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Abstract:  20 

Understanding how neurons integrate into developing circuits and contribute to functional activity 21 

is essential for decoding brain development and plasticity. However, current methods to study 22 

neuronal integration often suffer from low throughput, limited spatiotemporal resolution, or 23 

invasive procedures that hinder in vivo functional analysis. To overcome these challenges, we 24 

present a birthdate-labeling strategy, named CHLOK, based on HaloTag technology and a broad 25 

palette of fluorescent synthetic dyes. This approach enables precise multicolor labeling of neurons 26 

according to their maturation stage and allows flexible integration into functional assays through 27 

compatibility with calcium imaging and optogenetics. We validated CHLOK by mapping birthdate-28 

resolved neuronal activity in the developing visual and motor systems of zebrafish larvae. Our 29 

results reveal distinct functional contributions of early- versus late-born neurons, providing new 30 

insights into the temporal dynamics of circuit formation. Furthermore, we demonstrate the 31 

versatility of this approach, showcasing age-specific multicolor calcium and voltage imaging as 32 

well as optogenetic manipulation. By overcoming key limitations of existing techniques, CHLOK 33 

offers a powerful, versatile and non-invasive tool for studying neural integration, circuit 34 

development and function in vivo.  35 

 36 

 37 



 

 

Introduction 38 

Understanding the developmental trajectory of individual neurons and the maturation of their 39 

functional roles within neural circuits is essential to elucidate brain development and plasticity 40 

during both embryonic and post-embryonic growth, when progressively more refined functions 41 

emerge.   42 

The integration of neurons into developing circuits has been extensively investigated across 43 

vertebrate models1–3. Newly generated neurons are gradually incorporated into existing circuits 44 

by extending axons and dendrites and forming synaptic connections4. In several regions of the 45 

central nervous system, neurogenesis is spatially organized with newborn neurons being 46 

progressively added in topologically distinct areas. Examples include the spinal cord5, the 47 

hippocampus6, the cortex and cerebellum7. In this context, the zebrafish larva offers a particularly 48 

advantageous model for studying neurogenesis and functional integration due to its optical 49 

transparency and rapid development3,8. Importantly, a similar topographical organization is 50 

observed in the zebrafish nervous system, where some regions exhibit a highly ordered structure 51 

characterized by a developmental gradient9–11. The most striking example is the optic tectum (OT), 52 

the main visual center in the fish brain: neurons generated early in development (earlyborn) 53 

occupy central regions, while newly generated neurons (lateborn) are progressively added from 54 

peripheral regions throughout the animal’s life12,13.  55 

Previous studies were limited by low throughput and methodological constraints, underscoring 56 

the need for more advanced tools to examine neurogenesis and functional integration at the 57 

population level, ideally in an in vivo preparation. Indeed, a comprehensive functional and causal 58 

study of neurogenesis and neuronal integration would require a method capable of identifying the 59 

maturation stage of individual neurons, and distinguishing earlyborn from lateborn neurons within 60 

the intact, developing brain in vivo. Furthermore, such an approach should also enable the 61 

monitoring of neuronal activity patterns, particularly in relation to specific behaviors or sensory 62 

inputs, and permit non-invasive manipulation of neuronal activity. This capability would facilitate 63 

precise correlations between neuronal activation, downstream circuit dynamics, and behavioral 64 

outcomes.  65 

Ex vivo approaches to investigate neurogenesis typically involve the use of Bromo-deoxyuridine 66 

(BrdU), Ethyny-deoxyuridine (EdU) or similar Thymidine-analogs, which, when delivered to a 67 

tissue, are incorporated into the DNA of cells undergoing replication14,15. This allows the 68 

identification and analysis of the fate of cells born during the labeling period and all their 69 

subsequent offsprings. However, because these approaches require tissue fixation for post-hoc 70 

staining, they are not applicable for functional studies in living animals. 71 

In vivo approaches for tracking individual neurons across development are often based on DNA 72 

electroporation in progenitor cells, which sparsely labels one or a few neurons, enabling 73 

researchers to monitor their growth, integration, and migration within developing circuits16,17. 74 

However, this method is inherently low-throughput, labor-intensive, and relies on invasive 75 

procedures. Additionally, it has limited scalability for broad circuit investigations. Alternatively, 76 

optical approaches provide higher throughput and are less invasive, making them ideal for in vivo 77 



 

 

population studies. Despite the potential of multicolor fluorescent labeling for identifying specific 78 

neuronal sub-populations18,19, designing strategies for color-dependent birthdate labeling that 79 

allow direct access to population-level functional recording and manipulation remains challenging. 80 

