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Abstract  34 

The embryonic formation of midbrain dopaminergic (mDA) neurons in vivo 35 

provides critical guidelines for the in vitro differentiation of mDA neurons from 36 

stem cells, currently being developed for Parkinson’s disease cell replacement 37 

therapy. Bone morphogenetic protein (BMP)/SMAD inhibition is routinely used 38 

during early steps of stem cell differentiation protocols, including for the 39 

generation of mDA neurons. However, the function of the BMP/SMAD pathway 40 

for in vivo specification of mammalian mDA neurons is virtually unknown. We 41 

report here that BMP5/7 deficient mice (Bmp5-/-; Bmp7-/-) lack mDA neurons, 42 

caused by reduced neurogenesis in the mDA progenitor domain. As molecular 43 

mechanisms accounting for these alterations in Bmp5-/-; Bmp7-/- mutants, we 44 

have identified expression changes of the BMP/SMAD target genes MSX1/2 45 

(msh homeobox 1/2) and SHH (sonic hedgehog). Conditionally inactivating 46 

SMAD1 in neural stem cells of mice in vivo (Smad1Nes) hampered the 47 

differentiation of progenitor cells into mDA neurons by preventing cell cycle exit, 48 

especially of TH+SOX6+ (tyrosine hydroxylase, SRY-box 6) and TH+GIRK2+ 49 

(potassium voltage-gated channel subfamily-J member-6) substantia nigra 50 

neurons. Notably, BMP5/7 robustly increased the in vitro differentiation of human 51 

induced pluripotent stem cells and induced neural stem cells to mDA neurons by 52 

up to 3-fold. In conclusion, we have identified BMP/SMAD signaling as a novel 53 

critical pathway orchestrating essential steps of mammalian mDA neurogenesis 54 

in vivo that balances progenitor proliferation and differentiation. Moreover, we 55 

demonstrate the potential of BMPs to improve the generation of stem cell-derived 56 
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mDA neurons in vitro, highlighting the importance of sequential BMP/SMAD 57 

inhibition and activation in this process.   58 

  59 

Significance statement  60 

We identify BMP/SMAD signaling as novel essential pathway regulating 61 

the development of mammalian mDA neurons in vivo and provide insights into the 62 

molecular mechanisms of this process. BMP5/7 regulate MSX1/2 and SHH 63 

expression to direct mDA neurogenesis. Moreover, the BMP signaling component 64 

SMAD1 controls the differentiation of mDA progenitors, particularly to substantia 65 

nigra neurons, by directing their cell cycle exit. Importantly, BMP5/7 increase 66 

robustly the differentiation of human induced pluripotent and induced neural stem 67 

cells to mDA neurons. BMP/SMAD are routinely inhibited in initial stages of stem 68 

cell differentiation protocols currently being developed for Parkinson’s disease 69 

cell replacement therapies. Thus, our findings on opposing roles of the 70 

BMP/SMAD pathway during in vitro mDA neurogenesis might significantly 71 

improve these procedures.  72 
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Introduction  73 

 The major dopaminergic nuclei, substantia nigra (SN) and ventral 74 

tegmental area (VTA) are located in the midbrain and play essential roles in brain 75 

functions and disorders. The SN midbrain dopaminergic (mDA) neurons are 76 

particularly vulnerable to degeneration and their loss is characteristic for 77 

Parkinson’s disease (PD) (Arenas et al., 2015). Stem cell-derived mDA neurons 78 

are critical for modeling of Parkinson’s disease, drug screening, and cell 79 

replacement therapy. The differentiation of stem cells to mDA neurons requires 80 

the knowledge of the exact molecular mechanisms directing the embryonic 81 

development of mDA neurons in vivo.  82 

Following the induction of the ventral midbrain during embryogenesis, a 83 

distinct dopaminergic progenitor domain is specified. While the anterior extension 84 

of the mDA progenitor domain is defined by the EN1/DBX1 microdomains (Nouri 85 

and Awatramani, 2017) the posterior boundary is defined by the caudal border of 86 

the OTX2 expression domain at the mid-hindbrain junction. The dorsal-ventral 87 

borders are defined by LMX1A expression that overlaps with SHH expression of 88 

the midbrain floor plate. In this domain progenitors divide symmetrically to 89 

expand their pool and switch to neurogenic division at the onset of neurogenesis 90 

(Arenas et al., 2015; Blaess and Ang, 2015; Veenvliet and Smidt, 2014). The 91 

balance between self-renewal and cell cycle exit of dopaminergic neural 92 

progenitors, and the generation of the appropriate numbers of postmitotic 93 

progeny is critical for the proper formation of mDA neurons. So far three major 94 

signaling pathways activated by SHH, WNTs, and FGFs have been identified in 95 
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mammals to control proliferation and specification of mDA progenitors in vivo 96 

(Blaess and Ang, 2015; Ye et al., 1998; Joksimovic et al., 2009; Saarimaki-Vire 97 

et al., 2007; Prakash et al., 2006; Andersson et al., 2013). These signaling 98 

pathways work in concert with a series of transcription factors including OTX2, 99 

LMX1B, LMX1A, EN1/2, FOXA1/2, NGN2, PITX3, MSX1/2 and NURR1, which 100 

are important for progenitor cell responsiveness to morphogens, differentiation, 101 

and survival (Blaess and Ang, 2015; Brodski et al., 2003; Brodski et al., 2003; 102 

Puelles et al., 2003; Smidt et al., 2000; Andersson et al., 2006a; Andersson et 103 

al., 2006b; Simon et al., 2001; Ferri et al., 2007; Kele et al., 2006; Zetterstrom et 104 

al., 1997; Sherf et al., 2015). Although it has been postulated that additional 105 

signaling pathways might be involved in the generation of mDA neurons, their 106 

identity has remained elusive. 107 

Significant progress has been made in the generation of stem cell-derived 108 

mDA neurons. However, essential parameters are still not fully controllable 109 

including consistency between experiments, phenotypic identity of progenitors 110 

and purity of mDA neurons. Progress in the ability to determine these parameters 111 

are essential, since they are directly linked to graft outcome, dyskinesia side 112 

effects and tumor formation after transplantation (Arenas et al., 2015; Politis et 113 

al., 2010; Kirkeby et al., 2017). Current in vitro differentiation protocols are based 114 

on the activation of the three signaling pathways, SHH, WNT and FGF, which 115 

regulate the formation of mammalian mDA neurons in vivo (Arenas et al., 2015; 116 

Chambers et al., 2009; Kriks et al., 2011; Salti et al., 2013). Therefore, the 117 

discovery of additional signaling pathways that determine mDA development in 118 



 

6 

vivo could critically advance the abilities to manipulate in vitro conditions to 119 

achieve desired outcomes. 120 

Bone Morphogenetic Proteins (BMPs) belong to the transforming growth 121 

factor beta superfamily. Phosphorylated SMAD 1, -5 and -8, are the major 122 

intracellular BMP signaling pathway components. The BMP/SMAD pathway 123 

regulates a wide array of neurodevelopmental processes, including progenitor 124 

proliferation, apoptosis and differentiation (Chen and Panchision, 2007; Bond et 125 

al., 2012; Hegarty et al., 2013). Depending on the cell type, extracellular 126 

environment and developmental stage, they might enhance or inhibit these 127 

processes. A significant progress in the directed neural differentiation of human 128 

pluripotent stem cells was the discovery that blocking the BMP/SMAD pathway in 129 

initial steps of the protocol lead to highly efficient neural conversion (Chambers et 130 

al., 2009; Kriks et al., 2011; Salti et al., 2013). However, the role of BMPs during 131 

later stages of mDA specification and maturation in vitro is unclear. Similarly, the 132 

in vivo role of BMP/SMAD signaling in the formation of mammalian mDA neurons 133 

is unknown. In the current study, we investigated the function of BMP5/6/7 and 134 

SMAD1 in the formation of mDA neurons in vivo. Moreover, we explored the 135 

potential of BMP5/7 in the directed differentiation of human stem cells to mDA 136 

neurons.   137 
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Materials and methods 138 

Mouse strains 139 

 The seGnJ mutation is a null allele at the Bmp5 locus (Kingsley et al., 140 

1992). Mice were provided by the Jackson Laboratory, Bar Harbor, Maine and 141 

were genotyped as described previously (Solloway and Robertson, 1999). Bmp6 142 

and Bmp7-deficient mice, kindly provided by Elizabeth J. Robertson, were 143 

generated, genotyped and maintained on an outbred background as documented 144 

earlier (Solloway et al., 1998 and Dudley et al., 1995). Bmp5-/- mice heterozygous 145 

for Bmp7 (Bmp7+/-) were mated to obtain double homozygous Bmp5-/-; Bmp7-/- 146 

embryos. As a control, we used Bmp5-/-; Bmp7+/- mutants that have one intact 147 

Bmp7 allele and are viable and fertile. Smad1fl/fl mice were mated to Nestin-Cre; 148 

