or, at least, lessened in comparison to alogenic transplantations. 2) MSCs 

circumvent the moral dilemmas of using fetal tissue or the ethical and political 

aspects of using fertilized human eggs which are required for the generation of 

human ESCs. However, besides the up sides, one cannot remain indifferent to the 

scientific doubts raised by researchers concerning the feasibility of using bone 

marrow cells as cell replacement for neurons. Namely, are bone marrow MSCs 

plastic enough to become neurons?  
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1.2. The role of bone marrow MSCs in the adult  

Since their discovery in the 1970s, MSCs were characterized by their capacity to 

self renew and differentiate to various connective tissues [53,54]. In the last 

decade, however, several reports suggested that MSCs plasticity extends the 

mesenchymal restriction and that MSCs could differentiate to cell types of all 

three germ layers [54]. Since MSCs are derived from the adult, it is still not fully 

understood how do they keep their stem cell qualities in the aged person and, 

moreover, what is their role in the bone marrow in vivo. MSCs represent a minor 

subpopulation of the bone marrow cells (0.001-0.01%), hence investigating MSCs 

in their "natural habitat" is hardly a feasible task. One thing is clear however, 

MSCs reside in a specific niche in the bone marrow that enables them to keep 

their stem state throughout adulthood.  

Comprehensive in vitro characterization of bone marrow MSCs revealed that 

these cells express regulatory genes and proteins which are involved in almost all 

aspects of cell biology [228]. Specifically, MSCs express a variety of adhesion 

molecules, which account for their complex interaction with the bone marrow 

extracellular matrix, the neighboring cells and the blood vessels walls in vivo 

[229,230]. MSCs also express a vast array of cytokines, growth factors and 

receptors, which account for their ability to interact with cells in the bone marrow, 

their ability to respond to signals, migrate and respond to changes occurring in the 

dynamic microenvironment [231-233]. This biochemical complexity of MSCs 

reflects the complexity of the stromal system in marrow and its role in tissue 

homeostasis and, perhaps, tissue repair, as some works suggested that MSCs play 

a major role in the tissue response to injury [234]. 
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1.3. MSCs plasticity- can they substitute neurons 

In order to work with MSCs, one must separate MSCs from their niche and 

culture them in an environment that enables them to propagate and expand. In that 

process, a seemingly homogenous cell population is received. However, clonal 

analysis of MSCs culture reveals that, albeit the majority of the cells shares the 

same cell surface epitope expression profile, distinct subpopulations exist 

[235,236]. These subpopulations are functionally heterogeneous and contain 

undifferentiated stem/progenitors and lineage-restricted precursors with varying 

capacities to differentiate into various cell types. Different methods of isolating 

and culturing MSCs employed by different labs may also select for specific 

populations and yield different confounding experimental results regarding MSCs 

differentiation capacity. 

In the context of neural differentiation, several works have shown that some cells 

within the MSCs culture express genes and proteins which are associated with 

neural development, differentiation, neurotrophic factors secretion and receptors, 

axon guidance and synapse formation [132-134]. In our works, a key marker of 

our MSCs population is nestin, an intermediate filament that is considered a 

neural stem cells marker. Our MSCs characterization indicated that more than 

80% of the cells were nestin+. This observation is of great importance as nestin+ 

MSCs were reported to have the capacity to undergo functional neuronal 

transdifferentiation as opposed to nestin- MSCs [135] .  

While the expression of neural narkers in MSCs could be interpreted as a 

predisposition towards the neuroectodermal lineage, we must bear in mind that 

some genes and proteins that are associated with neural function may be expressed 

in MSCs due to the innate function of MSCs in the bone marrow, as possible 
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regulators of hematopoesis. The bone marrow is innervated by nervous tissue in a 

circuit termed the “neuro‑reticular complex”, providing a means by which stromal 

cells can interpret signals from the nervous system to regulate hematopoiesis 

[237]. Therefore, the intimate association of bone and marrow with nervous tissue 

provides a rational for the expression by stromal cells of various classes of 

neuro‑regulatory proteins [228]. Hence the molecular and functional 

heterogeneity of MSC populations, which express a broad array of regulatory 

proteins found in neurons, is a confounding variable in efforts to ascertain their 

transdifferentiation potential. 

