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Summary
[bookmark: _GoBack]        The degeneration of dopaminergic neurons in the substantia nigra of the midbrain is one of the main features of the Parkinson’s disease, responsible for the motor symptoms. The development of these neurons is under the tight control of a set of transcription factors. These factors contribute to the development of several neuronal properties of the dopaminergic neurons, including their morphology, their neurotransmitter phenotype as well as their inherent vulnerability to degeneration. Several environmental and genetic factors have been identified as the contributing causes of the disease. The developmental transcription factors may not only regulate the expression of the genetic factors, they may also contribute to the uptake of, susceptibility toward and response to the toxic agents known to specifically target the dopaminergic neurons.
In this work, I will review role of the midbrain developmental transcription factors during the early, intermediate and late development of the dopaminergic neurons, i.e. their neurogenesis, differentiation and maturation. An important area of investigation has been the role of developmental factors beyond these developmental stages. I will discuss the function of each transcription factor in the survival and maintenance of postmitotic neurons postnatally and throughout the life of a species. I will also discuss the direct and indirect connection between these factors and pathogenesis of Parkinson’s disease. Understanding the cellular signaling pathways involved in the development, survival and maintenance of the midbrain dopaminergic neurons may lead to the development of novel therapeutic approaches for Parkinson’s disease. 	Comment by Mehrnoush: 	Comment by Mehrnoush: Which species?
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Introduction
      Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder affecting 1-2% of the population over 65  and 3-5 % of the people over 85 (Alavian, 2014; Falk et al.). About 30% of people with a mean age of 75 years, and 50% of persons those are older than 85 years, show signs of Parkinson (Redmond et al.). These results would suggest aging as one of the main risk factor for developing PD. In the beginning the disease reveals itself by cardinal motor symptoms of bradykinesia, rigidity, resting tremor, postural instability and motor freezing (Alavian, 2014; Falk et al.; Redmond et al.). As the disease progresses, non-motor symptoms like depression, pain, genitourinary problems, constipation, sleep disorders (Alavian, 2014), speech and swallowing disorders  (Redmond et al.) become eminent. Many of the disease symptoms are connected with the degeneration of the mesencephalic dopaminergic neurons, which are responsible for the control of movement and certain behaviors (Nakatani et al.; van den Munckhof et al., 2003).	Comment by Mehrnoush: Which year?	Comment by Mehrnoush: I think it is better to uses comma before and
 	Mesencephalic dopaminergic (mesDA) neurons develop from floor plate cells (Ferri et al., 2007; Lee et al.; Nakatani et al.; Ono et al., 2007; Sabolek et al., 2009), which act as organizer cells and control regional patterning and axon projection (Nakatani et al.). The ventral midline of developing mesencephalon gives rise to the mesDA neurons in a small region of the rostral mesencephalon or ventral midbrain named as substantia nigra (SNpc), ventral tegmental area (VTA) and retrorubral field (RRF) (Alavian et al., 2008; Andersson et al., 2006; Blaess et al.; Filippi et al., 2007; Nakatani et al.; Ono et al., 2007; Smidt and Burbach, 2007). The degeneration of dopaminergic neurons in substantia nigra pars compacta is the main pathological feature of Parkinson’s disease (PD). The other mesDA neurons located in the VTA and RRF are less vulnerable to degeneration and stay partially unaffected throughout the period of the disease (Alavian, 2014).
        There are some stages in the development of dopaminergic neurons. Many factors play their crucial roles in the early and late stages of development of mesDA neurons. The overall development of the neurons have been divided into early and late stages. These stages have been subdivided into regional and neuronal specification (phase I), early differentiation (phase II), and late differentiation (phase III). During phase I, Shh, FGF8, and Wnt1 and other extrinsic factors regulate regional and neuronal identity through controlling the expression of Otx2, Lmx1a, Lmx1b, Msx1 and Msx2, Ngn2 and Mash1. (Ang, 2006; Ferri et al., 2007; Nakatani et al.) Afterwards, progenitor cells differentiate into immature mesDA neurons, which express Ngn2, Nurr1, Lmx1a, Lmx1b, En1/2 and βIII-tubulin. Then, these immature mesDA neurons express TH, AADC, and other factors as they differente into mature neurons (Figure 1). (Ferri et al., 2007) Furthermore, several other factors have roles in late differentiation and maintenance of mesDA neurons. These factors are Nurr1, Lmx1b, Pitx3, and En1/2. (Ferri et al., 2007; Nakatani et al.)  	Comment by Mehrnoush: Immature mesDA neurons express what? Ngn2, Nurr1 and… or TH, AADC and..?	Comment by Mehrnoush: 2 of them are the same as abovementioned factors, so are not other factors

Figure 1.  Role of some transcription factors in development of mesDA neurons.  In this picture, we can see the role of factors in three stages  of mesDA development as progenitors, immature and mature neurons. Each factor is expressed in a specific time during development of mesDA neurons and performs different role. (Ang, 2006)
Otx2: orthodenticle homeobox 2; Msx1: Msh homeobox 1; Ngn2: neurogenin 2; Mash1: mammalian achaete scute homolog-1; Lmx1b: LIM homeobox transcription factor 1-beta; En1/2: engrailed 1/2; Nurr1: nuclear receptor related 1; Pitx3: pituitary homeobox 3; mDA neurons: mesencephalic dopaminergic neurons.
         One of the factors which has been studied extensively is engrailed- a transcription factor necessary for regulation of key events in the development, survival and maintenance of mesencephalic dopaminergic neurons throughout life and has shows an obvious connection with the onset of PD. Engrailed proteins are homeodomain transcription factors which function in early and late development. Expression of En1 starts around E8, and En2 expression becomes visible half a day later. Expression of these two genes leads to the production of the neuroepithelium of the posterior midbrain and anterior hindbrain, which later on gives rise to the cerebellum, the colliculi and the ventral midbrain. En1 and En2 are expressed by mesDA neurons from early development until adulthood. Moreover, engrailed proteins act as secreting survival factors and have a role in development and maintenance of mesDA neurons. En1 and En2 by different pathways have role in survival of mesDA neurons. Deletion of engrailed genes leads to cell death in the mesDA system of mice and because of this, the knockout mice have been proposed as a good model for PD research.  In En1+/- mice we can see motor deficits with anhedonia, decreased social interactions and depression-like behaviors, which also are observed in patients with PD. One mechanism that leads to the death of nigral DA neurons in the absence of the Engrailed genes is the caspase-3-mediated apoptosis. Moreover, engrailed proteins regulate the expression of the PD-associated gene α-synuclein. (Alves dos Santos and Smidt)
        Here I will discuss 25 factors which have several functions in the development of dopaminergic neurons in the three stages mentioned above. I will highlight the role of these factors in differentiation, maturation and survival of mesDA neurons, the normal physiological functions of each factor in postnatal mesDA neurons, in addition to their relation with Parkinson’s disease.





A: Cooperation of Shh with other factors 
     1. Shh, FGF8 & Wnt1
       Response of ventral midbrain’s precursors to shh signaling between embryonic day 7.5 (E7.5) and E9.5 (Blaess et al.) or before E9.5 for both Shh and Fgf8 induces DA neurons (Ang, 2006). Cooperation of three signals, Shh (Alavian et al., 2008; Blaess et al.; Lee et al.; Prakash and Wurst, 2006) from ventral neural tube or floor plate (Alavian et al., 2008; Alves dos Santos and Smidt; Filippi et al., 2007; Sabolek et al., 2009), FGF8 (Alavian et al., 2008; Lee et al.; Ono et al., 2007; Prakash and Wurst, 2006; Smidt et al., 2004) from the midbrain-hindbrain boundary or isthmus (Alves dos Santos and Smidt; Castelo-Branco et al., 2003; Filippi et al., 2007; Sabolek et al., 2009), and Wnt1 is responsible for mesDA identity (Ferri et al., 2007; Nakatani et al.; Prakash and Wurst, 2006; Sabolek et al., 2009). Shh, which is a ventralizing signal, is essential and sufficient for induction of FP cells. (Nakatani et al.) In other words, mesDA neurons arise later from cells which Shh and FGF8 have induced them previously at a specific place in the ventral midbrain (Smidt et al., 2004). Generally, these secreted factors provide the cues about the position where mesDA progenitor domain will arise. (Alves dos Santos and Smidt; Ferri et al., 2007) This position in the anterior-posterior axis is defined by FGF8 in the isthmus or midbrain/hindbrain boundry and the dorsoventral axis is determined by the ventralizing Shh in the floor plate. (Alves dos Santos and Smidt). 

1. Shh, Foxa2 & Lmx1a
       Foxa2 induces both Shh- a necessary signal for the induction of mesDA neurons- and Lmx1a with the help of Shh. By these inductions, it can non-autonomously induce dopaminergic cell fate. (Nakatani et al.) In other words, Shh-Foxa2 regulatory loop controls the development of mesDA neurons. (Chung et al., 2009) It has been shown that Foxa2 directly targets the promoter of Shh and induces its expression (Lee et al.). Lmx1a cannot promote the induction of DA neurons in cells without the help of  Shh. (Ferri et al., 2007; Lee et al.; Prakash and Wurst, 2006; Roybon et al., 2008) In fact, in neural explants of chick embryo, Shh can induce expression of Lmx1a and Msx1/2 regarding figure 2. (Ang, 2006) 




Figure 2. The effect of Shh on expression of Lmx1a and Msx1. In mesDA progenitor, Shh can induce expression of Lmx1a and Msx1. In addition, Lmx1a induces expression of Msx1 by help of shh. Also, Msx1 induces expression of Ngn2 in the mesencephalic ventral midline of transgenic mice and repression of Nkx6.1 expression in ventral midbrain progenitors. (Ang, 2006)

mDA: mesencephalic dopaminergic; Shh: sonic hedgehog; Lmx1a: LIM homeobox transcription factor 1; Msx1: Msh homeobox 1; Ngn2: neurogenin 2; Nkx6.1: NK6 homeobox 1.


1. Shh and Gli1
       Another factor which is important in the Shh pathway is Gli1- zinc factor. Gli1 is only transcribed in cells which receive high levels of shh. Progenitor cells that are marked by Shh-GIFM at E8.0 to E11.5 and by Gli1-GIFM at E7.5 to E9.5 give rise to DA neurons. (Blaess et al.) Another experiment showed that early Shh and Gli1 lines cause mesDA neurons of the substantia nigra pars compacta, whereas the late Shh and GLi1 line will keep their progenitors in the posterior VMB and lead to production of mesDA neurons in the ventral tegmental area.
      Time of gene expression in cooperation with Shh and Gli1 within the neural progenitors will cause distinct mesDA neurons into different spatial domains. (Hayes et al.) Lack of Shh signaling from notochord will cause disruption of floor plate development and neural tube patterning as dorsal-ventral. (Ferri et al., 2007) Furthermore, there will be a decrease in number of mesDA neurons at E12.2 and E18.5 in Shh cko mutant embryos. (Kadkhodaei et al., 2009)	Comment by Mehrnoush: What is this word?
B: Fgf8  
       Fgf8 can mimic the patterning activities of Midbrain Hindbrain Boundary (MHB) and has two roles in mesDA neuronal development: induction and axon guidance. (Yamauchi et al., 2009) As mentioned before, Fgf8 works with Shh in inducing mesDA neurons. (Perrone-Capano and Di Porzio, 2000; Yamauchi et al., 2009)  Also, semaphorin 3F (sema3F) expression which is an axon guidance molecule is induced by Fgf8 in the midbrain/diencephalons and its expression is reduced by FGF receptor tyrosine kinase inhibitor. Sema3F has a role in guidance of midbrain dopaminergic neurons axons as a downstream molecule of FGF8. In fact, mesDA neurons express the neuropilin-2 which is the sema3F ligand binding receptor. In addition, Fgf8 regulates the rostrally directed growth of mesDA neurons axons by induction of sema3F. (Yamauchi et al., 2009) 

C: Wnt Signaling
         Wnts are a family of secreted, lapidated proteins (Castelo-Branco et al., 2003) or glycoproteins which control the proliferation of cells, fate decisions, and differentiation of precursors of DA during neurogenesis of ventral mesencephalon. Different Wnts have specific functions. Wnts control the development of DA neurons and act as key cell-extrinsic signals. (Castelo-Branco et al., 2003) In addition, Wnts have several other important duties like patterning of dorsal-ventral axis, arborization of dendrites, determining the polarity of cells (Castelo-Branco et al., 2003), establishment of the midbrain-hindbrain region, and activation of the Engrailed genes. (Smidt and Burbach, 2007) Also, Wnts have different pathways like Wnt/β-catenin pathway, Wnt/Ca2+ pathway, and cell polarity signaling. (Castelo-Branco et al., 2003) Wnts change their intracellular effects through inducing nuclear translocation and stabilization of β-catenin, and in absence of Wnts ligands, degradation of β-catenin will happen. Stabilization of β-catenin leads to up-regulation of Fgf8 and down-regulation of Wnt1 expression (Figure 3). While, strong signaling of β-catenin leads to co-expression of Gbx2 and Otx2 which destroys the formation of midbrain-hindbrain boundary in β-catenin embryos. (Chilov et al.) Until now 19 different Wnts have been identified. (Castelo-Branco et al., 2003)	Comment by Mehrnoush: How do you decide to choose and explain just these three kind of Wnts? 