Smad1+/- mice to generate Smad1 fl/−; Nestin-Cre conditional mutant mice and 149 

control littermates (Finelli et al. 2013, Tronche et al. 1999 and Huang et al. 2002). 150 

All mice were housed in a temperature-controlled (21–23°C) environment, under 151 

a 12-h light/dark cycle and had free access to food and water in a pathogen-free 152 

animal facility. All procedures and experimental protocols conducted on the 153 

animals were approved by the Institutional Animal Care and Ethics committee at 154 

Ben-Gurion University of the Negev (Permit Number: IL-53-09-2016). 155 

 156 

Embedding and sectioning of the tissue 157 

 For cryo-embedding, embryos were processed by fixation in 4% 158 

paraformaldehyde for approx. 5h (E9.5/E10.5) or overnight (E12.5/P0/adult), 159 

washed in PBS (pH 7.4) for 3 x 5 mins, and immersed in 15% and 30% sucrose 160 
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PBS solution until the tissue sank. Tissue was then placed in molds with OCT 161 

medium for 10-15 min, before freezing on a very thin layer of liquid nitrogen  162 

 For paraffin embedding, after fixation embryos were dehydrated by 163 

immersion in serial ethanol solutions (50, 70, 80, 90, and 2x 100%), isopropanol, 164 

and toluene before they were embedded in paraffin. Serial coronal or sagittal 165 

sections were subsequently cut on cryostat (14 μm) or microtome (5 μm) and 166 

mounted on Superfrost microscope slides.  167 

 168 

Fluorescent/non-fluorescent immunochemistry 169 

 Microscope slides with cryosections were placed at room temperature for 170 

15-20 min, immersed in ice cold 100% ethanol for 10 min, and washed 3 x 5 min 171 

with PBS (pH 7.4) before incubation in blocking solution. Sections of the paraffin 172 

embedded tissue were rehydrated through xylene and ethanol series and 173 

washed with PBS (pH 7.4). Antigen retrieval was performed in the next step 174 

using 0.001M citric acid solution for 10 min at 95ºC, before incubation in blocking 175 

solution. The incubation with primary antibodies was done overnight at 4ºC. 176 

Slides were then rinsed in PBS (3 x 5min) and incubated for 1 hour at RT with 177 

secondary antibodies (Jackson ImmunoResearch) and DAPI (Sigma Aldrich). 178 

HRP-DAB staining kit (CTS 019, R&D Systems) was used for non-fluorescent 179 

BMP5 immunohistochemistry. 180 

For the in vitro cultures, cells plated on glass coverslips were washed in 181 

phosphate buffer saline (PBS) 0.1 M and fixed in 4% paraformaldehyde 182 

dissolved in PBS 0.1 M. After washing, the cells were permeabilized with 0.3% 183 
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Triton-X-100 in PBS 0.1 M for 15 min and then incubated for 1 hour in the 184 

blocking solution containing 0.025% Triton X-100 and 10% fetal bovine serum 185 

(Gibco) in PBS 0.1 M. Subsequently, cells were incubated overnight at 4°C with 186 

the primary antibodies diluted in the blocking solution containing 0.025% Triton 187 

X-100 and 5% fetal bovine serum in PBS 0.1 M. On the next day, cells were 188 

washed in 0.1 M PBS/0.025% Triton X-100 (PBST) and incubated with the 189 

corresponding fluorescent secondary antibodies (Thermofisher). After washing 190 

with PBST, the cell nuclei were stained with DAPI for 5 min and then washed 191 

again with distilled water. Finally, coverslips were mounted onto adhesive slides 192 

using Aquapolymount (Polyscience). For DAT and GIRK2 staining, no 193 

permeabilization was needed and Triton was omitted in all solutions. 194 

 195 

Primary antibodies  196 

 Primary antibodies used for the in vivo study were as follows: mouse anti- 197 

SHH (1:10), mouse anti-NKX6.1 (1:10), mouse anti-ISLET1/2 (1:10), mouse anti- 198 

MSX1/2 (1:10), mouse anti-FOXA2 (1:10), mouse anti NESTIN (1:10), mouse 199 

anti EN1 (1:50) - all from DSHB, rabbit anti-LMX1A (1:400, Cat. #AB10533 200 

Millipore), rabbit anti LMX1B (1:1000, gift from Dr. C. Birchmeier, MDC, Berlin), 201 

rabbit anti-NURR1 (1:100, Cat. #SC991 Santa Cruz Biotech.), mouse anti 202 

NURR1 (1:100, Cat.# 376984, Santa Cruz ) mouse anti NEUROGENIN-2 (1:800, 203 

Cat. #MAB3314 R&D Systems), rabbit anti-TH (1:200, Cat. #AB152 Millipore), 204 

mouse anti-TH (1:200, Cat. #MAB318 Millipore), rabbit anti PHOSPHO- 205 

SMAD1/5/8 (1:200, #9511S Cell Signaling), sheep anti-BMP5 (1:10, Cat. 206 
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#AF6176 R&D Systems), rabbit anti PHOSPHO-HISTONE-H3 (1:1000, Cat. #06- 207 

570 Millipore), rabbit anti PHOSPHO-P38 (1:1000, Cat. #4511 Cell Signaling), 208 

rabbit anti GIRK2 (1:200, Cat. #APC-006, Alomone Labs), rabbit anti SOX6 209 

(1:500, Cat. #ab30455 Abcam), mouse anti POU4F1 (1:300, Cat. #sc8429, 210 

SantaCruz), mouse anti N-CADHERIN (1:200; Cat. #610920, BD), rabbit anti 211 

ZO1 (1:100; Cat. #40-2200, Invitrogen), rabbit anti KI67 (1:100; Cat. # ab16667, 212 

Abcam), rabbit anti cleaved-CASPASE3 (1:100; Cat. #3661, Cell Signaling), 213 

rabbit anti MAP-2 (1:200; Cat. #sc20172 Santa Cruz Biotech.), rabbit anti β- 214 

CATENIN (1:400; Cat. #9587s, Cell Signaling), rabbit anti SHH (1:50, Cat. 215 

#sc9024 Santa Cruz Biotech.), rabbit anti BMPR1B (1:100, Cat. #10537 216 

Orbigen), rabbit anti PITX3 (Cat. #38-2850; Thermo Fischer Scientific), mouse 217 

anti BrdU (Cat. #B2531 Sigma Aldrich), rabbit anti CCND1(1:150, Cat. #sc-450 218 

SantaCruz ), rabbit anti phospho- β-CATENIN (1:200, Cat.#9561s Cell 219 

Signaling), rabbit anti CALBINDIN (1:500, Cat# d-28k Swant), rabbit anti beta III 220 

tubulin/TUJ1 (1:500, Cat# 302 302 Synaptic Systems).  221 

For the in vitro study the following primary antibodies were used: mouse 222 

anti TH (1:1000; Cat. #MAB318, Chemicon/Millipore), rabbit anti TH (1:1000; Cat. 223 

#ab112, Abcam), rat anti DAT (1:50; Cat. #sc-32259, SCBT), rabbit anti LMX1A 224 

(1:1000, Cat. # ab10533, Millipore), goat anti GIRK2 (1:200; Cat. #ab65096, 225 

Abcam), rabbit anti CALBINDIN (1:1000; Cat. #CB38, Swant).  226 
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In situ hybridization 227 

For radioactive in situ hybridization all sections were processed according 228 

to Sherf et al 2015., using 35S-labeled riboprobes against Bmp5, Bmp6, Bmp7, 229 

Th, Dat and Nurr1. 230 

 For DIG-labeled in situ hybridization, mRNA probes were used to detect 231 

Bmp7 and Wnt1 mRNA (Sherf et al. 2015, Tilleman et al. 2010). Sections were 232 

post-fixed in ice cold 4% PFA for 10 min, digested with proteinase K (2 μg/ml, 233 

50mM Tris ph8, 4mM EDTA) before acetylation (1.3 % TEA, 0.3% 10M HCl, 234 

0.5% acetic anhydride in DEPC-treated water, 10 min), and permeabilized with 235 

PBT for 30min. Prehybridization was done for 2h at 65ºC, and hybridization was 236 

done overnight at 65ºC. Approx.10 ng of probe was added to 200 μl of 237 

hybridization solution per slide. The next day, slides were incubated with anti- 238 

digoxigenin antibody at 4°C overnight. NBT/BCIP (Roche) was used for color 239 

development. 240 

 241 

In vivo proliferation assay 242 

 Pregnant females received intraperitoneal injection of BrdU dissolved in 243 

0.9% NaCl (100 mg/kg; B5002, Sigma-Aldrich) 1 h before collection of embryos . 244 