On the other hand, if we think ahead on the final goal of utilizing MSCs for 

transplantation of the brain of PD patients, we should remember that some of 

these cells engraft well into the brain, migrate towards lesion sites, integrate into 

the brain parenchyma and survive for substantial time [171,238-241]. Notably, 

different studies reported varying frequency of the engraftment phenomenon, a 

finding that could also be accounted to the heterogeneity of the MSCs population. 

Namely, only the subpopulation bearing the neural predisposition or phenotype, 

can survive in the host brain. However, several studies reporting the positive 

effect of MSCs transplantation in various animal models of diseases report very 

low level of cell survival within the host after sacrifice of the animal [242,243]. 

This suggests that MSCs exert their therapeutic effect through the interaction with 

the host cells and secretion of soluble factors soon after transplantation. The 

effects of MSCs transplantation therefore outlasts the time of their presence within 

the brain and is still significant after they have been rejected. These findings argue 

against the relevance of MSCs as possible cell replacement therapy for 

neurodegenerative diseases and specifically for PD.  
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2. Differentiation of MSCs to dopamine producing 

cells through extrinsic signaling 
2.1. Experimental design and differentiation protocol 

In the present study, the primary objective was to develop a serum-free controlled 

and reproducible system that would yield dopamine-producing cells from bone–

marrow-derived cells MSCs under defined conditions. Specifically, we examined 

the effect of multiple combinations of induction agents on the protein expression 

level of tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine 

synthesis. The protocols that induced the most robust TH expression were then 

further analyzed and were found to drive the cells to display a partial neuronal 

phenotype. Profiling the gene expression patterns of key dopaminergic 

developmental genes revealed that some were upregulated and some were not, 

suggesting the neuronal-dopaminergic differentiation was limited.  

Fully compatible dopaminergic differentiation of MSCs has yet to be reported. 

The first studies of the neural differentiation of MSCs were received with great 

expectations [118,119,242], but were followed by concerns of some researchers 

that the plasticity of MSCs is limited and that processes such as cell fusion or 

sheer stress could have accounted for what was initially interpreted to be neural 

transdifferentiation [124,125]. 

Nevertheless, efforts are still being made to generate functional neuronal cells 

from bone marrow MSCs under defined conditions [244,245]. A few reports 

described the generation of dopamine-producing cells from MSCs [148,153,154], 

but none managed to achieve the fully functioning dopaminergic neuron in terms 

of electrophysiology and in vivo integration in the brain network. Our laboratory 

has recently described the dopaminergic differentiation of MSCs using a defined 
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medium in the absence of neurotrophic factors [151]. However, the induction 

protocol resulted in significant cell death, and secretion of dopamine was observed 

only on addition of GDNF to the medium. This work, as well as others[142,153], 

prompted us to seek a differentiation protocol that would rely more heavily on 

neurotrophic factors than on chemical agents such as dimethyl sulfoxide (DMSO), 

betamercaptoethanol, or BHA, and which would allow the cells to incubate for a 

longer time with less cell death to improve future in vivo applications. 

We employed a basic two-step induction procedure previously developed in our 

laboratory [151,152]. In the first step, MSCs were transferred to a serum-free 

medium containing EGF and FGF2 for 48-72 hours. This was followed by the 

removal of mitogens and incubation in an induction medium containing cAMP 

and IBMX, which increases intracellular cAMP levels and ascorbic acid, for 

another 48-72 hours. Those 2 factors are known to be directly involved in 

neuronal dopaminergic differentiation [246,247]. The induction medium was 

enriched with several neurotrophic factors, such as, BDNF, GDNF, neurturin, and 

NT3, all of which have been found to play a role in dopaminergic differentiation 

[248,249]. We also tested the effect of estrogen and TGFβ3, which are involved in 

both the differentiation and the survival of dopamine neurons [250]. Other 

cytokines we examined included Shh and FGF8, which are known to be key 

factors in the development of the mesencephalic dopaminergic neurons [251].  