Figure 3. Cooperation between β-catenin, wnt and fgf8 gene. Stabilization of β-catenin with help of Wnt leads to up-regulation of Fgf8 and down-regulation of Wnt1 expression. There is degradation of β-catenin with the lack of Wnt ligands. (Chilov et al.)

Β-catenin: Catenin (cadherin-associated protein), beta 1, 88kDa; Fgf8: fibroblast growth factor 8; Wnt: wingless-type MMTV integration site family. 


       1. Wnt1 
	Wnt1 is highly expressed in ventral midbrain (VM) and reaches to its peak at E11.5 in rats. wnt1 has a role in specification of the mesencephalic neurons and increases the number of DA neurons that are derived from VM precursors. (Castelo-Branco et al., 2003) (Figure 4).	Comment by Mehrnoush: W of Wnt1 must be written in capital letter.
	Wnt1 prevents neurons from differentiation into other neuronal phenotypes and helps the differentiation of mesencephalic dopaminergic neurons happen (Alves dos Santos and Smidt; Castelo-Branco et al., 2003; Sabolek et al., 2009) through increasing the expression of Otx2 between E9.5 and E12.5 (Prakash and Wurst, 2006) which is the repressor of Nkx2.2. (Prakash and Wurst, 2006; Sabolek et al., 2009; Simeone et al., 2009; Smidt and Burbach, 2007) In other words, Wnt1 controls the expression of Otx2 in a Wnt1-Lmx1b autoregulatory loop during the development of an embryo. (Alves dos Santos and Smidt) The Wnt1-Lmx1a pathway controls the expression of Otx2 by the β-catenin complex and the expression of the late factors, Nurr1 and Pitx3, by Lmx1a. (Chung et al., 2009)
	In Wnt1 mutant mice there is abnormality in posterior midbrain, isthmus and rostral hindbrain which show the important role of Wnt1 in midbrain-hindbrain formation. (Alves dos Santos and Smidt) Also, deletion of Wnt1 leads to loss of DA neurons and entire junction of midbrain-hindbrain. (Castelo-Branco et al., 2003) In addition, in Wnt1-/- mice, there are few mesDA precursors which express Th and these cells cannot express Pitx3. In the absence of Wnt1, induced factors like shh and Fgf8 cannot generate mesDA neurons in mouse embryo explants cultures. (Prakash and Wurst, 2006) 
          Wnt/β-catenin pathway increases the mesDA neurogenesis during development. β-catenin helps neurogenesis of midbrain dopaminergic neurons, and its stabilization in ventral mesencephalic precursors causes the increase of DA differentiation. Wnt1 is needed for the terminal differentiation- between E11.5 and E12.5 (Prakash and Wurst, 2006) of mesDA neurons (Alves dos Santos and Smidt; Prakash and Wurst, 2006), and it controls development, proliferation, specification, neurogenesis, and the long-term survival of mesDA neurons (Castelo-Branco et al., 2003). Also, Wnt/β-catenin pathway controls the proliferation and differentiation of Nurr1 precursors. This pathway increases the transcriptional activity of Nurr1, which leads to promoter activation of tyrosine hydroxylase (Th), one of the essential enzymes in production of dopamine. Moreover, cooperation of Nurr1 and β-catenin leads to mesDA neurogenesis. (Alves dos Santos and Smidt; Castelo-Branco et al., 2003) 	Comment by Mehrnoush: It must be substitute with TH that is mentioned above. 

         2. Wnt2
          Wnt2 is expressed in developing ventral mesencephalon at E10.5. It increases the proliferation of progenitors, and the number of DA neurons in midbrain precursor cultures in connection with figure 4. In Wnt2-null mice there is a decrease in proliferation of progenitors and neurogenesis which causes a decrease in the number of postmitotic precursors and DA neurons. Moreover, in Wnt2-/- mice there is a decrease in the number of postmitotic Nurr1+ precursors and TH+ DA neurons. Overall, Wnt2 controls the dopaminergic progenitors and development of DA neurons and also activates the β-catenin pathway in DA neurons. (Castelo-Branco et al., 2003)

       3. Wnt5a
          Wnt5a is expressed in the FP and BP of the neural tube including the ventral midbrain. (Prakash and Wurst, 2006) Wnt5a is needed for differentiation of mesDA neurons (Castelo-Branco et al., 2003; Omodei et al., 2008) and VM morphogenesis (Figure 4). It has a role in development and differentiation of Nurr1+ progenitor cells and in the mature DAergic phenotype. (Sabolek et al., 2009) (Castelo-Branco et al., 2003) and increases the number of DA neurons derived from VM precursors. Also, it increases the expression of Pitx3 and the number of TH+ neurons through facilitating the maturation of Nurr1+ precursors into DA neurons. (Castelo-Branco et al., 2003)	Comment by Mehrnoush: This ab stands for what?	Comment by Mehrnoush: Full stop is not needed

[image: ]
Figure 4. The effect of Wnt signaling in different growth stages of mDA neurons. Wnt2 is expressed at E10.5 and increases the proliferation of progenitors, and the number of DA neurons in midbrain precursor cultures. In addition, Wnt1 reaches to its peak at E11.5 and aided the differentiation of mesencephalic dopaminergic neurons happen. Moreover, Wnt5a is needed for differentiation of mesDA neurons and morphogenesis of ventral midbrain. (Alves dos Santos and Smidt)
E: embryonic day

D: Foxa1/2
	Foxa1/2 are expressed in the progenitors of ventral midbrain (Ferri et al., 2007; Kadkhodaei et al., 2009; Lee et al.) at E10.5 and E12.5 and they play a role in controlling the early/late differentiation and specification of mesDA cells. (Ferri et al., 2007) In another paper, it is said that the expression of Foxa2 starts at E8.0 in the floor plate of CNS and the expression of Foxa1/2 will happen at E9.5 in all the progenitors of midbrain. Their expression continues postnatally in the adult midbrain. (Ang, 2009) Moreover, concentration of Foxa1/2 is different in each stage, and higher doses of Foxa1/2 are needed in later differentiation phases of mesDA neurons.	Comment by Mehrnoush: The same gene name with two different dictation
	Foxa-2 null mutants die at E9.5 (Ang, 2009; Ferri et al., 2007) due to gastrulation defects- loss of node and notochord (Ferri et al., 2007). In the Foxa2 conditional knockout embryos missing Foxa2 expression from the midbrain at E12.5, serotonergic neurons were observed in the midbrain. 	Comment by Mehrnoush: Instead of dash it is better to use comma 
         Foxa1/2 adjusts the range of neurogenesis in mesDA progenitors by regulating Ngn2 expression in a positive manner (Figure 5). (Ferri et al., 2007) In other words, Lmx1a with help of Foxa2 controls the expression of Ngn genes. They induce Ngn2 expression, but repress the expression of Ngn1. (Nakatani et al.) In addition, Foxa1/2 is needed for the expression of Nurr1 and En1 in immature DA neurons, and TH and AADC in mature DA neurons over the early and late differentiation of mesDA neurons as it is demonestrated in figure 5. (Ang, 2009; Ferri et al., 2007) In other words, Foxa2 interacts with Lmx1a/b in order to induce Nurr1+ neurons in the VM. (Ang, 2009; Kadkhodaei et al., 2009) Furthermore, Foxa2 inhibits Nkx2.2 and activates TH expression in progenitors of mesDA and mature neurons, respectively. (Kadkhodaei et al., 2009) Moreover, Foxa2 works with Nurr1 in order to induce the getting of DA phenotype, specific gene expression of midbrain, and maturation of neurons. So, expression of these two genes helps to produce fully differentiated nigral (A9)-type midbrain neurons that have DA neuronal activity. (Lee et al.) BRN2 (or POU3F2) cooperates with Foxa1/2 and is expressed in midbrain progenitors and neurons at E12.5. (Ferri et al., 2007)
            Another factor that cooperates with Foxa2 is Lmx1a, which has a role in the specification of mesDA neurons and FP cells. Foxa2 induces the differentiation of mesDA and red nucleus neurons and Lmx1a works on mesDA fate through repressing the Sim1-Lhx1 and Ngn1 pathways. (Nakatani et al.) The knockout studies have shown that Foxa1 and Foxa2 work together in cooperation with Lmx1a and Lmx1b to control the differentiation and specification of mesDA neurons. (Kadkhodaei et al., 2009)

[image: ]
















(Ferri et al., 2007)

Figure 5. Role of Foxa1/2 in expression of other factors. In different stages of mesDA neurons life, Foxa1/2 induce expression of different factors which lead to neurogenesis, maturation and development of mesDA neurons.
mDA: mesencephalic dopaminergic; Foxa1/2: Forkhead box protein a1/2; Ngn2: neurogenin 2; Nurr1: nuclear receptor related 1; En1: engrailed 1; AADC: aromatic L-amino acid decarboxylase; TH: tyrosine hydroxylase.

E: Cooperation of Lmx1a/b with other factors
      1. Lmx1a/b with Msx1 and Otx2
	Lmx1a is co expressed with Foxa1/2 at E10.5 (Ferri et al., 2007) or E12.5 (Ono et al., 2007) in mesDA progenitors, and Lmx1b is expressed at E9.0 (Ang, 2006; Filippi et al., 2007) and E12.5. (Ferri et al., 2007; Nunes et al., 2003). Another paper states that the expression of Lmx1b starts before the closure of neural tube, which is cooperated with expression of Lmx1a and Msx1 in mesDA neuronal precursors. In the beginning, the expression of Lmx1a and Msx1 is limited to the ventral midbrain, but Lmx1b expression spans from ventral to dorsal mesencephalon. This expression disappears at E11 and reappears later at E12.5 in the postmitotic neurons and continues into adulthood. (Alavian et al., 2008) While Lmx1b is needed for the activation of Msx1, Lmx1a acts as a factor of mesDA neurons downstream of Otx2. (Nakatani et al.; Prakash and Wurst, 2006; Smidt and Burbach, 2007)
           Gain and loss-of-function experiments show that Lmx1a specifies mesDA neurons and has a role in the generation of mesDA neurons. (Ono et al., 2007; Roybon et al., 2008) Also, Lmx1b controls the expression of proneural genes, cell growth in progenitors of mesDA, proper specification of postmitotic DA precursors (Ono et al., 2007), and specification of mesDA neuronal progenitors. (Nunes et al., 2003) Although Activity of Lmx1a is essential for neurogenesis in progenitors that are derived from mesencephalic floor plate, it is not enough for induction of neurogenesis in caudal FP cells. (Ang, 2006; Ono et al., 2007) 



       2. Cooperative function of Lmx1a/b, Foxa2 and Ngn2
	Using transgenic mice, it was shown that Lmxa1, Lmx1b and Foxa2 work together in order to define the identity of mesDA neuron. (Nakatani et al.). In other words, Foxa2 can target the promoter of Lmx1a and Lmx1b and control the development of DA neuron. (Chung et al., 2009; Lee et al.)  In addition, Lmx1a/b are needed for activation of Ngn2. (Chung et al., 2009; Smidt and Burbach, 2007) Lmx1a by inducing the expression of Ngn2 has a role as a midbrain neuronal development and and the expression of Lmx1a causes the generation of DA neuron. (Chung et al., 2009; Lee et al.) Also, they can induce the differentiation of FP cells in the ventral mesencephalon. (Nakatani et al.) 