 245 

Quitting fraction  246 

 Twenty-four hours before harvesting embryos, pregnant females (E11.5) 247 

received intraperitoneal injection of BrdU (100 mg/kg; Sigma-Aldrich). Sections 248 

from E12.5 embryos were then triple stained for KI67, BrdU, and LMX1A. The 249 
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quitting fraction is obtained by dividing the number of BrdU-labeled cells that had 250 

left the cell cycle (KI67- BrdU+ LMX1A+) by the number of BrdU labeled cells that 251 

were still cycling (KI67+ BrdU+ LMX1A+). 252 

 253 

Area ratio analysis  254 

 MAP-2+, KI67+ and total midbrain area were marked throughout the 255 

midbrain and measured using Image J® software. Obtained values were used to 256 

calculate MAP-2+/total midbrain and KI67+/total midbrain ratios. 257 

 258 

Cell density ratio analysis 259 

 For the cell density ratio analysis a box was drawn perpendicular to the 260 

ventricular surface next to mDA domain of the midbrain. The box was divided in 261 

half to separate the neural tube wall to apical and basal side. Each half of the box 262 

area was measured in ImageJ software. DAPI+ nuclei were counted within each 263 

half of the box, rostral to caudal throughout the midbrain, and divided by its area 264 

to obtain density values for apical and basal side. Apical density was divided by 265 

basal density to obtain density ratio between the two. 266 

 267 

Total fluorescence intensity of SHH and beta-CATENIN  268 

 For total immunofluorescence intensity of SHH, a box was placed on the 269 

ventral midline throughout rostral to caudal sections of the midbrain. Area, 270 

integrated density and mean gray value were measured using ImageJ® software. 271 

A box of the same size was placed directly adjacent to the SHH expression 272 
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domain and measurement was repeated. The total fluorescence intensity ratio 273 

was then calculated by the formula Integrated Density of box1 / Integrated 274 

density of box2 (Burgess,A. 2010). For the total immunofluorescence intensity 275 

measurements of beta-CATENIN, the mDA domain constrained by NKX6.1 276 

expression was outlined throughout the ventral midbrain, and the same 277 

parameters were measured. Integrated density was normalized to area and 278 

background was subtracted for each image.  279 

 280 

Cell culture 281 

 The derivation of the human induced pluripotent stem cells (iPSC) and the 282 

human directly induced neural stem cells (iNSC) lines has been previously 283 

reported (Kadari et al., 2014; Meyer et al., 2015; Kwok et al., 2017). The human 284 

fibroblasts used in this study were obtained from a male individual skin punch 285 

biopsy after obtaining informed consent and ethical clearance by the ethics 286 

committee of the University of Würzburg (ethical report number 96/11, dated 10 287 

June 2011) or from commercial sources (male foreskin). The neural stem cells 288 

(iNSC) were generated from iPSC as described in Reinhardt 2013. Both iNSCs 289 

derived iPSC and iNSCs were kept on growth factor-reduced Matrigel (Corning) 290 

coated plates in neural expansion CAP-medium consisting of 50:50 DMEM- 291 

F12/Neurobasal medium with 1:50 B27 without vitamin A, 1:100 N2, 2 mM L- 292 

glutamine (all from Gibco), 200 μM ascorbic acid (Sigma), 18 g/mL bovine serum 293 

albumin BSA fraction V (Applichem) and supplemented with 4 μM CHIR99021 294 
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(Axon Medchem), 5 μM Alk5 inhibitor (Enzo) and 0.5 μM purmorphamine 295 

(Miltenyi). 296 

 To generate midbrain dopaminergic neurons, CAP-medium was changed 297 

2 days after splitting to dopaminergic differentiation medium consisting of 50:50 298 

DMEM-F12/Neurobasal with 1:50 B27 with vitamin A, 2 mM L-glutamine, 200 μM 299 

ascorbic acid and supplemented with 100 ng/μL FGF8 (Perprotech) and 1 μM 300 

purmorphamine. When confluent, cells were split using accutase (Thermofisher), 301 

30,000 cells were seeded in each well of a 12 well plate. Maturation started after 302 

8 days by withdrawal of FGF8 and the addition of 10 ng/mL BDNF (StemCell), 10 303 

ng/mL GDNF (Peprotech), 1 ng/mL TGF-beta3 (Peprotech) and 500 μM 304 

dbcAMP. 0.5 μM purmorphamine was added to this medium for 2 more days. In 305 

the BMP or Noggin treated cultures, 10 ng/mL BMP5 and BMP7, or 200 ng/mL 306 

Noggin (all from R&D systems) were added to the medium. Cultures were 307 

analyzed 30 days after the start of the differentiation (22 days in maturation 308 

conditions).  309 

 310 

Cell quantification  311 

 For the in vivo studies paraffin embedded coronal sections of E10.5 312 

embryos (5μm thick; 4 series), E12.5 embryos (5μm thick; 6 series), E14.5 (5μm 313 

thick, 6 series) and P0 brains (5μm thick; 8 series) were used for cell 314 

quantification experiments. Representative midbrain coronal sections revealing 315 

the distributions indicated are presented in the figures. All positive / double 316 

positive cells on every 4th section (E10.5), 6th section (E12.5 and E14.5) or 8th 317 



 

15 

section (P0) were counted. All values were normalized to WTs average (100%). 318 

ImageJ software was used for cell counting. 319 

For the in vitro studies the stained cells were observed using a motorized 320 

Leica DMi8 fluorescent inverted microscope equipped with Hamamatsu Orca 321 

Flash 4.0 V2 Camera. The numbers of TH+TUJ1+, LMX1A+TH+, TH+GIRK2+ and 322 

TH+CALB+ cells were counted using Leica LasX and ImageJ softwares. From 323 

each experiment (N=2 to 4), 2 coverslips were analyzed, and at least 7 random 324 

areas per coverslip were counted. The number of neurons counted for each 325 

experiment and each condition is between 1000 and 3000 cells. 326 

 327 

Statistical analysis and experimental design 328 

For both in vivo and in vitro studies two tailed unpaired Student’s t-test 329 

was used for the comparison of the mean values: *p<0.05, **p<0.01, ***p<0.001. 330 

Error bars represent standard error of the mean (SEM) in all bar graphs. T values 331 

(t) and degrees of freedom (df) are specified for each p value reported in results. 332 

 For the in vivo studies, the number of experimental replicates (N) was at 333 

least 3 (N=3mutants/3WT controls). In vivo experiments with different N are 334 

specified in the results.  335 

For the in vitro studies, the number of replicates was at least 2. For 336 

TH/TUJ1 counting ,4 experiments from iPSC#1, 2 from iPSC#2 and 2 from iNSC 337 

were performed 338 

.  339 
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Results  340 

BMP5/7 are necessary for the generation of postmitotic mDA neurons 341 

To study the role of BMPs in mDA development, we first determined the 342 

expression of BMP5, BMP6, and BMP7 in the ventral midbrain. To do this we 343 

employed mRNA in situ hybridization and immunohistochemistry of wild type 344 

(WT) embryos at different embryonic days. During mDA neurogenesis at 345 

embryonic day (E) 12.5, Bmp5, Bmp6 and Bmp7 mRNAs were strongly 346 

expressed at the mesencephalic flexure where mDA neurons are formed (Fig.1 347 

A-C). The BMP receptor 1B (BMPR1B) which plays a critical role in neuronal 348 

differentiation (Panchision et al., 2001) was confined to the NKX6.1 negative 349 

mDA domain at E12.5 (Fig. 1 D). Also before the onset of mDA neurogenesis at 350 

E10.5, Bmp7 mRNA expression, BMP5 immunoreactivity and phosphorylated 351 

SMAD-1/5/8 (p-SMAD1/5/8) were detected in the ventral midbrain close to and 352 

within the mDA progenitor domain (Fig. 1 E-G) suggesting a role of these 353 

morphogens and SMAD1/5/8 in the formation of mDA neurons.  354 

 To assess the function of BMP signaling in the development of mDA 355 

neurons we analyzed the formation of these neurons in different Bmp single and 356 

compound mouse mutants. Neither in Bmp5-/-, Bmp6-/-, and Bmp7-/- single 357 

mutants (Fig. 1 H-J'), nor in Bmp5-/-; Bmp6-/- and Bmp6-/-; Bmp7-/- compound 358 

mutants (Fig. 1 K-L') changes in formation of mDA neurons were apparent. In 359 

Bmp5-/-; Bmp7-/- compound mutants however, postmitotic mDA neurons, marked 360 

by a highly sensitive radioactive mRNA in situ hybridization probe (Fig. 1 M, M’) 361 
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and NURR1 immunoreactivity (Fig. 1 N-O'') as well as beta-III tubulin TUJ1 (N- 362 

O''), were entirely absent.  363 

 Bmp5-/-; Bmp7-/- mutants could not be studied after E10.5, since most 364 

embryos subsequently die from heart defects as reported previously (Solloway 365 

and Robertson, 1999). Although Bmp5-/-; Bmp7-/- embryos are smaller in size 366 

they do not display an overall delay in development and contain the same 367 

number of somite pairs as controls (Solloway and Robertson, 1999). The 368 

absence of general patterning or regionalization defects in the ventral midbrain 369 

and midbrain-hindbrain regions was further demonstrated by normal Shh, Wnt1 370 

and Fgf8 expression in the midbrain floor plate and mid-hindbrain region at E10.5 371 

(Solloway and Robertson, 1999). In addition, Phox2a mRNA expression in 372 

cranial nerves III and IV, which form directly adjacent to the mDA neurons at 373 