Our analysis revealed that all the induction protocols upregulated the basal level 

of TH expression. The most significant upregulation was obtained with BDNF 

alone or with the combination of GDNF, TGFβ3 and RA. Most importantly, those 

2 protocols resulted in a cell population capable of dopamine secretion.  Further 

analysis of the BDNF mediated protocol suggested neuronal induction indeed 



89 
 

occurred to some extent, as some cells were found to express neuronal proteins 

(beta3-tibulin- a marker of young neurons and NeuN, a marker of mature neurons) 

and upregulated Nurr1, a dopaminergic neuronal transcript. These results are in 

line with previous reports showing the significance of BDNF in the dopaminergic 

differentiation of MSCs [119,148]. Furthermore, our findings for the combination 

of GDNF, TGFβ3, and RA, which induced the highest level of TH expression and 

the secretion of dopamine, are in accordance with reports suggesting that these 

factors act in concert to allow dopaminergic differentiation [252].  

2.2. Possible mechanisms of differentiation 

Numerous combinations of compounds have been reported to induce neural 

differentiation of MSCs. However, the molecular mechanisms underlying this 

phenomenon are, to date, hardly investigated and poorly understood. The most 

abundant elements in these differentiation protocols are cyclic AMP elevating 

compounds. cAMP's function as a second messanger is a key effector of 

biological processes, among them is neuronal cell differentiation [253,254].  

The few studies which investigated the molecular mechanism of MSCs neuronal 

differentiation indicate a crucial role for the protein   kinase A   (PKA) pathway 

[145,255,256].The PKA pathway is activated by cAMP leading to 

phosphorylation of the Cre-binding protein (CREB) which in turn modulates 

transcription of target genes. Those studies have shown that, similar to neural stem 

cell differentiation, activation of the PKA pathway through the addition of 

forskolin (adenilate cyclase activator, specifically triggering the PKA pathway), 

dbcAMP (cell membrane permeable cAMP analogue) or sobutylmethylxanthine 

(IBMX, a non specific phosphodiesterase inhibitor) results in robust neurite 

outgrowth of the induced MSCs, and also triggers transcriptional changes 
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including the upregulation of neuronal genes and consequentially expression of 

neuronal markers. Furthermore, these studies show that the addition of PKA 

inhibitors to the induction medium significantly hampers with neuronal 

differentiation. However, some groups have shown that elevation of intracellular 

cAMP levels only results in a transient neuronal phenotype rather than a 

consistent differentiation process [257,258]. 

Other reports highlight the importance of suppressing the PC-PLC in MSCs 

neuronal differentiation [259,260]. These works present that addition of specific 

PC-PLC inhibitor is sufficient to induce neuronal phenotype in MSCs. The data 

indicated that PC-PLC mediated the differentiation signaling by up-regulating the 

expression of Rb protein. During the neuronal differentiation of MSCs, ROS that 

were controlled probably by NADPH oxidase might serve as important signal 

molecules. 

Only few works examined the specific effects of cytokines and neurotrophic 

factors' effect on MSCs neuronal differentiation. Those works suggest that the 

factors are predominantly responsible for protecting the differentiated cells from 

cell death through inhibition of apoptotic pathways. This was reported in regard to 

basic-FGF [260], and, perhaps more importantly in the context of our results, in 

regard to BDNF [261]. BDNF was reported to function as an effective stimulator 

for enhancing the neural potentiality of umbilical cord derived MSCs through 

MAPK/ ERK-dependent p35 up-regulation and by promoting the survival of 

differentiated neuron-like cells through MAPK/ERK- and PI3K/Akt-dependent 

Bcl2 up-regulation.  