       3. Lmx1a/b with Pitx3, Wnt1 and Nurr1
            Lmx1b has a role in the maturation and survival of postmitotic mesDA neurons (Alves dos Santos and Smidt)  as the null mutation of Lmx1b destroys the proper development of mesDA neurons. (Ang, 2006; Smidt et al., 2004) Moreover, deletion of Lmx1b gene in homologous recombinant mutant mice leads to disappearance of most of the TH-positive cells in ventral midbrain at E12.5. (Alavian et al., 2008; Ang, 2006) In the Lmx1b-knock-out mice, mesDA neurons are born in the mesDA neuronal region of mice with a different molecular makeup. (Smidt and Burbach, 2007) As well, a reduction of Pitx3 mRNA levels in the VM of Lmx1b knockout mice can be seen. (Nunes et al., 2003) 
         RNA interference-induced suppression of Lmx1a in chick embryos resulted in DA neuronal loss in the midbrain. (Alavian et al., 2008; Ang, 2006; Prakash and Wurst, 2006) In addition, Lmx1a is needed for induction of roof plate formation through expression of roof plate markers and components of roof plate signaling. Also, Lmx1a overexpression in chick embryos lead to generation of DA neurons. (Ang, 2006; Prakash and Wurst, 2006) Lmx1b regulates the maintenance of Wnt1 around the isthmic organizer. (Alavian et al., 2008; Ang, 2006) In fact, Lmx1b by activating Wnt1 causes the regional specification of the midbrain-hindbrain area. (Smidt and Burbach, 2007) Furthermore, Lmx1a controls the expression of Wnt1, Nurr1, and Pitx3 during the differentiation of mesDA neurons. (Chung et al., 2009) In addition, Lmx1b is needed for the expression of Fgf8. (Alavian et al., 2008; Ang, 2006) 
   


F: Nkx2.2, Nkx6.1
           Nkx2.2 and Nkx6.1 are expressed in dorsal midbrain progenitors at E10.5. As we know, Foxa2 controls the expression of Shh, and Shh controls the expression of Nkx2.2. However, Foxa2 without the help of Shh limits the ventral expression of Nkx2.2 in the midbrain of mouse embryos from E10.5 onwards. Overexpression of Nkx2.2 due to loss of Foxa2 can help the mesDA progenitors to obtain serotonergic fate. (Ferri et al., 2007) Moreover, Otx2 is needed for the repression of Nkx2.2 in DA progenitors because Otx2 is expressed before E9.5. Also, the expansion of Nkx2.2 in these progenitors is around E9.5. Otx2 controls the expression of Wnt1 through its repressive effects on Nkx2.2 in mesDA progenitors at E12.5. Abnormal expression of Nkx2.2 in mesDA progenitors leads to loss of Wnt1 expression and the subsequent loss of mesDA neurons. (Ang, 2006)

G: Gbx2
           Isthmus or MHB is formed by the opposing effect of the expression of two transcriptional repressors (Alavian et al., 2008; Alves dos Santos and Smidt; Smidt and Burbach, 2007)- Gbx2 in the presumptive hindbrain and Otx2 in the presumptive mid/forebrain. These two repressors are not required for the induction of MHB genes but they are necessary for the proper positioning of their expression domains. (Alavian et al., 2008; Alves dos Santos and Smidt; Simeone et al., 2009). At first Gbx2 is expressed by all three germ layers, but afterwards it will be restricted to anterior hindbrain. (Alavian et al., 2008). In Gbx2 null mutants, there is no cerebellum and an increase in the midbrain in caudal position is observed. In addition, through ectopic expression of Gbx2 in the midbrain there is repression of posterior domain of Otx2. Expression of Gbx2 is prevented in the ventral midbrain after E9.5 through a mechanism that is Otx-independent. (Simeone et al., 2009).	Comment by Mehrnoush: It must be comma not dash or hyphen

H: Cooperation of Otx1 and Otx2 with other factors
            Otx2 expression first starts at E9.0 (Ang, 2006) in the epiblast and anterior-visceral endoderm before gastrulation; the expression domain is in the anterior neuroectoderm and the fore/midbrain. (Alavian et al., 2008; Ang, 2006) It is also expressed in the post-mitotic mesDA neurons during mid-late gestation. The expression becomes limited to VTA neurons in the adult brain. (Di Salvio et al.)
           Otx genes are needed for specification of anterior neuroectoderm (Otx2), corticogenesis (Otx1), and regionalization of the early anterior neural plate (Otx1 and Otx2) and differentiation of neurons. Both Otx1 and Otx2 are needed for regulating the position of isthmic organizer (IsO). In Otx1-/-; Otx2+/- mutant mice rostral hindbrain is formed instead of caudal forebrain and midbrain. In other words, in mutants lacking Otx1, the expression of Fgf8 will expand rostrally along the whole midbrain which shows Otx genes control the position of MHB and expression of Fgf8 after E9.5 and threfore are required for determining the regional identity of forebrain and midbrain. (Simeone et al., 2009) 

      1. Otx1/2 with Girk2, Lmx1a, Nkx2.2, Mash1, Ngn2, Shh and Fgf8
        Otx2 is expressed in Th+ neurons of dorsal VTA, where there is lots of Girk2. Otx2 is also found with Calb in a population of Th+ neurons located in the central VTA, and with Ahd2 and Calb in the Th+ neurons of the ventral VTA. (Di Salvio et al.) It is a midbrain morphogenesis (Alves dos Santos and Smidt) that regulates the patterning of anteroposterior of neural plate (Nakatani et al.; Omodei et al., 2008; Ono et al., 2007) and induces the expression of Lmx1a in floor plate cells which, in turn, controls the proneural factor Ngn2 to produce mesDA neurons. 
         Otx2-Lmx1a pathway operates in the specification of mesDA identity. (Nakatani et al.) In fact, Otx2 determines the anterior identity by giving neurogenic activity to floor plate (FP) cells and by induction of Lmx1a it specifies a mesDA fate. (Ono et al., 2007) Otx2 is a homeodomain protein, which controls the specification of mesDA through preventing the expression of Nkx2.2 homeodomain protein in mesDA progenitors and controlling the expression of Ngn2 and Mash1 genes, which are proneuronal basic helix-loop-helix genes. (Ang, 2006; Ferri et al., 2007) In addition, Otx2 with the help of Otx1 regulates the positioning of Shh and expression of Fgf8  (Omodei et al., 2008; Simeone et al., 2009) and Wnt1. (Ang, 2006; Simeone et al., 2009) Also, Otx2 and Otx1 work together in a positive-feedback loop which is essential for the correct development of mesDA neurons. (Omodei et al., 2008) Moreover, Otx2 is needed for the generation of mesDA neurons in an independent way from regulating the position of isthmic organizer (Ono et al., 2007), but that is not needed for the initial specification of mesDA precursors and their differentiation into mesDA neurons (Prakash and Wurst, 2006). Overexpression of Otx2 in the ventral mesencephalon leads to an increase in the proliferating activity of mesDA progenitors and the number of mesDA neurons.	Comment by Mehrnoush: This ab. Is applied in page 11 for first time.
          Loss of Otx2 in the VM has an influence on the proliferation of Sox2+ mesDA progenitors, as the expression of Lmx1a, Msx1, Ngn2 and Mash1 do not get activated in Sox2+ mesDA progenitors leading to the failure of these progenitors to differentiate into Nurr1+ mesDA precursors. (Omodei et al., 2008) Moreover, deletion of Otx2 in midbrain of Enlcre;Otx2flox/flox embryos lead to an anterior shift in the domain of expression of Fgf8 into the midbrain. (Ang, 2006) It was also shown that deletion of Otx2 from the ventral midbrain at E9.5 has no effect on the generation of mesDA neurons in a normal way and its only role in induction of mesDA neurons is to repress Nkx2.2. (Prakash and Wurst, 2006) In other words, loss of Otx2 from E9.5 onwards causes abnormalities in the expression of Shh, Nkx6.1 and Nkx2.2, and changes the identity and fate of mesDA progenitors. Otx2 represses the expression of Nkx2.2 in the ventral midbrain and keeps the expression of Nkx6.1. (Simeone et al., 2009) In fact, Otx2 is needed for regulating the differentiation, neurogenesis, proliferation (Ang, 2006; Omodei et al., 2008) and fate of mesDA progenitors. (Di Salvio et al.; Simeone et al., 2009)

I: Mash1
           Mash1 expression starts around E10.5 in mesDA progenitors. (Ang, 2006) It is a neuronal differentiation factor (Lee et al.), which by help of Ngn2 converts the floor plate-cells into neuronal progenitor cells. (Filippi et al., 2007) Mash1 alone is not enough for development of mesDA neurons, while loss of both Mash1 and Ngn2 in Mash1-Ngn2-double-mutant mouse embryos causes loss of mesDA neurons in a greater scale than in Ngn2 single mutants. (Ang, 2006) In fact, Mash1 has a role in maturation of mdDA neurons. (Smidt and Burbach, 2007)


J: Pax2/5
	Early midbrain markers like Pax2/5 are expressed before the expression of the DA-specific markers. (van den Munckhof et al., 2003) They are expressed across the MHB in both the caudal midbrain and the rostral hindbrain. (Prakash and Wurst, 2006) In fact, Pax2 is the gene that is expressed at E7.5 all over the mid-hindbrain region or Otx2-Gbx2 boundary in late gastrula embryos of mouse and is needed for the formation of MHB. Expression of related transcription factors like Pax5 and Pax8 genes starts at 3-4 and 6-7 somites, respectively. In Pax2/5 deficient mice, the mesencephalon/metencephalon primordium is completely missing, resulting in a fusion of the forebrain to the hindbrain (Schwarz et al., 1999)(Schwartz et al. 1999).

K: Ngn2
              Ngn2 belongs to the family of basic helix-loop-helix (bHLH) transcriptional regulators (Prakash and Wurst, 2006) and its expression starts around E10.5 (Ang, 2009) in mesDA progenitors and newly born postmitotic immature mesDA neurons in mice (Ang, 2006). Its expression is in the VZ/SVZ of the ventral midbrain and in cells which are postmitotic Nurr1 positive cells. (Prakash and Wurst, 2006) Although Ngn2 is a neuron-differentiation factor (Andersson et al., 2006; Lee et al.), it is not enough for induction of a mesDA neuronal fate. (Andersson et al., 2006; Prakash and Wurst, 2006) Ngn2 has a role in controlling the neurogenesis of mesDA progenitors in the midbrain and causes their differentiation into neurons. (Andersson et al., 2006; Ang, 2009; Ferri et al., 2007)   	Comment by Mehrnoush: The abbreviation stands on which word? You mentioned it on page 24, after using its ab.
 	Msx1/2 genes, when expressed in a mouse which has a Shh enhancer-Msx1 transgene, can turn on the expression of Ngn2 and neurogenesis. (Ferri et al., 2007) On the other hand, Foxa1/2 can control the expression of Ngn2. Therefore, there will be a decrease in the expression of Ngn2 when there is loss of both Foxa1 and Foxa2. In addition, Lmx1a and Otx2 are positive regulators of Ngn2. (Ang, 2009; Ferri et al., 2007)	Comment by Mehrnoush: Hyphen?
	Loss of Ngn2 has an influence on the generation of DA neurons and can disrupt the neurogenesis of mesDA neurons. In the Ngn2 mutant mice, most of the mesDA precursors are arrested in their differentiation, although they do not have the characteristics of neuronal or precursors of mesDA neurons. In addition, its loss will reduce the number of DA neurons in the VM, because of which the number of Th-positive neurons decrease. This loss is matched by a lack of mesDA neuron precursors which expresses Nurr1- and Pitx3. (Andersson et al., 2006) Overexpression of Ngn2 in dorsal midbrain improves neurogenesis in general which shows that Ngn2 has no role in specification of mesDA neuronal fate in neuronal precursors. (Prakash and Wurst, 2006) In fact, Ngn2 is needed for the generation of Nurr1+ immature mesDA neurons and their differentiation into Th+ mature mesDA neurons. (Ang, 2006) Ngn2 activates Sox2-positive progenitors which turn into Nurr1-positive post-mitotic neurons that finally develop into Th-positive mesDA neurons. (Smidt and Burbach, 2007)