E9.5 (Pattyn et al., 1997), does not show delayed onset of expression in mutants 374 

compared to WT (Tilleman et al., 2010). Using ISLET-1/2 immunoreactivity to 375 

visualize the nuclei of cranial nerve III, we observed a normal induction of this 376 

nuclei at E9.5 (Fig. 1P, P'), providing further evidence that the lack of NURR1 377 

expression in Bmp5-/-; Bmp7-/- mutants is not caused by a general delay in 378 

neurogenesis in the ventral midbrain. Taken together, our data support the 379 

conclusion that BMP5/7 are required for the formation of mDA neurons.  380 

 381 

BMP5/7 promote proliferation of mDA progenitors 382 

To investigate the mechanisms underlying the lack of postmitotic mDA 383 

neurons in Bmp5-/-; Bmp7-/- embryos, we next studied the identity and relative 384 
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extent of the mDA progenitor domain. Previous experiments indicated that 385 

although Bmp5-/-; Bmp7-/- embryos develop neurulation defects (Solloway and 386 

Robertson, 1999), patterning abnormalities are not observed in the floor plate, as 387 

visualized by Shh mRNA expression, or the mid-hindbrain organizer, visualized 388 

by Wnt1 and Fgf8 mRNA expression (Solloway and Robertson, 1999).  389 

At E9.5 and E10.5, expression patterns of LMX1B and LMX1A, which 390 

mark the mDA progenitor domain, showed as in WT a clear boundary to the 391 

adjacent NKX6.1+ red nucleus progenitor population (Fig.2 A-C’).  392 

 Although boundary relationships were intact in the ventral midbrain of 393 

Bmp5-/-; Bmp7-/- mutants, the mDA progenitor population, marked by LMX1A+ 394 

cells was reduced by 39% at E10.5 (Fig. 2C-C”; t(4)=2.89, *p=0.044). We then 395 

determined whether the reduction in the number of mDA progenitor cells is due 396 

to a proliferation defect or cell death. A reduction of 45% of mitotic cells positive 397 

for LMX1A and phospho-HISTONE H3 (PH3) (Fig. 2D-D”, t(4)=2.78, *p=0.049) in 398 

the mDA progenitor domain of Bmp5-/-; Bmp7-/- embryos at E10.5 indicated a 399 

proliferation defect in mutants. These findings were supported by a 35% 400 

reduction of cells in the S-phase of the cell cycle, positive for both LMX1A and 401 

BrdU incorporation in mutants (Fig. 2E-E”, t(4)=2.83, *p=0.047) as well as a 402 

reduced number KI67+ cells, all of which were LMX1A positive (data not shown). 403 

In contrast, there was no increase in the levels of apoptosis in these mutants 404 

(Fig. 2 G, G').  405 

 In the midbrain but outside of the mDA progenitor domain of Bmp5-/-; 406 

Bmp7-/- mutants the number of mitotic cells (LMX1A-PH3+) was not significantly 407 
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different than WT, but showed a trend towards a decrease (Fig. 2 H-H'';  408 

t(4)=1.38, p=0.24). In contrast to WT embryos, where BrdU+ cells were 409 

distributed evenly along the apico-basal extension of the neural tube wall, in 410 

Bmp5-/-; Bmp7-/- mutants BrdU+ and Ki67+ cells clearly accumulated at the 411 

ventricular side of the neural tube, leaving a BrdU/Ki67 negative territory on the 412 

basal side (Fig. 2 I-J'). Dividing the area covered by Ki67+ cells by the total 413 

midbrain area, indicated that the Ki67+ share in total midbrain area was reduced 414 

by 13%, suggesting a depletion of the progenitor pool in mutants (Fig. 2 J''; 415 

t(4)=3.76, *p=0.02). To rule out the possibility that this was caused by 416 

disproportional density of the cells between the apical and basal side of the 417 

neural tube in Bmp5-/-; Bmp7-/- mutants, we measured the density of cell nuclei 418 

(DAPI+) nuclei on the apical side (area 1) and basal side (area 2) adjacent to the 419 

mDA progenitor domain. No difference in the density ratio between the two was 420 

observed (Fig. 2 K-K'', t(4)=0.55, p=0.61). The altered distribution of progenitor 421 

cells suggests premature neurogenesis in the basal plate progenitor domain. 422 

However, these changes were not observed in the mDA progenitor domain (Fig. 423 

2 F, F’). As for the rest of the midbrain, we did not observe changes in apoptosis 424 

in the basal plate of the mutant embryo (Fig. 2 L, L'). In summary, BMP5/7 425 

control proliferation of progenitor cells in the mDA progenitor domain.  426 

 427 

BMP5/7 are required for the induction of MSX1/2 and mDA neurogenesis 428 

We subsequently assessed neurogenesis in the mDA progenitor domain 429 

of Bmp5-/-; Bmp7-/- mutants, by visualizing the proneuronal transcription factors 430 
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MSX1/2, which is a direct downstream target of the BMP signaling cascade 431 

(Timmer et al., 2002; Tribulo et al., 2003) and NGN2 (official gene symbol 432 

Neurog2, MGI). These factors play a critical role in the generation of mDA 433 

neurons (Andersson et al., 2006a; Andersson et al., 2006b; Kele et al., 2006). 434 

Consistent with previous reports (Andersson et al., 2006a; Andersson et al., 435 

2006b; Kele et al., 2006) we found in the ventral midbrain MSX1/2 specifically 436 

expressed in the mDA progenitor domain (Fig. 3A). We observed an 86% 437 

reduction in the number of MSX1/2+ cells even after normalization to the number 438 

of LMX1A+ cells (Fig. 3 A-A'', t(4)=9.4, *** p=0.00071). Likewise, NGN2+ cells in 439 

the mDA progenitor domain of Bmp5-/-; Bmp7-/- mutants were also reduced by 440 

74% after normalization to the number of LMX1A+ cells (Fig. 3 B-B'', t(4)=14.44, 441 

*** p=0.000134). Moreover, Bmp5-/-; Bmp7-/- mutants showed a 43% reduction in 442 

postmitotic MAP-2+ neurons in the mDA progenitor domain again, following 443 

normalization to the number of LMX1A+ cells (Fig. 3 C-C''; t(4)=3.19, *p= 0.033).  444 

 In contrast, outside of the mDA progenitor domain, Bmp5-/-; Bmp7-/- 445 

mutants exhibited an increase of 10% in the area containing MAP-2+ postmitotic 446 

neurons (Fig. 3 E-E''; t(4)=-3.98, **p=0.01). An apparent increase in the number 447 

of NGN2+ and NKX6.1+ cells that did not reach statistical significance was also 448 

observed (Fig. 3 D-D'', t(4)=1.85, p=0.14) (Fig. 3 F-F'', t(4)=1.67, p=0.17). We 449 

conclude that BMP5/7 promote mDA neurogenesis by regulating MSX1/2 and 450 

NGN2 expression. In contrast, BMP5/7 appear to prevent premature 451 

neurogenesis in the midbrain basal plate outside of the MSX1/2 positive mDA 452 

progenitor domain. 453 
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BMP5/7 repress SHH expression in the floor plate 455 

Next, we studied the interaction of BMP5/7 with the WNT and SHH 456 

pathways, which both play a key role in mDA formation, by visualizing the 457 

expression of WNT and SHH signaling components in Bmp5-/-; Bmp7-/- mutants. 458 

While WNT signaling promotes the formation of mDA neurons throughout 459 

embryogenesis (Prakash et al., 2006; Andersson et al., 2013), SHH is necessary 460 

for early steps of mDA progenitor induction (Ye et al., 1998), but was suggested 461 

to repress mDA neurogenesis at later stages (Joksimovic et al., 2009). Neither 462 

Wnt1 mRNA expression (Fig. 4 A, A') nor total beta-CATENIN 463 

immunofluorescence signal strength (Fig. 4 B-B', t(2)=-0.07, p=0.95, and C, C' for 464 

higher magnification), which plays a critical role in mediating canonical WNT 465 

signaling were altered in Bmp5-/-; Bmp7-/- mutants. Furthermore, cell adhesion, 466 

which is dependent on intact beta-CATENIN in the mDA progenitor domain 467 

(Tang et al., 2009; Chilov et al., 2011), was unperturbed in the mutants as 468 

assessed by the normal expression of N-CADHERIN and ZO-1 (Fig. 4 D-E'). The 469 

number of cell nuclei with accumulation of GSK3-beta phosphorylated 470 

(S33/S37/Th41) beta-CATENIN form, was reduced by 60.7% in the mDA 471 

progenitor domain of Bmp5-/-; Bmp7-/- mutants after normalization to the number 472 

of LMX1A+ cells (Fig. 4 F-F'', t(2)=5.325, *p=0.033). To further study WNT/beta- 473 

CATENIN signaling, we analyzed the expression of its direct downstream target 474 