For example, photoconvertible fluorophores20 - which change their emission properties upon 81 

exposure to specific wavelengths - allow fluorescent tagging of neurons formed prior 82 

photoconversion. However, because the conversion process is binary, it only distinguishes 83 

neurons born before or after photoconversion, not those born within a specific time window. More 84 

recently, Crispr-based strategies have been developed to activate predetermined sequences of 85 

genetic reporters in progenitors undergoing cell division21,22. However, they require significant 86 

optimization partly due to their complexity and, even under optimal conditions, efficient reporter 87 

switching remains limited. Moreover, combining fluorescent age-dependent labeling with 88 

functional tools, such as opsins for optogenetics23 or calcium indicators for activity monitoring24, 89 

introduces additional challenges. Indeed, the overlapping excitation and emission spectra of many 90 

fluorescent tools result in spectral crosstalks25, reducing the accuracy and reliability of both 91 

labeling and functional readouts. 92 

To overcome these limitations, we developed a novel chemigenetic approach that provides 93 

reliable age-dependent neuronal labeling in vivo. This methodology, that we named CHLOK for 94 

Chromatic HaloTag Labeling for cell Ontogeny tracKing, is based on an original framework that 95 

exploits the self-labeling HaloTag protein26, and its wide range of fluorescent ligands - Janelia 96 

Fluor (JF) dyes - known for their excellent photostability and cell permeability27,28. The principle of 97 

CHLOK is to express HaloTag in differentiating neurons and then load a series of JF dyes with a 98 

temporally spaced schedule so that neurons differentiated in each interval get labeled with a 99 

distinct JF dye, enabling precise birthdate tagging. After validating this approach against 100 

Thymidine-based birthdating, we present a novel set of genetic constructs and labeling strategy 101 

to demonstrate its versatility; applications include age-dependent labeling of neuronal processes, 102 

simultaneous birthdating of up to five neuronal cohorts, long-term tracking of labelled populations 103 

to up to two months, and functional characterization of visual and motor responses in early- and 104 

late-born neurons. We also demonstrate the combination of CHLOK with chemigenetic optical 105 

tools, including calcium and voltage indicators as well as opsins, enabling direct activity recording 106 

and manipulation of specific birthdate-defined neuronal cohorts. Here we applied this 107 

methodology to the zebrafish model due to its optical accessibility, but we anticipate its 108 

applicability in other genetically tractable systems where JF ligands can be efficiently delivered, 109 

such as mouse and Drosophila. 110 

Overall, this novel approach addresses key limitations in in vivo neuronal birthdating, expands 111 

anatomical and functional readouts of emerging neuronal populations and enables their functional 112 

manipulation - providing a powerful tool to probe neural development, circuit integration, and 113 

plasticity. 114 

 115 

Results    116 

CHLOK provides a clear view of brain-wide topographical organization based on neuronal 117 

age in a living vertebrate. 118 



 

 

Upon exposure to its cell-permeable, fast-binding JF dye ligand, neurons genetically-expressing 119 

HaloTag become permanently fluorescently labeled, enabling precise visualization of targeted 120 

cells27,29 or, as recently shown, identification of newly inserted receptors or synaptic proteins30,31. 121 

In a first set of experiments, we examined if all genetically targeted neurons can be labeled with 122 

a JF dye in larval zebrafish using a line co-expressing the HaloTag protein and a membrane-123 

localized GFP. After incubation with a JF dye (here JF525) at 5 days post fertilization (dpf) (see 124 

Material and Methods), we evaluated the degree of colocalization of the dye and GFP 125 

fluorescence, finding 97.43 ± 1.8 % of co-expressing neurons (Supplementary Fig. 1; mean ± 126 

s.d, N= 3 fish, 16 planes), confirming a robust and full penetrance of JF dye labeling. We then 127 

characterized how well a JF dye can bind to the HaloTag protein across developmental stages 128 

and remain fluorescent thereafter, using larvae expressing the nuclear-localized HaloTag under 129 

a pan-neuronal promoter (see Material and Methods). Dye incubations were performed at 130 

different time points ranging between 0 and 5 dpf and the OT was imaged from 1 to 6 dpf. At all 131 

time points, JF dye was successfully incorporated in neurons across the brain, and the labeled 132 

neurons remained fluorescent throughout, confirming effective JF dye loading across all 133 

developmental stages (Supplementary Fig. 1). 134 

Neurogenesis studies often rely on the use of Thymidine analogs such as BrdU or EdU, which 135 

are incorporated into the DNA of dividing cells during the S phase32. These markers require tissue 136 