2.3. Limitations of extrinsic signaling as a strategy to induce neuronal 

dopaminergic differentiation 
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Initial works describing the generations of neurons from bone marrow MSCs were 

accepted with great anticipation for finding an accessible autologous cell source 

suitable for replacing degenerated neurons in neurodegenerative disease. 

However, soon publications were made challenging the feasibility of neuronal 

transdifferentiation and questioning the biological relevance of this phenomenon. 

Nowadays, it would be fare to say that an "equilibrium"  was achieved, as most 

researchers agree that, conceptually, transdifferentiation is a true phenomenon, 

even still, it only occurs in small scale, under elusive conditions, possibly in the 

most primitive subpopulations of the MSCs culture. 

In our work, our primary goal was to obtain dopaminergic neurons from MSCs. 

However we soon realized that this goal is a bit "farfetched" due to our findings 

and publications from different labs which yielded limited success in inducing 

neuronal transdifferentiation. We then decided to settle for a more realistic goal- 

to generate dopamine producing cells from MSCs. Notably, these cells would 

acquire the machinery required for the production and secretion of dopamine, but 

still we cannot claim that they are neurons. Our results strongly imply that there 

are a small number of the induced cells in culture that express neuronal markers, 

upregulate the expression of Nurr1 (a dopaminergic transcript), and secrete 

dopamine, however we did not receive a pure dopaminergic cell population. The 

results obtained from the focused microarray further emphasized the limitations of 

the differentiation protocol, as dopaminergic genes were upregulated, 

downregulated or unchanged without making "developmental sense". 

Notwithstanding, the resulted population of induced cells consisted of 30% TH+ 

cells, which are likely to produce dopamine and could serve a useful cell therapy 

source for PD.  
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We conclude that the use of bone-marrow-derived MSCs to execute dopamine 

secretion in the brain using extrinsic signaling is a realistic goal. Although we still 

cannot claim to have obtained the mesencephalic dopaminergic neuron phenotype 

which is required to enable compatible cell replacement therapy for PD. We 

assume that in addition to the increase in intracellular cAMP levels and the 

presence of selected neurotrophic factors, more steps need to be taken for 

dopaminergic transdifferentiation of MSCs. An attractive alternative I explored in 

my work is the genetic manipulation of the MSCs in order to reprogram their 

molecular code and direct them to neuronal dopaminergic fate. This approach will 

be discussed in the next chapter. 

3. Genetic manipulation of stem cells 
 

3.1. General 
Stem cell biology is still a developing field in historical perspective. The extensive 

research yields vast amount of publications which sparks the imagination of 

biologists. Some studies challenge the most fundamental cornerstones on which 

current biology is based. For example, not too long ago 1st year students were told 

that the brain cannot renew itself; however today it is of common knowledge that, 

in the adult CNS, stem cells can be found and neurogenesis is a common 

phenomenon [36]. The dynamic stem cell field keeps debating on the most basic 

definitions of a stem cell. Once believed to exist only in the developing embryo, it 

is now accepted that the requirement of such cell is to be capable of self renewing 

through asymmetrical cell division (a division resulting in an identical cell and a 

more lineage restricted progenitor cell) and to be able to differentiate and give rise 

to specified cell types. Latest works have shown that   some cells, though not 

considered stem cells in the near past, indeed exhibit these 2 traits, at least in 
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specific conditions. Therefore today it is accepted that there is no such thing as a 

stem cell; it would be more accurate to say that there is a stem state[262,263]. 

This state depends on many variables, the niche, the epigenetic state, the 

transcriptional code and probably other factors which are yet to be discovered. 

