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	Introduction: 

	· Positioning
	Most classes of neurons that constitute the central nervous system (CNS) are generated during embryonic development in response to local inductive cues. Such signals regulate gene expression in responding neural progenitors, which results in the generation of specific neuronal subtypes at defined positions of the developing CNS (Jessell, 2000

). Mesencephalic dopamine (DA) neurons, which degenerate in patients with Parkinson's disease, are derived from progenitors located at the ventral midline of the midbrain, while progenitors at adjacent lateral positions generate motor neurons or different types of interneurons (Hynes et al., 1999

). Characterization of the molecular program that controls the generation of DA neurons during development is likely to facilitate the engineering of DA neurons from stem cells that, in turn, may be critical for development of stem cell-based therapies for Parkinson's disease.

Factors that control cell patterning and the generation of DA neurons in the ventral midbrain (vMB) remain poorly defined. The induction of DA neurons depends on Sonic hedgehog (Shh) signaling by ventral midline cells and the activity of the fibroblast growth factor (FGF) family member 8 (FGF8), secreted by the isthmic organizer (Hynes et al., 1999

; Hynes et al., 1995

; Hynes et al., 1995

). The primary role of these signaling molecules is to establish a vMB identity at initial stages of neural development. Several characterized transcription factors, including Nurr1, Pitx3, En, and Lmx1b, are involved in the maturation of postmitotic DA neurons but not in the initial specification of these cells (Nunes et al., 2003

; Simon et al., 1998

; Smidt et al., 1997

; van den Munckhof et al., 2003

; Wallen et al., 2003

; Zetterström et al., 1997

). Intrinsic determinants acting downstream of Shh and upstream of transcription factors influencing the maturation of DA neurons should exist but have not yet been identified.

A unique property of DA neurons is their generation from the midline of the vMB, which is initially occupied by Shh-expressing glial-like floor-plate cells (Placzek et al., 2005

; Placzek et al., 1990

; Placzek et al., 1993

). Thus, in contrast to most other neurons, the generation of DA neurons must be preceded by a conversion of floor-plate cells into neuronal progenitor cells. How such a conversion occurs, and the identity of factors controlling the transition, is another unresolved question.

Studies of the developing spinal cord have provided insights into basic strategies of neuronal cell-fate specification (Jessell, 2000

). At this level, Shh regulates the expression pattern of a set of homeodomain (HD) transcription factors in ventral progenitor cells (Briscoe et al., 2000

). These HD proteins, in turn, control the positional generation of motor neurons and interneurons by activating specific downstream genes that establish the subtype identity of postmitotic neurons (Briscoe et al., 2000

; Jessell, 2000

; Muhr et al., 2001

; Pierani et al., 2001

). It seems likely that midbrain DA neurons are specified by similar mechanisms. 

	· Central problem
	· Factors that control cell patterning and the generation of DA neurons in the ventral midbrain (vMB) remain poorly defined. 

· Intrinsic determinants acting downstream of Shh and upstream of transcription factors influencing the maturation of DA neurons should exist but have not yet been identified.

· [T]he generation of DA neurons must be preceded by a conversion of floor-plate cells into neuronal progenitor cells. How such a conversion occurs, and the identity of factors controlling the transition, is another unresolved question.

	· Hypothesis
	It seems likely that midbrain DA neurons are specified by similar mechanisms.

	· Predictions
	Based on this assumption, we identified and characterized HD proteins expressed in midbrain DA neuron progenitor cells. We show that Lmx1a and Msx1 are selectively expressed in DA cell progenitors in the vMB and that these HD proteins are critically involved in the process of DA cell-fate specification. Moreover, we provide evidence that Lmx1a and Msx1 can be exploited as tools to engineer DA neurons from stem cells.

	Objects of study:

	· Identification/ Classification
	

	· Description/ Definition
	

	Methods:

	· Equipment
	

	· Experimental procedures
	Identification of Lmx1a and Msx1

Degenerated homeodomain primers (Dhawan et al., 1997

) and RT-PCR were used to screen a cDNA library prepared from dissected mouse E10.5 vMB tissue. Products were subcloned into pGemTA vector (Promega) and sequenced. For further studies, a full-length cDNA of Msx1 was isolated from the mouse cDNA library using RT-PCR. Lmx1a was identified in a large-scale in situ hybridization screen for CNS-expressed genes (J.E., unpublished data).

