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SUMMARY STATEMENT 26 

Trunk neural crest cell migration and fate decisions rely on glucose oxidation for energy production 27 

and mobilize multiple cooperating metabolic pathways for their biosynthetic needs and execution of 28 

gene programs. 29 

 30 

 31 

ABSTRACT 32 

Bioenergetic metabolism is a key regulator of cellular function and signaling but how it can instruct 33 

cells’ behavior and fate during embryonic development remains largely unknown. Here we 34 

investigated the role of glucose metabolism in the development of avian trunk neural crest cells 35 

(NCC), a migratory stem cell population of the vertebrate embryo. We uncovered that trunk NCC 36 

display glucose oxidation as a prominent metabolic phenotype, contrary to cranial NCC, which 37 

instead rely on aerobic glycolysis. In addition, only one pathway downstream of glucose uptake is 38 

not sufficient for trunk NCC development. Indeed, glycolysis, mitochondrial respiration and the 39 

pentose phosphate pathway are all mobilized and integrated for the coordinated execution of diverse 40 

cellular programs, epithelium-to-mesenchyme transition, adhesion, locomotion, proliferation, and 41 

differentiation, through regulation of specific gene expression. In the absence of glucose, OXPHOS 42 

pathway fueled by pyruvate failed to promote trunk NCC adaptation to environmental stiffness, 43 

stemness maintenance, and fate-decision making. These findings highlight the need for the trunk NCC 44 

to make the most of the glucose pathway potential to meet the high metabolic demands appropriate 45 

for their development.  46 

 47 

 48 

  49 
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INTRODUCTION 50 

Cellular metabolism, long regarded as a neutral factor during development, is now recognized for its 51 

instructing role of cell fate by regulating gene networks and cell signaling (Bhattacharya et al., 2021; 52 

Miyazawa and Aulehla, 2018; Pavlova and Thompson, 2016; Shyh-Chang et al., 2013; Zhang et al., 53 

2018). The primary function of cellular metabolism is to provide cells with bioenergetic and 54 

biosynthetic supplies from nutrients, e.g. glucose, amino-acids, and fatty acids (Zhu and Thompson, 55 

2019). Glucose constitutes the major source for ATP production through two pathways occurring in 56 

distinct cellular compartments: glycolysis in the cytoplasm and oxidative phosphorylation 57 

(OXPHOS) in mitochondria. Glucose is also an important source of carbon for biomass production 58 

through multiple metabolic pathways branching from glycolysis. Among them, the pentose phosphate 59 

pathway (PPP) constitutes a major source of nucleotides and NADPH for anabolism (Patra and Hay, 60 

2014). 61 

Glucose metabolism differs among cells and depends on gene regulatory programs driving 62 

expression and activity of metabolic enzymes (Lempradl et al., 2015). Thus, in differentiated cells, it 63 

is usually catabolic with high production of ATP, as a result of entry of the glycolysis by-product 64 

pyruvate into mitochondria and OXPHOS. In contrast, in proliferating, undifferentiated cells as well 65 

as in cancer cells, glucose utilization is preferably oriented toward anabolism and ATP production 66 

relies mostly on aerobic glycolysis fed by intense glucose uptake, with extracellular lactate production 67 

and low OXPHOS activity, a process known as Warburg effect (Schell et al., 2017; Vander Heiden 68 

et al., 2009). Glucose metabolism in cells also varies in time and space to cope with environmental 69 

changes (Johnson et al., 2003; Miyazawa and Aulehla, 2018; Perestrelo et al., 2018; Shyh-Chang et 70 

al., 2013; Zhang et al., 2018). Notably, a shift from aerobic glycolysis to OXPHOS occurs in adult 71 

stem cells leaving quiescence to differentiate and in induced pluripotent stem cells exiting 72 

pluripotency (Gu et al., 2016; Ito and Suda, 2014; Perestrelo et al., 2018; Shyh-Chang et al., 2013).  73 

Neural crest cells (NCC) constitute one of the most spectacular populations of stem cells of the 74 

vertebrate embryo (Bronner, 2018; Erickson et al., 2023; Trainor, 2013). These cells appear early all 75 

along the embryonic rostrocaudal axis in the dorsal neural tube (NT). Through epithelium-to-76 

mesenchyme transition (EMT), NCC delaminate and disperse away from the NT to distal sites where 77 

they differentiate. Due to their partition into different populations (cranial, cardiac, vagal, trunk, and 78 

sacral) along the axis, NCC give rise to numerous cell types: skeletal and supportive tissues, endocrine 79 

cells, cardiac septum, enteric ganglia as well as peripheral neurons, glia, and melanocytes. 80 

Throughout development, NCC are exposed to different environments and cues impacting on their 81 

gene networks, cellular features, and fate (Barriga and Mayor, 2019; Chevalier et al., 2016; Duband 82 
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et al., 2015; Martik and Bronner, 2017; Soldatov et al., 2019). To date, nutrient requirements and 83 

their utilization in energy production throughout NCC development remain largely unknown. 84 

Recently, a study on avian cranial NCC delamination reported a metabolic shift toward aerobic 85 

glycolysis at onset of migration (Bhattacharya et al., 2020), suggesting that cranial NCC share 86 

metabolic properties with cancer cells. However, the other NCC populations along the embryonic 87 

axis, notably trunk NCC, differ strikingly from cranial NCC in their gene-regulatory network 88 

deployed and interaction with their environment (Li et al., 2019; Rothstein and Simoes-Costa, 2023; 89 

Scully et al., 2016; Simões-Costa and Bronner, 2015; Simões-Costa et al., 2012; Soldatov et al., 2019; 90 

Théveneau et al., 2007), and may therefore exhibit different metabolic features, possibly accounting 91 

for differences in their migratory pattern and ultimate fate.  92 

Here, using a combination of in vivo and in vitro strategies, we investigated the role of glucose 93 

metabolism in quail trunk NCC development. We explored which metabolic pathways are recruited 94 

for their bioenergetic and biosynthetic supplies and to which extent NCC metabolic activity can drive 95 

their behavior and fate. Our results indicate that trunk NCC necessitate glucose metabolism for 96 

development and display a metabolic signature characteristic of glucose oxidation, unlike cranial 97 

NCC. We also show that though necessary, the OXPHOS pathway does not suffice for trunk NCC 98 

development, which instead involves massive mobilization of all the metabolic pathways downstream 99 

of glucose uptake, i.e. glycolysis, OXPHOS and PPP, cooperating together. Finally, our data reveal 100 

that metabolic pathways activated by nutrient inputs can drive fate decisions in NCC and raise the 101 

intriguing question that NCC metabolic activity may contribute to the identity and segregation of the 102 

different populations. 103 

 104 

RESULTS 105 

 106 

Glucose Metabolism is Required for Trunk NCC Development in vivo 107 

To determine whether glucose metabolism is involved in trunk NCC development, we first analyzed 108 

the expression patterns of key players of glycolysis at the time of their migration (Fig. S1A), by in 109 

situ hybridization (ISH) on whole mount quail embryos and on sections. mRNAs for the glucose 110 

transporter Glut-1, for phosphofructokinase PFK, and for phosphoglycerate kinase-1 PGK-1, were 111 

all expressed throughout the NT at NCC pre-migratory, delamination and early migration stages (Fig. 112 

1A). All mRNAs were evenly distributed along the NT dorsoventral axis and were also detectable in 113 

both pre-migratory and early migrating NCC (Figs. 1B, S1B). Consistently, incubation of embryos 114 

with the fluorescent glucose analog 2-NDBG as an estimate of glucose uptake revealed a staining 115 
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pattern in the NT matching that of Glut-1 mRNA, but more pronounced at the NCC migration level 116 

(Fig. 1A). 117 

 To assess the implication of glucose metabolism in trunk NCC development, we used an in 118 

vivo loss-of-function strategy (Fig. S1C). 2-deoxyglucose (2-DG), a potent inhibitor of the whole 119 

glycolytic cascade (Fig. S1A), was injected in ovo in the caudal region of quail embryos at stages 120 

preceding onset of migration, and NCC development was subsequently followed during delamination 121 

using Snail-2 and Foxd-3 markers (Duband, 2010; Lukoseviciute et al., 2018; Nieto, 2002), during 122 

migration using Sox-10 (Schock and LaBonne, 2020), and later during formation of neural derivatives 123 

using HNK-1 (Vincent and Thiery, 1984). First, qRT-PCR analyses of the caudal region 5 h post-124 

injection revealed a robust repression of Snail-2, Foxd-3 and Sox-10 following 2-DG treatment (Fig. 125 

1C). 2-DG also caused in a reproducible manner a delay in NCC delamination and provoked severe 126 

migration defects, ultimately resulting in aberrant patterning of the sensory and sympathetic ganglia 127 

(Figs. 1D, S2A,B). Detailed spatiotemporal analyses of migrating NCC distribution along the NT 128 

after 24 h showed that cells were either missing from the top of the NT in the caudal trunk, trapped 129 

dorsally instead of following the dermamyotome ventral side in the mid-trunk, or were absent from 130 

their target sites in the periaortic territory in the anterior trunk (Fig. 1E). Moreover, while at 10 mM 131 

2-DG, no overt morphological perturbations of the embryo were noticed (Figs. 1D, S2A,B), at 25 132 

mM we observed after 24 h severe defects in both the NT and paraxial mesoderm, causing ultimately 133 

tail truncation (Fig. S2A-C), as also reported previously (Oginuma et al., 2017). These results 134 

establish that in vivo glucose metabolism is necessary for efficient NCC dispersion and for patterning 135 

of their neural derivatives. 136 

  137 

Glucose Metabolism is Required for Trunk NCC Dispersion in in vitro culture 138 

To verify that alterations of NCC development did not merely result from indirect effects on the 139 

patterning and signaling activity of neighboring tissues and to better appreciate NCC response to 140 

glucose, we used a classical in vitro culture approach (Fig. S1D) in which NCC are generated from 141 

isolated trunk NT explants in defined conditions favoring delamination, migration, and differentiation 142 

with timing and kinetics comparable to those observed in vivo (Duband et al., 2020). First, we 143 

analyzed whether glucose is necessary for NCC dispersion and at which concentration it is the most 144 

effective, by culturing trunk NT explants in DMEM containing or not glucose and supplemented with 145 

glutamine and only 1% serum to minimize the contribution of exogenous growth factors. The 146 

behavior of the NCC population was characterized over time during delamination and migration, 147 

focusing on migratory front progression, aspect, size and cell density of the outgrowth, as well as 148 

individual cell morphology. In absence of glucose, a few NCC were capable of initiating migration, 149 
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but they rapidly failed to disperse away over time and showed a poorly-spread morphology and low 150 

density (Figs. 1F-H, S3A,B). In the presence of glucose, in contrast, NT rapidly produced large and 151 

dense NCC outgrowths expanding fast during the first 24 h and with numerous well-spread cells 152 

(Figs. 1F-H, S3A,B), as observed in classical serum-rich media (Dupin et al., 2018; Rovasio et al., 153 

1983; Santiago and Erickson, 2002). Glucose favored NCC spreading at all concentrations tested, but 154 

maximal NCC outward progression, with robust and sustained individual cell velocity, high 155 

persistence and density, was reached at 5 mM (Fig. S3C-G), which was the concentration used for 156 

the rest of the study.  157 

 Because pyruvate provided as a nutrient can be an alternative entry point to fuel OXPHOS 158 

independently of glucose (Fig. S1A), we compared its ability to support NCC development to that of 159 

glucose. In pyruvate, NCC dispersion occurred almost normally at culture onset, but it decreased 160 

strongly after 5-8 h, with cells exhibiting elongated spindle-shaped morphologies (Figs. 1F, S3A). 161 

Pyruvate was systematically less efficient than glucose to promote NCC dispersion, with significantly 162 

reduced NCC outgrowths, cell densities and outward progressions at all concentrations tested (Figs. 163 

1F-H, S3A-D). Maximal NCC dispersion and individual cell velocity were reached at 1-2 mM while 164 

persistence was greater for concentrations ≥ 2 mM (Fig. S3E,G). Furthermore, pyruvate did not 165 

support NCC spreading over time at 0.1 mM while it induced extensive NCC flattening at high 166 

concentrations (Fig. S3C). Therefore, throughout the study, pyruvate was used at 1 mM. 167 

 To identify possible additive or cooperating effects of glucose and pyruvate, we analyzed 168 

responses of NT explants to both compounds used in combination. We found that NCC outgrowth 169 

aspect, progression, and cell morphologies were virtually indistinguishable from those observed in 170 

glucose alone (Figs. 1F-H; S3B), thereby establishing the predominant role of glucose in supporting 171 

