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 2 

ABSTRACT 22 

 23 

During neural development, progenitor cells generate different types of neurons in specific time 24 

windows. Despite the characterisation of many of the transcription factor networks involved in 25 

these differentiation events, the mechanism behind their temporal regulation is poorly understood. 26 

To address this question, we studied the temporal differentiation of the simple lateral floor plate 27 

(LFP) domain in the zebrafish spinal cord. LFP progenitors sequentially generate early-born 28 

Kolmer-Agduhr” (KA”) interneurons and late-born V3 interneurons. Analysis using a Notch 29 

signalling reporter demonstrates that these cell populations have distinct Notch signalling profiles. 30 

Not only do V3 cells receive higher total levels of Notch response, but they collect this response 31 

over a longer duration compared to V3 cells. To test whether the duration of Notch signalling 32 

determines the temporal cell fate specification, we combined a transgene that constitutively 33 

activates Notch signalling in the ventral spinal cord with a heat shock inducible Notch signalling 34 

terminator to switch off Notch response at any given time. Sustained Notch signalling results in 35 

expanded LFP progenitors while KA” and V3 interneurons fail to specify. Early termination of 36 

Notch signalling leads to exclusively KA” cell fate, despite the high level of Notch signalling, 37 

whereas late attenuation of Notch signalling drives only V3 cell fate. This suggests that the 38 

duration of Notch signalling is instructive in cell fate specification. Interestingly, knockdown 39 

experiments reveal a role for the Notch ligand Jag2b in maintaining LFP progenitors and limiting 40 

their differentiation into KA” and V3 cells. Our results indicate that Notch signalling is required for 41 

neural progenitor maintenance while a specific attenuation timetable defines the fate of the 42 

postmitotic progeny.  43 
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INTRODUCTION 44 

 45 

Throughout spinal cord development, neural progenitors differentiate into their post-mitotic 46 

progeny in a strict spatiotemporal manner. Patterning of neural progenitor domains along the 47 

dorsal-ventral (DV) axis is achieved by combined actions of three major cell signalling pathways, 48 

Bone Morphogenic Protein (BMP), Wnt and Hedgehog (Hh) (Le Dréau and Martí, 2012). A 49 

gradient of BMP/Wnt from the roof plate patterns the dorsal spinal cord, while a gradient of Hh 50 

originating from the notochord and the floor plate is required for ventral fate specification (Andrews 51 

et al., 2019; Dessaud et al., 2008; Le Dréau and Martí, 2012; Ulloa and Martí, 2010). Neural 52 

progenitor domains can be identified by their expression of specific, highly conserved, transcription 53 

factors which in turn form a regulatory network that maintains the DV pattern (Briscoe and Small, 54 

2015; Cohen et al., 2013; Jessell, 2000). Importantly, common progenitors in a single domain can 55 

give rise to different neuronal subtypes over time. However, how temporal cell fate specification is 56 

regulated is not well understood. 57 

An essential mechanism for regulating neural cell diversity is mediated by Notch signalling 58 

through direct cell-cell communications (Louvi and Artavanis-Tsakonas, 2006; Pierfelice et al., 59 

2011). The Delta and Jagged/Serrate family of ligands, present at the membrane of the “sending” 60 

cell, activate the Notch receptor at the membrane of the “receiving” cell, leading to the cleavage of 61 

the Notch intracellular domain (NICD). Once released, the NICD translocates to the nucleus where 62 

it complexes with the DNA binding protein RBPJ and the Mastermind-like (MAML) coactivator to 63 

form a ternary transcription activation complex that drives expression of downstream targets, such 64 

as the Hes/Hey family of transcription factors (Artavanis-Tsakonas and Simpson, 1991; Kopan and 65 

Ilagan, 2009; Pierfelice et al., 2011). 66 

 The canonical role for Notch signalling during neural development is to maintain progenitor 67 

state through preventing the expression of proneural genes (Guruharsha et al., 2012; Louvi and 68 

Artavanis-Tsakonas, 2006; Yoon and Gaiano, 2005). This role is highly conserved and has been 69 

well classified in organisms ranging from Drosophila to mouse (Formosa-Jordan et al., 2013; 70 

Kageyama et al., 2008). For example, in early nervous system development in Drosophila, Notch-71 

mediated lateral inhibition prevents the expression of the proneural transcription factor achaete-72 

scute complex (AS-C) leading to a “salt and pepper” pattern of neural precursors and 73 

neuroepithelial cells (Sato et al., 2016). In vertebrates, the blockade of Notch signalling through 74 

multiple methods results in the progressive loss of progenitors, while the constitutive activation of 75 

Notch signalling inhibits the formation of differentiated neuronal populations (Appel et al., 2001; 76 

Huang et al., 2012; Park and Appel, 2003; Yang et al., 2006). In addition to its role in maintaining 77 

neural progenitors, Notch signalling has also been implicated in binary neuronal fate decisions. For 78 

example, active Notch signalling promotes the inhibitory V2b interneuron fate over the excitatory 79 

V2a fate from the same progenitors (Batista et al., 2008; Del Barrio et al., 2007; Kimura et al., 80 
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2008; Okigawa et al., 2014; Peng et al., 2007). Similarly, motor neuron precursors (pMN) with 81 

higher level of Notch signalling differentiate into Kolmer-Agduhr' (KA’) interneurons, whereas those 82 

with lower Notch activity develop as primary motor neurons (Shin et al., 2007). These studies 83 

suggest that the level of Notch signalling contributes to the cell type diversification of the spinal 84 

cord. More recently, we and others have shown that Notch signalling also functions to maintain the 85 

Hh responsiveness of neural progenitors (Huang et al., 2012; Jacobs and Huang, 2019; Kong et 86 

al., 2015; Stasiulewicz et al., 2015). PHRESH (PHotoconvertible REporter of Signalling History) 87 

analysis reveals stereotypic temporal dynamics of Notch signalling during spinal cord development 88 

(Jacobs and Huang, 2019). Indeed, the attenuation of both Notch and Hh signalling is required for 89 

the proper differentiation of lateral floor plate (LFP) progenitors into Kolmer-Agduhr” (KA”) 90 

interneurons (Huang et al., 2012). This raises the question whether the duration of Notch signalling 91 

also plays a role in cell fate determination in the spinal cord. 92 

In mouse and chick, Hh signalling induces the expression of the transcription factor Nkx2.2 93 

in the p3 domain, immediately dorsal to the floor plate (Briscoe et al., 2000). During patterning, this 94 

domain contains V3 progenitors medially, while terminally differentiated V3 interneurons reside 95 

laterally (Alaynick et al., 2011; Dessaud et al., 2008). In the zebrafish, the analogous, single cell-96 

width lateral floor plate (LFP) domain flanks the medial floor plate (MFP) on either side of the 97 

midline (Odenthal et al., 2000). Similar to the p3 domain of the chick and mouse, the LFP domain 98 

contains both progenitors and differentiated interneurons (Lewis and Eisen, 2003; Schäfer et al., 99 