The consequences of that concept are striking. Namely, cell fate is not a 

deterministic fact of life. While in vivo we still do not have the complete picture 

regarding complex processes and interactions in the niche, in vitro, due to 

emerging molecular technologies, we are free to manipulate the cell environment, 

epigenetic state and transcriptional code- thus we could try alter cell fate, enhance 

plasticity, induce differentiation, or, amazingly, induce pluripotency! 

3.2. Stem cell reprogramming 

In the last two years, several studies have reported the generation of induced 

pluripotent cells derived from terminally differentiated somatic cells [181-198]. In 

these works, the genetic manipulation of the cells to forcedly express specific 

transcription factors resulted in a cell which is identical in function to an 

embryonic stem cell. These reprogramming of cells was enabled through the 

forced expression of 4, and in latest works even less TFs. The key TFs in that 

process are considered master genes of pluripotency such as Oct4 and Sox2, and 

also TFs associated to cell proliferation such as Myc. These studies highlighted 

the key role of expressed TFs in determining the cell identity, explicitly, a cell 

identity is merely a reflection of its' transcriptional profile. When inducing 

pluripotency, it would be fair to say that the differentiated somatic cell goes 

through a process of dedifferentiation, which, in turn, will enable the iPS to 

undergo differentiation towards a different lineage than originally exhibited 

(before its reprogramming). 
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A second utilization of genetic manipulation of stem cells is to forcedly express a 

TF in an attempt to expand a stem cell's plasticity beyond the boundary of its 

lineage restriction. In the context of MSCs, specific TFs may be forcedly 

expressed in order to enable/ facilitate the MSCs' transdifferentiation potential 

(Figure 25). In this case, it would be more accurate to say that the genetic 

manipulation acts as an enhancer of the differentiation protocol (alone or 

combined with a cocktail of extrinsic signaling molecules) rather than complete 

reprogramming of the cell towards transdifferentiating.  

 

In our study, we employed a genetic manipulation that we hoped would be the 

midway between the 2 approaches mentioned above. We inserted a dopaminergic 

neuronal specific TF into bone marrow derived stem cells. Our aim was not to 

induce pluripotency, as we did not want to end up with a more potent stem cell 

which is dividing and may differentiate to unwanted fates. Neither did we want to 

enhance differentiation towards the MSCs restricted lineage, as their natural 

lineage restriction is to differentiate to mesenchymal tissue as fat, bone or 

cartilage. We rather aspired to equip the MSCs with a better chance of undergoing 
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compatible transdifferentiation, from their original identity to the identity of the 

mesodiencephalic dopaminergic neuron.  

Our work was partially inspired by pioneer studies performed in blood cells which 

showed that a single TF forced expression is sufficient to enable 

transdifferentiation of a specialized B cell to a macrophage [179].  Since then, 

forced expression of a single TF in MSCS has been shown effective in inducing 

compatible transdifferentiation to pancreatic β cells, endothelial cells and neuronal 

cells [157,158,203,204]. Our results fall in place with those works as we have 

shown that forced expression of LMX1a results in cells displaying a 

transcriptional profile similar to that of developing mesodiencephalic 

dopaminergic neurons. Apparently, presenting an intrinsic differentiation 

determinant into the cells enabled the transdifferentiation process. Perhaps of no 

less importance, the presence of this intrinsic determinant in the cells could help to 

keep the acquired identity of the transdifferentiated cell to a long time, even when 

it is taken from the culture plate to the animal following transplantation.  

3.3. Limitations of genetic manipulation   
Despite the great promise which lies in stem cell reprogramming, one cannot stay 

indifferent to the risks and complications involved in the genetic manipulation of 

stem cells. Specifically, most works involving gene insertion or silencing utilized 

viruses as a vehicle. The most used vectors are of retrovirus and lentivirus. These 

viruses are used due to their high infectivity and ability to integrate in the host 

cells' DNA, thus allowing stable consistent expression. However they can act as a 

double edged sword since reports were made regarding the risks of possible 

malignant transformation which can be caused following integration of the gene in 

specific regions in the DNA [184]. Since the integration of the viral delivered 
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gene is random and cannot, to date, be targeted to specific sites in the genome, the 

risk of inducing malignancy cannot be overlooked. 