NCC development. Lastly, we analyzed the effect of 2-DG on NCC dispersion in culture. In its 172 

presence, NCC initially segregated normally from the NT, and their outgrowth area and progression 173 

were close to those of untreated explants (Fig. 1F,G), but cells were less dense, with a spindle shape, 174 

as observed in pyruvate condition. Then, expansion of the population stalled almost completely (Fig. 175 

1H), and NCC started to round up, resulting in sparse cells occupying a limited area around the NT 176 

(Figs. 1F,G, S5A,B).  177 

 Finally, we investigated the expression of the glucose transporter Glut-1 and glycolytic 178 

enzymes in NCC in culture. Glut-1 was expressed similarly on the surface of NCC in glucose or in 179 

pyruvate (Fig. S1E), consistent with their capacity to adsorb glucose under both conditions, as judged 180 

on 2-NDBG uptake (Fig. S1E). Glut-1 and PFK mRNAs were low in NCC and more strongly 181 

expressed in the NT (Fig. S1F), and they were both up-regulated in the presence of glucose compared 182 
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to pyruvate (Fig. S1F,G). In contrast, PGK-1 was strongly expressed in both the NT and migrating 183 

NCC and was not affected by nutrient supplies (Fig. S1F). 184 

Together, these results show that like in vivo, trunk NCC cultured in vitro can metabolize 185 

glucose using the glycolytic machinery and that glucose metabolism is necessary for their efficient 186 

dispersion. Moreover, pyruvate, a by-product of glycolysis, cannot be substituted for glucose for 187 

efficient migration.  188 

 189 

Trunk NCC display a Typical OXPHOS Signature during Dispersion 190 

To identify the metabolic pathways downstream to glucose uptake that are involved in trunk NCC 191 

dispersion in vitro, we performed metabolic profiling of NT explants by measuring mitochondrial 192 

respiration and glycolysis using a Seahorse XF analyzer and by quantifying the amount of ATP 193 

produced and lactate released at the end of the Seahorse assay (Fig. 2). Analyses of the bioenergetic 194 

profiles of individual explants exposed to glucose, pyruvate, or a combination of both, associated 195 

with MitoStress assays, revealed that in all conditions a great majority of the explants display at 196 

initiation of migration at 5 h an OXPHOS signature characterized by high oxygen consumption rate 197 

(OCR) and low extracellular acidification rate (ECAR) (Fig. 2A,B). In addition, no change in 198 

metabolic activity was observed after 24 h (Fig. 2B). As previously reported for chick cranial NCC 199 

(Bhattacharya et al., 2020), quail cranial NT explants at 5 h exhibited a typical aerobic glycolysis 200 

profile characterized by a lower OCR and a high ECAR (Fig. 2B). Interestingly, in glucose, greater 201 

values of OCR and ECAR (Fig.2A,D) and ATP production (Fig. 2F) were observed than in pyruvate. 202 

These results indicate that, unlike in cranial NCC, glucose is mobilized in trunk NCC to feed the 203 

mitochondrial OXPHOS pathway rather than for lactate production, and that a better yield in energy 204 

production is obtained for glycolysis coupled to OXPHOS than for OXPHOS fueled by pyruvate 205 

alone. 206 

Then, we evaluated the impact of metabolic inhibitors (Fig. S1A) on the bioenergetic activity 207 

of trunk NT explants. 2-DG caused a sharp drop in OCR with no alteration in ECAR, shifting the 208 

metabolic profile toward metabolic quiescence (Fig. 2C-E). A similar result was obtained with 209 

oligomycin, an inhibitor of mitochondrial ATP synthase (Fig. 2C-E). Moreover, both 2-DG and 210 

oligomycin decreased OCR levels (Fig. 2E) and sharply reduced ATP production (Fig. 2F), but did 211 

not affect extracellular lactate production (Fig. 2G). Of interest, inhibitor effects were similar in all 212 

nutrient conditions, but in medium containing glucose and pyruvate, 2-DG reduced ATP production 213 

to the same levels as in glucose alone (Fig. 2F), suggesting that pyruvate could not efficiently 214 

compensate for glycolysis inhibition.  215 
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These results demonstrate that, in trunk NT explants in culture, most of the ATP production 216 

relies primarily on glucose oxidation through OXPHOS, and reveal that OXPHOS inhibition does 217 

not cause metabolic rewiring to aerobic glycolysis, as observed previously in cranial NCC 218 

(Bhattacharya et al., 2020), pointing to possible different metabolic regulatory processes in distinct 219 

NCC subpopulations. 220 

 221 

OXPHOS Plays a Critical Role in Trunk NCC Development 222 

We next tested whether the OXPHOS pathway is required for trunk NCC development. Similarly to 223 

2-DG, in ovo injection of oligomycin at 1 µM caused a significant decrease in Snail-2, Foxd-3 and 224 

Sox-10 expressions (Fig. 3A) and a severe reduction in Foxd-3 expression in the dorsal NT at 225 

delamination after 5 h, then a massive decrease in the number of Sox-10+ cells during migration after 226 

24 h, and lastly a complete disruption of the sensory and sympathetic ganglia after 48 h (Figs. 3B,C, 227 

S4A-C). Moreover, at 5 µM oligomycin, patterning of the NT and paraxial mesoderm was strongly 228 

disrupted after 24 h, resulting in complete absence of the lower trunk (Fig. S4A-C). 229 

 When applied onto NT explants in culture, oligomycin affected initial NCC progression, with 230 

cohesive cells and reduced outgrowth area (Figs. 3D,E, S5A). Then, NCC expansion decreased 231 

strongly, producing a small outgrowth of sparse, poorly-spread cells at 24 h (Figs. 3D,E, S5A,B). We 232 

also tested the effect of other OXPHOS inhibitors, such as rotenone combined with antimycin-A 233 

(Rot.-AA) as well as an inhibitor of the mitochondrial pyruvate carrier UK-5099 (Fig. 1A). Both Rot.-234 

AA and UK5099 had a similar effect to oligomycin except that reduction in dispersion was more 235 

immediate and massive with Rot.-AA (Figs. 3D-F, S5A,B). Oligomycin also exerted a much stronger 236 

effect on NCC cultured in pyruvate than in glucose, with abrogated cell dispersion (Fig. S5C). 237 

Likewise, UK-5099 affected severely NCC dispersion and spreading in pyruvate and more 238 

moderately in glucose (Fig. S5C). Finally, we verified that, consistent with their aerobic glycolytic 239 

profile, cranial NCC dispersion in culture is strongly affected by 2-DG and only weakly by 240 

oligomycin (Fig. S5D), as also shown in chick (Bhattacharya et al., 2020). These results establish that 241 

active OXPHOS is required for trunk NCC development and more dispensable in cranial NCC, 242 

further illustrating the metabolic specificities of each population. 243 

 244 

PPP is Mobilized during Trunk NCC Dispersion 245 

Rapid and sustained expansion of trunk NCC cells requires most likely an intense biosynthetic 246 

activity beside high bioenergetic needs. We therefore investigated whether NCC development also 247 

relies on PPP using 6-aminonicotinamide (6-AN), a blocker of PPP. In culture, 6-AN showed no 248 
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apparent effect on the initial dispersion of NCC, but the progression of cells slowed down after 5-8h, 249 

and a strongly reduced outgrowth with many round cells was observed (Figs. 3D-F, S5A,B). 6-AN 250 

greatly affected NCC dispersion in glucose but had little effect in pyruvate (Fig. S5C). Moreover, in 251 

Seahorse analyses, 6-AN had no effect on OCR and ATP levels (Fig. 2C-F), suggesting a minor 252 

contribution of PPP to energy production. When applied in vivo, 6-AN did not show much effect on 253 

NCC delamination, as judged on the Foxd-3 expression pattern, but it inhibited markedly NCC 254 

migration after 24 h, similarly to 2-DG and oligomycin (Fig. S4B,D). These results thus show that 255 

beside glucose oxidation, PPP contributes to trunk NCC development, thereby suggesting the 256 

involvement of multiple metabolic pathways possibly acting in a cooperative manner to support 257 

coordination between multiple cellular processes: EMT during delamination, changes of substratum 258 

and cell adhesion, activation of the locomotion machinery, and proliferation. 259 

 260 

Glucose Oxidation is Required for EMT during Trunk NCC Delamination 261 

For delamination, we evaluated first the NT capacity to produce NCC over time in 20 h-culture under 262 

different nutrients and in the presence of metabolic inhibitors. We found that the duration of NCC 263 

production was significantly shorter with pyruvate than glucose and considerably reduced by all 264 

inhibitors (Fig. 4A). Next, we developed an assay suitable for discriminating delaminated from 265 

migrating NCC on 5 h explants (Fig. 4B). We observed that the number of delaminated NCC was 266 

much higher in glucose and glucose supplemented with pyruvate than in pyruvate alone and was 267 

halved in 2-DG, oligomycin, or Rot.-AA, but not by 6-AN (Fig. 4C). Immunolabeling showed that 268 

Snail-2, a major EMT player (Duband, 2010; Nieto, 2002), high in delaminated NCC and declining 269 

gradually in migrating cells in glucose-containing medium, was strongly diminished in both NCC 270 

compartments in explants cultured in pyruvate or with 2-DG (Fig. 4D,E). In contrast, consistent with 271 

an unchanged delamination rate in response to 6-AN (Fig. 4C), NCC displayed similar Snail-2 272 

staining under PPP inhibition (Fig. 4D,E). Intriguingly, with OXPHOS inhibitors and particularly 273 

with Rot.-AA, Snail-2 completely disappeared in delaminated NCC but remained high in migrating 274 

ones (Fig. 4D,E). Expression of Snail-2 mRNA was strongly diminished in pyruvate or with 2-DG 275 

and halved by oligomycin (Fig. 4F,G), consistent with the reduction of Snail-2 protein. Conversely, 276 

Snail-2 expression was not much altered by Rot.-AA (Fig. F,G), probably as a result of its increase 277 

in the migrating pool. Together, these data indicate that glucose oxidation is required for NCC 278 

delamination and Snail-2 expression. In addition, PPP is dispensable for delamination but is necessary 279 

for long-term production of NCC, as indicated by the experiments using pyruvate alone or 6-AN. 280 

 281 

Multiple Metabolic Pathways Cooperate for Trunk NCC Locomotion 282 
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We next investigated the contribution of glucose metabolism to trunk NCC locomotion in culture 283 

using video-microscopy analyses. In glucose condition, NCC generally exhibited high velocity and 284 

persistence over 18 h, leading to linear trajectories oriented perpendicular to the NT (Figs. 5A, 285 

S6A,B), while in pyruvate, velocity and persistence decreased gradually, leading to shorter 286 

trajectories (Figs. 5A, S6A,B). In absence of both glucose and pyruvate, NCC migration tracks were 287 

very short, resulting from low velocity associated with fair persistence (Figs. 5A, S6A,B), while in 288 

both nutrients, NCC displayed high and sustained velocity and persistence over time and long 289 

trajectories as in glucose alone. With 2-DG, cells trajectories were at first relatively linear but became 290 

more random with time (Fig. S6C), the most striking effect being a rapid and continuous decrease of 291 

velocity over time resulting in migration arrest (Fig. 5B). Cell trajectories were generally not much 292 

affected by oligomycin (Fig. S6C), while velocity was decreased during the first 6 h. Subsequently 293 

NCC migration became extremely random with decreased persistence and higher velocity (Fig. 5B). 294 

Interestingly, Rot.-AA showed a much stronger effect than oligomycin. Trajectories were very short 295 

because velocity was almost knocked-out immediately after addition and remained weak during 8 h 296 

(Figs. 5B, S6C), but as with oligomycin, velocity increased progressively with time and persistence 297 

decreased. In UK-5099, cells trajectories were more random, associated with low persistence (Figs. 298 

5B, S6C). Lastly, 6-AN affected velocity strongly and gradually at least during the first 8 h (Figs. 5B, 299 

S6C). These results therefore illustrate the critical contribution of glucose oxidation to NCC 300 

locomotion and also reveal that this process relies on additional metabolic processes, notably PPP. 301 

 302 

Glucose Metabolism Coordinates Trunk NCC Substrate and Cell Adhesions 303 

To gain insight into the role of glucose metabolism on trunk NCC adhesion in culture, we examined 304 

by immunolabeling the cellular localization of paxillin and b-catenin, two cytoplasmic partners of 305 

integrins- and cadherins-adhesion complexes, respectively. NCC developed substrate adhesions in all 306 

conditions at 5 h but they were reduced in absence of glucose and pyruvate (Fig. 5C,D). At 24 h, their 307 

number increased with glucose while it remained stable in pyruvate or in the absence of nutrients 308 