2005; Schäfer et al., 2007). Interestingly, there are two distinct types of interneurons present: early 100 

born KA” interneurons and later born V3 interneurons. Previously thought to be zebrafish specific, 101 

cells analogous to KA” interneurons have recently been described as cerebrospinal fluid 102 

contacting neurons (CSF-cNs) in mouse (Petracca et al., 2016). The transcription factors and 103 

genetic markers that describe KA” cell fate have been well established (Yang et al., 2010; Yang et 104 

al., 2020), while the genetic programs defining V3 interneurons in zebrafish are not well 105 

understood. Moreover, although V3 cells are located in the LFP domain (Schäfer et al., 2007), 106 

their lineage relationships with LFP progenitors and KA” cells remain unclear. 107 

 Here, we describe the differentiation dynamics of V3 interneurons during LFP patterning in 108 

zebrafish and demonstrate their lineage relationship to KA” interneurons. Using our previously 109 

described Notch signalling reporter (Jacobs and Huang, 2019), we show that the three cell types in 110 

the LFP domain have distinct duration of Notch signalling. To analyse the importance of duration 111 

of response in comparison to total level, we develop a specific transgenic tool that allows us to 112 

artificially sustain Notch signalling in the ventral spinal cord before conditionally attenuating it. This 113 

NotchON-NotchOFF method demonstrates that to acquire V3 fate over KA” fate, LFP progenitors 114 

must sustain Notch signalling for a prolonged duration. Interestingly, knockdown of jag2b results in 115 

expansion of both KA” and V3 cells within their normal differentiation windows. Together, our data 116 
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 5 

reveal that Notch signalling functions to provide a timetable that guides fate decisions during LFP 117 

patterning.  118 
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RESULTS 119 

 120 

Differentiation dynamics of V3 interneurons in the LFP domain 121 

The lateral floor plate (LFP) is a single cell wide domain that flanks the medial floor plate at the 122 

ventral extent of the zebrafish spinal cord. It begins as a homogenous population of LFP 123 

progenitors, but by 48 hpf it consists of two populations of differentiated neurons, KA” and V3 124 

interneurons, alongside LFP progenitors (Fig. 1A). We combined two transgenic reporters in order 125 

to visualise the post-mitotic neuronal populations – gata2:GFP for KA” and vglut2a:dsRed for V3 126 

interneurons – during LFP patterning (Fig. 1B). At 24 hpf, only KA” cells were present in the LFP 127 

domain, with V3 cells arising at the lateral edge of the domain beginning at 30 hpf. Between 30 hpf 128 

and 48 hpf, the V3 population continued to expand and began to occupy the more medial space, 129 

while the number of KA” cells did not increase (Fig. 1B). Interestingly, when we used whole-mount 130 

in situ hybridisation for sim1, another marker for V3 cells, we could visualise V3 cells at the 131 

anterior extent of the spinal cord beginning at 24 hpf (Fig. 1C). This population slowly expanded 132 

along the anterior-posterior (AP) axis until reaching maximal coverage by 48 hpf (Fig. 1D). This is 133 

in stark contrast to KA” differentiation, which occurred rapidly along the AP axis between 16 hpf 134 

and 24 hpf, and reached a plateau after 24 hpf (Fig. 1E). This result suggests that KA” 135 

differentiation precedes the generation of V3 cells in the LFP domain. 136 

 To examine the differences between the vglut2a:dsRed reporter and sim1 as a V3 marker, 137 

we analysed sim1 expression alongside the transgenic reporter in the anterior portion of the spinal 138 

cord (Fig. S1A). At 36 hpf, 33% of sim1+ V3 cells were vglut2a:dsRed+, but by 48 hpf this 139 

proportion had risen to 91% (Fig. S1D). Similarly, only 40% of the sim1+ population at 30 hpf was 140 

positive for the differentiated neuronal marker HuC, but the percentage increased to 60% by 48 141 

hpf (Fig. S1B, D). Strikingly, at 30 hpf 75% of the sim1+ population remained positive for the LFP 142 

progenitor marker nkx2.2a. At 48 hpf, this had significantly decreased, with only 17% of the sim1+ 143 

V3 cells remaining nkx2.2a+ (Fig. S1C, D). Taken together, this suggests that sim1 is an early 144 

marker, while vglut2a:dsRed is a late marker, for V3 cell fate. 145 

 We have previously shown that KA” cells are derived from LFP progenitors (Huang et al, 146 

2012). Considering that at 30 hpf about 75% of V3 cells also expressed the progenitor marker 147 

nkx2.2a, we hypothesised that V3 cells are derived from LFP progenitors that did not differentiate 148 

into KA” cells. To further interrogate this, we inhibited Notch signalling using the small molecule 149 

LY-411575 (Fauq et al., 2007). Notch inhibition causes premature differentiation and depletes the 150 

progenitor pool (Jacobs and Huang, 2019). When Notch signalling was inhibited from 18 hpf to 30 151 

hpf, we saw two distinct patterning phenotypes depending on the anterior-posterior positioning in 152 

the spinal cord (Fig. 2A). In the anterior region, we saw a vast increase in the number of V3 cells 153 

with little effect on KA” cells. By contrast, the posterior region showed a dramatic increase in the 154 

number of KA” cells at the expense of V3 cells. Zebrafish spinal cord development occurs along 155 
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the length of the anterior-posterior axis, so the more anterior tissue is “older” than the posterior 156 

tissue. At the point of Notch inhibition, the anterior tissue had already completed the wave of KA” 157 

differentiation, while the more posterior tissue had not. While V3 cells could differentiate from LFP 158 

progenitors in the anterior tissue, the “younger” posterior tissue differentiated into KA” cells and 159 

depleted the pool of progenitors to prevent V3 differentiation. Interestingly, in the intermediate 160 

region, both cell types can be seen, including some cells expressing both tal2 and sim1, 161 

suggesting a mixed fate (Fig. 2A). In addition, we combined the vglut2a:EGFP reporter, which 162 

labels the same V3 cell population as the vglut2a:dsRed reporter (Fig. S2), with a nkx2.2a:NLS-163 

mCherry transgenic line (Zhu et al., 2019) to visualise the V3 cells alongside LFP progenitors. As 164 

mCherry is a stable protein, it perdures within the cell after the promotor has been switched off. 165 

We were able to visualise over 90% of vglut2a:EGFP+ cells that still expressed mCherry at 48 hpf 166 

(Fig. 2B, C), a time point when only 17% of the sim1+ V3 cells still expressed nkx2.2a transcript 167 

(Fig. S1D). Taken together, our data support the model that KA” and V3 cells come from a 168 

common LFP lineage in a sequential manner. 169 

 170 

The cell types of the LFP can be distinguished by their Notch signalling profiles 171 

As we have shown that the attenuation of Notch signalling causes spontaneous differentiation into 172 

either KA” or V3 cells depending on the time of inhibition (Fig. 2A) (Huang et al., 2012), we next 173 

utilised our previously described Notch signalling reporter (Jacobs and Huang, 2019) to analyse 174 

the levels of Notch response in the cell populations of the LFP domain. When visualised through 175 

immunostaining for GABA in the context of the her12:Kaede reporter, we discovered GABA+ KA” 176 

cells had a distinct lack of total Notch response by 24 hpf. They could be clearly identified by the 177 

lack of her12:Kaede expression, and their characteristic medial location in the LFP domain (Fig. 178 