While the concern of inducing transformations seems more relevant for future use 

in the clinic, forced expression of TFs also bears apparent downsides in regards to 

the scientific experimental design. In our work, as in many other examples, we 

induced the cells to forcedly express the TF gene under the constitutively 

activated CMV promoter. In that case, and from our experience, the TF would be 

transcripted in the cells at all times. Since the gene we inserted is considered a 

master gene in triggering dopaminergic differentiation, its presence is not 

necessarily desirable in the cells after the dopaminergic differentiation pathway 

has been activated. It is possible that reliable inducible promoters would provide a 

more sensible approach than constitutive promoters often used today. Future 

generations of vectors would have to challenge the problems mentioned above. 

 

4. The role of LMX1a in dopaminergic differentiation 
 

4.1. LMX1a as master gene of mesodiencephalic dopamineergic 

neurons development 
The developmental pathway underlying mesodiencphalic dopaminergic 

differentiation has yet to be elucidated. The knowledge obtained from knockout 

animal models has enabled researchers to suggest a rough scheme involving 

several transcription factors and signaling molecules [63-75,81,82].  However, 

there are more than a few question marks regarding both the identities of the 

factors involved and the exact sequence in which they operate.   

In 2006, Andersson and colleagues published a paper which introduced a new 

"key player" in the development of mesodiencephalic dopaminergic neurons: the 
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LIM homebox transcription factor 1 alpha  (LMX1a) [78]. In that study, LMX1a 

was found to be expressed in specific areas of the developing midbrain correlating 

with the appearance of dopamniergic neurons in the developing mouse embryo. 

Moreover, RNA interference in LMX1a expression abolished mDA neuron 

development whereas ectopic LMX1a expression in the developing chick embryo 

resulted in the ectopic creation of dopaminergic neurons. When inserted into 

mouse embryonic stem cells, the LMX1a-ESCs exhibited the most robust in vitro 

dopaminergic differentiation reported so far. As, under specific differentiation 

protocol, an almost pure population of dopaminergic neurons was obtained, 

expressing the complete phenotype of mDAergic neurons. That study paved the 

way for LMX1a to be regarded the master gene of mDA neuron development.  

A more recent report, conducted in human derived ESCs, has shown that LMX1a 

has a similar effect in the human system as well. Seeing that LMX1a is directly 

involved in hESCs dopaminergic differentiation and RNA interference in LMX1a 

expression significantly hampers the dopaminergic differentiation [79]. The 

results of this study further augments LMX1a's crucial part in the dopaminergic 

differentiation, as the 2 studies employed different differentiation protocol but still 

LMX1a was found to play a key role in both.  

The importance of LMX1a seems to exceed that of the other TFs participating in 

dopaminergic differentiation. For one, its expression triggers a transcriptional 

cascade which results in the dopaminergic fate. But beyond that, to date, LMX1a 

is considered to be a distinct marker of the mesodiencephalic A9 dopaminergic 

neuron. Notably, the proposed models of transcriptional governing of 

dopaminergic neuron differentiation point to the fact that LMX1a does not act to 

enable the neuronal differentiation (a role related to the proneural genes such as 
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neurogenin2 and Mash1), it rather acts as a specific determinant of the mDA traits 

not shared by other neurons. Since PD specifically involves the degeneration of 

ventral midbrain A9 dopaminergic neurons, and since dopaminergic phenotype 

could be observed in other brain regions [60], it is of utmost importance to 

recognize a specific determinant of the mDA neuron.  