(Fig. 5D). In addition, the number of substrate adhesions was significantly reduced with 2-DG and 309 

increased with oligomycin, consistent with changes in cell spreading (Fig. 5C,D). Substrate adhesions 310 

differed also in their shape and area with the nutrient conditions: they were larger and more elongated 311 

in pyruvate compared to the other conditions (Fig. S6E). Finally, NCC were always engaged in cell-312 

cell contacts with their neighbors in medium containing glucose while in pyruvate, they remained 313 

mostly as individuals (Fig. S6F). The number of cell-cell adhesions at 5 h was increased substantially 314 

with oligomycin and Rot-AA (Fig. S6G, H). These data indicate that the balance between substrate 315 

and cell-cell adhesion in trunk NCC is influenced by glucose metabolism. 316 
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 317 

Trunk NCC Mechanics and Response to External Stiffness are Modulated by Nutrient Inputs 318 

NCC are able to sense the extracellular matrix rigidity in their environment, which in turn modulates 319 

their adhesion and migration capacity (Barriga et al., 2018; Chevalier et al., 2016; Marchant et al., 320 

2022; Shellard and Mayor, 2021). To determine whether mechanotransduction activities in trunk 321 

NCC are under metabolic control, we investigated the impact of nutrients on their adhesive and 322 

migratory response in culture to fibronectin-coated polyacrylamide gels with different stiffness in the 323 

range of avian tissue rigidity at early embryonic stages, from soft (1.2 kPa) to stiff (6.3 kPa) 324 

(Chevalier et al., 2016). As on glass (Fig. 5C), NCC on stiff and soft gels developed substrate 325 

adhesions irrespective of the nutrient supplied (Fig. S6I). Moreover, we found important 326 

discrepancies in NCC response to gel rigidity with the nutrients (Fig. 5E-G). In glucose, the number 327 

of substrate adhesions (Fig. 5E) and the progression of the population were not significantly different 328 

between stiff and soft gels, while velocity and persistence were only slightly lower on soft gels (Fig. 329 

5F,G). In contrast, on soft gels, in medium containing pyruvate or both nutrients, NCC displayed less 330 

substrate adhesions and their velocity and the progression of the population were significantly lower 331 

(Fig. 5E-G).  332 

 We then studied NCC stiffness and traction activity on the gel using atomic force and traction 333 

force microscopy (Fig. 5H-J). Measurement of cellular stiffness revealed that with glucose, NCC 334 

adapted their stiffness to that of the substrate in both soft and stiff gels, whereas in pyruvate they 335 

failed to increase their stiffness to the level of the stiff gel (Fig. 5H). NCC traction activity in soft and 336 

stiff gels (expressed as stress/cell) was constant in glucose whereas in the presence of pyruvate, it 337 

was higher in stiff gels (Fig. 5I,J). By calculating the product of the average distance covered per h 338 

and the average force (stress/cell/area) we estimated the energy produced when NCC moved on the 339 

gels under the different nutrient conditions (Table I). Energy produced was similar in all nutrients on 340 

stiff gels, while it was lower on soft gels in pyruvate compared to glucose in which it was almost 341 

unchanged. 342 

 These data indicate that trunk NCC are mechanoresponsive as described previously for cranial 343 

and enteric NCC (Barriga et al., 2018; Chevalier et al., 2016; Marchant et al., 2022; Shellard and 344 

Mayor, 2021), but also that their response is determined by specific metabolic activities. In glucose, 345 

owing to their capacity to accommodate their stiffness and energy production to their environment, 346 

NCC are endowed with the ability to migrate under diverse biophysical constraints. In pyruvate, NCC 347 

are less prone to modulate their stiffness and negatively respond to modifications in the rigidity of 348 

their environment by decreasing their adhesive and migratory response.  349 

 350 
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Multiple Metabolic Pathways are Required for Cell Cycle progression and proliferation of 351 

Trunk NCC 352 

Contrary to many motile cells, NCC maintain active cell division throughout migration, and this 353 

process contributes strongly to expansion of the population (Ridenour et al., 2014). On the other hand, 354 

cell cycle progression from G1-S phase is required for delamination (Burstyn-Cohen and Kalcheim, 355 

2002). We then analyzed the influence of glucose metabolism on trunk NCC cycling and proliferating 356 

activity in culture using EdU incorporation. During delamination, numerous EdU+ NCC could be 357 

identified along the NT apical side (Fig. S7A), and addition of glycolysis or OXPHOS inhibitors 358 

dramatically reduced their numbers (Fig. S7A). During migration, while EdU incorporation was weak 359 

at 5 h and minimal after 24 h in absence of glucose and pyruvate (Fig. S7B), it remained very intense 360 

over time in glucose alone and in glucose and pyruvate (Fig. 7B). In pyruvate alone, in contrast, EdU 361 

incorporation was strong at initial migration but was dramatically reduced after 24 h (Fig. S7B). All 362 

metabolic inhibitors decreased both the EdU-staining intensity and the proportion of EdU+ NCC at 363 

both 5 h and 24 h (Fig. S7C). These data indicate that multiple metabolic pathways are implicated in 364 

a cooperative manner in the control of cell cycling and proliferation of trunk NCC. 365 

 366 

Glucose and Pyruvate Differently Influence Trunk NCC Pluripotency and Differentiation 367 

Potential 368 

To investigate whether metabolic activity affects NCC stem cell capacity and influences their 369 

differentiation potential, we analyzed in culture the expression patterns of the transcription factors 370 

Sox-10 and Foxd-3, which have been shown to be essential regulators of NCC pluripotency beside 371 

their role in delamination and migration (Lukoseviciute et al., 2018; Schock and LaBonne, 2020; 372 

Simões-Costa et al., 2012). At 5 h (Fig. 6A,B,E), levels of Sox-10 protein and Sox-10 and Foxd-3 373 

mRNAs were much reduced in delaminating and migrating NCC cultured with pyruvate, compared 374 

with those cultured with glucose in which the vast majority of migrating NCC exhibited Sox-10+ 375 

nuclei. 2-DG strongly diminished the number of Sox-10+ cells, while oligomycin and Rot.-AA 376 

caused an overall reduction of Sox-10 intensity in all NCC (Fig. 6C). Likewise, Sox-10 and Foxd-3 377 

mRNA levels dropped strongly with 2-DG (Fig. 6D), as also observed in vivo (Fig. 1C-E), while 378 

those for Sox-10 showed a trend toward a reduced expression that failed statistical testing with 379 

oligomycin and Rot-AA. In addition, Foxd-3 expression was selectively repressed by 2-DG, 380 

oligomycin or Rot.-AA in pre-migratory NCC but less so in delaminating and migrating cells (Fig. 381 

6E). At 24 h, repression of Sox-10 and Foxd-3 expression was even more pronounced in absence of 382 

glucose or in the presence of metabolic inhibitors, including 6-AN (Fig. S8A,B). 383 
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 We next evaluated the influence of glucose metabolism on the trunk NCC capacity to 384 

differentiate in culture. After 3 days, several populations of cells were identified: Sox-10+ and HNK-385 

1+ NCC progenitors characterized by their stellate shape, Tuj-1+ neurons displaying long cell 386 

processes, as well as other cells presenting a great diversity of morphologies, including MITF+ 387 

melanoblasts and large, flattened a-SMA+ myofibroblasts (Fig. S8C). In glucose-containing medium, 388 

the proportion of NCC progenitors remained high over time while the number of neurons and 389 

melanoblasts increased up to 20% and 30-40%, respectively (Fig. 6F). In contrast, in pyruvate 390 

medium, the proportion of NCC progenitors dropped to less than 50% with time at the benefit of 391 

myofibroblasts, reaching 40% of the population (Fig. 6F). Of note, the number of melanoblasts did 392 

not increase much in pyruvate medium while the number of HNK1+ cells was constantly very low 393 

(Fig. 6F). A likely explanation for this persistent absence of HNK-1 staining is that the HNK-1 394 

epitope is a glycoconjugate moiety needing glucose for its biosynthesis (Tucker et al., 1984).  395 

These results indicate that glucose metabolism is required for maintenance of high levels of 396 

pluripotency markers during NCC migration and that NCC differentiation programs are influenced 397 

by nutrient inputs, with glucose favoring neural and melanoblast differentiation, while pyruvate 398 

promotes a limited range of phenotypes where myofibroblasts are predominant. 399 

 400 

DISCUSSION 401 

Our study illustrates the critical role of glucose metabolism in quail NCC development. We report 402 

that glucose is required both in vivo and in in vitro culture for quail trunk NCC dispersion. In addition, 403 

trunk NCC display a typical OXPHOS signature, and glucose oxidation through glycolysis coupled 404 

to OXPHOS plays a critical role in their dispersion. Blockers of glycolysis and OXPHOS affected 405 

every aspect of NCC development associated with a sharp drop in mitochondrial respiration and ATP 406 

production. Additionally, our data establish that OXPHOS is not sufficient to support all the cellular 407 

events involved in this process as systematic inhibition of glycolysis compromised NCC dispersion, 408 

even in the presence of pyruvate to support OXPHOS. Likewise, a PPP inhibitor strongly affected 409 

NCC dispersion despite a minimal effect on mitochondrial respiration and ATP production. Finally, 410 

pyruvate alone failed to support complete dispersion, division, and differentiation of NCC, while 411 

glucose could elicit the complete cellular response of NCC, i.e. delamination, adhesion, migration, 412 

proliferation, maintenance of stemness, and widespread differentiation. Glucose also potentiates NCC 413 

stiffness adaptation to that of their microenvironment and supports optimal dispersion, illustrating the 414 

prominent role of glucose metabolism in NCC adaptation to physical changes in the environment. 415 
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Thus, contrary to the general assertion that OXPHOS has a bioenergetic role in differentiated 416 

cells and that aerobic glycolysis has a biosynthetic role in proliferating non-differentiated stem cells 417 

(Ito and Suda, 2014; Shyh-Chang et al., 2013), trunk NCC development relies on the concerted and 418 

sustained mobilization of all metabolic pathways dependent on glucose metabolism, i.e. glycolysis, 419 

OXPHOS, and PPP, cooperating together (see model, Fig. 7). These findings illustrate the necessity 420 

for the NCC population to make the most of the potential of the carbon metabolism route, so that they 421 

are endowed with the capacity to meet the metabolic demands required for the coordinated execution 422 

of diverse cellular events. How NCC maintain balanced activities of the different metabolic pathways 423 

is currently unknown. This may be achieved through regulated levels of metabolic enzymes and 424 

products of each pathway, under the control of intrinsic genetic programs as well as extrinsic factors, 425 

including nutrient availability and demand (Lempradl et al., 2015). This view is supported by our 426 

observations as well as a recent report (Oginuma et al., 2017) that glycolytic enzymes are not 427 

uniformly expressed in the embryo at the time of NCC dispersion. 428 

Our data reveal that trunk NCC display metabolic requirements and features toward glucose 429 

distinct from their cranial counterparts. Indeed, quail cranial NCC display a Warburg effect similarly 430 

to chick cranial NCC (Bhattacharya et al., 2020). Thus, although trunk and cranial NCC possess in 431 

common a number of cellular and molecular features, such as signaling pathways, EMT, and 432 

migration properties, they do not share the same metabolic status. This reflects the strong adaptability 433 

of NCC to a great variety of environmental conditions throughout development, at the origin of the 434 

diversity in their migratory behaviors and fates. Indeed, difference in metabolic activity between 435 

cranial and trunk NCC can also reside in the local O2 concentration in their environment. As for 436 

cancer cells in which hypoxia is known to promote metastatic spread (Semenza, 2012), cranial NCC 437 

reside in a hypoxic milieu, and exposure to high O2 levels or knockdown of the hypoxia-inducible 438 

factor HIF-1 cause attenuation of their production associated with strong reduction of Snail-2 439 

expression (Scully et al., 2016). Trunk NCC dispersion in contrast is intimately associated with blood 440 

vasculature (Schwarz et al., 2009; Thiery et al., 1982), and it is not affected by high O2 levels or by 441 

deletion of the HIF-1 gene (Iyer et al., 1998; Morriss and New, 1979).  442 

We could not attribute to any metabolic pathway a specific role in the basic cellular processes, 443 

adhesion, locomotion and division. For example, despite PPP having a well-recognized role in 444 

nucleotide synthesis and maintenance of cellular redox balance (Patra and Hay, 2014), this pathway 445 

was not recruited solely for NCC proliferation but significantly contributed to cell velocity and 446 

persistence of movement as well. Likewise, OXPHOS and ATP production in mitochondria were not 447 

exclusively aimed at supporting active migration, but also played a key role in EMT and proliferation. 448 

A likely explanation is that these processes are extremely demanding in both bioenergetic and 449 



 -15- 

biosynthetic supplies (Salazar-Roa and Malumbres, 2017; Zanotelli et al., 2021). Another reason is 450 

that enzymes, metabolites and byproducts of metabolic pathways are known to influence cellular 451 

programs independently of their canonical bioenergetics and biosynthetic roles (Miyazawa and 452 

Aulehla, 2018). For example, NADH produced through TCA protects cells from oxidative stress 453 