L: Msx1
           Msx1 is a neuronal differentiation factor (Lee et al.). Its expression is in proliferating precursors in the ventricular/sub ventricular zone of the ventral midline of mesencephalon. (Prakash and Wurst, 2006) Msx1 expression starts around E9.5 (Ang, 2006) under the control of Shh enhancer and it can convert FP cells into mesDA progenitors. (Ono et al., 2007)  There is a decrease of mesDA neurons in Msx1-/- mutant embryos (Ang, 2006; Ferri et al., 2007) because of the downregulation of Ngn2 expression. (Ang, 2006) In fact, Msx1 induces the expression of Ngn2 in the mesencephalic ventral midline. (Prakash and Wurst, 2006) In addition, Msx1 is needed for repression of Nkx6.1 expression in ventral midbrain progenitors. (Ang, 2006; Prakash and Wurst, 2006) Moreover, premature expression of Msx1 in transgenic mice in ventral midbrain leads to premature expression of Ngn2 and Nurr1 and downregulation of Shh in the floor plate which shows Msx1 sets the timing of generation of mesDA neurons. (Ang, 2006) 

M: Cooperation of Nurr1 with other factors	
	Nurr1 is a transcription factor which belongs to a family of ligand-independent nuclear receptors (Kadkhodaei et al., 2009) and is a member of steroid-thyroid hormone receptor super family (Perrone-Capano and Di Porzio, 2000) which is expressed in developing mesDA neurons (Kadkhodaei et al., 2009). Nurr1 is upregulated between E10.5 and E11.5 (Alves dos Santos and Smidt; Li et al., 2009; Sabolek et al., 2009; van den Munckhof et al., 2003)(Sabolek et al., 2009; Smidt et al., 2004). In fact, after induction of neurons in the ventral midbrain, expression of Nurr1 will continue throughout the life of mammals. (Alavian et al., 2008; Kadkhodaei et al., 2009; Perrone-Capano and Di Porzio, 2000) 
           Nurr1 is required for the neurotransmitter identity of mesDA neurons (Alavian et al., 2008; Filippi et al., 2007; Sabolek et al., 2009; Smidt et al., 2004) through transcriptional regulation of tyrosine hydroxylase (TH) at E11.5 (Li et al., 2009; Smidt et al., 2004; van den Munckhof et al., 2003), the vesicular monoamine transporter 2 (VMAT2) at E12.5 (Li et al., 2009), the dopamine transporter (DAT) at E14 (Alavian et al., 2008; Ang, 2006; Jacobs et al., 2009; Lee et al.; Li et al., 2009; Sabolek et al., 2009), and RET receptor tyrosine kinase (cRET) (Galleguillos et al.; Smidt and Burbach, 2007). It has been shown that after 12 hours of initiation of dopaminergic specification there is an increase of Nurr1 and TH protein as it has a role in the later differentiation of mesDA neurons. (Andersson et al., 2006; Filippi et al., 2007; Kadkhodaei et al., 2009; Perrone-Capano and Di Porzio, 2000) Ret is another target of Nurr1 transcriptional regulation, mediating the function of Nurr1 in maintenance of mesDA neurons. (Galleguillos et al.; Smidt and Burbach, 2009) Nurr1 transactivates the promoter activity of human RET in a cell-type and dose-dependent way. (Galleguillos et al.) 	Comment by Mehrnoush: They are, or select one of Nurr1 or TH as subject.
	 Nurr1 is needed for survival (Alavian et al., 2008; Alves dos Santos and Smidt; Luo et al.; Perrone-Capano and Di Porzio, 2000; Sacchetti et al., 2006; Smidt et al., 2004),development, terminal differentiation mesDA neurons (Smidt and Burbach, 2009) and maintenance (Ang, 2006; Kadkhodaei et al., 2009; Luo et al.; Perrone-Capano and Di Porzio, 2000; Sacchetti et al., 2006; Zhang et al., 2009) of mesDA neurons which all be done by interacting and repressing p53-mediated transcriptional activity. (Zhang et al., 2009) Deficiency in Nurr1 will result in the loss of mesDA neuronal neurotransmitter identity (Alavian et al., 2008; Kadkhodaei et al., 2009; van den Munckhof et al., 2003), loss of striatal DA, and degeneration of neurons in Nurr1-ablated mice. (Kadkhodaei et al., 2009)  In addition, mutations in the exon of Nurr1 gene leads to familial PD which is in cooperation with fewer TH expression (Alavian et al., 2008; Nunes et al., 2003; van den Munckhof et al., 2003) because Nurr1 has responsibility for expression of TH, an enzyme required in dopamine synthesis (Alavian et al., 2008; Kadkhodaei et al., 2009; van den Munckhof et al., 2003).

           1.  Nurr1 with Foxa2 and Pitx3
                  Nurr1 alone cannot induce both the maturation of neurons and expression of proteins in mesDA neurons. These functions are mediated by the help of the forkhead transcription factor, Foxa2. (Lee et al.) In addition, Nurr1 alone cannot drive the dopaminergic phenotype in mesDA neurons, and it needs Pitx3 for complete activation of target gene expression. In the absence of Pitx3, Nurr1 will be in a repressed state. Both Nurr1 and Pitx3 target the same regions of promoters in the genome and are needed for the induction of Th in the mesDA neurons of substantia nigra. (Jacobs et al., 2009)

        2. Nurr1 with Nulp
 	Nurr1-interacting protein (NuIP) is a protein which interacts with Nurr1 in order to strengthen the transcriptional activity of Nurr1, which is required for the expression of the dopaminergic targets, such as the dopamine transporter and Th. NuIP controls the activity of Nurr1 and regulates the phenotype of dopaminergic neurons. (Luo et al., 2008)

         3. Nurr1 with LIMK1, ERK2 and ERK5
	It has been shown that Nurr1 interacts with Lim kinase 1,  and the MAP kinase proteins, ERK2 and ERK5 in intact CSM14.1 cells, and ERK2 and LIMK1 are co-regulators of Nurr1. In fact, Nurr1 has distinct sites for binding of different kinases. (Sacchetti et al., 2006) The binding to these proteins suggest the involvement of Nurr1 in regulation of these major cellular survival pathways. 

N: Interleukin-1β
	Interleukin-1 begins the expression of Nurr1 and differentiation of dopaminergic neurons in mesencephalic neural precursor cells. In addition, it induces the expression of transcription factors like Pitx3 and Nurr1 which determine the fate of dopaminergic neurons and tyrosine hydroxylase which is an early marker for dopaminergic neurons. By inhibiting the signaling pathway of NF-kB during the early neural differentiation of mesencephalic dopaminergic neural precursor cells (mdNPCs), IL-1β can facilitate the dopaminergic specification of mdNPCs. Other factors which play a role during early neural differentiation of mdNPCs are ERK1/2 and JNK pathways which act in an independent way from IL-1β. Moreover, it has been shown that ERK1/2 and p38 MAP kinase pathways induce the expression of Nurr1. (Sabolek et al., 2009)

O: Cooperation of Pitx3 with other factors
	Pitx3 belongs to the pituitary homeobox subfamily and is a homeodomain-containing transcription factor, expressed in the SNpc and VTA of the midbrain. Pitx3 gene is found on Chromosome 19 of mouse and has four exons; its cDNA is 1379 bp in length and its protein is 302 amino acids in length in mice. In humans, its gene is on Chromosome 10 and has four exons, its cDNA is 1407 bp in length and its protein has 302 amino acids in length. (Li et al., 2009) Pitx3 is expressed after Nurr1 in ventral midbrain until adulthood (Alavian et al., 2008; van den Munckhof et al., 2003) and is upregulated after E10.5 (E13 in rats). (Sabolek et al., 2009)(Li et al., 2009; Smidt et al., 2004) 
	Pitx3 is required for the phenotype of mesencephalic dopaminergic neurons and has a role in survival, maintenance and architecture of a mature group of mesencephalic DA neurons. (Alves dos Santos and Smidt; Ang, 2006; Nunes et al., 2003; Sabolek et al., 2009; van den Munckhof et al., 2003) It operates in the late differentiation (Andersson et al., 2006; Li et al., 2009; Nunes et al., 2003; Smidt and Burbach, 2007, 2009; Smidt et al., 2004) and development of mesDA neurons. (Jacobs et al., 2009; Li et al., 2009; Nunes et al., 2003) Pitx3 is not expressed in precursor cells, so it has no function in induction or specification of mesDA neurons .(Smidt et al., 2004)
 	Loss of Pitx3 influences the expression of Vmat2, Dat and D2R in mesDA neurons during development (Jacobs et al., 2009),  which results in the mesDA system malformation. Pitx3 knockout (aphakia) mice display failure in development of mesDA neurons in the lateral field of the midbrain, loss of mesDA neurons in the SNpc at E12.5, fewer projections to the caudate putamen, and changes in the morphology of VTA neurons. (Filippi et al., 2007; Li et al., 2009; van den Munckhof et al., 2003) The loss of mesDA neurons in Pitx3-deficient aphakia mice is due to apoptosis during fetal development in Substantia nigra, and postnatally in ventral tegmental area. (van den Munckhof et al., 2003), (Smidt and Burbach, 2009; van den Munckhof et al., 2003) In addition, there is loss of Th-positive neurons in 12.5 aphakia mice embryos which causes a Parkinson’s-like phenotype. (Smidt and Burbach, 2009) 

          1. Pitx3 with Lmx1b and Wnt1
              Lmx1b controls the expression of Pitx3 and is necessary for its induction in mesDA neurons. Also, Lmx1b induces the expression of Wnt1 and in its absence there will be no pitx3 expression in mesDA precursors. (Prakash and Wurst, 2006) Pitx3 and Th are co-expressed in mesDA neurons at E12.5 (Ang, 2006; Filippi et al., 2007), which has a role in development and maintenance of mesDA neurons. (Filippi et al., 2007; Smidt et al., 2004) In fact, Pixt3 directly controls the expression of Th. (Alavian et al., 2008; Ang, 2006; Jacobs et al., 2007; Li et al., 2009; Perrone-Capano and Di Porzio, 2000; Smidt and Burbach, 2009; van den Munckhof et al., 2003) 




          2. Pitx3 with Ahd2 and Nurr1
                Another factor which is regulated by the transcriptional activity of Pitx3 is Ahd2 that can be found in mesDA neurons in the SNpc and VTA at E12.5. As shown in figure 6, Pitx3 deficiency has an effect on Ahd2 in early development and a decrease in expression of Ahd2 is observed in the Pitx3+/- mice. Synthesis of retinoic acid (RA) is under the control of Ahd2 and RA which is found in the midbrain during early embryonic stages has a role in neuronal patterning, differentiation and survival of mesDA neurons in the brain. (Jacobs et al., 2007; Li et al., 2009; Smidt and Burbach, 2009) Pitx3 cooperates with Nurr1 in controlling the factors which are needed for terminal differentiation of mesDA neurons. (Li et al., 2009; Perrone-Capano and Di Porzio, 2000) Additionally, Pitx3 controls the expression and signaling of the neurotrophic factors BDNF and GDNF. (Li et al., 2009)



Figure 6. Expression of factors which are regulated by Pitx3. As we can see in this picture, Pitx3 regulates expression of some factors named as TH, Ahd2, BDNF and GDNF which lead to different actions.  (Li et al., 2009)