DNA Constructs and siRNA

cDNAs encoding mouse homologs of Lmx1a (Riken; AK044944), Lmx1b (Ma, Q), Msx1 and ldb1 (RZPD; IRAKp961I2317Q), and Grg4 (Muhr et al., 2001

) were used. Constructs were inserted into pCAGGS and RCASBP (Briscoe et al., 2000

), pECE (Ellis et al., 1986

), CMXGAL4 (Perlmann et al., 1995

), or NesE vectors. NesE vector was generated by subcloning the nestin 1852 enhancer (Lothian et al., 1997

) into a modified pBluescript vector. To generate ShhE-Msx1 transgenic mouse, Msx1 cDNA was inserted under a Shh promoter/enhancer region (Sexp5, D. Eppstein). Stealth siRNA for chick Lmx1a was designed using BLOCK-iT RNAi Designer (Invitrogen). The RNA duplex 5′-ACAGCGACGAAACCUCACUGAGCAA-3′ was used (Invitrogen). siRNA (5′-AACUGGACUUCCAGAAGAACA-3′) against human lamin was used as control (Dharmacon).

In Ovo Electroporation

cDNAs encoding Lmx1a and Msx1 in RCASBP or pECE were electroporated (Briscoe et al., 2000

) at 1.5 μg/μl into the midbrain of HH stage 10–12 chick embryos. siRNA was used at 2 μg/μl in H2O with 1% fast green.

Neural Plate Explants

Intermediate neural-plate explants from forebrain, midbrain, and hindbrain regions (Muhr et al., 1997

) were dissected from HH stage 6 chick embryos and cultured for 24–96 hr in the absence or presence of 15 nM Shh (R&D Systems).

COS-7 Cell Assays

COS-7 cells were transfected with 1.5 μg DNA. Plasmids (100 ng MH100-tk-luciferase reporter, 50 ng CMV-lacZ, 200 ng Gal4-fusions [Gal-only, Gal-Msx1, Gal-Msx1ΔEh1, or Gal-Lmx1a], 200–800 ng mGrg4, Ldb1, and/or pcDNA3) were cotransfected and harvested after 48 hr, and luciferase activity in individual transfections was compared with the value of the Gal-only control defined as 1 (∼50,000 luciferase units). Data points represent the average of at least three transfections ± SD.

Differentiation of ES Cells

E14.1 ES cells were propagated on gelatinized culture dishes in DMEM (Invitrogen) supplemented with 2000 U/ml LIF (Chemicon), 10% KSR, 2% FCS, 0.1 mM nonessential amino acids, 1 mM pyruvate (Invitrogen), and 0.1 μM β2-mercaptoethanol (Sigma). For in vitro differentiation, 1.2 × 106 ES cells were nucleofected with expression vectors according to protocol (mouse ES nucleoporator kit, AMAXA), replated on gelatinized 24-well plates (15,000 cells/well), and incubated in ES medium for 12–15 hr. Thereafter, the cells were washed once with PBS and grown in N2B27 differentiation medium (Ying et al., 2003

) supplemented with 20 ng/ml bFGF (Invitrogen), 100 ng/ml FGF8, and various concentrations of SHH (R&D systems) for 0–16 days. For statistical analysis, either the number of positive colonies (where at least 40% of the cells expressed the relevant marker) or the number of double-positive cells was counted. The data points represent the average of at least five independent experiments ± SD.

Immunohistochemistry and In Situ Hybridization

Immunohistochemical localization of proteins was performed as described (Briscoe et al., 2000

). Antibodies used were mouse Shh, Isl1, Otx1, Pax7, En1, LIM1/2, Msx1/2, Lmx1b, Ngn2, Nkx2.2 (Developmental Studies Hybridoma Bank), TuJ1 (Babco), TH (Chemicon), rabbit Lmx1a (M. German), Gbx2 (T. Edlund), Nkx2.2 (T. Jessell), Nurr1 (Santa Cruz Biotechnology, T.P.), GABA (Sigma), TH (PelFreeze), GFP (Molecular Probes), and Pitx3 (Smidt et al., 2004

); guinea pig Isl1/2, Nkx6.1, and Lmx1b (T. Jessell); and rat DAT (Abcam). Whole-mount in situ hybridization was performed essentially as described (Wilkinson, 

). In situ hybridization on sections was performed as described in Briscoe et al., 2000

 using chick TH (MRC, ChEST1010E8) or Nsg1 (Riken clone AK078054).

	· Protocols
	

	Results (Format: Numeric data, figures, tables):

	· Direct representation of measurements
	



Figure 1. Expression of Lmx1a and Msx1 in Ventral Midbrain (vMB) of Mouse Embryos

(A and B) Lmx1a (A) and Msx1 (B) whole-mount in situ hybridization at E11.5 (vMB, yellow box).