3A). Interestingly, there were cells with a similarly low level of Notch response but not labelled by 179 

GABA (Fig. 3A). We hypothesised that these GABA-Kaedelow cells were likely the earliest born V3 180 

interneurons. To test this possibility, we crossed the vglut2a:dsRed transgenic reporter with 181 

her12:Kaede to visualise Notch response. This allowed us to identify dsRed+ V3 interneurons 182 

alongside KA” cells with the characteristic low level of her12:Kaede expression, and the remaining 183 

LFP progenitor cells (Fig. 3B). As the Kaede protein perdures over the timepoints we analysed, we 184 

can use the level of Kaede fluorescence to estimate the total amount of Notch signalling each cell 185 

received, as her12 expression is a readout for Notch activity. Kaede fluorescence thus represents 186 

the combination of early signalling response and ongoing expression. Through quantification of the 187 

total levels of Kaede fluorescence at 32 hpf, we discovered the three cell populations had discrete 188 

Notch signalling profiles (Fig. 3C). KA” cells displayed low, but not absent, levels of Notch 189 

response. V3 cells showed higher levels of total Notch response compared to KA” cells, but still 190 

significantly less than the high levels present in LFP progenitor cells. This result suggests that the 191 

early, homogenous population of LFP progenitors receive a low level of Notch signalling (NotchLO) 192 
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before a subset switches off their response to differentiate into NotchOFF KA” interneurons (Fig. 193 

3D). Later another subset switches off their response to differentiate into NotchOFF V3 cells, while 194 

LFP progenitors maintain high levels of Notch signalling (NotchHI) (Fig. 3D). Therefore, KA” cells, 195 

V3 cells, and LFP progenitor cells receive increasingly higher amounts of total Notch response. 196 

 These distinct total Notch signalling profiles do not describe whether the LFP progenitors 197 

receive sustained Notch signalling over time, or if they are exposed to different doses dependent 198 

on what fate they will become. The total Notch signalling profiles reflect the cumulative Notch 199 

response that occurs in the cell and its progenitors up to 32 hpf. To determine Notch response in a 200 

defined time window, we leveraged the photoconvertibility of the her12:Kaede reporter. Briefly, 201 

while mature Kaede protein can be photoconverted from green to red fluorescence, the newly 202 

transcribed and translated Kaede after the photoconversion will be in the green state. This allows 203 

us to visualise Notch response that occurs during a specific time window (Jacobs and Huang, 204 

2019). Combining her12:Kaede with the vglut2a:dsRed reporter, we analysed the Notch signalling 205 

profiles of each cell population in the LFP during 24 hpf and 32 hpf by photoconverting embryos at 206 

24 hpf (Fig. 4A, B). During this time period, KA” cells received no Notch signalling (Fig. 4C), which 207 

is to be expected as KA” determination and differentiation is complete by 24 hpf (Fig. 1E). On the 208 

other hand, V3 interneurons continued to receive Notch signals during this time (Fig. 4C), 209 

demonstrating an extended duration of Notch response in comparison to KA” cells. Finally, LFP 210 

progenitor cells received a higher level of Notch signalling during this time period (Fig. 4C). 211 

Together, these results show that not only do the distinct cell populations of the LFP domain 212 

receive different total levels of Notch signalling, but this total is achieved through differing 213 

durations of Notch response (Fig. 4D). 214 

 215 

The duration of Notch signalling is instructive in LFP fate determination 216 

To interrogate the importance of duration of signal versus total level, we artificially sustained Notch 217 

signalling at a high level in the ventral spinal cord using a ptc2:Gal4; UAS:NICD (referred to as 218 

ptc2:NICD) transgenic line. Since we have previously shown that Hh signalling is positively 219 

regulated by Notch signalling (Jacobs and Huang, 2019) and ptc2 is a direct downstream target of 220 

Hh response, expressing NICD under the control of the ptc2 promoter (ptc2:NICD) would form a 221 

positive feedback loop to sustain Notch signalling. Indeed, ptc2:NICD embryos showed elevated 222 

level of her12 expression, indicative of enhanced Notch activation (Fig. 5A). Consequently, 223 

sustained Notch signalling prevented V3 and KA” differentiation in the LFP, leading to an 224 

expansion of nkx2.2a+ LFP progenitors (Fig. 5B, C). We then combined this sustained NotchON 225 

system with the hsp:dnMAML-GFP (referred to as hsp:dnMAML) transgenic line, a heat inducible 226 

terminator of Notch signalling (Zhao et al., 2014). This allowed us to selectively switch off the 227 

sustained, high level Notch signalling through heat shock at specific time points. Generating 228 
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ptc2:NICD; hsp:dnMAML embryos resulted in siblings of wild-type, hsp:dnMAML, ptc2:NICD and 229 

ptc2:NICD; hsp:dnMAML genotypes, allowing us to examine all conditions as internal controls.  230 

These embryos were heat shocked at either 14 hpf or 24 hpf, and then KA” and V3 cell 231 

fates were analysed at 36 hpf (Fig. 6A). As expected, inhibiting Notch signalling with hsp:dnMAML 232 

at 14 hpf resulted in a dramatic increase in the number of KA” cells at 36 hpf, at the expense of V3 233 

cells (Fig. 6B, D). Interestingly, KA” cell numbers in ptc2:NICD; hsp:dnMAML embryos were similar 234 

to the wild-type siblings while there was an almost complete absence of V3 cells (Fig. 6B, D). 235 

Despite the high levels of Notch signalling generated through the ptc2:NICD line (Fig. 5A), 236 

switching off Notch signalling at 14 hpf causes KA” differentiation and does not allow for V3 fate. 237 

 Inhibition of Notch signalling at 24 hpf caused the opposite effect. In hsp:dnMAML embryos 238 

heat shocked at 24 hpf, there was a dramatic increase in the number of V3 cells at 36 hpf, while 239 

the KA” population was unaffected (Fig. 6C, D). This is consistent with our earlier results (Fig. 2A), 240 

as KA” differentiation has been completed prior to 24 hpf. In ptc2:NICD; hsp:dnMAML embryos 241 

heat shocked at 24 hpf, we saw a similar increase in the number of V3 cells but, critically, no KA” 242 

cells were present (Fig. 6C, D). This demonstrates that sustaining Notch signalling until 24 hpf 243 

prevents KA” differentiation and leads exclusively to V3 cell fate. Taken together, our results 244 

suggest that the duration of Notch signalling is instructive during fate determination in the LFP. 245 

 We next switched off the sustained Notch signalling at 18 hpf (Fig. S3A), a time point near 246 

the end of KA” differentiation and right at the beginning of V3 differentiation (Fig. 1D-E). In 247 

hsp:dnMAML embryos, there were a similar number of differentiated cells compared to the wild-248 

type siblings, with a slight bias towards KA” cells over V3 cells (Fig. S3B). Intriguingly, in 249 

ptc2:NICD; hsp:dnMAML embryos, we visualised both KA” and V3 cells, but with a bias toward V3 250 