P: AAdC
            AAdC is expressed at E9-E10 in mice and at E10.5-11.5 in rats and is the first gene needed for synthesis of dopamine. (Sabolek et al., 2009) So, it is activated early in the differentiation of neuroepithelial cells (Smidt et al., 2004) and converts L-DOPA to dopamine. (Alves dos Santos and Smidt; Ang, 2006) mRNA transcripts of AAdc are expressed in immature mesDA neurons. (Ang, 2006) Foxa2 directly targets the promoter of AAdC and controls the development of mesDA neuron. (Lee et al.) 
Q: Engrailed-1 and Engrailed-2
        1. Anatomical expression of En1/2
        The homeodomain transcription factor Engrailed-1 (En1) is expressed early on during the 1-somite stage and its deficiency causes the complete loss of midbrain. (Alves dos Santos and Smidt; Le Pen et al., 2008) More importantly, the sites of En1 expression are in the tectum (Le Pen et al., 2008), SNPC and VTA (Simon et al., 2001). In the anterior hindbrain, En1 is expressed in the superior olive, and level of En2 expression is below what is normal. Expression of En2 has been shown at 5-somite stage and loss of this gene leads to a defective cerebellar phenotype. In the adult brain, expression of En2 is in the tectum, SNpc and VTA, but the granule cell layer in the cerebellum is the strongest place of expression. (Le Pen et al., 2008) The postmitotic mesDA neurons express both, En1 and En2 throughout life. (Le Pen et al., 2008) 
         In situ hybridizations experiment on sagittal sections of postnatal 0 day mouse brains, showed that En1 and En2 have overlapping pattern of expression in the SNpc, VTA, and the periaqueductal central gray. In another experiment, by using an antibody against TH and  both En1 and En2, it was shown that  Engrailed and TH co-localize in dopaminergic neurons of the SNpc and VTA. (Simon et al., 2001)
          In insects and crustaceans, expression of Engrailed will be repeated in the posterior half of each parasegment, where it is needed for the appropriate formation of the segments. In vertebrates, there are stripes of En1 expressions, which are in a repeated pattern and are found in the somatic mesoderm. In addition, there is repeated expression of engrailed in neurons of insects and vertebrates in separate sections. En1-positive neurons describe the rhombomeres in mouse, and are repeated in zebrafish. Segmented expression of engrailed is not related to the development of mesDA neurons, while the early expression of En1 and En2 rostral and caudal to the isthmus- the junction between midbrain and hindbrain is required for the expression of Fgf8 and induction of mesDA neurons . (Gherbassi and Simon, 2006; Simon et al., 2004).

	2. Molecular and structural differences of En1/2
	As it is demonstrated in figure 7, the Engrailed protein has five different subregions which are EH1-5 (engrailed homology regions). The EH4 homeodomain is the largest part made of 60 amino acids and can be found in all classes of homeodomain proteins. It is made from three alpha helices and can distinguish special sequences which are in the large groove of dsDNA (Gherbassi and Simon, 2006; Simon and Alavian, 2009; Simon et al., 2004). To date, 12 soluble nuclear proteins have been identified, as the interaction partners of the engrailed proteins.
         The EH1 and EH5 repress the transcription (Simon and Alavian, 2009; Simon et al., 2004), and EH1 requires the binding of the co-repressor groucho for its activity (Figure7). This domain is shared with gsc-class, NK1-class, NK-2 class, and msh-class homeoproteins. (Simon et al., 2004). The EH2 and EH3, interferes the molecular association to Pbx which is a pre B-cell leukemia transcription factor and extradenticle proteins (Simon and Alavian, 2009) like Pbx1 and hepatocyte nuclear factor 3 beta (HNF3β/ Foxa2). (Gherbassi and Simon, 2006). This function has influence on the operations by changing the affinity of En proteins to DNA or sending them to different directions. (Simon and Alavian, 2009) In addition, there is a serine rich phosphorylation site which lies N-terminal to EH2 (Simon and Alavian, 2009; Simon et al., 2004) which is post-translationally changed through the serine/threonine kinase 2 in insects and vertebrates- (Simon et al., 2004) and increases the connection of recombinant Engrailed to DNA by several fold. (Simon and Alavian, 2009; Simon et al., 2004)

[image: ]
Figure 7. Molecular structure of the engrailed proteins. En proteins have five different subregions named as EH1-EH5 and each region has different function.  (Simon and Alavian, 2009; Simon et al., 2004)
COOH: carboxylic acid; H2N: amine; Pbx: pre-B-cell leukemia transcription factor; Exd: extradenticle; EH: engrailed homology.


       3. Engrailed in midbrain dopaminergic neurons
        Background (all other genes involved in development)
          After Formation of the rostral to caudal neuroaxis, two diffusible molecules, sonic hedgehog (SHH) and the fibroblast growth factor 8 (FGF8)- which are respectively released by the floor plate and isthmus, lead to the induction of mesDA neurons in the ventral midbrain. Then, cells become postmitotic and express the first mesDA specific markers, which are needed for their neurotransmitter phenotype. 
         Altogether, three regulatory pathways have distinct roles in the differentiation of the mesDA neurons. Transcription factors Nurr1, Lmx1b and engrailed genes work in these pathways. The engrailed genes are expressed in the postmitotic neurons around the time that the first TH positive cells in the ventral midbrain appear (E11) and continues throughout the life of the animal. (Gherbassi and Simon, 2006)
	
	Early and late development
	Engrailed genes are members of a wide class of transcription factors which have a conserved DNA binding domain, the homeobox. (Gherbassi and Simon, 2006) These genes have roles in pattern formation, neurogenesis, neuronal differentiation (Gherbassi and Simon, 2006; Simon et al., 2004) and maintenance of the integrity of the central nervous system. (Simon et al., 2004)
         Engrailed homeobox transcription factors play a role during early and late development in mesDA neurons. (Gherbassi and Simon, 2006; Le Pen et al., 2008) In early development, these genes are involved in regionalization events like specifying the neuroepithelium which leads to formation of precursor cells of mesencephalic dopaminergic neurons and the signals which are needed for induction of these neurons. In late development, the engrailed genes are essential for the survival of mesDA neurons in a cell-autonomous fashion (Gherbassi and Simon, 2006). 
         Using situ hybridization analysis and immunohistochemistry, it was shown that in P0 En1 mutant mice En2 is expressed at higher levels in SNpc, and the expression patterns of En1 and En2 in SNpc neurons are not dependent on each other. In addition, in engrailed double mutants (En1-/-; En2-/-) there is complete loss of dopaminergic neurons in SNpc and VTA; whereas, those dopaminergic neurons which are outside of the expression domains of En1 and En2 appear normal which can be observed in engrailed double mutants. In fact, En1 and En2 compensate for loss of one another in controlling the correct development of dopaminergic neurons. (Simon et al., 2001) A different experiment has revealed that replacement of En1 with En2 in mouse or with drosophila homologue by homologous recombination results in creation of fertile and viable animal with normal morphology of brain. (Gherbassi and Simon, 2006)
	The patches of expression of En1 and En2 starts at E8 in the anterior mouse neuroectoderm  later fuses together in order to produce a band of cells to generate the isthmic organizer- a border area between midbrain and hindbrain. Following early expression of these two genes in the mid/hindbrain, second expression will start by mesDA neurons between E11.5 and E14 in mice which persists during the life of animals. (Alavian et al., 2008) In fact, En1 and En2 become visible at E11.5 and after E14. All  tyrosine hydroxylase positive neurons in midbrain have engrailed positive nuclei. (Gherbassi and Simon, 2006; Simon and Alavian, 2009)

	Postnatal development/survival
	In loss of function studies, it is shown that the engrailed genes are needed for the survival of mesDA neurons during embryonic stages of development. Also, En1/2 both act as survival factors for mesDA neurons in adults. (Gherbassi and Simon, 2006; Haubenberger et al.; Joshi et al.; Le Pen et al., 2008; Simon et al., 2001) All mesDA neurons express En1 and En2 after differentiation. (Sgado et al., 2006) Precursor cells of mesDA express En1 (Simon and Alavian, 2009) which continues into adulthood (Sgado et al., 2006; Simon et al., 2001). To affirm this point, immunostaining with β-gal in mice heterozygous for En1/tau-LacZ or by in situ hybridization, revealed that dopaminergic neurons of the SNpc and VTA continue to express En1 and En2 from early embryogenesis into adulthood, but their level of expression is different from each other. (Simon et al., 2001) There are different types of engrailed genotypes with respect to mesDA neurons. Below, these different genotypes and their effects on survival of mesDA neurons are discussed:

          1. The survival effect of En1 was shown by analysis of the En1 heterozygous mice (En1+/-; En2+/+) at different ages for mesDA survival. These mice, at 6 weeks of age, showed a reduction in the number of tyrosine hydroxylase {TH}-positive neurons in SNpc and this reduction reached 38% in comparison to wild-type mice at 48 weeks. In addition, a 20% reduction of mesDA neurons was obsered at 48 weeks in the VTA and reduction of dopamine in striatum. (Joshi et al.) In other words, using immunostaining experiments, it was shown that there is a reduction of about 19%- of TH-positive neurons by postnatal week 8 in SNpc of the heterozygous mice and after 24 weeks there will be a decrease of 36% in the number of TH-positive neurons. (Le Pen et al., 2008) Moreover, at 48 weeks there is a decrease -about 23%- in the VTA of En1+/- mice (regarding figure 8). (Le Pen et al., 2008; Simon and Alavian, 2009) In addition, using liquid chromatography and mass spectrometry, there is a decrease in the levels of DA cells -about 37%- in the striatum of En1+/- mice. Overall, there is about 38% loss of neurons in the SNpc of the mutant mice in comparison to the wild-type controls (Figure 8). (Le Pen et al., 2008)	Comment by Mehrnoush: The mice were heterozygous

	2. In the En1+/-; En2+/- Mice there is a small reduction in the number of SNpc neurons and in the level of DA neurons in dorsal striatum. In addition, loss of striatal DA neurotransmission is so significant which leads to disruption of synaptic transmission. Therefore, the engrailed genes regulate the survival of mesDA neurons. (Sgado et al., 2008)

          3. Furthermore, it was found that deletion of one allele of En1 and two alleles of En2 (En1+/-; En2-/-) causes death of DA cells at a large-scale in the SNpc of young adult mice (Le Pen et al., 2008; Sgado et al., 2006) during the first two (Alavian et al., 2009; Sgado et al., 2008; Sgado et al.) {about 30% (Sgado et al.)} or three months after birth (Simon and Alavian, 2009). This shows that at birth (P0), mice are viable and fertile and have a phenotype like mesDA wild-type. (Alavian et al., 2009; Sgado et al., 2006; Sgado et al., 2008; Simon et al., 2004). In fact, deletion of one En1 allele just leads to the forward death of DA neurons in the SNpc {about 70% (Sgado et al., 2008; Sgado et al.; Simon and Alavian, 2009)} (Figure 8) and in a lesser degree in VTA (Alvarez-Fischer et al.; Le Pen et al., 2008) and RRF (Sgado et al., 2006). 
 	The numbers of mesDA neurons and TH-positive cells showed a 16% reduction 14 days after birth. In fact, number of nigral DA neurons in EnHT (En1+/-; En2-/-) mutants mice was about 67.2% lower than the wild-type mice. (Sgado et al., 2006) In addition, amount of dopamine in the striatum in EnHT mice was lower than the wild-type mice (Alavian et al., 2009; Sgado et al., 2006) and release of the neurotransmitter was reduced (Alavian et al., 2009; Simon and Alavian, 2009) which is because of the decrease in the levels of DAT (DA Transporter) in the area of the dorso-medial striatum in the EnHT mice. (Sgado et al.) Also, at the same time, there is molecular change in striatal GABAergic neurons which are in direct and indirect pathways. (Simon and Alavian, 2009) Therefore, motor performance can be affected in mutant mouse (Sgado et al., 2008; Simon and Alavian, 2009) which leads to reduction of motor performance, four-fold increase in freezing episodes, and weight loss that is the consequence of DA reduction in the basal ganglia. Further, all of these symptoms can be seen in PD patients. (Simon and Alavian, 2009) 
          Doing immunohistochemical analysis and quantification of DA cell number, neurotransmitter DA and its metabolites, leads to some facts: firstly, there is reduction in the number of cells in the SNpc of EnHT mice in the first 2 months compared to their En2-/- controls. Secondly at 2-months, the levels of striatal DA were lower compared to En2-/- animals and there was 70% loss of nigrostriatal neurons; and thirdly, the levels of HVA and DOPAC - DA metabolites- have reduction to a lesser extent compared to DA. In fact, levels of DA in EnHT will drop after 12 months, and turnover of DA will increase. Therefore, levels of the intracellular (DOPAC/DA) and extracellular (HVA/DA) components of the turnover of DA will increase.	Comment by Mehrnoush: The experiments and controls both were En2-/-?
         In another set of experiments, the motor behavioral effects of loss of engrailed was tested using beam-walking test, pole test, and inverted grid test. In the pole test, at 8 months the EnHT mice took a longer time to orient downward and to descend compared to En2-/- mice of the same age. In the beam-walking test, the EnHT mice at 2 and 4 months took shorter time to traverse the beam compared to En2-/- mice. In the inverted grid at 8 months, the EnHT mice stayed a shorter time upside down on the grid compared to En2-/- mice. Altogether, these data recommend that although the degeneration of DA cell bodies occurs in the SNpc of EnHT mice at early time, but changes in frank behavioral deficits and synaptic plasticity appear after 8 months in mice. (Sgado et al.) 