 

4.2. Forced expression of LMX1a as mean to induce MSCs 

transdifferentiation towards mesodiencephalic dopamineergic 

neurons  
Here we describe the efficient transduction of human MSCs with a lentiviral 

vector encoding the complete cDNA of the human Lmx1a gene. We show for the 

first time that forced expression of Lmx1a in human cells harvested from an adult 

patient induces upregulation of key transcriptional factors which are known to be 

involved in the dopaminergic differentiation of primitive stem cells in the 

developing midbrain and of embryonic stem cells. We demonstrate that Lmx1a 

forced expression, together with extrinsic signaling molecules such as Shh and 

FGF8 is sufficient to produce cells that exhibit a gene expression profile typical of 

dopaminergic cells. Moreover, the LMX1a-MSCs expressed higher levels of TH, 

the rate limiting enzyme in dopamine synthesis, and secreted significantly higher 

levels of dopamine compared with non transduced cells.  

The primary objective of my research was to to generate mDA neurons from bone 

marrow MSCs. After the limited success achieved through extrinsic signaling, I 

wanted to facilitate the differentiation process using forced expression of a 

dopaminergic determinant. Little work has been performed to date in attempting 

to induce bone marrow stem cells neuronal differentiation via gene delivery 

[158,264,265] but works performed on embryonic stem cells dopaminergic 
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differentiation suggest that such a method of inducing differentiation is promising 

[78,207]. Some studies in embryonic or neural stem cells point out that efficient 

dopaminergic differentiation may even require delivery of more than one gene 

[209-211,266]. In addition to our main goal of obtaining sufficient dopaminergic 

differentiation, we were intrigued by the question of whether adult human bone 

marrow derived MSCs dopaminergic differentiation follows a parallel molecular 

pathway to that of embryonic differentiation.  Our results show for the first time 

that genetic manipulation of MSCs triggered a cascade of molecular events 

suggesting a comprehensive transcriptional dopaminergic direction.  

We chose to focus on LMX1a because it is presumed to be the first intrinsic 

dopaminergic determinant to be expressed [63,78,79,81,267,268], thus probably 

the key player in initiating  the dopaminergic direction. The lack, or very low 

level, of LMX1a expression in MSCs made us curious to check the effect of its 

forced expression. Though the first study indicating LMX1a's crucial role in 

dopaminergic differentiation was conducted in mice [78], our findings, together 

with reports of LMX1a's expression patterns in human stem cells dopaminergic 

differentiation [79,90,153], strongly imply that LMX1a is of great importance in 

dopaminergic differentiation of human cells as well. This finding is not trivial, as 

some TFs may play a specific role in specific species. For example Fox2a, which 

was reported crucial for mDAergic differentiation in mice cells [269], did not 

seem to play a role in the study conducted in human ESCs [79]. Strikingly, this 

observation falls in place with our findings in adult human MSCs.   

In a previous study conducted in embryonic stem cells [78], forced expression 

induced dopaminergic differentiation only after the addition of differentiation 

media containing Shh and FGF-8, augmenting the need for an extrinsic inductive 
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signal in addition to gene delivery. Concomitantly, we found that LMX1a forced 

expression failed to induce dopaminergic differentiation without the addition of 

extrinsic signaling molecules. Moreover, our results indicate that the incubation of 

the LMX1a-MSCs in a differentiation media containing Shh an FGF8 acted to 

direct the LMX1a protein into the cell nucleus. Future works elucidating LMX1a's 

interaction with Shh and FGF-8 will definitely shed light on the mechanism 

through which LMX1a exerts its effect on dopaminergic differentiation. .  

Comparing the effect of LMX1a forced expression in MSCs with that in 

embryonic stem cells is a tricky task, whereas naïve embryonic stem cells present 

more or less a 'clean sheet' in terms of neuronal or dopaminergic gene expression, 

some genes which are considered dopaminergic specific are already expressed in 

MSCs at some level before any induction. Nurr1, for example, is considered to be 

a transcriptional marker for dopaminergic differentiation [71], but we found it to 

be expressed in untreated MSCs. In this study, we did not observe a change in 

Nurr1 expression in LMX1a-MSCs compared to non transduced MSCs. We 

therefore cannot rule out that the dopaminergic differentiation of MSCs is Nurr1 

independent as previously reported [212].  