(Bigarella et al., 2014; Khacho et al., 2016). Likewise, similarly to neurons (Herrero-Mendez et al., 454 

2009), the use of the PPP for metabolizing glucose may ensure NADPH production for the 455 

maintenance of a cellular redox balance. TCA cycle intermediates, in particular acetyl-CoA and a-456 

ketoglutarate, are involved in epigenetic regulation through histone acetylation and methylation 457 

(Kaelin and McKnight, 2013). Regulation of gene expression during NCC formation is under tight 458 

epigenetic control, involving DNA methylation, histone modifications, and ATP-dependent 459 

chromatin remodelers (Hu et al., 2014). Our finding of alterations of developmental programs such 460 

as delamination and maintenance of stemness upon manipulating nutrient availability and metabolic 461 

pathways in NCC is therefore in favor of a direct role of cellular metabolism in regulation of nuclear 462 

transcription programs in NCC through epigenetic regulation (Boon et al., 2020; Traxler et al., 2021; 463 

Tsogtbaatar et al., 2020).  464 

In conclusion, our data show that NCC in the embryonic trunk region rely primarily on glucose 465 

oxidation through glycolysis and mitochondrial respiration for energy production and mobilize a large 466 

range of metabolic pathways downstream to glucose uptake to meet their bioenergetics and 467 

biosynthetic needs as well as to instruct their gene circuits driving their behavior and fate. These 468 

findings therefore reveal the intricate integration of cellular metabolism to basic cellular processes 469 

underlying cell behavior. How these metabolic pathways are regulated to accommodate the different 470 

steps of NCC formation both temporally and spatially remains to be investigated. 471 

 472 

MATERIALS AND METHODS 473 

 474 

Reagents 475 

Bovine plasma fibronectin (1 mg/ml stock) was from Sigma (cat. no. F1141). Dispase II at 5 U/ml 476 

stock solution in Hanks’ balanced saline was from Stemcell Technologies (cat. no. 07913). The 477 

following chemicals were prepared and used according to the manufacturers’ guidelines: 2-deoxy-D-478 

glucose (2-DG, Sigma, cat. no. D8375), oligomycin-A (Sigma, cat. no. 75351), rotenone (Sigma, cat. 479 

no. R8875), antimycin-A (Sigma, cat. no. A8674), FCCP (Sigma, cat. no. C2920), 6-480 

aminonicotinamide (6-AN, Cayman Chemicals, cat. no. 10009315), and UK-5099 (Tocris 481 

Biosciences, cat. no. 4186). 2-DG was prepared as a 1 M stock solution in glucose-, pyruvate- and 482 
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glutamine-free DMEM and used at 5-10 mM for in vitro experiments and at 10-25 mM for in ovo 483 

injections; oligomycin, rotenone-antimycin-A (Rot.-AA), and FCCP were prepared in the vehicle 484 

DMSO at 10 mM, diluted as stock solution in culture medium at 100 µM, and used at 1 µM for in 485 

vitro experiments and at 1-5 µM for in ovo injections; UK-5099 was prepared as 100 mM solution in 486 

DMSO and used at 100 µM; and 6-AN was prepared as 100 mM solution in DMSO and used at 100 487 

µM for in vitro and in vivo experiments, and at 500 µM in Seahorse analyses. As we previously 488 

showed that 1/1000 dilution of DMSO has not effect on NCC behavior (Monier-Gavelle and Duband, 489 

1995), in experiments using this dilution, the corresponding controls were performed without addition 490 

of DMSO. When DMSO dilution was below 1/1000, the same dilution of DMSO but without the 491 

drug was used for controls. 492 

 493 

Embryos 494 

Quail embryos were used throughout the study. Fertilized quail eggs were purchased from a local 495 

farm (La Caille de Chanteloup, Corps Nuds, France). Eggs were incubated at 37-38°C for until 496 

embryos reached the desired developmental stages. Embryos were staged using the Hamburger and 497 

Hamilton (HH) chart (Hamburger and Hamilton, 1951) and based on the number of somite pairs. 498 

 499 

In ovo injection of drugs 500 

In vivo loss-of-function experiments were performed on embryos at stage HH12-13 (15-16 somite 501 

pairs). After removing of 1 ml of albumin from the egg and opening of the shell with curved dissecting 502 

scissors to expose the embryo to the experimenter, the drugs were injected at the tip of the tail bud of 503 

the embryo into the lumen of the NT and under the vitelline membrane in the vicinity of the NT over 504 

the unsegmented region and the last 3-5 somites (10 μl delivered per injection). For controls embryos 505 

were injected with the vehicle only. The eggs were sealed with tape and were further incubated at 506 

38°C in a moist atmosphere for 5-48 h. Monitoring of NCC development was performed by following 507 

expression of marker genes by whole mount in situ hybridization at 5, 24 and 48 hours followed by 508 

sectioning and qRT-PCR at 5 h (see below). 509 

 510 

Cell Culture 511 

Generation of NCC primary cultures: Trunk and cranial NCC cultures were produced from NT 512 

explants obtained from quail embryos at stages HH 13-15 (19-25 somite pairs) and at stages HH 8-9 513 

(5-8 somite pairs), respectively (Duband et al., 2020). After opening of the eggshell, the yolk was 514 

transferred into phosphate-buffered saline (PBS). The embryo was cut off from the yolk and 515 
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transferred into PBS in an elastomer-containing dish. An embryo portion of about 750-µm long was 516 

excised at the level of the last 5 somites for trunk NCC and of the whole cranial region up to the first 517 

somite for cranial NCC with a scalpel under a stereomicroscope and subjected to mild enzymatic 518 

digestion by treatment with dispase II at 2.5 U/ml for 5-10 minutes at room temperature. The NT was 519 

dissected out manually using fine dissection pins under a stereomicroscope, freed from the 520 

surrounding tissues, and transferred for 30-60 minutes in DMEM medium (w/o. glucose, w/o. 521 

pyruvate, Gibco, cat. no. 11966025) supplemented with 0.5% fetal bovine serum for recovery from 522 

enzyme treatment. NT were explanted onto culture dishes or glass coverslip previously coated with 523 

fibronectin at 10 µg/ml in PBS (i.e. about 5 µg/cm2) for a minimum of 1 h at 37°C. To ensure rapid 524 

initiation of NCC migration, NT were positioned with their dorsal side oriented down toward the 525 

substratum. Explants were cultured at 37°C under normoxic conditions in a humidified 5%-CO2 526 

incubator in DMEM containing 1% serum, 100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM 527 

glutamine, and supplemented with 5 mM glucose and 1 mM pyruvate. In some specified cases, 528 

glucose was used at 0.1-25 mM and pyruvate at 0.1-5 mM. The choices of the culture dish, culture 529 

medium, and duration of the culture were determined according to the purpose of the experiment and 530 

the method of analysis used (see below). Throughout each experiment, the morphology of the NT 531 

explant, area and progression of the NCC outgrowth were evaluated, imaged, and assessed regularly 532 

under an inverted phase contrast Nikon microscope equipped with 6.3X, 10X, and 20X objectives.  533 

 534 

Quantification of outgrowth area and density: To measure the NCC outgrowth area and NCC 535 

density, phase contrast images of explants encompassing half of the NCC outgrowth with the NT 536 

situated along the long axis of the image were taken with the 10x objective. The size of the image 537 

corresponded to a rectangle about 400 µm wide and 600 µm long. The area occupied by NCC in the 538 

whole image and defined as surface occupancy in pixel2 was measured using ImageJ while NCC 539 

density defined as number of cells per field was calculated by counting the total number of cells in a 540 

square of 200 µm on each side. 541 

 542 

Delamination assay: NT explants were cultured for 5 h, a time sufficient to allow NCC segregating 543 

from the dorsal NT to adhere to the substrate. NT was then removed manually from the dish using 544 

fine dissection pins under a stereomicroscope or by gentle flushing of culture medium with a pipet 545 

tip, to uncover delaminated cells. Delaminating cells were discriminated from migratory cells by 546 

several criteria: their strong Snail-2 content, their central position in the outgrowth often separated 547 

from the migration zone by a cell-free gap, their reduced size, and their compact shape. The numbers 548 
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of delaminated and migrating cells were measured using images taken with a 10X objective and 549 

encompassing the mid-part of the explant along its long axis. Cells were counted in a rectangle 100-550 

µm wide and 250-µm long covering the areas of delaminated cells or of migrating cells using ImageJ. 551 

 552 

Cellular Bioenergetic Analyses 553 

OCR and ECAR measurements: Bioenergetic profiles of NCC primary cultures were determined 554 

using a Seahorse Bioscience XF24 Analyzer. A single NT explant was deposited precisely at the 555 

center of each well of 24-well Seahorse plate previously coated with fibronectin in culture medium 556 

at 37°C in a humidified 5%-CO2 incubator, and NCC were allowed to undergo migration for 1.5 h or 557 

overnight depending to the purpose of the experiment. Before preparation of the plate for Seahorse 558 

analysis, the areas of the NT explants were measured for normalization. Cultures were then rinsed in 559 

Seahorse XF medium (Agilent, cat. no 103575-100) without serum and incubated for 1 h at 37°C in 560 

normal atmosphere. Then, the Seahorse assay was run according to the manufacturer’s instructions. 561 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) values, as readouts of 562 

basal mitochondrial respiration and glycolysis respectively, were assessed regularly every cycle (mix, 563 

wait and measurement during 3 minutes), the basal measurement consisting of 4 cycles and drug 564 

injections, 3 cycles during 30 minutes. The key parameters of mitochondrial respiration (ATP-linked 565 

respiration, maximal respiratory capacity and proton leak) were measured by means of a MitoStress 566 

test after sequential additions of oligomycin (1 µM), FCCP (0.75 µM), and Rot.-AA (1 µM) through 567 

3 cycles of measurements in 30 minutes. When appropriate, NCC primary cultures were processed 568 

after Seahorse analysis for intracellular ATP level and lactate measurement. 569 

Seahorse Agilent assay defined energetic maps for cell metabolic phenotypes comprised of 570 

four quadrants: quiescent, aerobic (OXPHOS), glycolytic, and energetic. We designed an adaptation 571 

of Agilent energetic map to our system by assessing OCR and ECAR in NT explants under starvation 572 

medium, i.e. in DMEM with 2 mM glutamine without glucose and pyruvate, and in conditions with 573 

5 mM glucose and 1 mM pyruvate. Basal respiration measured was between 120-200 pmole/min. 574 

under the starvation condition and 300-400 pmole/min. in the presence of nutrients, respectively. This 575 

difference between the levels of OCR in these two conditions allowed us to fix the OCR threshold 576 

between the quiescent and OXPHOS quadrant at 200 pmole/min. The ECAR threshold between the 577 

quiescent and glycolytic quadrants was set at 30 mpH/min. to achieve an OCR/ECAR ratio of 4, using 578 

as references previous studies which established that glycolysis was the major contributor to ECAR 579 

for baseline cellular OCR/ECAR ratio < 4 (Konrad et al., 2017; Mercier-Letondal et al., 2021). Data 580 

shown in our energetic maps correspond to the mean OCR and ECAR values ± s.d. of the fourth 581 

measurement of basal respiration and of the third measurement after inhibitor treatment. 582 
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 583 

ATP and lactate measurements: Intracellular ATP and extracellular lactate levels were measured 584 

for each NCC primary cultures after Seahorse analysis using an ATPlite Bioluminescence assay kit 585 

from PerkinElmer (cat. no. 6016943) and the Lactate Fluorometric Assay kit from BioVision (cat. 586 

no. K607), respectively, according to the manufacturers’ instructions. 587 

 588 

mRNA Quantification by Quantitative RT-PCR 589 

For cell cultures, total RNA of cells from 5-8 NT explants were extracted using the Ambion PureLink 590 

RNA Mini Kit (Invitrogen, cat. no. 12183018A) following the manufacturer’s guidelines. For injected 591 

embryos, the NT situated in the caudal part encompassing the last 5 somites up to the tail bud was 592 

dissected manually with fine dissection pins, and the total RNA was extracted using Trizol 593 

(Invitrogen) according to manufacturer instructions. After quantification of RNA concentration, 500 594 

ng RNA were used for cDNA synthesis using SuperScript IV reverse transcriptase (Invitrogen, cat. 595 

no. 18090050). Quantitative real time PCR (qRT-PCR) were performed using the Power Syber Green 596 

Master Mix (Applied Biosystems, cat. no. 4368708) in a StepOne Plus RT-PCR apparatus (Applied 597 

Biosystems). Gene expression was assessed by the comparative CT (DDCt) method with β-actin as 598 

the reference gene. The following primers were used: Snail2fwd GATGCGCTCGCAGTGATAGT; 599 