(C–F) Transverse sections through midbrain. Expression of Lmx1a and Msx1 relative to TH (D and F) and Nurr1 (E) at E12.5.

(G–V) Expression profiles of Lmx1a and Msx1/2 (G–J), Lmx1a and Nkx6.1 (K–N), Msx1/2 and Nkx6.1 (O–R), and Lmx1a and Lmx1b (S–V) in vMB between E9 and E11.5.
 


Figure 2. Shh Induces Expression of Msx1 and Lmx1a In Vitro

(A) Schematic picture of a HH stage 6 chick embryo indicating axial levels of explants.

(B–E) Transverse sections showing expression of Lmx1a and Msx1/2 (B), Msx1/2 and Nurr1 (C), Lmx1a and Lmx1b (D), and TH (arrowheads) and Nurr1 (E) in chick vMB at HH stage 26.

(F) Intermediate [i] control explants expressed Pax7 but not Nkx2.2 or Msx1/2.

(G) Midbrain [i]M explants grown in presence of 15 nM Shh expressed Nkx2.2, Msx1/2, Lmx1a, Nurr1, and TH but not Pax7. Shh-exposed explants from forebrain [i]F and hindbrain [i]H expressed Nkx2.2 but not Pax7, Msx1/2, Lmx1a, Nurr1, or TH. F, forebrain; M, midbrain; H, hindbrain; D, dorsal; V, ventral; A, anterior; P, posterior. 




Figure 3. Lmx1a, but Not Msx1, Induces Ectopic DA Neurons in the Chick Midbrain

(A) Transverse sections through vMB of electroporated chick embryos. Forced expression of RCAS-Lmx1a, but not RCAS-eGFP or RCAS-Msx1, induced Nurr1+ and Lmx1b+ cells at 84 hr posttransfection (hpt). Endogenous DA neuron domain encircled.

(B–K) High-magnification micrographs of vMB (red square in [L]). RCAS-Lmx1a, but not RCAS-eGFP, induced ectopic expression of Nurr1 and Lmx1b (B and C) and TH (D and E) in postmitotic neurons and Msx1 in progenitors (F and G) and repressed Nkx6.1 expression (H and I). Induction of DA neurons by Lmx1a was accompanied by a reduction of Lim1/2+ interneurons (J and K). Embryos in (B), (C), (J), and (K) were harvested at 84 hpt; (D) and (E) at 110 hpt; and (F)–(I) at 60 hpt. Dotted lines indicate border between ventricular zone (VZ) and marginal zone (MZ).

(L) Schematic drawing of the chick embryonic ventral midbrain. Red box indicates region from which images (B)–(K) were taken. Black broken line indicates region of endogenous DA neuron generation. V, ventral; D, dorsal.

(M and N) Quantification of Msx1, Nurr1, and Lmx1b cells induced by Lmx1a in ventral (M) and dorsal (N) progenitor cells. To calculate ventral Lmx1a-induced cells, positive cells on the transfected side were subtracted by the number of cells on the control side. Error bars indicate standard deviation, n = 4. RCAS-Lmx1a did not induce DA neurons when expressed in the hindbrain and forebrain (data not shown).




Figure 4. Lmx1a Is Required for Generation of DA Neurons

Chick embryos were transfected with a control siRNA or siRNA directed against Lmx1a mRNA and analyzed at 72 hpt. In controls, expression of Lmx1a (A and B), Msx1/2 (C and D), Lmx1b (E and F), Nurr1 (G and H), and motor neuron marker Isl1/2 (I and J) were unaffected. In Lmx1a siRNA experiments, Lmx1a protein expression was significantly reduced (B), and Msx1/2 (D) and Nurr1 expression (H) were abolished. Lmx1b expression was lost in the marginal zone but not in progenitor cells (F). Dorsal expression of Lmx1a was unaffected in siRNA experiments (K and L). Dashed lines indicate progenitor and marginal zone boundary.

	Interpretation (Format: schema’s, text:):

	· Analysis of results
	

	· “Facts” 
	· [W]e identified and characterized HD proteins expressed in midbrain DA neuron progenitor cells. 

· We show that Lmx1a and Msx1 are selectively expressed in DA cell progenitors in the vMB and that these HD proteins are critically involved in the process of DA cell-fate specification. 

· [W]e provide evidence that Lmx1a and Msx1 can be exploited as tools to engineer DA neurons from stem cells.

	Discussion:

	· Evaluation of results, validation of hypothesis
	

	· Comparison with other work
	

	· Implications
	

	· Further research
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