(Fig. S3B). To examine whether the stalled progenitors created by the sustained Notch signalling 251 

still held their potential to differentiate at later stages, we heat shocked the embryos at 36 hpf and 252 

analysed them at 48 hpf (Fig. S3A). Impressively, the ptc2:NICD; hsp:dnMAML embryos were still 253 

able to generate a similar number of V3 cells compared to both the hsp:dnMAML and wild-type 254 

siblings (Fig. S3C). As expected, no KA” cells were present in ptc2:NICD; hsp:dnMAML after heat 255 

shock at 36 hpf as Notch signalling had been sustained throughout KA” differentiation (Fig. S3C). 256 

These NotchON-NotchOFF experiments demonstrate that the duration of Notch signalling, 257 

irrespective of the level, can be used to describe the different waves of differentiation in the LFP – 258 

progenitors that differentiate into KA” cells are exposed to a short duration of Notch signalling that 259 

ends after 18 hpf but before 24 hpf, while progenitors that differentiate into V3 cells are exposed to 260 

a longer duration of Notch signalling that can continue past 36 hpf. 261 

 262 

Jag2b regulates KA” and V3 formation within their normal differentiation timetable 263 

As the LFP domain begins as a seemingly homogenous population of progenitors and the 264 

differentiated neurons appear in a stochastic “salt and pepper” pattern, what could be causing 265 
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direct neighbours to have distinct Notch response profiles? As the Notch ligand jag2b has been 266 

previously implicated in KA” cell differentiation (Yeo and Chitnis, 2007), we postulated that Jag2b 267 

functions to maintain LFP progenitors to limit the differentiation of KA” and V3 cells. Expression 268 

analysis at 24 hpf revealed that jag2b was expressed strongly in the domain dorsal to tal2+ KA” 269 

cells (Fig. 7A), likely corresponding to the motor neuron progenitor domain as previously reported 270 

(Yeo and Chitnis, 2007). Similarly, jag2b was also not expressed in sim1+ V3 cells at 30 hpf (Fig. 271 

7B). To analyse whether Jag2b is mediating Notch signalling in the LFP, we used morpholino 272 

knockdown to determine how the loss of jag2b affects LFP patterning. We injected a specific 273 

morpholino targeting jag2b (jag2bMO) (Liu et al., 2007) to knockdown jag2b and then quantified the 274 

number of KA” and V3 cells at 20 hpf and 30 hpf (Fig. 7C-E). Since tal2 labels both KA” and the 275 

slightly dorsal KA’ cells, we used the KA” specific marker urp1 (Quan et al., 2015) (Fig. S4) instead 276 

to ensure reliable counting of KA” cells. Knockdown of jag2b lead to a 20% increase in the number 277 

of KA” cells at 30 hpf (Fig. 7C, D). Interestingly, at 20 hpf this increase was not present (Fig. 7D). 278 

Similarly, jag2b knockdown also caused a striking 52% increase in the number of V3 cells present 279 

at 30 hpf, while the number of cells at 20 hpf was unaffected (Fig. 7C, E). This result suggests that 280 

Jag2b-mediated Notch signalling in LFP progenitors acts to prevent their differentiation into KA” 281 

and V3 cells. Since the loss of Jag2b did not result in precocious KA” and V3 formation before 282 

their normal differentiation timetable, there is likely a Jag2b-independent mechanism controlling 283 

the timing of KA” and V3 differentiation.  284 
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DISCUSSION 285 

 286 

The mechanisms by which neural progenitor cells switch from progenitor states to differentiated 287 

neurons have long been an area of much interest. Here, using the zebrafish lateral floor plate as a 288 

model, we demonstrate that the duration of Notch signalling plays an instructive role in temporal 289 

cell fate specification. First, common LFP progenitors generate KA” and V3 interneurons in a 290 

sequential manner. Second, different cell types in the LFP domain display discrete Notch 291 

signalling profiles. Third, using a conditional NotchON-NotchOFF system, we demonstrate a duration-292 

specific role for Notch signalling in cell fate decisions during spinal cord patterning.  293 

 294 

Differentiation dynamics and lineage relationships in the ventral spinal cord 295 

Neural differentiation in the brain has previously been described as waves, with different cell fates 296 

appearing during specific time windows (Agirman et al., 2017; Noctor et al., 2004). Here, we 297 

describe a similar temporal process of cell fate specification in the most ventral domain of the 298 

zebrafish spinal cord. After the initial, early, wave of KA” differentiation, the progenitors of the LFP 299 

then enter a prolonged period of V3 differentiation. This long wave of V3 differentiation is 300 

characterised by cells first appearing at the lateral edge of the LFP, before slowly occupying the 301 

more medial locations. Intriguingly, these waves of differentiation finish without filling the entire 302 

LFP with either KA” or V3 interneurons, suggesting a late maintained pool of progenitors. These 303 

remaining nkx2.2a+ LFP progenitors likely contribute to perineurial glia to regulate and support 304 

motor axons (Kucenas et al., 2008). Unlike KA” cells, which do not co-express the progenitor 305 

marker nkx2.2a at any timepoint analysed (Huang et al., 2012), V3 cells go through a stage where 306 

they express both the fate marker sim1 and the progenitor marker nkx2.2a. Could this be a sign of 307 

higher levels of plasticity in the early stages of fate determination? More likely, the well-studied 308 

markers for KA” fate, tal2 and gata2 specifically (Yang et al., 2010; Yang et al., 2020), are 309 

comparably later markers than sim1 in V3 fate. Also, as only a minority of sim1 expressing V3 cells 310 

express the terminal marker HuC, it is possible that V3 fate determination is a longer process 311 

when compared to the early-born KA” fate. 312 

 Previously, we described a “salt-and-pepper” organisation of the LFP domain which tends 313 

to leave 1-4 cell gaps of progenitors between the differentiated KA” interneurons (Huang et al., 314 

2012). Here, we show that a subset of the progenitors that do not become KA” interneurons go on 315 

to differentiate into V3 cells. Similar to KA” differentiation, the pattern in which they arise is 316 

stochastic. Inhibition of Notch signalling at a mid-stage between the peaks of KA” and V3 317 

differentiation forces most LFP cells to become either population, depending on their position 318 

along the anterior-posterior axis. This demonstrates that all LFP progenitors have the potential to 319 

differentiate into either KA” or V3 but receive an extrinsic timing cue in order to control which fate 320 

they acquire, or whether they remain a progenitor. This cue could be Hh signalling, as KA” cells 321 
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lose their Hh response while the neighbouring LFP progenitors do not (Huang et al., 2012). 322 

However, as we have demonstrated that the Hh response in the spinal cord is controlled through 323 