Snail2rev AGCTTTCATACAGGTATGGGGATA; Sox10fwd CGGAGCACTCTTCAGGTCAG; 600 

Sox10rev CCCTTCTCGCTTGGAGTCAG; Foxd3fwd TCTGCGAGTTCATCAGCAAC; Foxd3rev 601 

TTCACGAAGCAGTCGTTGAG; Glut1fwd AAGATGACAGCTCGCCTGATG; Glut1rev 602 

AGTCTTCAATCACCTTCTGCGG; PFKPfwd TTGGAATTGTCAGCTGCCCG; PFKPrev 603 

TGCAGACAACTTTCATAGGCATCAG; bActinfwd CTGTGCCCATCTATGAAGGCTA; 604 

bActinrev ATTTCTCTCTCGGCTGTGGTG. 605 

 606 

Immunofluorescence Labeling of Cultures 607 

For immunolabeling, the following primary antibodies were used: Rabbit monoclonal antibody 608 

(mAb) to Snail-2 (clone C19G7, Cell Signaling, 1/300), mouse mAb to Sox-10 (Clone A2, Santa 609 

Cruz, 1/200), mouse mAb to b-catenin (clone 14, BD-Transduction Laboratories, 1/200), mouse mAb 610 

to paxillin (Clone 165, BD-Transduction Laboratories, 1/100), mouse mAb to a-SMA conjugated to 611 

Cy3 (Clone 1A4, Sigma, 1/300), mouse mAb to bIII-tubulin conjugated to Alexa488 (Clone Tuj-1, 612 

R&D Systems, 1/500), mouse mAb to HNK-1 described previously ((Tucker et al., 1984), undiluted 613 

culture supernatant), mouse mAb to MITF (clone C5, Abcam, 1/200), and mouse mAb to Glut-1 614 

(Ab14683, Abcam, 1/50). Filamentous actin was detected using Texas RedTM-X Phalloidin  615 
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(Molecular probe, cat. no. T7471). NCC primary cultures were performed in 4-well plates or in 8-616 

well chambered glass coverslips (Nunc, cat. no. 154511) coated with fibronectin, and fixed in 4% 617 

paraformaldehyde (PFA) in PBS for 15 minutes at room temperature for detection of all antigens, 618 

except for Snail-2 (5 minutes in 4% PFA), b-catenin (45 minutes in 1.5% PFA), and Glut-1 (see 619 

below). After permeabilization with 0.5% Triton X-100 in PBS for 5 minutes, cultures were blocked 620 

in PBS-3% BSA and subjected to immunofluorescence labeling using primary antibodies followed 621 

by incubation with appropriate secondary Ab conjugated to Alexa-fluor 488, Cy-3 or Cy-5 (Jackson 622 

Immunoresearch Laboratories), and processed for DAPI or Hoechst staining to visualize cells’ nuclei 623 

before mounting in ImmuMount medium (Shandon). For Glut-1 labeling, unfixed NCC cultures were 624 

incubated with the Glut-1 antibody diluted in DMEM for 15 minutes at 15°C to avoid antibody 625 

internalization and immediately fixed in 100% ethanol at -20°C before rinsing in PBS and secondary 626 

antibody treatment. Preparations were observed with a Zeiss AxioImager M2 epifluorescence 627 

microscope equipped with 10X-63X fluorescence objectives (Acroplan 10X/0.25, 20X/0.45, Plan-628 

Neofluar 40X/0.75 and 63X/1.25 oil) or with a Zeiss LSM 900 confocal microscope equipped with 629 

10X-40X fluorescence objectives (Plan-Apochrome 40X/1.30 oil). Data were collected using the Zen 630 

or Airyscan2 software and processed using ImageJ software. For each series of experiments, images 631 

were acquired using equal exposure times and settings. 632 

 633 

2-NDBG Uptake 634 

For 2-NDBG uptake in life embryos, portion of stage HH13-14 quail embryos taken from the last 10 635 

formed somites and similar portion of the unsegmented mesoderm were cut and incubated at 37°C 636 

for 2 h into 100 µl of 1.5 mM 2-NDBG (Life technologies) solution in glucose and pyruvate-free 637 

medium placed in a suspension culture dish. After culture, embryos were fixed in 4% PFA for 20 638 

min, and then washed with PBS for 5 min at least 3 times, positioned on microscope slide into an 639 

Immumount (Shandon) droplet, covered with a coverslip. For 2-NDBG uptake in cell cultures, NT 640 

explants were incubated at 37°C for 2 h in 100 µl of 1.5 mM 2-NDBG solution in DMEM without 641 

glucose and pyruvate, fixed in 4% PFA for 20 min, and mounted as for immunolabelings in 642 

ImmuMount. Embryos and cultures were imaged using a Zeiss AxioImager M2 epifluorescence 643 

microscope. 644 

 645 

In Situ Hybridization for MRNA Detection on NCC Primary Cultures and Whole Mount 646 

Embryos 647 
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The following plasmids for mRNA probe synthesis were used: Snail-2 from A. Nieto, Foxd-3 from 648 

C. Erickson, Sox-10 from P. Scotting, Glut-1, PFK, PGK-1 and PKM from O. Pourquié. Linearized 649 

plasmid DNA was used to synthesize digoxigenin-UTP (Roche) labeled antisense probes with RNA 650 

polymerases from Promega and RNA probes were purified with Illustra ProbeQuant G-50 651 

microcolumns (GE Healthcare). ISH were performed either on NCC primary cultures produced in 652 

fibronectin-coated plastic dishes or on whole mount intact embryos collected at the appropriate 653 

developmental stages, using essentially the same procedure. Samples of embryos and cultures were 654 

fixed in 4% PFA in PBS for 2 h at room temperature or overnight at 4°C. They were hybridized 655 

overnight at 65°C with the digoxygenin-UTP-labeled RNA probes in 50% formamide, 10% dextran 656 

sulfate and Denhart’s buffer (0.5 µg probe/ml hybridization buffer) and washed twice in 50% 657 

formamide, 1x SSC and 0.1% Tween-20 at 65°C, then 4 times at room temperature in 100 mM maleic 658 

acid, 150 mM NaCl pH 7.5 and 0.1% Tween-20 (MABT buffer). After a 1-h pre-incubation in MABT 659 

buffer containing 10% blocking reagent (Roche) and 10% heat-inactivated lamb serum, samples were 660 

incubated overnight at room temperature with the anti-digoxygenin antibody (Roche). After extensive 661 

rinsing with MABT buffer, they were preincubated in 100 mM NaCl, 50 mM MgCl2, 1% Tween-20, 662 

and 25 mM Tris-HCl, pH 9.5, and stained with NBT-BCIP (Roche) following manufacturer’s 663 

guidelines. Preparations were observed and imaged with a Nikon stereomicroscope and data analyzed 664 

with ImageJ software. 665 

 666 

Cryosectioning 667 

To obtain embryo sections following in situ hybridization, embryos were washed in PBS for 1 h at 668 

room temperature and in 15% sucrose solution overnight at 4°C. Next, they were incubated in 7.5% 669 

porcine gelatin (dissolved in 15% sucrose solution) for 2-3 h at 40°C, embedded in gelatin-sucrose 670 

in cup, snap-frozen in chilled isopentane at -70°C and stored at -80°C. 20-µm sections were obtained 671 

using the Leica cryostat and collected on Superfrost/Plus slides (Thermo Fisher Scientific). For 672 

imaging, the slides were immersed in PBS at 40°C for 2 h for gelatin removal, washed in PBS and 673 

mounted in Aquatex mounting medium (Merck). Preparations were observed and imaged with a 674 

Hamamatsu NanoZoomer Digital Slide Scanner and treated with NDP.View2 software. 675 

 676 

Quantification of substrate and cell-cell adhesions 677 

Several fields of paxillin or b-catenin immunofluorescent staining were selected randomly at the 678 

periphery of the NCC outgrowth over at least three different NT explants per condition in at least two 679 

independent experiments. Quantifications of number, area and aspect ratio of substrate adhesions 680 

were performed as follows: For each experiment, images were segmented by manual thresholding 681 
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using ImageJ. For each image, the area and aspect ratio of each single substrate adhesion were 682 

measured using ImageJ Analyse Particle plugin for particle size (micron):0.2-infinity. The number of 683 

substrate adhesion per NCC corresponds to the mean of all the ratios, obtained for the images of each 684 

NT explant, between the total number of substrate adhesions quantified in the image and the number 685 

of NCC present on the same image. Quantification of the number of substrate adhesion per NCC at 686 

24 h was performed by manual counting on each image. Each dot represents the mean of substrate 687 

adhesion number counted per NCC per neural tube explant. Quantification of cell-cell contact 688 

numbers was performed as follows: For each experiment the number of contact each NCC engaged 689 

with its neighbors was counted manually on each image. The number of cell-cell adhesion engaged 690 

per NCC corresponds to the mean of the values obtained for the images of each NT explant. The data 691 

were expressed as percentage of NCC with zero to 3 contacts with their neighbors. 692 

 693 

Cell Proliferation Assay 694 

Cell proliferation in culture was monitored using the Plus EdU Cell proliferation kit for imaging from 695 

Life Technologies (cat. no. C10638). Briefly, NCC primary cultures were generated on fibronectin-696 

coated glass coverslips as for immunolabelings and were incubated with EdU at 20 µM in culture 697 

medium for 1 h at varying times of NCC development. Immediately after EdU incorporation, cultures 698 

were fixed in 4% PFA in PBS for 15 minutes at room temperature, permeabilized in 0.5 Triton-X100 699 

for 15 minutes and treated for EdU detection using Alexa-555 Fluor azide in accordance with the 700 

manufacturer’s guidelines. After DNA staining with Hoechst, cultures were optionally processed for 701 

immunostaining and analyzed as described for immunolabelings.  702 

 703 

Cell Locomotion Assays 704 

NCC primary cultures were performed in 8-well chambered glass coverslips coated with fibronectin. 705 

Up to 4 NT explants were distributed separately into each well, and were maintained at 37°C in a 706 

humidified 5%-CO2 incubator for about 2 h until the NT adhered firmly to the dish and NCC initiated 707 

migration on the substratum; then the cultures were transferred into a heated chamber (Ibidi) with a 708 

humid atmosphere containing 5% CO2/95% air placed on the motorized stage of a Leica DMIRE2 709 

microscope equipped with a CoolSNAP HQ camera (Roper Scientific). Time-lapse video-microscopy 710 

was performed with a 10x objective and phase contrast images were captured every 5 minutes during 711 

16-24 h using the Micromanager software. The progression of the migratory front of the NCC 712 

population every hour was measured using a custom GUI written in Matlab® (MathWorks®, Natick, 713 

Massachusetts, USA). Trajectories and positions of individual NCC in several explants recorded in 714 

parallel were tracked using Metamorph 7 software. The velocity of each NCC was calculated as the 715 
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ratio between the total length of its trajectory and the duration of the acquisition time. The persistence 716 

of movement was calculated as the ratio between the linear distance from the NCC’s initial to final 717 

positions and the total distance covered by the cell. Evolution of speed and persistence every hour 718 

were calculated as the length of NCC trajectory per 1 h and the persistence of movement as the ratio 719 

between the linear distance from the cell’s initial to final positions at each hour and the total distance 720 

covered by the cell during the corresponding period. 721 

 722 

Preparation of polyacrylamide gels 723 

Polyacrylamide (PAA) gels were prepared on 32-mm glass coverslips and 8-well chambered glass 724 

coverslips for AFM and TFM experiments, respectively. The surface on which the PAA gels were 725 

polymerized was activated by immersion into a solution of 3-methacryloxypropyltrimethoxysilane 726 

(0.3%, Bind-Silane, Sigma, cat. no. 440159), 10% acetic acid aqueous solution (3%) in absolute 727 

ethanol during 3 minutes to enhance gel adhesion, washed 3 times with ethanol, and air-dried for 45 728 

minutes. Thin sheets of PAA gel of different elastic properties were prepared from concentrations of 729 

acrylamide/bisacrylamide 5%/0.225% and 3%/0.08%, supplemented with 0.5% ammonium 730 

persulfate and 0.05% tetramethylethylenediamine (Sigma) in H20. Practically, for AFM experiments, 731 

81 µl of these different mixtures were placed onto the surface of a 32 mm-diameter coverslip and 732 

covered with 14 mm-diameter coverslip. For immunostaining and video-microscopy experiments, 733 

2.5 µl of the mixtures were placed in the wells of 8-well chambered glass coverslips and covered with 734 

a 6 mm-diameter coverslip. Top coverslips were treated previously with Repel-Silane ES (Merck, 735 

cat. no. GE17-1332-01) during 5 minutes to prevent PAA gel adhesion. After 30 minutes of 736 

polymerization, the top coverslips were removed and the PAA gels were rinsed 3 times with PBS, 737 

treated twice for 5 minutes with sulfo-SANPAH, UV-photoactivated with Bio-Link Crosslinker 738 