CYCLIN D1 (CCND1). CCND1 at E10.5 showed strong ubiquitous expression 475 

throughout the midbrain in both genotypes (G, G'), with the exception of the 476 

LMX1A+ mDA domain (Fig. 4 G''-G''''). Taken together our results suggest that 477 
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WNT/beta-CATENIN signaling was not reduced in Bmp5-/-; Bmp7-/- mutants. In 478 

contrast, signal intensity of SHH immunoreactivity, measured as a ratio of SHH 479 

signal between the midline (box 1) and a region outside of SHH expression 480 

domain (box 2) was nearly doubled in Bmp5-/-; Bmp7-/- mutants (Fig. 4 H-I''; 481 

t(4)=3.186, *p=0.03). 482 

 In order to study which intracellular molecules mediate the effects of 483 

BMPs in the formation of mDA neurons, we visualized the canonical BMP 484 

signaling components p-SMAD-1/5/8. Compared to WT, Bmp5-/-; Bmp7-/- mutants 485 

exhibited a 45% reduction in the number of p-SMAD-1/5/8 immunoreactive cells, 486 

after normalization to the number of LMX1A+ cells (Fig. 4 J-J'', t(4) =4.66, 487 

***p=0.0096). This suggests that SMAD-1/5/8 mediate the loss of mDA 488 

postmitotic neurons in mutants. Since BMP receptors can also initiate the 489 

activation of non-Smad signaling pathways, mostly by MAP kinases (Mueller and 490 

Nickel, 2012), we studied the expression of p-ERK, p-JNK and p-P38 in the 491 

ventral midbrain of mutants. In contrast to p-ERK and p-JNK, which were not 492 

detected in the mDA progenitor domain at E10.5 (data not shown), p-P38 was 493 

strongly expressed there, but did not show any differences in expression 494 

compared to WT (Fig. 4 K, K'). Taken together, our data suggest that one of the 495 

functions of BMP5/7 in the development of mDA neurons is to provide a 496 

permissive environment for mDA neurogenesis by repression of SHH expression 497 

in the midbrain floor plate.  498 

 499 

SMAD1 is necessary for the formation of mDA neurons 500 
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Based on the lack of postmitotic mDA neurons (Fig. 1 N-O'') and the 501 

downregulation of p-SMAD1/5/8 (Fig. 4 J-J'') in Bmp5-/-; Bmp7-/- mutants, we 502 

hypothesized that components of the SMAD signaling pathway are mediating 503 

aspects of the effect of BMP5/7 on mDA neuron formation. In order to test this 504 

hypothesis, we assessed the formation of mDA neurons in mutants in which 505 

Smad1 was conditionally inactivated using a Nestin-Cre driver (Smad1Nes) 506 

(Tronche et al., 1999). Since in these mutants Cre activity starts to get activated 507 

in the ventral midbrain between E10.5-E11.5 (Vernay et al., 2005), we were able 508 

to assess the role of the BMP/SMAD pathway at developmental time points later 509 

than in Bmp5-/-; Bmp7-/- mutants.  510 

In Smad1Nes mutants at E12.5, p-SMAD1/5/8 immunoreactivity was 511 

profoundly reduced (Fig. 5 A, A'). Concomitantly, the number of TH+ cells was 512 

significantly decreased by 19% at E12.5 compared to WT littermates (Fig. 5 B- 513 

B''; t(10)=2.473, *p=0.0329, N= 6 WT; 6 Smad1Nes) and NURR1+ cells also 514 

appeared reduced, (Fig. 5 C, C').The total number of LMX1A+ cells did not 515 

significantly differ between the genotypes at this time point (Fig. 5 D-D'', t(2)=- 516 

0.23, p=0.83 N=4 WT; 4 Smad1Nes). The red nucleus as visualized by POU4F1, 517 

was normal in Smad1 mutants (Fig. 5 E-E',' t(4)=1.35, p=0.25). To quantify the 518 

total number of cells undergoing mitosis, we counted PH3+ cells in the mDA 519 

progenitor domain laterally flanked by NKX6.1+ cells. The Smad1 inactivation 520 

strongly increased the number of dividing cells in this domain by 42% (Fig. 5 F- 521 

F''; t(6)=3.05, *p=0.022, N=4 WT; 4 Smad1Nes). In addition, the number of mDA 522 

progenitors in active cell cycle (LMX1A+Ki67+) was increased by 29% (Fig. 5 G- 523 
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G''; t(5)=-2.622 *p=0.046, N=3 WT; 4 Smad1Nes). To investigate whether the 524 

decrease of mDA neurons could be caused by a reduced number of mDA 525 

progenitors exiting the cell cycle, we assessed the quitting fraction, calculated as 526 

the percentage of cycling progenitors exiting the cell cycle within 24h of BrdU 527 

administration at E11.5. To do so, we measured the fraction of LMX1A+BrdU+ 528 

cells that were immunonegative for Ki67. We found that the quitting fraction 529 

decreased significantly from an average of 66% in WT to an average of 44% in 530 

Smad1Nes conditional mutant embryos (Fig. 5, H-H'''; t(5)=2.6  *p=0.048, N=3 531 

WT; 4 Smad1Nes). In contrast, the number of LMX1A+NGN2+ cells was not 532 

changed between genotypes (Fig. 5 I-I''; t(6)=1.176, p=0.28, N=4 WT; 4 533 

Smad1Nes). The unaltered expression of beta-CATENIN in Bmp5-/-; Bmp7-/- 534 

mutants indicated normal canonical WNT signaling in these animals (Fig. 5 J, J'). 535 

Moreover, SHH expression, which has retracted from the midline at this 536 

developmental stage, showed no changes between genotypes (Fig. 5 K, K'; 537 

WTa/b = 0.55 ± 0.06, Smad1Nesa/b = 0.53 ± 0.09, t(4)=-0.719, p=0.51).  538 

Also at E14.5, the number of TH+ cells was reduced in Smad1Nes mutants 539 

by 25% (Fig. 5 L-L'', t(4)=3.65, *p=0.02). Interestingly, Smad1Nes mutants showed 540 

an even stronger reduction in the number of TH+PITX3+ neurons at E14.5 of 541 

about 50% (Fig. 5 L-L', L'''t(4)=9.09, **p=0.00812). In summary, our data indicate 542 

that after E10.5 SMAD1 mediated BMP signaling regulates neurogenesis of mDA 543 

neurons, by promoting the cell cycle exit of mDA progenitors. 544 

 545 
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Postnatal Smad1Nes mutants show a predominant loss of TH+SOX6+ and 546 

TH+GIRK2+ substantia nigra (SN) neurons 547 

At postnatal day 0 (P0), Smad1Nes mutants still exhibited a significant 28% 548 

reduction in the number of TH+ mDA neurons compared to controls (Fig. 6 A-A”; 549 

t(4)=3.47, *p=0.026). The number of adjacent POU4F1+ red nucleus cells 550 

between genotypes was unchanged (B-B”; t(4)=1.01, p=0.37). Furthermore, 551 

LMX1A+TH+ showed a trend reduction by 18%, (Fig. 6 C-C'', t(4)=1.36, p=0.245), 552 

while NURR1+TH+ were significantly reduced by 30% (Fig. 6 D-D'', t(4)=3.4, 553 

*p=0.027). TH+PITX3+ and TH+EN1+ neurons in the mutants were reduced by 554 

29% and 24%, respectively (Fig. 6 E-F”, t(4)=3.49,*p=0.02 for E” and t(4)=3.29, 555 

*p=0.03  for F”). To investigate whether both VTA and SN neurons are reduced in 556 

the mutants we analyzed the expression of SOX6 and GIRK2 which have been 557 

described to be preferentially expressed in SN mDA neurons (Panman et al., 558 

2014), as well as CALBINDIN, preferentially expressed in the VTA. In Smad1Nes 559 

mutants, the reduction in TH+SOX6+ and TH+GIRK2+ neurons was more severe 560 

than the decrease in total TH+ neuronal populations, as indicated by a significant 561 

decrease in the TH+SOX6+ / TH+ (Fig. 6 G-G'', t(4)=2.8, *p=0.04)  and 562 

TH+GIRK2+/TH+ ratios in the mutants as compared to WT (Fig. 6 H-H'', t(6)=2.48, 563 

*p=0.048, N=4 WT; 4 Smad1Nes) , while TH+CALB+/TH+ ratio did not differ 564 

between the genotypes (Fig. 6 I-I'', t(4)=0.89, p=0.424). This particular strong 565 

effect on the number of SN neurons in the mutants is likely a consequence of the 566 

changes in neurogenesis in these mutants, since p-SMAD1/5/8 immunoreactivity, 567 

was not enriched in SN neurons at P0 in the WT (data not shown). Finally, the 568 
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numbers of TH+LMX1A+ and TH+NURR1+ neurons remain significantly reduced 569 

at P7 (Fig. 6 J-K’’, t(4)=6.17, **p=0.0035 for J’’ and t(4)=6.63, **p=0.0027 for K’’). 570 