Notch signalling (Jacobs and Huang, 2019), and due to the canonical role of Notch signalling in 324 

progenitor maintenance (Louvi and Artavanis-Tsakonas, 2006), it is likely that Notch signalling is 325 

providing the ultimate signal controlling fate determination in the LFP, though we cannot rule out 326 

other external signals. 327 

 328 

Discrete Notch signalling profiles during spinal cord development 329 

As KA” cells show differential Hh response compared to their LFP neighbours (Huang et al., 2012), 330 

we expected a similar pattern of Notch response. Our Notch signalling reporter her12:Kaede 331 

allows us to visualise the differential Notch response of both KA” and V3 cells and reveals a 332 

different pattern compared to Hh response. KA” cells attenuate their Hh response when they 333 

differentiate but have high levels of Hh signalling history, showing that the progenitors do 334 

previously have high levels of Hh response (Huang et al., 2012). This is not the case for Notch 335 

signalling. KA” cells have very low levels of total Notch response, LFP progenitors have a much 336 

higher total level, while V3 interneurons are somewhere in between. This suggests that the early, 337 

homogeneous population of LFP progenitors are maintained by a low level of Notch signalling, 338 

prior to requiring a higher level to prevent aberrant differentiation during KA” fate determination. 339 

 Through quantifying our PHRESH analysis, we reveal that progenitors that differentiate into 340 

KA” cells receive the shortest duration of Notch signalling before attenuation, while progenitors 341 

that differentiate into V3 cells receive a longer duration before also losing their response when 342 

they differentiate. By contrast, LFP progenitors maintain active Notch signalling throughout the 343 

timepoints analysed, further highlighting the requirement for an upregulation of Notch signalling in 344 

progenitors during the different waves of differentiation. These different cell fates being exposed to 345 

different durations of Notch signal is reminiscent of the “temporal adaptation” model of Hh 346 

signalling described in ventral spinal cord patterning, which suggests the most ventral fates require 347 

both a higher level and a longer duration of Hh signalling (Dessaud et al., 2007). Here, it is likely 348 

the different total levels of Notch response observed are simply a function of the duration, but 349 

further studies are required to determine the linearity of Notch signalling in this system. The level 350 

and duration of Notch signalling may also be a general controller of spinal cord neurogenesis, 351 

since we have observed differential Notch response of other differentiated neurons, such as KA’ 352 

cells, compared to their direct neighbours, as suggested by a previous study (Shin et al., 2007). 353 

  354 

The duration of Notch signalling is an instructive cue in fate determination 355 

The loss of Notch response causes spontaneous differentiation in the spinal cord, as shown by our 356 

loss-of-function experiments (Fig. 2A, 6B) alongside other studies (Appel et al., 2001; Huang et al., 357 

2012; Park and Appel, 2003). Which fate the progenitors acquire is dependent on the time Notch 358 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.25.465818doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.25.465818
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13 

signalling is inhibited (Huang et al., 2012; Jacobs and Huang, 2019; Yeo and Chitnis, 2007). Using 359 

the Gal4-UAS system, which is known to drive high levels of ectopic expression (Scheer and 360 

Campos-Ortega, 1999), we develop a NotchON-NotchOFF system to sustain Notch signalling at a 361 

high level in the ventral spinal cord, then systematically attenuate the Notch response throughout 362 

spinal cord patterning to interrogate the importance of Notch signalling duration versus level.  363 

First, a sustained, high level of Notch signalling stalls progenitor cells and prevents 364 

differentiation into either early-born KA” or later-born V3 cells. This demonstrates that attenuation 365 

of Notch signalling is required for neuronal differentiation. Second, despite high levels of signalling, 366 

early termination of Notch signalling can only generate KA” fate. In order to acquire V3 fate, LFP 367 

progenitors must receive Notch signals until at least 18 hpf. Interestingly, at this time point 368 

progenitors can acquire either fate, irrespective of their anterior-posterior position, suggesting a 369 

potential cell-fate specific mechanism downstream of, or in parallel to, Notch signalling. This 370 

establishes an instructive role for an extended duration of Notch signalling, rather than simply a 371 

higher threshold of total level, in the acquisition of V3 over KA” cell fate. It appears to be the timing 372 

at which Notch signalling is attenuated in LFP progenitor cells that provides the instructive cue, as 373 

cells rapidly differentiate into either KA” or V3 cells dependent upon the timing of Notch inhibition. 374 

Finally, the duration of Notch signalling required for V3 cell identity is more generous than for KA” 375 

differentiation. Stalled progenitors retain their potential to become V3 cells for an extended period, 376 

while KA” cells can only be generated within a tight, early time window. This is likely due to lineage 377 

constraints – V3 differentiation occurs directly after the tight window of KA” differentiation, and then 378 

has a much longer time window, allowing for any late differentiation event to generate V3 cells. 379 

This could be part of the mechanism that causes the long-wave of V3 differentiation when 380 

compared to KA” differentiation. 381 

 382 

Two parallel roles for Notch signalling in the LFP 383 

What is the mechanism by which the initial, homogeneous population of LFP progenitor cells 384 

selectively attenuate their Notch response? It is unlikely that the early progenitor cells have an 385 

intrinsic program to become either KA” or V3 cells, as late inhibition of Notch signalling causes V3 386 

differentiation with no KA” differentiation. Indeed, based on the upregulation of Notch signalling in 387 

cells that do not become KA” cells, it is likely that the default fate of the early progenitor cells is 388 

KA” fate and exposure to Notch signalling is what extends progenitor state to allow for V3 389 

differentiation at a later stage. We observe a time point at which, when Notch signalling is switched 390 

off, LFP progenitors can differentiate into either KA” or V3 cells. How do they decide? Also, 391 

establishing the correct number of neurons is integral for CNS function. Does the same 392 

mechanism that controls the cell fate decision also mediate the expansion of each cell population?  393 

 General inhibition of Notch signalling from an early stage leads to depletion of the 394 

progenitor pool through spontaneous differentiation into the earliest-born motor neurons (Appel et 395 
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al., 2001). Intriguingly, consistent with previous reports (Yeo and Chitnis, 2007), jag2b knockdown 396 

results in the opposite phenotype – an increase in the number of both KA” and V3 cells. This result 397 

suggests that Notch signalling mediated through Jag2b plays a general role, not a cell fate specific 398 

one, in preventing neural differentiation of LFP progenitors. Importantly, it reveals that there is 399 

likely a mechanism in place that prevents runaway differentiation upon the loss of jag2b, 400 

maintaining the specific timetable of Notch signalling that results in KA” or V3 fate. As the 401 

increased differentiation of both KA” and V3 cells upon the loss of jag2b occurs during their regular 402 

time windows, this parallel mechanism must be able to maintain Notch response independent of 403 

Jag2b. It has been shown that domain-specific expression of Notch ligands leads to Notch 404 

response that maintains different progenitor domains (Marklund et al., 2010), which suggests that 405 

different ligand-mediated Notch signals could be involved in a fate-specifying role. It is plausible to 406 

suggest that two parallel mechanisms of Notch signalling are controlling patterning in the LFP – 407 

one that decides between KA” and V3 fate and one, mediated by Jag2b, that maintains LFP 408 

progenitors.  409 

 410 

In summary, we describe the unique differentiation dynamics of the lateral floor plate lineage 411 

during spinal cord patterning in zebrafish. We show that the duration of Notch signalling functions 412 

as an instructive cue in temporal cell fate determination, with extended durations leading to 413 

exclusively late-born fates. Future work on different Notch ligands will likely provide new insights 414 

on how the duration of Notch signalling is precisely controlled to achieve reproducible pattern 415 

formation.  416 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.25.465818doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.25.465818
http://creativecommons.org/licenses/by-nc-nd/4.0/