BLX-E254 (Biotech), and rinsed 3 times with 50 mM HEPES at pH 8.5. For traction force microscopy 739 

experiments, the gel mixtures contain FluoSpheres from Sigma (TM carboxylate modified, 0.2 µm, 740 

red (580/605), cat. no. F8810), at 1/50 dilution. A solution of fibronectin was layered onto the PAA 741 

gels at 30 µg/cm² and incubated overnight at 4°C under agitation.  742 

 743 

AFM assessments on polyacrylamide gels and NCC  744 

The elastic modulus for both PAA gels and NCC cultured for 4-6 h was assessed by AFM JPK 745 

NanoWizard Sence+ (Brucker, Billerica, Massachusetts, U.S.A) coupled to a Zeiss Axio-Observer 746 

z1 inverted microscope, as described previously (Ben Bouali et al., 2020) using µMash CSC38/NO 747 

AL probes (MikroMasch®, Sofia, Bulgaria). PAA gels and NCC were set in culture medium 748 

containing 25 mM HEPES and maintained at 37°C. For PAA gels, measurements were achieved 749 
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considering a measuring point grid with 0.4-μm meshes over a 4.8×4.8 μm² surface set in gel center. 750 

For NCC, measurements were achieved considering a measuring point grid with 1-μm mesh over a 751 

12×12 μm² surface set on cells using visual inspection with a phase contrast microscope. Setting 752 

Poisson's ratio n = 0.5 for both PAA gels and NCC, AFM spectroscopy curves were analyzed 753 

according to (Bilodeau, 1992), for quadrilateral pyramid probe using a home-written program in 754 

Matlab®. The elastic modulus of the PAA gels prepared with proportion of acrylamide/bisacrylamide 755 

5%/0.225% and 3%/0.08% were of 6320 +/- 25 Pa and 1250 +/- 32 Pa (s.e.m), respectively, and were 756 

referred in the text as stiff and soft gels. The impact of PAA gels stiffness on Young's moduli values 757 

of NCC was measured by AFM and the obtained values were corrected as previously described 758 

(Rheinlaender et al., 2020). 759 

 760 

TFM assessments  761 

NT explants were cultured onto bead-embedded PAA gels in various nutrients for 4-6 h and 762 

transferred into a heated chamber with a humid atmosphere containing 5% CO2/95% air placed on 763 

the motorized stage of a Zeiss LSM 900 confocal microscope. A specific injector connected to 8-well 764 

Chambered glass coverslips was designed for trypsin delivery and installed on the chambered glass 765 

coverslips. Images of bead positions were acquired using Plan-Apochrome 40X/1.30 oil objective as 766 

follows: Images with force were acquired with 2-min interval leading to a 12-min observation time 767 

before trypsinization (stress images) and one image was acquired without force (reference image) 768 

taken after NCC have detached by trypsinization and no longer exerting forces on the substrate. 769 

Confocal stress and reference images were aligned using a Matlab® script. The gel deformation was 770 

measured by the PIV (Particle Image Velocimetry) technique using the ImageJ plug-in PIV to get the 771 

bead displacement field. Finally, the ImageJ plug-in FTTC (Fourier Transform Traction Cytometry) 772 

was used to measure the traction force, exerted by NCC and responsible of PAA gel deformation and 773 

bead displacement (Martiel et al., 2015). The number of NCC in the traction force field was measured 774 

by counting NCC nuclei stained with NucSpot® Live 650 and a confocal image was generated before 775 

starting TFM measurements. The stress taken into account is the mean stress calculated from 6 776 

couples of reference-stress images corresponding to 2, 4, 6, 8, 10 and 12 minutes TFM assessments. 777 

It was observed that between 2 and 12 minutes calculated stress was almost constant. The stress per 778 

cell is the stress divided by the number of nuclei. The force per cell (nN/cell) was calculated by 779 

multiplying the total stress/cell (Pa/cell) by the area of the interrogation window (µm²) used in the 780 

PIV. 781 

 782 



 -25- 

Energy estimation  783 

We estimated produced energy during NCC locomotion on soft and stiff gels by calculating the 784 

product of the average force F obtained by TFM and the average distance D covered per hour obtained 785 

by video-microscopy tracking during the time frame of TFM studies. The s.d. of the product F by D 786 

was calculated based on the following formula (Goodman, 1960): σ (F×D) = √ (〖E(F)〗^2 〖σ787 

(D)〗^2+〖E(D)〗^2 〖σ(F)〗^2+〖σ(F)〗^2 〖σ(D)〗^2 ), with σ the s.d. and E(F) and E(D) 788 

mean value of F and D respectively, assuming F and D with normal distribution. To evaluate the 789 

statistical significance of two energy values, i.e., !! ± #! and !" ± #", we calculated Student’s $ 790 

and degrees of freedom, %! + %" − 2, assuming %! = %" = 5 for size of !! and !", to obtain p 791 

values. For this, we considered $ = |$!%$"|

&#"$!'
#"
$"

, and # common s.d, given by #" = ()!%!)⋅,!"'()"%!)⋅,""
)!')"%"

. 792 

 793 

Statistical Methods 794 

Statistical analyses were performed using Prism 7 (GraphPad). For statistical analysis of data, we 795 

used One-way ANOVA parametric test after the validation of normality and equality of variances 796 

using Shapiro-Wilk and Brown-Forsythe methods, respectively. Otherwise, non-parametric Krustal-797 

Wallis test was used.  For comparison between two conditions we use unpaired t-test two-tailed test 798 

after the validation of normality and equality of using Shapiro-Wilk and equality of variances. 799 

Otherwise, non-parametric Mann-Whitney test was used. Unless specified, at least three independent 800 

experiments were carried out for each procedure. Each NT explant was considered as an individual 801 

sample. The data obtained for each drug or nutrient condition were compared to that of the medium 802 

without drug or with both nutrients, respectively. The n of samples (explants or embryos) analyzed 803 

is indicated in each graph in brackets. For statistical analysis of qRT-PCR results of in-vitro 804 

experiments, mRNA expression from a pool of 5-8 NT explants are presented as mean ± s.e.m of 805 

triplicates per experiment and gene. In in-vivo experiments, mRNA expression was measured per 806 

embryo after analyzing of three replicates measurements acquired per embryo and genes. The data 807 

obtained from embryos injected with drugs were analyzed using Two-way ANOVA relative to the 808 

data of embryos injected with vehicle. Data are expressed as mean values ± s.d. or s.e.m and the P 809 

values are * p<0.05, ** p<0.01; *** p<0.001; **** p<0.0001. Results are considered statistically 810 

significantly different when p<0.05. 811 
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FIGURE LEGENDS 996 

 997 

Fig. 1. Glucose Metabolism is Required for Trunk NCC Development 998 

(A) Whole mount views of the trunk of HH14 quail embryos: Left: hybridized with probes for Glut-999 

1, PFK, PGK-1, Foxd-3 and Sox-10, anterior to the top. Foxd-3 and Sox-10 mark the axial levels of 1000 

NCC pre-migration (Foxd-3-low, Sox-10-low), delamination (Foxd-3-high, Sox-10-low), and 1001 

migration (Foxd3-high, Sox-10-high) stages. Right: fluorescent glucose analog (2-NDBG) uptake 1002 

with the intensity shown by pseudocolor image (16 colors; higher levels in red-yellow) using ImageJ, 1003 

(n = 5). (B) Cross-sections through the last somites of whole mount ISH for Glut-1, PFK, PGK-1, 1004 

and Sox-10 showing the dorsal NT and delaminating (arrowhead) and early-migrating (arrow) NCC. 1005 

The corresponding global views of the sections are shown in Fig. S1B. (C) Normalized levels of 1006 

Snail-2, Foxd-3 and Sox-10 mRNAs in the trunk of embryos 5 h after 2-DG or vehicle (no-drug) 1007 

injection measured by qRT-PCR. Measurements were done in triplicates per embryo and gene, 1008 

analyzed by two-way ANOVA relative to the no-drug condition. (D) Whole mount views of the trunk 1009 

of embryos 5 h, 24 h and 48 h after 2-DG or vehicle injection, hybridized with probes for Foxd-3 and 1010 

Sox-10 or immunolabeled for HNK-1. Vertical bars delineate the axial levels where NCC 1011 

development is defective. Arrowheads, arrows, and double arrows point at delaminating, migrating, 1012 

and differentiating NCC, respectively. The corresponding global views of the embryos are shown in 1013 

Fig. S2A. (E) Cross-sections through the caudal (left), mid (center), and anterior (right) trunk of 1014 

embryos 24 h after 2-DG or vehicle injection and processed for whole mount ISH for Sox-10. Arrows 1015 

point at NCC. (F) Overall aspect of trunk NT explants in 5 h and 24 h cultures in medium without 1016 

glucose and pyruvate (no Gluc-no Pyr), with 5 mM glucose, 1 mM pyruvate, both, and in glucose 1017 

and pyruvate medium with 2-DG. (G) Scatter plot with mean ± s.e.m. of NCC outgrowth area at 5 h 1018 

and 24 h in conditions as in F, analyzed using one-way ANOVA followed by Dunnett’s multiple 1019 

comparison test relative to the condition with glucose and pyruvate. (H) Distance covered over time 1020 

by the NCC migratory front in explants as in F and measured using video-microscopy. t0 corresponds 1021 

to onset of recording 2-4 h after initiation of culture. 2-DG was applied immediately before recording. 1022 

Front progression was analyzed using a custom GUI written in Matlab. Values are mean ± s.e.m. Data 1023 

are from at least three independent experiments. Images in A, B, D, E, and F are from representative 1024 

experiments. (n) indicate the number of embryos or explants analyzed. * P<0.05, ** P<0.01, *** 1025 

P<0.001, **** P<0.0001; ns, not significantly different, P>0.05. Scale bars in A, 200 µm; B, 100 µm; 1026 

D, 200 µm; and E and F, 100 µm. ao, aorta, dmt, dermamyotome; ec, ectoderm; pm, unsegmented 1027 

paraxial mesoderm; sc, sclerotome; so, somite.  1028 

 1029 
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 1030 

 1031 

 1032 

Fig. 2. Trunk NCC display a Typical OXPHOS Signature during Dispersion  1033 

(A) OCR and ECAR profiles in mitochondrial stress assays of individual trunk NT explants cultured 1034 

for 5 h in medium with glucose, pyruvate, or both, using a Seahorse analyzer and analyzed using 1035 

GraphPad Prism. (B) Energetic maps of 5 h-trunk and cranial explants in indicated nutrient conditions 1036 

(left) and of 5 h- and 24 h-trunk explants in medium with glucose and pyruvate (right). (C) OCR and 1037 

ECAR profiles of 5 h-trunk explants in glucose and pyruvate medium before and after addition of 1038 

metabolic inhibitors. (D) Energetic maps of 5 h-explants in indicated nutrient conditions and in 1039 

glucose and pyruvate medium with inhibitors. (E-G) Scatter plots of the OCR/ECAR ratio (E) and 1040 

intracellular ATP level (F), and diagram of extracellular lactate produced (G) in 5h-trunk explants in 1041 

indicated nutrient conditions and in glucose and pyruvate medium with inhibitors. Scatter plots with 1042 

mean ± s.e.m. were analyzed using one-way ANOVA followed by Dunnett’s multiple comparison 1043 

test relative to the condition with glucose and pyruvate. Data in A-F and in G were collected from at 1044 

least three and two independent experiments, respectively. (n) indicate the number of explants 1045 

analyzed. Error bars in A-D and G are s.d. * P<0.05, ** P<0.01, **** P<0.0001; ns, not significantly 1046 

different, P>0.05. 1047 

 1048 

Fig. 3. OXPHOS Plays a Critical Role in Trunk NCC Development 1049 

(A) Normalized levels of Snail-2, Foxd-3 and Sox-10 mRNAs in the trunk of embryos 5 h after 1050 

oligomycin or vehicle (no-drug) injection measured by qRT-PCR. Measurements were done in 1051 

triplicates per embryo and gene, analyzed by two-way ANOVA relative to the no-drug condition. (B) 1052 

Whole mount views of the trunk of embryos 5 h, 24 h and 48 h after oligomycin or vehicle injection, 1053 

hybridized for Foxd-3 and Sox-10 or immunolabeled for HNK-1. Vertical bars delineate the axial 1054 

levels where NCC development is defective. Arrowheads, arrows, and double arrows point at 1055 

delaminating, migrating, and differentiating NCC, respectively. The corresponding global views of 1056 

the embryos are shown in Fig. S4A. (C) Cross-sections of whole mount ISH for Sox-10 through the 1057 

caudal (left), mid (center), and anterior (right) trunk of embryos 24 after oligomycin or vehicle 1058 

injection. Arrows point at NCC. (D) Overall aspect of NT explants in 5 h and 24 h cultures in glucose 1059 

and pyruvate medium with metabolic inhibitors. (E) Scatter plot with mean ± s.e.m. of NCC 1060 

outgrowth area at 5 h and 24 h in conditions as in D, analyzed using one-way ANOVA followed by 1061 