Taken together, these data indicate that SMAD1 is required particularly for 571 

the formation of TH+SOX6+ and TH+GIRK2+ neurons, which are found 572 

predominantly in the SN.  573 

 574 

BMP5/7 increase the yield of mDA neurons during in vitro differentiation of 575 

human induced pluripotent and neural stem cells  576 

We next aimed to exploit this novel insight into the BMP/SMAD1 signaling 577 

role in mDA formation to modulate directed differentiation of mDA neurons from 578 

human induced pluripotent stem cells (lines iPSC#1 and iPSC#2) and a 579 

previously established induced neural stem cell line (iNSC) (Thier et al., 2012). 580 

For this purpose, we modified a widely-used mDA differentiation protocol 581 

(Reinhardt et al., 2013) that involves FGF8 and the SHH agonist purmorphamine 582 

to specify dopaminergic progenitors and a combination of BDNF, GDNF, 583 

dbcAMP, and TGFb3 to enhance their maturation. We additionally applied BMP5 584 

and BMP7 during the maturation step and compared the outcome of potential 585 

mDA neuron generation after 22 days of maturation to non BMP5/7-treated 586 

cultures (Fig. 7 A). BMP5/7 treatment resulted in a strong increase in the 587 

numbers of TH-positive neurons in both human iPSC lines and in iNSC-derived 588 

cultures as measured by co-staining for TUJ1 and TH (Fig. 7 B-E’). Quantification 589 

revealed a significant 2-3-fold increase of TH-neurons in BMP5/7 treated cultures 590 

as compared to untreated cultures (Fig. 7 K, iPSC #1: t(6)=6.759, p=0.0005; 591 
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iPSC #2: t(2)=39.84, p=0.0006, iNSC: t(2)=57.99, p=0.0003, unpaired t-test). 592 

Since TH expression is not restricted to mDA neurons we extended our analysis 593 

in iPSC-derived cultures to various alternative mDA markers including LMX1A, 594 

DAT, GIRK2, and CALB. LMX1A was also analyzed in iNSC-derived cultures. 595 

We found numerous cells double-immunoreactive for TH/LMX1A (Fig. 7 F-G’), 596 

GIRK2/TH (Fig. 7 H), CALB/TH (Fig. 7 I), and DAT/TH (Fig. 7 J) confirming their 597 

mDA identity. Notably, TH+GIRK2+ double positive cells, were found more 598 

frequently (8±0,6%) than TH+CALB+ (3±0,4%) cells. In addition, we used 599 

TH/LMX1A co-staining for comparative quantification and found 4-fold more 600 

TH+LMX1A+ cells in BMP5/7-treated iPSC-derived cultures as compared to 601 

controls (Fig. 7 O; t(2)=80.88, p=0.0002, unpaired t-test). Finally, in order to 602 

confirm the necessity of BMP5/7 for the generation of mDA neurons, we blocked 603 

the BMP pathway during the maturation phase (D8 to D30) using Noggin in both 604 

iPSC lines. The results revealed a significant reduction (iPSC #1: t(2)=4.482, 605 

p=0.0463; iPSC #2: t(2)=7.207, p=0.0187, unpaired t-test) in the number of 606 

TH+TUJ1+ in both Noggin treated cultures (Fig. 7 L-N) indicating a blockade in 607 

the generation of mDA neurons. In summary, BMP5 together with BMP7 are able 608 

to robustly and specifically promote differentiation of human stem cell-derived 609 

mDA neurons.  610 
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Discussion 611 

We demonstrated that Bmp5-/-; Bmp7-/- mutants show aberrant MSX1/2 612 

and SHH expression, associated with ablated mDA progenitor proliferation and 613 

neurogenesis. Furthermore, the conditional inactivation of Smad1 at midgestation 614 

impeded differentiation of progenitor cells into mDA neurons by preventing cell 615 

cycle exit, particularly of TH+SOX6+ SN neurons. Finally, we found that BMP5/7 616 

significantly increased the efficiency of stem cell-derived dopaminergic 617 

differentiation.  618 

 619 

Interactions of BMPs with MSX1/2, SHH and WNTs in the formation of mDA 620 

neurons 621 

 MSX1/2 mediate as direct BMP/SMAD targets the development of 622 

different organ systems (Timmer et al., 2002; Tribulo et al., 2003). MSX1, which 623 

is in the ventral midbrain exclusively expressed in the mDA progenitor domain, 624 

promotes in cooperation with LMX1A, NGN2 expression and neural 625 

differentiation (Andersson et al., 2013). These data suggest that BMP5/7 regulate 626 

mDA neurogenesis by directly controlling the expression of MSX1/2.  627 

There are many examples in which SHH and WNTs closely interact with 628 

BMPs in the generation of non-mDA neuronal populations. Thus, an interaction 629 

of all three signaling pathways could provide the permissive environment specific 630 

for mDA neurogenesis.  631 

Starting around E8.0, SHH signaling is important for the formation of the 632 

SHH/FOXA2 positive floor plate and mDA progenitor domain (Ye et al., 1998; 633 
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Blaess et al., 2006; Perez-Balaguer et al., 2009). However, at the onset of mDA 634 

neurogenesis, SHH inhibits floor plate mDA neurogenesis (Joksimovic et al., 635 

2009). WNT/beta-CATENIN signaling is necessary and sufficient for antagonizing 636 

SHH and thereby creating a permissive environment for mDA neurogenesis 637 

(Joksimovic et al., 2009; Tang et al., 2009; Tang et al., 2010). The upregulation 638 

of SHH expression in Bmp5-/-; Bmp7-/- mutants therefore indicates that the 639 

restriction of SHH availability by BMPs could provide one mechanism by which 640 

BMPs control mDA neurogenesis. Interestingly, the property of BMP7 to reduce 641 

SHH expression is not limited to the midbrain. Previous experiments have 642 

demonstrated that misexpression of BMP7 in the hindbrain, where it is normally 643 

not expressed, attenuates the expression of SHH in the floorplate (Arkell and 644 

Beddington, 1997). Taken together, one function of BMPs in the development of 645 

mDA neurons is to create a permissive environment for mDA neurogenesis by 646 

restricting SHH expression.  647 

 Examples of crosstalk between WNTs and BMPs in regulating the 648 

development of non-mDA neurons raise the possibility that the effects of BMPs 649 

on mDA neurogenesis are mediated through WNTs. However, the unaltered 650 

expression of WNT/beta-CATENIN in Bmp5-/-; Bmp7-/- mutants does not suggest 651 

that this pathway is downstream of BMPs. Moreover, WNT/beta-CATENIN and 652 

BMP/SMAD mutants show distinct phenotypes, further suggesting that 653 

WNT/beta-CATENIN and BMP/SMAD control mDA neuron development through 654 

separate pathways. In Wnt1-/- and Wnt1-/-; Wnt5-/- mutants TH+, LMX1A+, and 655 

NURR1+ cells are absent in the floor plate and instead ectopically located 656 
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laterally (Andersson et al., 2013). The early inactivation of beta-catenin using a 657 

SHH-Cre driver leads to the detachment of progenitor cells from the floor plate 658 

that become free-floating in the enlarged ventricle and a loss of cell adherens 659 

junctions (Tang et al., 2009), which we did not observe in our mutants. Similarly, 660 

deleting beta-CATENIN in a temporally controlled manner up to E10.5 using a 661 

tamoxifen inducible R26-CreERT2 driver leads to delaminated cells and loss of 662 

ZO1 and N-CADHERIN immunoreactivity, indicative of cell adhesion defects 663 

(Chilov et al., 2011). Importantly, using the NESTIN-Cre driver, as in our study, to 664 

inactivate beta-CATENIN does not lead to changes in the development of mDA 665 

neurons (Joksimovic et al., 2009). Although we have no indication that the loss of 666 

mDA neurons in BMP/SMAD mutants is caused by reduced WNT signaling, our 667 

data do not allow us to exclude that the WNT pathway has some role in the 668 

BMP/SMAD effects on mDA neurogenesis. Further experiments will be needed 669 

to address this issue including the functional relevance of changes in 670 

phosphorylated beta-catenin in BMP mutants. 671 

 672 

Early and late effects of BMP/SMAD signaling on mDA neurogenesis 673 

 In contrast to Bmp5-/-; Bmp7-/- mutants that do not develop any postmitotic 674 

mDA neurons, Smad1Nes mutants show a reduction in the number of these cells. 675 

SMAD1/5/8 are the BMP receptor-regulated SMADs that compose the key 676 

components of the canonical BMP signaling cascade (Katagiri and Watabe, 677 

2016). Based on the lack of SMAD8 expression during midgestation and the 678 

apparent normal CNS development in Smad8 mutants (Arnold et al., 2006), there 679 
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is no indication that SMAD8 mediates the effects of BMP5/7 on the formation of 680 

mDA neurons. In contrast, Smad1 and Smad5 mutant mice phenocopy aspects of 681 

Bmp5-/-; Bmp7-/- mutants and also die at E10.5 (Arnold et al., 2006; Chang et al., 682 