       4. The mutant mice homozygous null for both genes (En1-/-; En2-/-). die at birth as it is demonstrated in figure 8 and display a lack of cerebellum, inferior and superior colliculus, and ventral parts of the mesencephalon, isthmus, and the surrounding neural tube. (Simon et al., 2004) Whole-mount immunohistochemistry on the E9 and E11 embryos and using antibodies against β-gal and TH, it was shown that En1 and En2 are expressed in the neuroepithelium of the posterior midbrain and anterior hindbrain (Simon et al., 2001) and there is generation of neurons in midbrain neuroepithelium which becomes postmitotic and expresses the genes which are needed for their neurotransmitter phenotype like TH.(Sgado et al., 2008; Simon and Alavian, 2009; Simon et al., 2004) as early as E10.5, TH is detectable (Simon et al., 2004). Death of mutant neurons starts very soon as there is a large deletion of the posterior midbrain and anterior hindbrain at E9 engrailed double mutant embryo. (Simon et al., 2001; Simon et al., 2004) and they are totally lost by apoptosis and disappear between embryonic day E12 and E14 (Alavian et al., 2009; Gherbassi and Simon, 2006; Simon et al., 2001). In fact, at E12 there is a cluster of postmitotic TH-positive cells in the ventral aspect of the mesencephalic flexture in both wild type and mutant embryos. (Simon et al., 2004) However, at E14 there are no DA neurons in the mutant midbrain (Figure 8). (Simon et al., 2004) This disappearance is due to the expression of En1 because in mesDA neurons of wild type at E12, a small amount of neurons expresses En1 and later at E14, all of neurons express En1. Whereas, in the mutant cells mesDA neurons are lost at E14 and they cannot express En. Therefore, En is needed for the survival of the cells between E12 and E14. (Simon et al., 2004) In addition, reduction in the population of the ventral midbrain dopaminergic neurons at E12 in the engrailed double mutants can happen because of the temporal overlap in the loss and generation of TH-positive neurons. (Simon et al., 2001; Simon et al., 2004) Temporal overlap is because of the apoptosis (Simon et al., 2004) and decline in the levels of SHH or Fgf8 which are released respectively from the floorplate at the ventral midline, anterior forebrain and the isthmus. (Simon et al., 2001)	Comment by Mehrnoush: Do you mean it is due to the lack or absence of En1?
          It was found that in double mutant embryos at E13, 10% to 30% of left-over-TH-positive cells are similar to rounded cell bodies that have no processes (Simon et al., 2004) and indicate some evidence of apoptosis like activation of the cysteine protease caspace 3 (Sgado et al., 2008; Simon et al., 2004), DNA fragmentation and nuclear condensation. (Simon et al., 2004)
          As said before, in engrailed double mutant embryos, there are TH-positive fibers in the ventral midbrain. This case is due to the lack of dopaminergic axonal outgrowth in the mutant embryos. It is clear that engrailed genes have role in axonal targeting which act as negative regulators of two cell adhesion molecules, connectin and neuroglian. Therefore, increase in cell adhesion will destroy the axonal outgrowth in mutant mesDA neurons. On the other hand, mesDA neurons express two Eph receptors, EphA5 and EphB1. As a result, an environmental change in expression of the ligands in engrailed double mutant mice leads to the lack of dopaminergic axonal outgrowth in the mutant embryos. (Simon et al., 2004) In fact ectopic expression of En1 in mice, leads to the induction of EphrinA2 and EphrinA5. EphA5-ephrinA5 system has a role in development of the mesDA axonal projections to the striatum which shows the duty of En gene in this way. (Gherbassi and Simon, 2006) 

       5. In En1-/-; En2+/- mice, death will happen at postnatal 0 (P0) which means at birth (Sgado et al., 2006; Sgado et al., 2008) because of a large loss of mesDA neurons (Sgado et al., 2006; Sgado et al., 2008; Simon et al., 2004). However, loss of mesDA neurons is not the complete loss as in engrailed double-mutant mice. (Sgado et al., 2008) (Figure 8)

          Altogether, dorsal infusion of Engrailed to SNpc in 6-week-old En1 heterozygous mice leads to diffusion of En into SNpc and will stop the cell loss of mesDA. (Alvarez-Fischer et al.; Joshi et al.) Moreover, in another infusion experiment, unilaterally infusion of En2 above SNpc leads to diffusion of En2 into the ventral mesencephalon and prevents the death of SNPC neurons between weeks 6 and 9. Using this En2 gain-of-function experiment, the equivalent role of En1 and En2 in survival of DA cell can be inferred. (Le Pen et al., 2008) Therefore, through this experiment the important role of En1 in survival of mesDA neurons in the adult and the neuroprotective role of The engrailed genes in mesDA neurons is understood. (Joshi et al.) In fact, deletion of one allele of En1 is needed for the loss of nigral DA neurons, and presence of En2 is also important in this process. (Sgado et al., 2006)


Figure 8. Phenotypes of engrailed mutant in mesDA neurons. Different phenotypes lead to different postures. As we can see, 4 phenotypes lead to wild type form but others lead to loss of mesDA neurons. (Simon and Alavian, 2009)
SN: substantia nigra; VTA: Ventral tegmental area; P0: postnatal 0.

       4. Anti-apoptotic function of En1/2
          When four alleles of the Engrailed genes are genetically removed (En1-/-; En2-/-), death of cells through apoptosis will happen. (Sgado et al., 2006) The apoptosis is detected by activation of caspase-3 and fragmented pyknotic nuclei. (Simon and Alavian, 2009) The nigral mesDA neurons of EnHT (En1+/-; En2-/-) mice also seem to die through apoptosis. (Sgado et al., 2006)
           Neurotrophins make a group of growth factors, which are needed for differentiation, survival, development, and death of some special neurons or non-neuronal cells. Neurotrophins activate two different classes of receptors named as Trk family of receptor tyrosine kinases (TrkA, TrkB, and TrkC) and P75NTR (neurotrophin receptor). Trk receptors function in neuronal survival, growth and synaptic modulation, whereas P75NTR has a role in apoptosis of neurons. (Redmond et al.)
          There are two mechanisms for apoptosis: the intrinsic and extrinsic pathways. In the intrinsic mechanism, there is mitochondria-mediated apoptosis and pathways which are not dependent to caspases. More, some reagents which are used in PD models like MPP+ (the metabolite of MPTP, an inhibiter of complex-I of the mitochondrial electron transport chain), 6-OHDA and rotenone cause death of cell through induction of apoptosis similar to mitochondria-mediated apoptosis pathway. In this pathway, there is activation of caspase-9 which shows the same operation of MPTP and Engrailed in the same molecular pathway upstream of caspase-9. Some other factors like Apoptosis Activator-2, Prima-1, and TNFα cause cell death. The first one causes death of cell by production of apoptosome. The second one through activation of p53, and the third one (as a ligand of the TNF receptors) causes the extrinsic-receptor-mediated pathway of apoptosis. In all of these three cases, the level of expression of En1 has no important effect on the survival rates of neurons. (Alavian et al., 2009)
          Using microarrays on inducible N2A cell line, it was revealed that NGF receptor P75NTR is suppressed in the engrailed over-expressing cells. Quantitative RT-PCR and western blot analysis,  confirmed that the induction of En1 in N2A cells could decrease the expression of P75NTR. In addition, in the En DM (En1-/-; En2-/-) embryos an increase in the expression of P75NTR was observed. This increase can lead to the death of mesDA neurons by apoptosis. P75NTR can play a role in cell survival or cell death depending on the presence or absence of neurotrophins. Neurotrophins need Trk receptors as heterodimerization collaborates for P75NTR, in order to play the anti-apoptotic role. To understand the role of Trk/P75NTR system, the expression of the Trk-receptors was studied in E12 mesDA neurons. It was found that the over-expression of P75NTR in absence of Engrailed leads to neurotrophin-dependency in the E12 mesDA neurons because mesDA neurons express the specific receptors of neurotrophins TrkB and TrcC. However, neurotrophins which are specific to TrkB and TrkC -like BDNF, NT4 and NT3- are not released in sufficient amounts in the E12 ventral midbrain tissue, whereas they are present in the adult tissue. In addition, other neurotrophic factors like NGF, GDNF, GDF-15 and TGF-β do not prevent mesDA neurons that lack Engrailed from death. (Alavian et al., 2009)
          Another factor which has a role in cell proliferation, differentiation and survival of mesDA neurons is Erk1/2. Erk1/2 can be activated in EnDM neurons by help of survival-inducing neurotrophins like BDNF, NT4 and NT3 or after silencing or knocking down of P75NTR by siRNA oligonucleotides. Nevertheless, GDNF has no effect on this activation. In addition, using Western blot analysis, it became apparent that silencing of P75NTR leads to phosphorylation of Erk1/2. Therefore, activation of Erk1/2 is directly correlated with the expression of Engrailed genes and is decreased in cells with high levels of  expression of P75NTR. Overall, increased expression of P75NTR and suppression of Erk1/2 leads to the death of mesDA neurons in absence of Engrailed. (Alavian et al., 2009)
           It has been shown that the apoptotic role of P75NTR may be mediated by induction of the the mitochondrial (intrinsic) pathway of apoptosis. As known, loss of expression of Engrailed in mesDA neurons leads to activation of caspase-3, which is induced by both intrinsic and extrinsic pathways of apoptosis. In the intrinsic death pathway, there is release of cytochrome C from the mitochondria, which has a role in production of apoptosome needed for activation of caspase-9. observing small-TH-positive rounded cells with caspase-9, and pyknotic, fragmented nuclei in the ventral midbrain of E13 embryos that lack engrailed and EnHT mice during the postnatal day 20, it was found that P75NTR is the cause of death in the neurons that lack Engrailed genes. In addition, expression of P75NTR leads to increase of the pro-apoptotic members -Bad, Bax and Bak-, decline of the anti-apoptotic members -Bcl-2 and Bcl-XL- of the Bcl-2 family and decrease of Engrailed expression in mesDA neurons. In total, reduction of En1 expression and increase of P75NTR expression lead to the induction of intrinsic pathway of apoptosis in a lower threshold, and increase the vulnerability of mesDA neurons to dysfunction of mitochondria. Therefore, Engrailed has a role in regulation of the stability of mitochondria through the cytochrome C/caspase-dependent pathway of apoptosis, but not by the caspase-independent pathway. (Alavian et al., 2009)
          Another reason which shows the anti-apoptotic role of En in mesDA neurons happens by RNA interference RNAi experiments. Silencing En1 in primary ventral midbrain neuronal cultures, derived from homozygous null mutants for the En2 (En2-/-) caused a loss of DA neurons and activation of caspase 3 after 24 hours, and death of cell through apoptosis (Simon et al., 2004) Moreover, this process of apoptosis in 6-hydroxydopamine and loss of nigrostriatal system can be seen by induction of MPTP or induction of cell death after withdrawal of NGF or activation of NGF receptor, p75, which has low-affinity. All of these experimental models induce apoptosis through the mitochondrial intrinsic pathway. (Simon et al., 2004) These experiments have shown a direct connection between engrailed and the prevention of the apoptotic death of mesDA neurons. (Rissling et al., 2009; Simon et al., 2004)