 15 

MATERIALS AND METHODS 417 

 418 

Zebrafish strains 419 

All zebrafish strains used in this study were maintained and raised under standard conditions. All 420 

procedures were conducted in accordance with the principles outlined in the current Guidelines of 421 

the Canadian Council on Animal Care. All protocols were approved by the Animal Care Committee 422 

at the University of Calgary (#AC17-0128 and #AC21-0102). The transgenic strains used were: 423 

Tg(gata2:GFP)la3 (Traver et al., 2003), TgBAC(her12:Kaede)ca106 (Jacobs and Huang, 2019), 424 

Tg(hsp:dnMAML-GFP)ca113, Tg(UAS:NICD)kca3 (Scheer and Campos-Ortega, 1999), 425 

Tg(nkx2.2a:NLS-mCherry)ca114, Tg(UAS:NTR-mCherry)c264 (Davison et al., 2007), 426 

TgBAC(ptc2:Gal4)ca112, Tg(slc17a6b:dsRed)nns9 (vglut2a:dsRed) (Miyasaka et al., 2009), and 427 

Tg(slc17a6b:EGFP)zf139 (vglut2a:EGFP) (Bae et al., 2009). 428 

 429 

Generation of transgenic lines 430 

The hsp:dnMAML-GFP (Zhao et al., 2014) and nkx2.2a:NLS-mCherry (Zhu et al., 2019) transgenic 431 

lines were generated by standard Tol2-mediated transgenesis. To generate 432 

the ptc2:Gal4 transgenic line, BAC clone zC226H23 from the CHORI-211 library that contains 433 

the ptc2 genomic region was selected for bacteria-mediated homologous recombination following 434 

standard protocols (Bussmann and Schulte-Merker, 2011). zC226H23 contains 150 kb upstream 435 

and 20 kb downstream of flanking sequence with potential regulatory elements. First, a cassette 436 

containing two opposite facing Tol2 arms and an ampicillin resistance gene was recombined into 437 

the BAC vector of zC226H23. Then a cassette containing the transcriptional activator Gal4-VP16 438 

(Sadowski et al., 1988) with the kanamycin resistance gene was recombined into the BAC to 439 

replace the first exon of the ptc2 gene. Successfully modified BAC constructs were confirmed by 440 

PCR analysis. The recombinant ptc2:Gal4 construct was then co-injected with tol2 transposase 441 

mRNA into UAS:NTR-mCherry embryos at the one-cell stage. Stable transgenic lines were 442 

established by screening for mCherry expression in F1 embryos from injected founders. 443 

 444 

Morpholino injection 445 

Morpholino oligonucleotides (Gene Tools, LLC) targeting jag2b (5’-446 

TCCTGATACAATTCCACATGCCGCC-3’) (Liu et al., 2007) were injected at 0.4-0.6 mM into one-447 

cell stage embryos with 1 nl per embryo. Injected embryos were fixed at appropriate stages for in 448 

situ analysis. 449 

 450 

In situ hybridisation and immunohistochemistry 451 

All whole-mount in situ hybridisation and immunohistochemistry in this study were performed using 452 

standard protocols. We used the following antisense RNA probes: her12, jag2b, nkx2.2a, sim1, 453 
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tal2, and urp1. For double fluorescent in situ hybridisation, both dinitrophenyl (DNP) and 454 

digoxigenin (DIG) labelled probes were used with homemade FITC and Cy3 tyramide solutions 455 

(Vize et al., 2009). For immunohistochemistry, we used the following primary antibodies: mouse 456 

polyclonal antibodies to HuC (1:1000, Invitrogen) and Myc (1:1000, DSHB), and rabbit polyclonal 457 

antibodies to GABA (1:500, Sigma) and RFP (1:1000, MBL). The appropriate Alexa Fluor-458 

conjugated secondary antibodies were used (1:500, Thermo Fisher) for fluorescent detection of 459 

antibody staining and Draq5 (1:10,000, Biostatus) was used for nuclear staining. To visualise 460 

vglut2a:dsRed alongside sim1, whole mount immunohistochemistry was carried out first using 461 

standard procedure that included RNase inhibitor (1:100, Roche) during the blocking steps and 462 

used a primary antibody for RFP, followed by standard fluorescent in situ hybridisation using a 463 

sim1 DIG labelled probe. 464 

 465 

Heat shock and drug treatment 466 

To induce expression from the heat shock promoter, embryos at the relevant stage were placed in 467 

a 2 ml micro-centrifuge tube in a heat block set to 37°C for 30 minutes. After heat shock, embryos 468 

were transferred back into E3 water in a petri dish and recovered at 28.5°C. hsp:dnMAML-GFP 469 

positive embryos were selected based on GFP expression 4 hours after heat shock. For drug 470 

treatment, embryos at 18 hpf were treated with 50 μM LY-411575 (Sigma) or DMSO control in E3 471 

fish water until fixation at 30 hpf.  472 

 473 

Notch response analysis 474 

To quantify the total Notch response profiles, her12:Kaede; vglut2a:dsRed embryos were imaged 475 

at 32 hpf. V3 cells were identified by vglut2a:dsRed fluorescence and KA” cells were identified by 476 

their characteristic low Notch response and medial localisation. All cells between KA” and V3 cells 477 

were defined as LFP progenitors. For each embryo, 10 cells of each type were selected, matching 478 

the anterior-posterior positioning of each V3 cell where possible. LFP progenitor cells were always 479 

direct neighbours of either V3 or KA” cells. The Kaede fluorescence for each cell was calculated 480 

by taking the average fluorescence in a 10-pixel diameter ROI drawn in the centre of the cell. For 481 

each embryo, the level of background green fluorescence external to the her12:Kaede expression 482 

was measured and subtracted from each cell measurement. To analyse the Notch response 483 

between 24 hpf and 32 hpf, her12:Kaede; vglut2a:dsRed embryos were photoconverted at 24 hpf, 484 

imaged directly after, then imaged again at 32 hpf. V3 cells could be identified by an increased 485 

level of red fluorescence due to vglut2a:dsRed expression compared to neighbouring cells, as well 486 

as the lowered Notch response profile visualised in the previous experiment, while KA” and LFP 487 

progenitor cells were defined through the same criteria in the previous experiment. The same 488 

method as described above was used to quantify Kaedegreen levels in each cell. To ensure only 489 

newly synthesized Kaede was measured, a background value of unconverted Kaede fluorescence 490 
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was measured and subtracted from the Kaedegreen measurement. To generate this value, the 491 

average Kaede fluorescence of a 200x400 pixel ROI across the converted region of each embryo 492 

was taken directly after conversion. The background green fluorescence external to the 493 

her12:Kaede expression was also measured and subtracted from each cell’s Kaedegreen 494 

measurement. Therefore, the corrected Kaedegreen signal at 32 hpf = Kaedegreen measurement at 495 

32 hpf – unconverted Kaedegreen at 24 hpf – background green signal. In both experiments, each 496 

data point displayed is the average of 10 cells. To analyse variance within the groups, the Kruskal-497 