In a recent review entitled 'How to make a mesodiencephalic dopaminergic 

neuron' published in Nature Neuroscience, the authors follow the developmental 

path of the dopaminergic neuron and present an updated molecular code of 

dopaminergic differentiation [63]. In their proposed developmental flowchart, 

LMX1a expression is the first transcriptional factor to be expressed following 

extrinsic signaling. Its expression triggers the expression of Sox2, NGN2 and 

mash1 to make a dopaminergic precursor, which in turn, following Nurr1 and 

engrailed expression, is specified to express Pitx3 and TH and matures to the 
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functional dopaminergic neuron. In our work, we found that forced expression of 

LMX1a in cells harvested from an adult, together with exposure of the cells to 

extrinsic signals in the form of Shh and FGF8, resulted in a gene expression 

profile which mimics the expression pattern of dopaminergic precursors The 

differentiated LMX1a-MSCs displayed significant up regulation of Sox2, MSX1, 

NGN2, hASH1, En1 and Pitx3 compared with non transduced MSCs expressing 

little or no LMX1a. To our knowledge, this is the first work to describe such a 

comprehensive dopaminergic expression pattern of non-neural derived adult stem 

cells. 

Analyzing the functional dopaminergic traits of the cells, we found a clear 

advantage of the LMX1a-MSCs. While tyrosine hydroxylase upregulation in 

differentiated MSCs has been reported before [151,153], we found that LMX1a 

forced expression facilitated this upregulation and resulted in higher levels of 

dopamine secretion in LMX1a-MSCs than in non transduced MSCs. We also 

observed a trend of increased dopamine secretion in response to depolarization in 

LMX1a-MSCs though we could not achieve statistic significance, suggesting that 

a compatible dopaminergic differentiation was yet to be established. These 

findings fall in place with previous reports that show that, in the course of 

neurogenesis,  the neurotransmitter identity is determined prior to the acquirement 

of electrophysiological properties [270]. Our inability to detect expression of the 

dopamine transporter, a more mature dopaminergic marker, supported the notion 

that the dopaminergic phenotype was still immature. We did however detect few 

cells over expressing LMX1a that expressed functional neuronal proteins like 

sodium channels and synaptotagmin, indicating that, at least in some of the 

LMX1a-MSCs, dopaminergic traits co-incided with functional neuronal 
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properties. Moreover, VMAT2+ cells were only detected in the differentiated 

LMX1a-MSCs cultures. Evidently, future works would have to improve the 

differentiation protocol, either by changing the cocktail of the extrinsic signaling 

molecules or through the addition of other intrinsic signals to be expressed in the 

cells. Alternatively, these cells could exploit the neurogenic environment of the 

parkinsonian degenerated dopaminergic system [271]. Future in vivo works would 

have to demonstrate functional integration and clinical improvement after 

transplantation of these cells. 

To conclude, we have shown that gene manipulation of adult MSCs may help to 

facilitate dopaminergic differentiation. Following lentiviral transduction of MSCs 

with LMX1a we observed a transcriptional profile characteristic of a developing 

mesodiencephalic neuron, though the cells originated from adult donors who 

could have just as well been a parkinsonian patient (aged over 60). Our results 

present a first proof of concept that gene delivery can facilitate non neural adult 

stem cell's dopaminergic differentiation by reprogramming its transcriptional 

code. Looking ahead, we hope that ex vivo gene delivery of LMX1a into the 

patient's MSCs, together with extrinsic inductive signals, would ultimately enable 

a compatible MSCs dopaminergic differentiation and present a novel strategy for 

cell replacement therapy for Parkinson's disease. 
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