1999). Moreover SMAD1 and SMAD5 were shown to function cooperatively in 683 

response to BMPs during embryogenesis (Arnold et al., 2006). Thus, these data 684 

suggest that SMAD5 could compensate for the loss of SMAD1 in Smad1Nes 685 

mutants, leading to a milder mDA phenotype of Smad1Nes mutants as compared 686 

to Bmp5-/-; Bmp7-/- mutants.  687 

While Bmp5-/-; Bmp7-/- mutants show a decrease in mDA progenitor cell 688 

proliferation at E10.5, Smad1Nes mutants show an increase at E12.5. The 689 

downregulation of p-SMAD1/5/8 and the unaltered expression of the investigated 690 

non-canonical BMP pathway in Bmp5-/-; Bmp7-/- mutants suggest that the 691 

differences in cell proliferation are unlikely caused by disruptions of different 692 

signaling pathways. Instead, the different phenotypes might be explained by the 693 

different time points we studied the consequences of BMP/SMAD inactivation. 694 

This suggests a different response of forming mDA neurons to the BMP/SMAD 695 

pathway at different stages of their development.  696 

In fact, there is ample evidence that BMP/SMADs exert different 697 

influences during embryogenesis on the development of a cell lineage that are 698 

sometimes even opposing. Cell populations which are differentially affected by 699 

BMPs during early and later stages of their development include cortical neurons, 700 

astroglial lineages (Mehler et al., 2000; Mabie et al., 1999) and neurons in the 701 

spinal cord (Yamauchi et al., 2008). Interestingly, there is a dependency of NGN2 702 
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expression on BMP7 in the cortex, which is confined to E14.5 (Segklia et al., 703 

2012).  704 

The molecular mechanisms explaining why a cell lineage responds during 705 

its development differentially to BMPs are poorly understood. However, there is 706 

evidence that the sequential actions of BMP receptors are critically involved in 707 

this process (Panchision et al., 2001). Neural precursor cells ubiquitously 708 

express BMPR1A from early development on. In contrast, BMPR1B starts to be 709 

expressed only later during embryogenesis, at the onset of neuronal 710 

differentiation (Panchision et al., 2001). BMPR1B expression is induced by 711 

BMPR1A and interestingly repressed by SHH. When BMPR1B is activated, it 712 

causes mitotic arrest and thereby limits the number of precursor cells, leading to 713 

terminal differentiation in mid-gestation embryos (Panchision et al., 2001). These 714 

data could explain the differences in progenitor proliferation observed in Bmp5-/-; 715 

Bmp7-/- mutants at E10.5 and Smad1Nes mutants at E12.5. At the onset of mDA 716 

neurogenesis at E10.5 the reduced BMPR1A/SMAD activation in Bmp5-/-; Bmp7-/- 717 

mutants is responsible for the reduced cell proliferation. During later stages at 718 

E12.5, when SMAD1 mediates the differentiating effects of BMPR1B, which we 719 

found to be confined in the ventral midbrain to the mDA progenitor domain, loss 720 

of this signaling component attenuates cell cycle exit and differentiation of mDA 721 

neurons. Future experiments aiming to understand how BMPR1A and BMPR1B 722 

mediate their differential effects on mDA development will provide essential 723 

insights into the role of the BMP/SMAD signaling in the formation of these 724 

neurons.  725 
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 726 

BMP5/7 enhance directed differentiation into mDA neurons in vitro 727 

 Primary cultures derived from rodent embryonic mesencephalon indicate 728 

the potential of different BMPs to induce mDA differentiation and promote the 729 

survival of these neurons in vitro (Jordan et al., 1997; Hegarty et al., 2014). More 730 

recently, BMP7 has been reported to increase the yield of pramipexole-induced 731 

mDA neurons from forebrain-derived human neural stem cells, and BMP2 was 732 

demonstrated to increase the number of LMX1A and FOXA2 immunoreactive 733 

cells (Yang et al., 2016; Liu et al., 2013). Many in vitro studies have reported a 734 

successful differentiation of mouse and human pluripotent stem cells (PSC) 735 

toward mDA neurons and demonstrated the efficacy of these cells to integrate 736 

and survive in animal models of Parkinson’s Disease (Kirkeby et al., 2017; Kriks 737 

et al., 2011; Salti et al., 2013; Grealish et al., 2014). Most of these studies are 738 

based on a floor plate protocol, in which neural stem cells are specified and 739 

differentiated toward a midbrain fate by triggering SHH and FGF8 signaling 740 

pathways to mimic what is known from in vivo midbrain development. However, 741 

these research grade protocols face several challenges, especially the 742 

considerable variability between experiments, and the low purity of PSC-derived 743 

mDA neurons, which lies approximately between 15 to 30% (Kirkeby et al., 2017; 744 

Kriks et al., 2011; Salti et al., 2013). This leads us to suggest that essential 745 

signaling molecules are still missing in the currently used protocols. In addition, 746 

most of these recent protocols inhibit BMP/SMAD signaling early during the 747 
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neural induction phase to induce the neural conversion of PSC (Kirkeby et al., 748 

2017; Chambers et al., 2009). 749 

We found that BMP5/7, if applied in vitro later during the maturation 750 

phase, efficiently enhanced the formation of mDA neurons. Thus, our data 751 

suggest that while BMP/SMAD inhibition is important for neural conversion at the 752 

beginning of the differentiation protocol, it is essential to switch later during the 753 

maturation phase to BMP activation. Taken together, our results on the 754 

sequential role of the BMP/SMAD pathway on progenitor proliferation, cell cycle 755 

exit, and neurogenesis provide critical information in order to more efficiently 756 

program stem cells to a desired phenotype, increase graft outcome and reduce 757 

side effects after transplantation.    758 
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Figure Legends 962 

Fig. 1 BMP5/7 are necessary for the generation of postmitotic mDA 963 

neurons.  964 

mRNA in situ hybridization (A-C; E; H-M') and immunohistochemistry (D, 965 

F, G, N-O') on parasagittal (A-C, H- -M') and coronal (D-G, N-O’) sections of the 966 

mesencephalic flexure at different developmental ages are represented. Bmp5 967 

(A), Bmp6 (B), and Bmp7 (C) mRNAs are expressed at the mesencephalic 968 

flexure at E12.5. At the same developmental time point BMPR1B is expressed 969 

specifically in the mDA progenitor domain (D). At E10.5, Bmp7 mRNA is 970 

expressed lateral to the midline in the mDA progenitor domain (E). Red arrows 971 

indicate BMP5 immunoreactivity in the pial surface and mantle layer of mDA 972 

progenitor domain (F). White arrowheads point to cluster of cells with 973 

phosphorylated SMAD-1/5/8 (p-S1/5/8) immunoreactivity within the mDA 974 

progenitor domain (G). Single Bmp5, Bmp6 and Bmp7 gene deletion does not 975 

affect the formation of mDA neurons, as shown by the comparison of Dat mRNA 976 

expression on parasagittal sections of WT and Bmp5-/- (H, H'), Bmp6-/- (I, I') and 977 

Bmp7-/- (J, J') mutants at P0. Dat mRNA expression is unchanged in Bmp5-/-; 978 

Bmp6-/- mutants at P0 (K, K'). Bmp6-/-; Bmp7-/- mutants did not show any obvious 979 

alterations in mDA development as indicated by normal Th mRNA expression at 980 

E11.5 (L, L').  981 

 In contrast, in Bmp5-/-; Bmp7-/- mutants at E10.5 Nurr1 mRNA (M, M') and 982 

NURR1 immunoreactivity (N-O'') were absent. In addition, the post-mitotic 983 

neuronal marker TUJ1 was co-expressed in NURR1+ cells at this time point in 984 



 

48 

WT (N-N''). Adjacent ocular motor neurons visualized by ISLET1/2 985 

immunoreactivity were normally induced in mutants at E9.5 (P, P'). (Scale bars: 986 

100um A-D; G-L'. 50um: G; P,P'; 25um E, F, N-O'') 987 

 988 

Fig. 2 BMP5/7 promote proliferation of mDA progenitors 989 

The ventral midbrain of E9.5 Bmp5-/-; Bmp7-/- mutants show normal 990 

patterning of the mDA progenitor domain as visualized by LMX1A, LMX1B, and 991 

SHH expression (A-B'). At E10.5, boundary relationship between the mDA 992 

progenitor domain (LMX1A+ cells) and the adjacent red nucleus progenitor 993 

domain (NKX6.1+ cells) does not differ between the phenotypes (C, C'). 994 

 Quantification of LMX1A+ mDA progenitors at E10.5 indicates a significant 995 

reduction in Bmp5-/-; Bmp7-/- mutants (C''). Phosphorylated-HISTONE H3 (PH3) 996 

positive mitotic cells in the mDA domain bordered by NKX6.1 expression were 997 

significantly reduced in Bmp5-/-; Bmp7-/- mutants (D-D”). The number of BrdU 998 

immunoreactive cells after 1h short pulse incorporation co-expressing LMX1A (E- 999 

E”) and KI67+ (F, F’) were decreased in the mDA progenitor domain of Bmp5-/-; 1000 