Wallis test was used. To analyse significance between two groups, P values were determined by 498 

performing the Mann-Whitney U test. All fluorescent imaging was carried out using the Olympus 499 

FV1200 confocal microscope with a 20x objective using the Fluoview software. The fluorescent 500 

values were measured using Fiji-ImageJ software.  501 

 502 

Quantification of cell numbers 503 

To quantify the number of V3 and KA” cells, embryos were stained with appropriate markers (V3: 504 

sim1; KA”: tal2 and urp1) and the number of cells from the anterior-most cell to the end of the yolk 505 

extension were counted. For quantification of the fluorescent images, cells were counted in the 506 

mid-trunk region above the yolk extension.  507 

 508 

Statistical analysis 509 

All the graphs were generated in the GraphPad Prism software. Data were plotted as mean ± SD. 510 

Significance between two samples was calculated using Mann-Whitney U test. Variance within the 511 

groups was calculated using Kruskal-Wallis test. p values: p > 0.05 (not significant, ns); p < 0.05 512 

(*); p < 0.01 (**); p < 0.001 (***); p < 0.0001 (****).   513 
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FIGURE LEGENDS 534 

 535 

Figure 1. Characterisation of V3 and KA” interneurons in the LFP domain. 536 

(A) Schematic representation of a dorsal view of the ventral spinal cord at different stages during 537 

neuronal differentiation. The lateral floor plate domain, eventually consisting of LFP progenitors, 538 

KA” and V3 interneurons, flanks the medial floor plate at the ventral extent of the spinal cord. 539 

Specific markers for LFP, KA” and V3 cells are indicated. (B) gata2:GFP; vglut2a:dsRed embryos 540 

were followed and imaged from a dorsal view at 24, 30, 36, and 48 hpf. gata2:GFP and 541 

vglut2a:dsRed marks KA” (arrowheads) and V3 (arrows) interneurons, respectively. n = 3 542 

embryos. (C) Whole-mount in situ hybridisation for sim1 was performed on wild type embryos fixed 543 

at 6-hour intervals from 18 to 54 hpf. The timepoints between 24 and 54 hpf are shown. 544 

Arrowheads denote the extent of continuous V3 coverage. (D) The number of sim1+ V3 cells were 545 

counted at each timepoint from the experiment described in (C). Each data point represents a 546 

single embryo. n = 10 embryos per timepoint. (E) The number of tal2+ KA” cells were counted 547 

between 16 hpf and 34 hpf. Each data point represents a single embryo. n = 6-8 embryos per 548 

timepoint. Data are plotted with mean ± SD. Scale bars: (B) 20 μm; (C) 100 μm. 549 

 550 

Figure 2. V3 interneurons are derived from the nkx2.2a expressing LFP lineage. 551 

(A) Wild type embryos were incubated in either DMSO or LY-411575 from 18 hpf until fixation at 552 

30 hpf. Whole-mount double fluorescent in situ hybridisation was performed for tal2 and sim1 and 553 

imaging was from the dorsal view. The experimental procedure is shown on the top. White arrows 554 

and arrowheads highlight sim1+ V3 cells and tal2+ KA” cells, respectively. Yellow arrowheads 555 

denote a sim1+tal2+ cell. Dotted yellow line denotes the estimated point of development the drug 556 

took effect. n = 6 embryos per condition. (B) vglut2a:EGFP; nkx2.2a:NLS-mCherry embryos were 557 

imaged at 48 hpf. Arrowheads highlight an EGFP+mCherry+ cell. Arrows highlight a vglut2a:EGFP 558 

positive cell that is negative for nkx2.2a:NLS-mCherry. Bracket denotes the LFP domain. n = 17 559 

embryos. (C) The number of vglut2a:EGFP; nkx2.2a:NLS-mCherry double positive cells displayed 560 

as a percentage of the total vglut2a:EGFP positive cell population. Each data point represents the 561 

percentage of double positive cells in one embryo. The image shown in (B) is an example of one 562 

of these embryos. Data are plotted with mean ± SD. Scale bars: 20 μm. 563 

 564 

Figure 3. Different cell types in the LFP domain display discrete Notch signalling profiles. 565 

(A) her12:Kaede embryos were fixed at 24 hpf and immunohistochemistry for GABA was 566 

performed to label KA” cells (arrowheads). Embryos were imaged from the dorsal view. Arrows 567 

highlight potential V3 interneurons due to the lack of GABA and her12:Kaede expression. n = 4 568 

embryos. (B) her12:Kaede; vglut2a:dsRed embryos were live imaged at 32 hpf from the dorsal 569 

view. Arrowheads highlight a KA” cell, based on the data shown in (A). Arrows highlight a 570 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.25.465818doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.25.465818
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

vglut2a:dsRed+ V3 cell. Brackets denote area defined as LFP progenitors. Expanded views of the 571 

boxed regions are shown on the right. (C) Kaede fluorescence from the experiment shown in (B) 572 

was measured for 10 examples of KA”, V3 or LFP cells per embryo. Each data point represents 573 

the average Kaede fluorescence of one embryo. Data are plotted with mean ± SD. Statistics: 574 

Kruskal-Wallis, medians vary significantly (****), Mann-Whitney U test (shown). Asterisks 575 

representation: p-value<0.0001 (****). n = 10 embryos. (D) Schematic showing the predicted Notch 576 

signalling dynamics during cell fate specification in the LFP. Scale bars: 20 μm. 577 

 578 

Figure 4. Different cell types in the LFP domain show different durations of Notch 579 

signalling. 580 

(A) Schematic representation of the experimental design for (B). (B) A section of the spinal cord of 581 

her12:Kaede; vglut2a:dsRed embryos was photoconverted by UV light at 24 hpf and the 582 

Kaedegreen fluorescent profiles of the different cell types were analysed from the dorsal view at 32 583 

hpf. Cell types were identified in the same manner as Fig. 3. Expanded views of the boxed regions 584 

are shown on the right. (C) Kaede fluorescence from the experiment shown in (B) was measured 585 

for 10 examples of KA”, V3 or LFP cells per embryo. The average level of unconverted Kaedegreen 586 

fluorescence was calculated at 24 hpf, directly after photoconversion and subtracted from the 587 

value recorded at 32 hpf to generate the corrected Kaede fluorescence values displayed. Each 588 

data point represents the average corrected Kaede fluorescence of one embryo. Data are plotted 589 

with mean ± SD. Statistics: Kruskal-Wallis, medians vary significantly (****), Mann-Whitney U test 590 

(shown). Asterisks representation: p-value<0.01 (**). n = 6 embryos. (D) Schematic representation 591 

of the different durations of Notch signalling each cell type in the LFP domain receives. Scale bars: 592 

20 μm. 593 

 594 

Figure 5. Sustained Notch signalling prevents KA” and V3 differentiation. 595 

(A) Whole-mount in situ hybridisation for her12 was performed on ptc2:Gal4; UAS:NICD (shown as 596 

ptc2:NICD) and their wild type sibling embryos at 24 hpf. Fixed embryos were imaged from the 597 

lateral view. n = 15 embryos per condition. Bracket shows the spinal cord. (B, C) ptc2:Gal4; 598 