Dunnett’s multiple comparison test relative to the condition with glucose and pyruvate.  (F) Distance 1062 

covered over time by the NCC migratory front in NT explants cultured as in D and subjected to video-1063 
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microscopy. t0 corresponds to onset of recording 2-4 h after initiation of culture. Inhibitors were 1064 

applied immediately before t0. Front progression was analyzed using a custom GUI written in Matlab. 1065 

Values in A and F are mean ± s.e.m. Data are from at least three independent experiments. Images in 1066 

B, C, and D are from representative experiments. (n) indicate the number of explants analyzed. * 1067 

P<0.05, *** P<0.001, **** P<0.0001; ns, not significantly different, P>0.05. Scale bars in B, 200 1068 

µm; and C, D, 100 µm. ao, aorta, dmt, dermamyotome; ec, ectoderm; pm, unsegmented paraxial 1069 

mesoderm; sc, sclerotome; so, somite. 1070 

 1071 

Fig. 4. Glucose oxidation is required for Snail-2 expression during trunk NCC delamination 1072 

(A) Scatter plot of the NCC production duration from NT explants in indicated nutrient conditions 1073 

and in glucose and pyruvate medium with metabolic inhibitors. (B) Schematic description of the 1074 

delamination assay. (C) Scatter plot of the number of delaminated NCC per explant in indicated 1075 

nutrient conditions and in glucose and pyruvate medium with metabolic inhibitors. (D) 1076 

Immunofluorescence staining for Snail-2 in delaminated (delam.) and migrating (migr.) NCC in 1077 

conditions as in C. (E) Scatter plot of the proportion of Snail-2+ NCC in delaminated cells per explant 1078 

in conditions as in C. The scatter plots with mean ± s.e.m. were analyzed using one-way ANOVA 1079 

followed by Dunnett’s multiple comparison test and relative to the medium in both nutrients without 1080 

inhibitor. (n) indicate the number of explants analyzed. (F) Normalized levels of Snail-2 mRNAs 1081 

measured by qRT-PCR in explants in conditions as in C except that the NT was not removed before 1082 

mRNA extraction. Measurements were done in triplicates per condition and gene, and analyzed using 1083 

unpaired t-test two-tailed, and expressed as mean ± s.e.m. (n) indicate the number of experiments. 1084 

(G) ISH for Snail-2 mRNAs in trunk NT explants in conditions as in F. Arrowheads point at pre-1085 

migratory NCC in the dorsal NT and arrows point at delaminated NCC in either sides of the NT. Data 1086 

were collected from at least three independent experiments. Images in D and G are from 1087 

representative experiments. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001; ns, not significantly 1088 

different, P>0.05. Scale bars in D and G, 50 and 100 µm, respectively.  1089 

 1090 

Fig. 5. Glucose metabolism is crucial for Trunk NCC locomotion, adhesion and mechanical 1091 

properties 1092 

(A-D) Effect of nutrients and metabolic inhibitors on NCC locomotion and adhesion: (A, B) Scatter 1093 

plots of the velocity throughout the duration of the experiment (left) and graphs of the mean velocity 1094 

over time (right) of individual NCC cultured in indicated nutrient conditions (A) and in glucose and 1095 

pyruvate medium with inhibitors (B), as measured using video-microscopy using Metamorph. t0 1096 

corresponds to onset of recording 2-4 h after initiation of culture. Inhibitors were applied immediately 1097 
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before recording. (C) Immunofluorescence staining for paxillin (green) with Dapi visualization of 1098 

nuclei (blue) of NCC at 5 h in indicated nutrient conditions (left) and in glucose and pyruvate medium 1099 

with metabolic inhibitors (right). (D) Scatter plots of the number of substrate adhesions normalized 1100 

to NCC count at 5 h and 24 h in conditions as in C. (E-G) Effect of nutrients on NCC adhesion and 1101 

migration on gels of different rigidities: (E, F) Scatter plots of the number of substrate adhesions 1102 

normalized to NCC count at 5 h (E) and of velocity and persistence of individual NCC over 16 h (F) 1103 

in culture on stiff (6.3 kPa) or soft (1.2 kPa) PAA-gels in indicated nutrient conditions. (G) Distance 1104 

covered over time by the NCC migratory front in explants as in F, subjected to video-microscopy and 1105 

measured using Matlab. (H-J) Effect of nutrients on trunk NCC mechanical properties on stiff and 1106 

soft gels: (H) Scatter plot of NCC stiffness in 5-h cultures in the indicated nutrient and gel conditions. 1107 

The green bars indicate the stiffness of the gels. (I) Merged images of phase contrast with fluorescent 1108 

for Red-stained nuclei and pseudo-color traction map images of NCC in indicated conditions. Higher 1109 

traction levels are in orange-yellow. (J) Scatter plot of NCC traction activity expressed as stress per 1110 

individual cell. Each dot represents the average stress obtained from an independent TFM assessment 1111 

on a NCC outgrowth, divided by the number of cell nuclei. Scatter plots with mean ± s.e.m. were 1112 

analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test, relative to glucose 1113 

and pyruvate medium without inhibitor (A-D), or relative to condition on stiff gel (E-J). * P<0.05, ** 1114 

P<0.01, **** P<0.0001; ns, not significantly different, P>0.05. In A, B and F, (n) indicate the number 1115 

of NCC analyzed in several explants, with for each explant 20 cells analyzed at the periphery of the 1116 

outgrowth. In C-E and G, (n) indicate the number of explants, and in H, the number of NCC analyzed. 1117 

Data presented were from at least three independent experiments. Error bars are s.e.m. Images in C, 1118 

D, and I are from representative experiments.  Scale bars in C, D, 20 µm; and I, 50 µm.  1119 

 1120 

Fig. 6. Glucose and Pyruvate Differently Influence Trunk NCC Pluripotency and 1121 

Differentiation Potential 1122 

 (A, C) Immunofluorescence staining for Sox-10 in migrating NCC (A) and in delaminated (delam.) 1123 

vs. migrating (migr.) NCC (green, with Dapi visualization of nuclei in blue, C), after 5-h cultures in 1124 

indicated nutrient conditions and in glucose and pyruvate medium with inhibitors. (B, D) Normalized 1125 

levels of Foxd-3 and Sox-10 mRNAs in explants cultured for 5 h as in A and C, measured by qRT-1126 

PCR. Measurements were done in triplicates per embryo and gene, analyzed by using unpaired t-test 1127 

two-tailed, and presented as mean ± s.e.m. (n) indicate the number of experiments. (E) ISH for Foxd-1128 

3 mRNAs in NT explants cultured for 5 h in indicated nutrient conditions and in glucose and pyruvate 1129 

medium with inhibitors. Arrowheads point at pre-migratory NCC in the dorsal NT and arrows point 1130 

at delaminated NCC in either sides of the NT. (F) Scatter plots with mean ± s.e.m. of the proportion 1131 
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of Sox-10+, HNK-1+, Tuj-1+, MITF+, and a-SMA+ NCC in explants cultured for 1-3 days (d) under 1132 

the indicated nutrient conditions, and analyzed using unpaired t-test two-tailed with the comparisons 1133 

for each marker in one nutrient made relative to the condition with glucose and pyruvate at the same 1134 

time. (n) indicate the number of explants analyzed. * P<0.05, ** P<0.01, *** P<0.001,**** 1135 

P<0.0001; ns, not significantly different, P>0.05. Data were collected from at least three independent 1136 

experiments. Images in A and C are from representative experiments. Scale bars in A, 50 µm; and C, 1137 

100 µm.  1138 

 1139 

Fig. 7. Schematic representation of the integration of carbon metabolism in NCC development 1140 

During development, trunk NCC maximize the potential of the glucose pathway, so that they are 1141 

endowed with the capacity to meet the high metabolic demands suitable for the coordinated execution 1142 

of diverse cellular programs in a rapidly evolving environment: EMT, migration, proliferation, 1143 

survival, adaptation to spatial and mechanical constraints, fate decision, and differentiation. This is 1144 

achieved through the concerted and sustained mobilization of all metabolic pathways downstream of 1145 

glucose uptake, including glycolysis, OXPHOS, and PPP, cooperating together to produce ATP and 1146 

nucleotides as bioenergetic and biosynthetic supplies and possibly other metabolites such as NADP, 1147 

NADPH and ROS. All together, these metabolites contribute to regulate gene networks, promote 1148 

cytoskeletal network dynamics, and stimulate cell cycling and proliferation. 1149 
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 1151 

 1152 

Distance covered by cells  (µm/h ± s.d.)	

Glucose (Stiff)	 69.25 ± 9.89	
Glucose (Soft)	 53.27 ± 9.27	

Pyruvate (Stiff)	 52.11 ± 3.98	 Pyruvate (Soft)	 44.46 ± 1.61	

Glucose + Pyruvate (Stiff)	 59.49 ± 7.50	 Glucose + Pyruvate (Soft)	 47.14 ± 8.03	

Force / Cell (nN ± s.d.)	

Glucose (Stiff)	 12.66 ± 3.56	
Glucose (Soft)	 14.59 ± 6.08	

Pyruvate (Stiff)	 17.62 ± 5.48	 Pyruvate (Soft)	 11.16 ± 7.25	

Glucose + Pyruvate (Stiff)	 14.14 ± 5.41	 Glucose + Pyruvate (Soft)	 6.90 ± 3.36	

Energy / h (pJ ± s.d.)	

Glucose (Stiff)	 0.88 ± 0.28	
Glucose (Soft) 

0.78 ± 0.36	

Pyruvate (Stiff)	 0.92 ± 0.30	 Pyruvate (Soft)	 0.50 ± 0.32	

Glucose + Pyruvate (Stiff)	 0.84 ± 0.34	 Glucose + Pyruvate (Soft)	 0.33 ± 0.17	

 1153 

Table I. Energy produced by trunk NCC on soft and stiff gels in different nutrient conditions 1154 

Energy (expressed in pJ/h) was calculated as the product of the average force/NCC (nN/cell; 1155 

calculated by multiplying the total stress/cell (Pa/cell) by the area of the interrogation window (µm²) 1156 

used in the PIV) obtained by TFM and the average distance covered in µm during one hour. P values 1157 

for glucose, pyruvate, and both between stiff and soft gels are 0.016, 0.063 and 0.636, respectively.  1158 

 1159 
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Fig. S1, related to Fig.1.  22 

(A) Representation of the main pathways of glucose and pyruvate metabolism indicating the specific 23 

targets of inhibitors of glycolysis (2-DG), ATP synthase (oligomycin), complex I-III of the electron 24 

transport chain (Rot.-AA), mitochondrial pyruvate transporter (UK-5099), and PPP (6-AN) used in 25 

this study. (B) Cross sections through the unsegmented paraxial mesoderm (pm) (upper panels) and 26 

the last somites (so) (lower panels) of embryos hybridized with probes for Glut-1, PFK and PGK-1 27 

mRNAs. The corresponding magnification views of the sections are shown in Fig. 1B. (C, D) 28 

Schematic representation of the procedure for in-ovo injection of quail embryos and in vitro culture 29 

of trunk NT explants, respectively, with indication of the timing of NCC development from pre-30 

migration stage to early differentiation. (E) Left: Immunofluorescence staining for Glut-1 transporter 31 

on migrating NCC cultured in glucose or pyruvate medium for 5 h and 24 h. Right: Fluorescent 2-32 

NDBG uptake performed on migrating NCC in glucose or pyruvate medium after 24-h culture. (F) 33 

ISH for Glut-1, PFK, and PGK-1 mRNAs on 24 h-NT explants cultured in glucose or pyruvate. (G) 34 

Normalized levels. of Glut-1 and PFK in NT explants at 24 h in indicated nutrient conditions 35 

measured by qRT-PCR. Measurements were done in triplicates per condition and gene, analyzed 36 

using unpaired t-test two-tailed relative to the conditions without glucose and pyruvate and that with 37 

both glucose and pyruvate, and presented as mean ± s.e.m. (n) indicate the number of experiments. 38 

Data were collected from at least three independent experiments. Images in B, E, and F are 39 

representative of these independent experiments. ** P<0.01, *** P<0.001, **** P<0.0001; ns, not 40 

statistically significant, P>0.05. Scale bars in B and F, 100 µm, and in E, 10 µm. ec, ectoderm; pm, 41 

unsegmented paraxial mesoderm; so, somite.  42 
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Fig. S2, related to Fig.1.  45 

(A) Whole mount views of ISH with probes for Foxd-3, Sox-10 mRNAs, and of immunolabeling for 46 