       5. The Engrailed genes and PD
          En1 has been recognized as a possible susceptibility gene in the sporadic PD. (Joshi et al.) En1 heterozygous mice (En1+/-; En2+/+) closely mimic the both motor and non-motor PD like symptoms (as it is demonstrated in figure 9). PD-like motor symptoms observed in these mice include decreased spontaneous locomotors activity, increased amphetamine sensitization or decreased motor coordination and sensorimotor learning. Non-motor behavioral symptoms include increased depression-like behavior, anhedonia, poor social interactions (Joshi et al.; Le Pen et al., 2008) and adipsia (Le Pen et al., 2008). 
          It was also shown that engrailed protects the embryonic ventral midbrain cells at E14.5 against complex I inhibitory toxins like MPP+ and rotenone, but not against complex II toxins. In addition, it was shown that translation of Ndufs1 and Ndufs3 -two mitochondrial complex I proteins- is controlled by engrailed, and this control has a role in protection of mesDA neurons against death of cells, which is induced by complex I-specific neurotoxins. Engrailed increases the synthesis of Ndufs1 (+43%) and Ndufs3 (+68%). This enhancement continued in the presence of the transcription inhibitor actinomycin D. Moreover, immunoreactivity of Ndufs1 and Ndufs3 in mesDA neurons was lower in the SNpc of En1+/- En2+/+ mice. 
	In sum, local translation of mitochondrial complex I proteins is controlled by engrailed during development in the adult. Another fact is that the protection of mesDA neurons against MPTP by engrailed is suggested to be dependent on Ndufs1. To confirm this, engrailed was tagged with a cell-permeable, Penetratin -coupled small interfering RNA (siRNA) against Ndufs1, and administered systemic MPTP. The expression of Ndufs1 was downregulated by the siRNA and MPTP reduced the number of TH+ neurons. Thus, translation of Ndufs1 was suggested as part of the engrailed neuroprotection pathway. Also, other functions of engrailed, as doubling the striatal concentrations of dopamine, survival of mesDA neurons, and synthesis and turning of dopamine wer hypothesized to be related to the translation of Ndufs1. 
	Altogether, engrailed was shown to be neuroprotective for mesDA neurons in three established Parkinson’s disease models. The first model was MPTP intoxication. The second one is unilateral injection of 6-hydroxydopamine (6-OHDA) in the striatum which leads to the death of mesDA cell and reduction of TH+ neuron. However, infusion of En1 and en2 reduced cell loss. The third one is the injection of α-synuclein bearing an A30P mutation in the SNpc which leads to 40% reduction of TH+ neurons in the SNpc after 2 weeks. (Alvarez-Fischer et al.)In addition, in EnHT (En1+/-; En2-/-) mice, there is both motor and non-motor PD like symptoms. (Sgado et al., 2006)
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Figure 9. Motor and non-motor PD like symptoms in En1 heterozygous mice Motor behaviors in this mice are reduction of spontaneous locomoter activity and motor coordination and a raise in amphetamine sensitization. Non motor behaviors are decline of saccarine preference and poor social interaction and rise of depressive-like behavior. (Joshi et al.)


1. En2 SNPs
        En2 is a homeobox transcription factor expressed in mesDA neurons from development until adulthood which has duty in survival of mesDA neurons. Haplotype-based and single-marker association analyses respectively in six single-nucleotide polymorphisms (SNPs) in the promoter region (rs1345514) and transcribed part (rs3735653, rs6460013, rs1861972, rs2361689, and rs3808330) of the En2, in 103 discordant pairs (YOPD: 67 male, 36 female; siblings: 54 male, 49 female) revealed a role for the rs1345514 SNP in development of young-onset Parkinson’s disease (YOPD) and susceptibility to this disease. This SNP has been discovered roughly 1.7 kb upstream of the start site of the transcription factor En2 gene which functions in the control of the expression of gene. Therefore, apoptosis of dopaminergic neurons and development of PD occurs due to a change in the expression of En2. (Rissling et al., 2009)

1.  En1 Relation?
	The main sources of dopamine in the brain of mammalians are the mesDA neurons in the ventral midbrain. (Joshi et al.) In the nigrostriatal pathway which controls the voluntary movement, there are innervations of mesDA neurons from the substantia nigra pars compacta (SNpc) to the dorsal striatum. In other pathways like meso-limbic and meso-cortical pathways which control emotional behaviors and learning tasks, there are innervations of mesDA neurons from the ventral tegmental area (VTA) to different places like nucleus accumbens, cortex, and septum etc. (Joshi et al.)

        Death of mesDA neurons by apoptosis (Simon et al., 2004) in a slow and progressive manner in the SNpc (Alavian et al., 2009; Joshi et al.; Le Pen et al., 2008; Sgado et al., 2006) and to a lesser degree (~30%) in the VTA, causes a PD-like phenotype (Joshi et al.; Simon et al., 2001). Parkinson’s disease is a syndrome of deficiency in nigrostriatal dopamine, and loss of dopamine in the caudate nucleus and putamen leads to the birth of PD. (Sgado et al., 2008) Through Pathological studies, positron emission tomography studies, and  F-Dopa it was revealed that the preclinical period in PD lasts around 5 years. (Haubenberger et al.) In nigral DA neurons of persons with PD, there is upregulation of pro-apoptotic genes and five times higher amount of neurons which are positive for activated caspase 3 (a final effector of apoptosis) than in healthy individuals. Therefore, apoptosis can more easily affect the nigral DA neurons of individuals with PD than their healthy counterparts. (Simon et al., 2004)
	Destruction of mesDA neurons is connected with the presence of Lewy bodies (Joshi et al.; Sgado et al., 2006) which are intraneuronal inclusions and contain α-synuclein, neurofilaments and ubiquitin. (Joshi et al.). α-synuclein was the first gene that had connection to familial form of Parkinson’s disease. (Gherbassi and Simon, 2006; Sgado et al.) in situ hybridization analysis in late E12 embryos revealed that in En1 null mice, there is reduction of α-synuclein expression by midbrain dopaminergic neurons (Simon et al., 2001), and complete loss of this expression is seen in engrailed double mutants (Gherbassi and Simon, 2006; Simon et al., 2001). Therefore, it was shown that En1 and En2 control the expression of α-synuclein in ventral midbrain dopaminergic neurons. A change in both the sequence of the α-synuclein which En1 and En2 bind to it and a mutation in engrailed genes causes an increase in levels of α-synuclein which lead to the destruction of dopaminergic neurons in the ventral midbrain.
         The survival effect of the engrailed genes suggests a connection between PD and engrailed. Moreover, expression of α-synuclein, the familial PD gene on on human chromosome 4, is dependent on engrailed. On the other hand, because En1 and En2 are on different chromosomes, they cannot be mutated at the same time in a person. Therefore, because expression of En1 is so high in SNpc and VTA of adult mice and expression of En2 is high in some regions of SNpc and VTA, a mutation in En1 is enough for developing the start of PD. Although, as said before, En2 and En1 compensate for each other and because of this in En1 null mice, En2 compensates for the lack of En1. But, in a situation which En2 cannot compensate for either the loss of En1 or change in a the amount of En1, there is gradual loss of dopaminergic neurons in the SNpc and VTA as happens in PD. (Simon et al., 2001) Therefore, loss of engrailed genes (as in En1+/-; En2+/+) causes the apoptosis of mesDA neurons through activating the caspase 3 which has direct connection to the pathogenesis of PD. (Erickson et al., 2007; Haubenberger et al.) In an experiment, Fuchs and coworkers genotyped the rs4144782 A>G polymorphism in the intronic region of En1 which had an important association with PD. (Haubenberger et al.)

         Mitochondrial pathway of apoptosis is an important mediator of cell death. (Alavian et al., 2009) The damage to the mesDA neuronal mitochondria may be caused by mutations in genes like OMI/HTRA2 (Alavian et al., 2009), DJ1 (a redox-sensitive chaperone), PINK1 (PTEN-induced putative kinase) (Alavian et al., 2009; Alvarez-Fischer et al.; Sgado et al., 2008), Parkin (ubiquitin E3-protein ligase), α-synuclein, LRRK2 (leucine-rich repeat kinase 2) (Alvarez-Fischer et al.; Sgado et al., 2008), and UCH-L1 (Sgado et al., 2008) which are related to familial forms of PD. (Alavian et al., 2009; Sgado et al., 2008) They encode mitochondrial proteins and neurotoxins like MPTP, 6-hydroxydopamine and rotenone (Alavian et al., 2009; Sgado et al., 2008; Sgado et al.) which are specific to nigrostriatal system. This damage leads to the inhibition of complex-I of the electron transport chain. (Alavian et al., 2009; Alvarez-Fischer et al.)

       6. Cell autonomous vs. cell non-autonomous (The role of secreted engrailed)
        Using in vitro cell mixing experiments, RNA interference (RNAi) and analysis of chimeric mice (Alavian et al., 2009; Gherbassi and Simon, 2006; Simon et al., 2004) it was revealed that En1 and En2 are needed in a cell-autonomous and gene dose-dependent manner for the survival  and long-term maintenance of mesencephalic DA neurons. (Le Pen et al., 2008; Rissling et al., 2009; Sgado et al., 2006; Simon and Alavian, 2009; Simon et al., 2001).
     In engrailed double-mutant embryos, there is loss of mesDA neurons in a cell-autonomous way which is related to the two transcription factors and is not the consequence of the defect in the surrounding tissue. (Sgado et al., 2006; Simon et al., 2001) In addition, the En1 and En2 are functionally redundant and act in a gene-dose dependent manner, with En1 having a more important function in mesDA neurons, since one En1 allele is enough for the production of a phenotype like the wild type one, whereas one allele of En2 is not enough for survival (Simon et al., 2001; Simon et al., 2004). In fact, in En1-/-; En2+/- mice, there is decline of the SNpc and VTA. Survival of the small proportion of SNpc and VTA neurons is because of the high levels of En2 expression, but in En1+/-; En2-/- mice the SNpc and VTA are similar to the wild type during the embryonic development. (Simon et al., 2001)
         To determine whether the death of mesDA neurons in mutant mice is due to the requirement for the Engrailed genes in a cell-autonomous manner or lack of surrounding midbrain tissue, the E12 mutant midbrains were mixed with the wild-type cells from the same region. The mixture was injected into pregnant dams with the nuclear marker BrdU -which has no effect on the survival rate of mesDA neurons- to mutant cells in order to realize them from wild-type cells. (Simon et al., 2004) After 24 hours, the mutant mesDA neurons started to die and after 72 hours, all of them were lost, despite the surrounding environment. It was concluded that En1 and En2 are cell-autonomously needed for the survival of mesDA neurons. (Gherbassi and Simon, 2006; Simon et al., 2004)
     In fact, engrailed proteins can act as transcriptional regulators in the nucleus. In addition, about (<5%) of the intracellular engrailed protein has connection with membrane vesicles and is secreted and in a paracrine way has effect on other cells. This secretion is needed for nuclear export and release of protein out of the cell. (Alves dos Santos and Smidt; Simon and Alavian, 2009; Simon et al., 2004)