Bmp7-/- mutants. In contrast, cleaved CASPASE-3 (c-CASPASE3) 1001 

immunoreactivity visualizing apoptotic nuclei did not show any obvious 1002 

differences between genotypes (G, G').  1003 

 In the midbrain of E10.5 Bmp5-/-; Bmp7-/- mutants, outside to the mDA 1004 

progenitor domain, the number of PH3+ cells showed a trend in reduction which 1005 

did however not reach statistical significance (H-H”). BrdU+ cell nuclei after 1h 1006 

short pulse incorporation accumulated in the ventricular zone of Bmp5-/-; Bmp7-/- 1007 
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mutants (I, I’). Similar to BrdU+ cells, dividing KI67+ cells were also found 1008 

predominantly in the ventricular side of the neural tube and the ratio of the 1009 

midbrain area covered by the cells and total midbrain area was significantly 1010 

reduced (J-J”). Densities of DAPI+ cell nuclei did not differ between the 1011 

ventricular zone and mantle zone of the neural tube (K-K''). Cleaved CASPASE- 1012 

3 immunoreactivity in the midbrain outside of the mDA progenitor domain did not 1013 

show any differences between genotypes (L, L'). (Scale bars 100 μm – A-C. 50 1014 

μm – D-L') 1015 

 1016 

Fig. 3 BMP5/7 are required for the induction of mDA neurogenesis 1017 

The number of MSX-1/2+ NGN2+ and post-mitotic MAP-2+ cells in the 1018 

LMX1A+ region were significantly reduced in Bmp5-/-; Bmp7-/- mutants, even after 1019 

normalization to the reduced number of LMX1A+ cells (A-C”). 1020 

 The number of NGN2+ cells in the midbrain of Bmp5-/-; Bmp7-/- mutants 1021 

outside of the mDA progenitor domain was not reduced (D-D”) and the area 1022 

covered by MAP-2+ neurons compared to the total midbrain area showed an 1023 

increase (E-E''). The number of NKX6.1+ cells did not show a decrease but rather 1024 

a trend towards an increase in the midbrain of Bmp5-/-; Bmp7-/- mutants outside 1025 

of the mDA progenitor domain. (Scale bars 100 μm – A,A'. 50 μm – B-G').  1026 

 1027 

Fig. 4 BMP5/7 repress SHH expression in the medial floor plate 1028 

Wnt1 mRNA intensity (1) by the signal intensity in the region directly 1029 

outside of the SHH expression domain (2) (I-I''). The number of PHOSPHO- 1030 
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SMAD-1/5/8+ cells in the expression (arrowheads) in Bmp5-/-; Bmp7-/- mutants is 1031 

comparable to WT (A, A'). The expression level measured by fluorescence 1032 

intensity in the mDA domain (B’’) and the distribution of BETA-CATENIN (B-C'), 1033 

an essential component of the canonical WNT signaling pathway, were unaltered 1034 

between genotypes. The cell to cell adhesion marker N-CADHERIN and 1035 

immunoreactivity of the tight junction protein ZO1 also do not show any 1036 

differences in expression levels or distribution between genotypes (D-E'). 1037 

S33/S37/Th41 phosphorylated beta-CATENIN form was significantly reduced in 1038 

in Bmp5-/-; Bmp7-/- mutants (F-F''), while CCND1 was expressed in the midbrain 1039 

(G, G'), but not in the mDA domain (G''-G''''). 1040 

 SHH expression levels are increased in the LMX1A+ mDA 1041 

progenitor domain in Bmp5-/-; Bmp7-/- mutants (H, H'). SHH total fluorescence 1042 

signal intensity was quantified by dividing ventral midline signal mDA progenitor 1043 

domain (arrowheads) was reduced in Bmp5-/-; Bmp7-/- mutants, even after 1044 

normalization to the reduction number of LMX1A+ cells (J-J''). Expression of the 1045 

activated MAP kinase P-38 (PHOSPHO-P38) in the mDA domain did not show 1046 

any differences between genotypes (K-K'). (Scale bars 100 μm – A, A'; I, I'; E-F'. 1047 

50 μm - B, B', F-G', J-K'; 25 μm – C-E’, G''-G''''). 1048 

 1049 

Fig. 5 SMAD1 is necessary for the formation of mDA neurons 1050 

Representative midbrain coronal sections of WT and Smad1Nes mutant 1051 

littermates at E12.5 and E14.5. PHOSPHO-SMAD-1/5/8 positive cells 1052 

(arrowheads) are strongly reduced in Smad1Nes mutants (A, A’). Midbrain TH+ 1053 
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neurons are significantly reduced in Smad1Nes mutants (B-B”). NURR1 1054 

postmitotic neurons appear reduced in Smad1Nes mutants (C,C'), while the 1055 

numbers of LMX1a+ mDA progenitors (D-D'') and POU1F4+ red nucleus 1056 

progenitors (E-E'') show no statistical changes between phenotypes. In mDA 1057 

progenitor domain of Smad1Nes mutants, the number of PH3+ mitotic cells flanked 1058 

by NKX6.1 expression (F-F'') and LMX1A+KI67+ cells (G-G'') are significantly 1059 

increased. The quitting fraction calculated as a ratio of cells that have exited cell 1060 

cycle (LMX1A+ BrdU+ KI67-) and cells that are actively cycling (LMX1A+ BrdU+ 1061 

KI67+) is significantly reduced in Smad1Nes knockouts (H-H'''). There is no 1062 

difference in the numbers of LMX1A+ NGN2+ cells between genotypes (I-I''). In 1063 

Smad1Nes mutants, BETA-CATENIN is normally expressed (J-J'). SHH has 1064 

retracted in both WT and mutants from the midline at this developmental stage 1065 

as measured by comparing the signal intensity of the midline to the adjacent 1066 

basal plate (K-K').. Also at E14.5, the number of TH+ cells is decreased in 1067 

Smad1Nes mutants. The reduction in TH+ PITX3+ cells exceeds the reduction 1068 

observed in TH+ cells (L-L'''). (Scale bars: 100 μm: B-C', E, E’; 50 μm – A, A', D - 1069 

D', F-I’; 25 μm: J, J'). 1070 

 1071 

Fig. 6 In postnatal P0 Smad1Nes mutants TH+ SOX6+ SN are more affected 1072 

than TH+ SOX6- VTA mDA neurons  1073 

Coronal section of WT and Smad1Nes knockouts midbrain at P0, as well as 1074 

4 month old adult WT are represented. The number of midbrain TH+ cells is 1075 

significantly reduced in Smad1Nes mutants (A-A”). The red nucleus visualized by 1076 
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POU4F1 immunoreactivity does not show differences between genotypes (B- 1077 

B”). The number of TH+ LMX1A+ (C-C”), TH+NURR1+ (D-D”), TH+EN1+ (E-E'') 1078 

and TH+PITX3+ (F-F'') cells is significantly reduced in Smad1Nes mutants. 1079 

The percentages of TH+SOX6+ SN neurons (G-G''). and TH+GIRK2+ (H- 1080 

H'') of the total TH+ neurons are reduced in Smad1Nes mutants. On the other 1081 

hand, TH+CALB+ portion of the total TH+ neurons did not show difference 1082 

between phenotypes (I-I’’). (Scale bars: A, A’; C-H’; J-K’ – 100μm I,I’ - 75 μm 1083 

B,B’ – 25 μm). 1084 

Fig. 7 Timed delivery of BMP5/7 during in vitro DA differentiation causes an 1085 

increase in the yield of mDA neurons.  1086 

Schematic representation of the protocol used to differentiate iPSC and iNSC to 1087 

DA neurons (A). Double Immunocytochemistry against TH and TUJ1 in iPSC and 1088 

iNSC either in control or after 30 days of in vitro DA differentiation treated with 1089 

BMP5/7 during the maturation phase (B-E’). Double Immunocytochemistry 1090 

against TH and the DA progenitor marker LMX1A (F- G’’), the DA markers 1091 

GIRK2 (H) and CALB (I) as well as the mature DA marker DAT (J). The 1092 

percentage of TH+TUJ1+ in 2 iPSC lines (iPSC #1 and #2) and one iNSC line is 2 1093 

to 3 fold increased in cultures treated with BMP5/7 as compared to untreated 1094 

controls (K). Double Immunocytochemistry against TH and TUJ1 in 2 iPSC lines 1095 

either in control or in cultures treated with Noggin during the maturation phase (L, 1096 

M). The percentage of TH+TUJ1+ in 2 iPSC lines (iPSC #1 and #2) is 50% 1097 

decreased after blocking the BMP pathway with Noggin as compared to 1098 

untreated controls (N). The percentage of TH+LMX1A+ in iPSC is increased in the 1099 
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treated BMP cultures as compared to untreated controls (O). All the staining and 1100 

counting were analyzed after 30 days of DA in vitro differentiation. Scale bars 1101 

100 μm if not indicated otherwise. iPSC: induced pluripotent stem cells, iNSC: 1102 

directly induced neural stem cells, D: days in vitro. 1103 

 1104 
