HNK-1, showing the whole embryo 5 h, 24h and 48 h after 2-DG or vehicle injection. Vertical bars 47 

delineate the axial levels where NCC development is defective. The green arrow points to the 48 

truncated tail of the embryo 48 h after treatment with 2-DG at 25 mM. Note that the cranial structures 49 

and NCC are not affected by caudal injection of 2-DG even at high concentrations. The corresponding 50 

views of the embryos at the trunk level are shown in Fig.1D. (B) Proportion of embryos with normal 51 

morphology (filled bars) or presenting with NCC defects (hatched bars), 5 h, 24 h and 48 h after 52 

injection with vehicle (black columns) or 2-DG at 10 mM (light green) and 25 mM (dark green). (C) 53 

Cross-sections through the caudal (left), and mid (center), trunk of embryos 24 h after injection with 54 

the vehicle (upper panels) or 2-DG at 25 mM (lower panels) and processed for whole mount ISH for 55 

Sox-10. Arrows point at NCC. The NT, somite, sclerotome, dermamyotome and kidney primordium 56 

have been circled to illustrate the reduced size and abnormal morphology of the axial and paraxial 57 

structures (NT and somites) compared with more lateral structure such as the kidney primordium in 58 

the presence of 2-DG. Asterisks indicate abnormalities in the NT lumen. Data were collected from at 59 

least three independent experiments. (n) indicate the number of embryo analyzed. Images in A and C 60 

are representative of at least three independent experiments. Scale bars in A, 500 µm; and C, 100 µm. 61 

ec, ectoderm; dmt, dermamyotome; no, notochord; pm, unsegmented paraxial mesoderm; sc, 62 

sclerotome; so, somite. 63 
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Fig. S3, related to Fig.1.  66 

(A) Morphological aspect of NCC at the migratory front at different time points of cultures in medium 67 

without glucose and pyruvate (no Gluc-no Pyr, top) or in the presence of 5 mM glucose or 1 mM 68 

pyruvate. Images were extracted from video-microscopic recordings performed as follows: trunk NT 69 

explanted in 8-well chambered glass coverslips coated with fibronectin and NCC were allowed to 70 

initiate outward migration for about 2-4 h before video-microscopy started, defined as t0. (B) Scatter 71 

plot with mean ± s.e.m of the cell density in NCC outgrowth at 5 and 24 h in conditions as in A, 72 

analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test relative to the 73 

glucose and pyruvate condition. (C) Morphological aspect of NCC at the migratory front at t0 and 74 

after 13 h in glucose or in pyruvate at different concentrations. Images were extracted from video-75 

microscopic recordings as in A. (D) Curves of mean distance covered by the migratory front of the 76 

NCC population in medium with different glucose or pyruvate concentrations, analyzed throughout 77 

10-h recording using a custom GUI written in Matlab. (E) Graphs of velocity of individual NCC over 78 

time in medium containing glucose or pyruvate at various concentrations throughout 18-h video-79 

microscopy recordings, analyzed using Metamorph software. Values are mean ± s.e.m. and (n) 80 

indicate the total number of NCC analyzed in several NT explants with 20 NCC tracked at the 81 

periphery of the outgrowth on each side of NT. (F-G) Scatter plots with mean ± s.e.m of the velocity 82 

(F) and persistence (G) of individual NCC throughout the 18-h video microscopy recording, analyzed 83 

using one-way ANOVA followed by Dunnett’s multiple comparison test. Data were collected from 84 

at least three independent experiments. Images in A and C are representative of at least three 85 

independent experiments. (n) indicate the number of trunk NT explants analyzed. In F and G, n are 86 

the same than those in E. ** P<0.01, *** P<0.001, **** P<0.0001; ns, not statistically significant, 87 

P>0.05. Scale bar in A and C = 50 µm.  88 
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Fig. S4, related to Fig. 3.  91 

(A) Whole mount views of ISH with probes for Foxd-3, Sox-10 mRNAs, and of immunolabeling for 92 

HNK-1, showing the whole embryo 5 h, 24h and 48 h after oligomycin or vehicle injection. Vertical 93 

bars delineate the axial levels where NCC development is defective. The green arrow points to the 94 

truncated caudal half of the embryo 48 h after treatment with oligomycin at 5 µM. Note that as for 2-95 

DG, the cranial structures and NCC are not affected by caudal injection of oligomycin even at high 96 

concentrations. The corresponding views of the embryos at the trunk level are shown in Fig.3B. (B) 97 

Proportion of embryos with normal morphology (filled bars) or presenting with NCC defects (hatched 98 

bars), 5 h, 24 h and 48 h after injection with vehicle (black columns), oligomycin at 1 µM (light red 99 

columns) and 5 µM (dark red columns), or 6-AN at 100 µM (orange columns). (C) Cross-sections 100 

through the caudal (left), and mid (right) trunk of embryos 24 h after injection with oligomycin at 5 101 

µM and processed for whole mount ISH for Sox-10. Arrows point at NCC. The NT, somite, 102 

sclerotome, and dermamyotome have been circled to illustrate the severe morphological alterations 103 

of the NT and somites. Asterisks indicate abnormalities in the NT lumen. (D) Whole mount views of 104 

ISH with probes for Foxd-3, Sox-10 mRNAs, and of immunolabeling for HNK-1, showing the whole 105 

embryo (left panels for each probe) and detail of the trunk (right panels for each probe), 5 h, 24h and 106 

48 h after 6-AN or vehicle injection. Vertical bars delineate the axial levels where NCC development 107 

is defective. The arrows point to migrating NCC. Data were collected from at least three independent 108 

experiments. (n) indicate the number of embryo analyzed. Images in A and C are representative of at 109 

least three independent experiments. Scale bars in A, 500 µm; in C, 100 µm; and in D, 500 µm for 110 

the overall views of embryos and 100 µm for the closer views of the trunk. ec, ectoderm; dmt, 111 

dermamyotome; no, notochord; pm, unsegmented paraxial mesoderm; sc, sclerotome; so, somite. 112 
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Fig. S5, related to Fig. 3.  115 

(A) Morphological aspect of NCC at the migratory front at different time points of cultures in glucose 116 

and pyruvate medium with metabolic inhibitors. Images were extracted from video-microscopic 117 

recordings performed as follows: trunk NT explanted in 8-well chambered glass coverslips coated 118 

with fibronectin and NCC were allowed to initiate outward migration for about 2-4 h before video-119 

microscopy started, defined as t0. (B) Scatter plot with mean ± s.e.m of the cell density in NCC 120 

outgrowth at 5 and 24 h in conditions as in A, analyzed using one-way ANOVA followed by 121 

Dunnett’s multiple comparison test relative to the glucose and pyruvate condition. (C) Overall aspect 122 

of trunk NT explants at different times in culture in medium with glucose alone or pyruvate alone in 123 

the presence of 1 µM oligomycin, 100 µM UK-5099, or 100 µM 6-AN. (D) Overall aspect of cranial 124 

NT explants at 24 h in medium with glucose and pyruvate (no drug) and in the presence of 1 mM 2-125 

DG or 1 µM oligomycin. Data were collected from at least three independent experiments. Images in 126 

A, C and D are representative of at least three independent experiments. (n) indicate the number of 127 

trunk NT explants analyzed. ** P<0.01, *** P<0.001, **** P<0.0001; ns, not statistically significant, 128 

P>0.05. Scale bar in A, 50 µm; and in C, D, 100 µm. 129 
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Fig. S6, related to Fig. 5.  132 

(A-D) Migration properties of NCC in various nutrients conditions and in the presence of metabolic 133 

inhibitors. (A, C) Migration tracks of several NCC from a representative NT explant in indicated 134 

nutrient conditions (A), or in glucose and pyruvate medium in the presence of metabolic inhibitors 135 

(C). NCC were allowed to initiate outward migration from trunk NT explants cultured in 8-well 136 

Chambered Coverglass for about 2-4 h before video-microscopy started, defined as t0. Drugs were 137 

added immediately before recording. The initial position of the cells is indicated at t0 and the direction 138 

of migration is given by the yellow arrow. (B, D) Scatter plots with mean ± s.e.m of the persistence 139 

(left) and curves of the persistence over time (right) of individual NCC expressed as with mean ± 140 

s.e.m throughout the video-microscopy recording in indicated nutrient conditions (B) or in glucose 141 

and pyruvate medium with metabolic inhibitors (D). (n) indicates the total number of NCC analyzed 142 

in several NT explants, with for each NT explant 20 NCC analyzed at the periphery of the outgrowth.  143 

(E) Scatter plot with mean ± s.e.m of the area of substrate adhesions (left) and their aspect ratio (right) 144 

in the indicated nutrient conditions. (F-H) Cell-cell adhesion properties of NCC in defined nutrient 145 

conditions and with metabolic inhibitors. (F) Number of cell-cell contacts formed by migrating NCC 146 

formed with their neighbors at 5 h, and at the center or the periphery of the outgrowth at 24 h. Data 147 

were obtained from images of trunk immunostained for b-catenin and are expressed as the proportions 148 

of NCC with 0-3 contacts/cell. (G) Immunolabeling for b-catenin (green) and nuclei visualization 149 

using Dapi (blue) in NCC cultured for 5 h in the presence of oligomycin compared with no drug 150 

condition. (H) Number of cell-cell contacts in migrating NCC cultured in glucose and pyruvate 151 

medium with metabolic inhibitors. Data were obtained and are expressed as in F. (I) Cell-substratum 152 

adhesion properties of NCC in defined nutrient conditions.  Immunolabeling for paxillin (green), 153 

filamentous actin (red), and nuclei visualization using Dapi (blue) in NCC cultured for 5 h on stiff 154 

(6.3 kPa) and soft (1.2 kPa) PAA-gels coated with fibronectin in indicated nutrient conditions. Data 155 

were collected from at least three independent experiments. Images in A, C, G and I are from 156 

representative experiments. Scatter plots were analyzed using one-way ANOVA followed by 157 

Dunnett’s multiple comparison test relative to the glucose and pyruvate condition (B, D) or to the 158 

medium with glucose alone (E). *P<0.05, **P<0.01, ***P<0.001,****P<0.0001; ns, not significant, 159 

P>0.05. Bars in A and C = 100 µm, G = 20 µm and I = 25 µm. Scale bar in A, 100 µm; and in G, I, 160 

25 µm. 161 
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Fig. S7.  164 

(A) Images of EdU incorporation (pink) and visualization of nuclei using Dapi (blue) in NT explants 165 

cultured for 5 h in glucose and pyruvate medium with metabolic inhibitors. Arrows point on NCC 166 

delaminating out of the NT, which are EdU+, as some of the migrating NCC. (B, C) Images of EdU 167 

incorporation (pink) and visualization of nuclei using Dapi (blue) (left) and scatter plot with mean ± 168 

s.e.m of the proportion of EdU-positive NCC (right) in NT explants cultured for 5 h or 24 h in 169 

indicated nutrient condition (B) and in glucose and pyruvate medium with inhibitors (C). (n) indicate 170 

the number of NT explants analyzed. Scatter plots were analyzed using one-way ANOVA followed 171 

by Dunnett’s multiple comparison test relative to the condition without the drug. Data were collected 172 

from at least three independent experiments. Images are from representative experiments. *** 173 

P<0.001, **** P<0.0001; ns, not statistically significant, P>0.05. Scale bar in A, 50 µm; and in B, C, 174 

20 µm.  175 
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Fig. S8, related to Fig. 6.  178 

(A) Immunostaining for Sox-10 in NCC from trunk NT explants cultured for 24 h in indicated nutrient 179 

conditions (top) and with metabolic inhibitors (bottom). (B) Normalized levels of Sox-10 and Foxd-180 

3 mRNA measured by qRT-PCR from NT explants cultured for 24 h in indicated nutrient conditions 181 

(top), and in glucose and pyruvate medium with metabolic inhibitors (bottom), with three. Values are 182 

mean ± s.e.m of triplicates per medium condition and gene analyzed using unpaired t-test two-tailed. 183 

(n) indicate the number of experiments. * P<0.05, ** P<0.01, *** P<0.001; ns, not significant, 184 

P>0.05. (C) Phase contrast and immunofluorescence images for pluripotency and differentiation 185 

markers, with nuclei labelled with Dapi (blue) showing the morphology and heterogeneity of the 186 

NCC population after 3 days in culture in medium containing glucose (top), pyruvate (middle) or 187 

both nutrients (bottom). Nuclear Sox-10 and HNK-1 mark undifferentiated NCC progenitors 188 

(arrowhead), a-SMA myofibroblasts (mf, arrows; left panels), nuclear MITF melanoblasts (mel, 189 

arrows, also negative for HNK1; middle panels), and Tuj-1 neurons (ne, in green right panels) with 190 

elongated neurites. Data were collected from at least three independent experiments. Images in A and 191 

C are from representative experiments. Scale Bars, 50 µm. 192 
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