       7. Direct regulation by Engrailed
          MesDA neurons are developed from an original uniform neuroepithelium (Simon and Alavian, 2009; Simon et al., 2004) characterized through antipodal signals along its rostrocaudal and dorsoventral axes (Simon et al., 2004). In this case, SHH expressed from floor plate and notochord and the dorsalizing bone morphogenetic proteins released by the roof plate cells specify the dorsoventral axis. (Simon et al., 2004) In fact, when that uniform neuroepithelium is made, there is expression of Shh from floor plate and Fgf8 from isthmus. (Gherbassi and Simon, 2006; Simon and Alavian, 2009) Interaction of these two factors (SHH and Fgf8) leads to induction of mesDA neurons in the ventral midbrain (Gherbassi and Simon, 2006; Simon et al., 2004). En1 and En2 have important roles in the formation of this tissue and control the size of the expression domain of Fgf8. (Simon and Alavian, 2009) This function of Engrailed seems to be mediated by heterodimerized with Pbx, which will activate transcription. The Engrailed or Pbx alone may lead to repression of transcription. Actually, a 767-bp region of the proximal portion of the large intron of Fgf8 has DNA-binding sites for both transcription factors, Pbx1 (305-312 bp) and Engrailed (494-503 bp). For this reason, mutation in engrailed and Pbx1 separately leads to decrease in the enhancing activity of the Fgf8 intron by 75% and 32%, correspondly. (Gemel et al., 1999) Although, the En1 and En2 are not needed in the early initiation of Fgf8 in midbrain, but expression of these two genes are required for its appearance in the isthmus. (Simon and Alavian, 2009; Simon et al., 2004) 
	Mutants and over-expression and promoter studies revealed that En1 and En2 regulate the isthmic expression of Fgf8 and these genes are needed for the maintenance of fgf8. (Simon et al., 2004) En1 and En2 directly regulate Fgf8. (Gherbassi and Simon, 2006; Simon and Alavian, 2009; Simon et al., 2004) This notion was affirmed by an experiment where chicken embryos were infected by retroviruses expressing high amounts of En1 protein. This expression lead to the ectopic induction of Fgf8 in the midbrain and diencephalon. Also, injection of En2 mRNA at the 1-2 cell stage in Medaka and Xenopus embryos leads to the ectopic expression of Fgf8 in the diencephalon. (Gherbassi and Simon, 2006; Simon et al., 2004) This regulation is caused by presence of En1 binding site in the first intron site of the fgf8 locus in the genome of mouse, rat, man and chicken. Therefore, En1 can bind to this site. An experiment has shown that in Engrailed double mutant embryos {En1-/-; En2-/-} at E8/9 there is smaller Fgf8 domain which leads to the lower number of postmitotic mesDA neurons at E12. (Gherbassi and Simon, 2006; Simon and Alavian, 2009; Simon et al., 2004) 
         Receptors like Nurr1 -an orphan member of the steroid-thyroid hormone receptor family- and receptors for the GDNF -a member of the TGF-β superfamily- might be controlled by engrailed and are inappropriately regulated in midbrain dopaminergic neurons in engrailed double mutants. However, it is unlikely that En1 and En2 regulate Nurr1 as in engrailed double mutants there is TH-positive neurons in ventral midbrain during early embryogenesis. However, En1 and En2 can regulate GDNFRα -the receptor complex for GDNF- and Ret. The point is that this regulation is not the cause of the midbrain dopaminergic loss in engrailed double mutants. (Simon et al., 2001)
         Another gene which is regulated by engrailed genes is Pbx atypical homeodomain protein. The Pbx class of proteins has a role as co-factors and their intrinsic DNA binding activity is little. So, they bind cooperatively to DNA with other families of homeodomain proteins like Engralied. (Peltenburg and Murre, 1996) It has been shown that special residues which are placed within the Pbx homeodomain are needed for cooperative DNA binding with products of engrailed gene specially En2. Product of Pbx gene controls the activity of DNA-binding of both Drosophila Engrailed and mammalian Engralied-2. (Peltenburg and Murre, 1997) In the interaction of Pbx and En a domain, EH2, is needed. (Peltenburg and Murre, 1996, 1997) In truth, in this cooperative DNA binding of Pbx1 and Engrailed proteins,  a N-terminal region of Pbx1 is needed, but its distal carboxy terminus is not needed. In reality, for this binding the Pbx structural determinants like the three-amino acid atypical insertion in the Pbx homeodomain protein are needed and placed in the homeodomain and the proximate C-terminal flanking amino acids. It means that Pbx1 homeodomain is needed for cooperative binding of Pbx1 with En2. (Peltenburg and Murre, 1997) In addition, it has been shown that zebrafish Pbx proteins have collaboration with Engralied in order to isolate the midbrain by controlling the maintenance of the midbrain-hindbrain boundary (MHB) and the diencephalic-mesencephalic boundary (DMB). It means that the ability of Engrailed in figuring the MHB and DMB dependens on its interaction with Pbx proteins. In embryos that there is lack of function of Pbx, they fail to maintain the expression of Fgf8, pax2a and wnt1 at the MHB. (Erickson et al., 2007)
        Exd is another gene which is directly regulated by En gene. It has been discovered that Exd can cooperatively have interaction with Engrailed, and it can modulates its activity. (Peltenburg and Murre, 1996) In fact, Engrailed needs Exd for its biological activity. (Erickson et al., 2007) Pbx1, Pbx2 and Pbx3 in the murine and human genome are the homologs of Exd in Drosophila. The Drosophila and mammalian proteins employ similar residues to mediate interactions of Engrailed and Pbx. (Peltenburg and Murre, 1996) Therefore, Pbx proteins and Exd can modulate the binding activity of products of the engrailed gene to synthetic binding sites. The EH2 domain, which is placed N-terminal of the homeodomain and EH3 domain both are needed for cooperative DNA binding of En2 with Pbx and exd. (Erickson et al., 2007; Peltenburg and Murre, 1996) It means that the N- and C-termini of En2 which are the EH1 and EH5 domains are not needed for cooperative DNA binding with pbx. Besides, the N-terminal region of the EH2 domain and a tryptophan containing domain in EH2 are necessary for cooperative DNA binding of En2 with Pbx. (Peltenburg and Murre, 1996)

         8. Indirect regulation by Engrailed
        Otx2 and Gbx2 have opposing roles in the early identity of the midbrain and the first two rhombomeres of the hindbrain, respectively. If expression of Otx2 is inactivated in a region-specific manner by Cre recombinase in the En1 locus, there will be reduction in the numbers of dopaminergic neurons by postnatal day 0 which will suggest that the expression of En1 by mesDA precursor cells needs Otx2 for their appropriate development. In addition, elimination of Otx2 expression more rostrally outside the En1 expression domain will lead to the misposition of mesDA neurons. (Simon et al., 2004)



Discussion
	The degeneration of mesencephalic dopaminergic neurons in SNpc and to a lesser degree in VTA and RFF, leads to the motor symptoms of PD. There are more than 26 factors, which play critical roles in the development of dopaminergic neurons in three stages of early development, late development, and postnatal survival and maintenance. Sometimes minor disturbances in the expression or the function of these factors can lead to the gradual degeneration of mesDA neurons. These factors can be divided into three separate groups involved in the development of -progenitors, immature and mature neurons- according to their time of expression in the embryonic midbrain or in the mesDA lineages. 
There are several connections among these factors during the early and late development of mesDA neurons. In first process shh, FGF8 and Wnt1 induce mesDA neurons and provide the information about the position of mesDA progenitors. Also, shh controls the expression of Nkx2.2 and shh enhancer controls Msx1 expression which convert floor plate cells into mesDA progenitors. In addition, early shh expression with Gli1 causes mesDA neurons of SNpc whereas late expression of shh with Gli1 leads to formation of mesDA neurons in the VMB and VT.
Foxa2 targets the promoter of shh and Lmx1a/b and non-autonomously induces DA cells and leads to development of mesDA neurons and creation of their identity. Moreover, cooperation of Foxa1/2 with Lmx1a/b leads to differentiation and specification of mesDA neurons. On the other hand Lmx1/b induces expression of Msx1. Foxa2 and Lmx1a/b cooperatively induce the expression of Nurr1 in the VM, which has a role as a mesDA determinant. Also, Foxa2 and Nurr1 induce the dopaminergic phenotype, expression of specific genes of midbrain and maturation of DA neurons. Foxa1/2 solely induces expression of Nurr1 and En1 in immature DA neurons and Th and AAdc in mature DA neurons. Foxa2 also inhibits the Nkx2.2 expression in progenitors, activates Th in mature neurons and targets the promoter of AAdc, which controls the mesDA neurons.
Other important factors are the Wnt genes. Wnt can activate the engrailed genes and by help of β-Catenin pathway controls the proliferation and differentiation of Nurr1-positive precursors. In addition, β-Catenin leads to neurogenesis of mesDA neurons in cooperation with Nurr1. Wnt1, a member of Wnt family, increases the level of Otx2 expression, which conducts to Nkx2.2 in DA progenitors. In fact, lack of Wnt1 expression causes abnormal expression of Nkx2.2 in mesDA progenitors and loss of mesDA neurons. Moreover, Wnt1 and Lmx1 control expression of Otx2 by help of β-Catenin complex, whereas cooperation of Wnt1 and Lmx1a by help of Lmx1a controls the expression of Nurr1 and Pitx3 during the differentiation of DA neurons. Another member of this family is Wnt2.  In Wnt2-/- mice there is a decrease in the number of post mitotic Nurr1+ precursors. The third member Wnt3a promotes the proliferation and differentiation of precursor cells which express Nurr1. Another member of this family, implicated in the development of mesDA neurons, is Wnt5a, which leads to development and differentiation of Nurr1+ progenitor cells in the mature dopaminergic phenotype and increases the level of Pitx3 expression.   
Lack of Lmx1b leads to reduction of Pitx3 because Lmx1b induces Pitx3 expression in mesDA neurons. As well, it activates Wnt1, which leads to regional specification of the midbrain-hindbrain area. In addition, Lmx1b is needed for the expression of Fgf8 in the isthmus.
Otx genes control expression of Fgf8 and Wnt1 and positioning of Shh. Otx2 induces expression of Lmx1a in FP cells, specifies mesDA fate and controls the proneural factor Ngn2 to produce mesDA neurons. In addition, Otx2-Lmx1a pathway leads to specification of mesDA identity. Otx2 solely represses Nkx2.2 expression in mesDA progenitors, which leads to specification of mesDA neurons. Also, it keeps the expression of Nkx6.1 and controls the expression of Ngn2 and Mash1 genes. The ectopic expression of  the Otx2 opposing factor, GBx2, in the midbrain represses the posterior domain of Otx2. 
Mash1 and Ngn2 convert the floor-plate cells into neuronal progenitors and their absence leads to loss of mesDA neurons. Moreover, loss of Ngn2 conducts to lack of mesDA neuron precursors which express Nurr1 and Pitx3. Msx1/2 genes turn on expression of Ngn2 and neurogenesis of mesDA neurons. Msx1 solely represses Nkx6.1 expression in ventral midbrain progenitors. Furthermore, premature expression of Msx1 in ventral midbrain leads to premature expression of Ngn2 and Nurr1 and down regulation of Shh in FP cells. 
Nurr1 and Pitx3 genes drive the dopaminergic phenotype in mesDA neurons; induce the neurotransmitter phenotype and Th expression in mesDA neurons of substantia nigra and control factors which are needed for terminal differentiation of mesDA neurons. Another factor Interleukin-1β begins expression of Nurr1 and differentiation of dopaminergic neurons in mesencephalic neural precursor cells. Further, it induces Pitx3 expression which leads to display of DA neurons fate. 
Loss of the engrailed transcription factors causes decline of shh and Fgf8 levels which leads to reduction in the population of the ventral mesDA neurons. The En1 regulation of Fgf8 expression is mediated by the expression of Pbx1. It means mutation in engrailed and Pbx1 conducts to decrease in the expression of Fgf8 and lower number of post mitotic mesDA neurons. Moreover, engrailed controls Pbx gene, which shapes the MHB and DMB. So, lack of Pbx function leads to failure in maintenance of Fgf8, Pax2a and Wnt1 expression at the MHB. Other factors which are controlled by the engrailed genes are Nurr1 and Exd. In addition, En1 and Otx2 cause proper development of mesDA precursor cells and right position of mesDA neurons. Finally, the engrailed genes are required for the appearance of isthmus mainly through regulation of Fgf8. 
As a result, lack of connection among these factors in progenitors, immature and mature DA neurons is one of the most important viewpoints which lead to birth of Parkinson Disease. In addition, The engrailed genes by performing other services like anti-apoptotic functions, protection of DA neurons against neurotoxin,  cooperation with other factors like ERK1/2 and translation of some proteins like Ndufs1, Ndufs3 and ... prevent death of DA neurons. Pathogenesis of PD is due to many reasons in science and in this paper just some factors which have role were mentioned. 
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