UAS:NICD (shown as ptc2:NICD) and their wild type sibling embryos were fixed at 32 hpf and 599 

whole-mount double fluorescent in situ hybridisation for either sim1 (B) or tal2 (C) and nkx2.2a 600 

alongside immunohistochemistry for Myc to label Myc tagged NICD expression. Fixed embryos 601 

were imaged from the lateral view. Brackets denote the dorsoventral extent of the nkx2.2a+ 602 

domain. Arrows in (B) highlight a sim1+ V3 cell. Arrowheads in (C) highlight a tal2+ KA” cell. n = 4 603 

embryos per condition. Scale bars: (A) 100 μm; (B, C) 20 μm. 604 

 605 

Figure 6. The duration of Notch signalling is instructive in LFP cell fate determination. 606 
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(A) Schematic representation of the experimental design for (B) and (C). (B, C) hsp:dnMAML-GFP 607 

(shown as dnMAML), ptc2:Gal4; UAS:NICD (shown as ptc2:NICD), ptc2:NICD; hsp:dnMAML-GFP 608 

and their wild type sibling embryos were heat shocked at either 14 hpf (B) or 24 hpf (C) then fixed 609 

at 36 hpf. Whole-mount double fluorescent in situ hybridisation for tal2 and sim1 was performed 610 

alongside immunohistochemistry for Myc to label Myc tagged NICD expression. Fixed embryos 611 

were imaged from the lateral view. Arrowheads highlight tal2+ KA” cells. Arrows highlight sim1+ V3 612 

cells. Brackets denote the extent of the LFP domain. n = 4 embryos per condition. (D) Embryos 613 

from similar experiments as in (B) and (C) were stained with sim1 or tal2 at 36 hpf. The number of 614 

V3 (sim1+) or KA” (tal2+) cells was quantified under each condition. Each data point represents the 615 

number of cells in one embryo. Data are plotted with mean ± SD. Statistics: Mann-Whitney U test. 616 

Asterisks representation: p-value<0.001 (***); ns: not significant. n = 8 embryos per condition. 617 

Scale bars: 20 μm. 618 

 619 

Figure 7. Knockdown of jag2b promotes V3 and KA” differentiation. 620 

(A, B) Whole-mount double fluorescent in situ hybridisation was performed on wild type embryos 621 

for jag2b together with either tal2 at 24 hpf (A), or sim1 at 30 hpf (B). Brackets denote the extent of 622 

the LFP domain. (C) Whole-mount in situ hybridisation for either urp1, to label KA” cells 623 

(arrowheads), or sim1, to label V3 cells (arrows), was performed in jag2bMO injected fish and 624 

uninjected controls (UIC). Fixed embryos were imaged from the lateral view. Brackets denote the 625 

extent of the LFP domain. (D, E) The number of KA” or V3 cells were counted from the experiment 626 

shown in (C) as well as at 20 hpf. Each data point represents the number of cells in one embryo. 627 

Data are plotted with mean ± SD. Statistics: Mann-Whitney U test. Asterisks representation: p-628 

value<0.0001 (****); ns: not significant. n = 14-36 embryos per staining. Scale bars: 20 μm. 629 

 630 

Figure S1. Marker analysis of V3 interneurons in the LFP domain. 631 

(A) Whole-mount fluorescent in situ hybridisation for sim1 was performed alongside 632 

immunohistochemistry for dsRed on vglut2a:dsRed embryos at either 36 hpf or 48 hpf. Fixed 633 

embryos were imaged from the lateral view. Arrowheads highlight cells that are positive for both 634 

sim1 and dsRed. (B) Whole-mount fluorescent in situ hybridisation for sim1 was performed 635 

alongside immunohistochemistry for HuC on wild type embryos at either 30 hpf or 48 hpf. Fixed 636 

embryos were imaged from the dorsal view. Arrowheads highlight cells that are positive for both 637 

sim1 and HuC. (C) Whole-mount double fluorescent in situ hybridisation for sim1 and nkx2.2a was 638 

performed on wild type embryos at either 30 hpf or 48 hpf. Fixed embryos were imaged from the 639 

dorsal view. Arrowheads highlight cells that are positive for both sim1 and nkx2.2a. Arrows 640 

highlight sim1+ cells that are negative for nkx2.2a. (D) The number of double positive cells are 641 

displayed as a percentage of the total sim1 positive cell population in each condition. Each data 642 

point represents the percentage of double positive cells in one embryo. Data are plotted with 643 
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mean ± SD. Statistics: Mann-Whitney U test. Asterisks representation: p-value<0.05 (*), p-644 

value<0.001 (***). n = 3-8 embryos per condition. Scale bars: 20 μm. 645 

 646 

Figure S2. The vglut2a:EGFP and vglut2a:dsRed reporters label an identical cell population 647 

in the LFP domain. 648 

(A) vglut2a:EGFP; vglut2a:dsRed embryos were imaged at 51 hpf. Images are taken from the 649 

lateral view. Bracket denotes the lateral floor plate domain. Arrows denote a double positive cell. 650 

(B) The number of vglut2a:EGFP and vglut2a:dsRed double positive cells displayed as a 651 

percentage of the total vglut2a:dsRed positive cell population. Each data point represents the 652 

percentage of double positive cells in one embryo. The image shown in (A) is an example of one 653 

of these embryos. Data are plotted with mean ± SD. n = 6 embryos. Scale bar: 20 μm. 654 

 655 

Figure S3. The duration of Notch signalling mediates the different waves of differentiation. 656 

(A) Schematic representation of the experimental design for (B) and (C). (B, C) hsp:dnMAML-GFP 657 

(shown as dnMAML), ptc2:Gal4; UAS:NICD (shown as ptc2:NICD), ptc2:NICD; hsp:dnMAML-GFP 658 

and their wild type sibling embryos were heat shocked at either 18 hpf and fixed at 30 hpf (B) or 659 

heat shocked at 36 hpf and then fixed at 48 hpf (C). Whole-mount double fluorescent in situ 660 

hybridisation for tal2 and sim1 was performed alongside immunohistochemistry for Myc to label 661 

Myc tagged NICD expression. Fixed embryos were imaged from the lateral view. Arrowheads 662 

highlight tal2+ KA” cells. Arrows highlight sim1+ V3 cells. Brackets denote the extent of the LFP 663 

domain. n = 4 embryos per condition. Scale bars: 20 μm. 664 

 665 

Figure S4. KA” cells are specifically labelled by urp1 expression. 666 

(A) Whole-mount double fluorescent in situ hybridisation for tal2 and urp1 was performed at 30 hpf 667 

and 48 hpf. Fixed embryos were imaged from the lateral view. Arrowheads highlight tal2+urp1+ KA” 668 

cells. Arrows highlight tal2+urp1- KA’ cells. Brackets denote the extent of the LFP domain. n = 6 669 

embryos per condition. (B) The number of tal2+urp1+ cells are displayed as a percentage of the 670 

total tal2+ cell population at each time point. Each data point represents the percentage of double 671 

positive cells in one embryo. The images shown in (A) are examples of these embryos. Data are 672 

plotted with mean ± SD. Scale bars: 20 μm.  673 
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