fixation for post-labeling staining. Here, we set out to compare CHLOK against EdU staining by 137 

birthdating cells every 24 hours and compare their distribution at 5 dpf (Fig. 1). To do so, we 138 

generated transgenic lines that express the HaloTag protein using the elavl3 promoter, a well-139 

established marker of early neuronal differentiation33–35. To facilitate the direct comparison of the 140 

two approaches, we implemented the following strategy (Fig. 1a). First, we added a nuclear 141 

localization sequence to the HaloTag to mimic EdU’s nuclear signal. Second, we targeted a single 142 

age cohort per animal using two distinct JF dyes, allowing labeling patterns consistent with EdU 143 

labeling (neurons in a given cohort were defined as those showing stronger signal from the second 144 

dye; see Material and Methods). Third, we registered both datasets to the Zebrafish Brain Browser 145 

(ZBB) atlas36, using the same transgenic background Tg(elavl3:H2B-GCaMP6f), and generated 146 

a 3D volume for each cohort by averaging registered volumes from individual larvae (N ≧ 4 fish 147 

per target). We showed that both approaches revealed spatially clustered age-defined neuronal 148 

populations, uncovering topographical organization based on birthdate in more brain regions than 149 

previously reported10,13 (Fig. 1b). The labeling patterns were largely consistent across the brain, 150 

however with a few notable exceptions. First, EdU staining also targeted non-neuronal cell-types, 151 

including progenitor cells in the ventricular zone (Fig. 1b, plus signs). Second, the spatial 152 

distribution of the EdU-labeled cells appeared broader in the earlyborn populations (Fig. 1b, green 153 

and red curly braces in the tectum and the hindbrain, respectively; Supplementary Fig. 2, broad 154 

EdU labeling in Groups 1 and 2). These differences are expected as EdU gets incorporated into 155 

all dividing cells and their offspring, while CHLOK targets selectively differentiating neurons. Due 156 

to this specificity, CHLOK provides a more resolved age-dependent topographical organization in 157 

multiple brain regions (Fig. 1b, see habenula and cerebellum), showcasing the inherent 158 

advantage of genetic targeting. Having established that CHLOK strategy offers consistent, if not 159 



 

 

better, birthdating resolution compared to the standard EdU method in vivo, we further examined 160 

its unique applications.  161 

Figure 1: CHLOK and its comparison with EdU birthdating in zebrafish. a, HaloTag labeling procedures to label 162 

neuronal age groups. Tg(elavl3:H2B-HaloTag) was used to express HaloTag protein in the nuclei of developing 163 

neurons. Two JF dyes were loaded in sequence to visualize neurons born in specific time windows. JF585: Janelia Fluor 164 

585; JF635: Janelia Fluor 635. EdU birthdating procedures: EdU was injected to Tg(elavl3:H2B-GCaMP6f) from 4 to 96 165 

hpf. b, Side-by-side comparisons of HaloTag birthdating and EdU staining across the zebrafish brain. The location of 166 

the brain region is indicated by a cyan patch overlaid on the fish. Scale bar, 50µm. 167 

 168 

CHLOK reveals brain-wide chronological organization at subcellular level and enables 169 

simultaneous labeling of multiple neuronal age groups. 170 

One advantage of CHLOK is its ability to visualize specific subcellular compartments of a target 171 

neuronal age group by fusing a localization sequence to the HaloTag protein. This is in contrast 172 

to the Thymidine-based birthdating approach where the signal is restricted to the nucleus. Here 173 

we targeted axon terminals using the synaptophysin tag37,38 and somatodendritic processes using 174 

the Voltron1 construct containing the HaloTag protein fused with the Kv2.1 localization 175 

sequence39–41. We used TgBAC(slc17a6:EGFP) - a transgenic line expressing EGFP also in the 176 

neuropil - as a common background to ensure precise registration of subcellular processes. We 177 

targeted the same neuronal age groups as in Fig. 1 and generated the population average for 178 

each age group (N ≧ 4 fish per group). The area occupied by each age group was defined by the 179 

voxels showing stronger signal from the corresponding target dye (JF635 for Groups 2-5 and JF585 180 

for Group 1; see Material and Methods). This procedure enables precise visualization of the newly 181 

area innervated by the targeted age cohort.  182 

  183 

 184 



 

 

 185 

Figure 2: Subcellular visualization of neuronal age groups and simultaneous visualization of multiple age 186 

cohorts by CHLOK. a, Subcellular visualization of individual age groups. (top) Distribution of HaloTag-JF585 localized 187 

to axon terminals (green, msypb) and somatodendritic processes (magenta, Kv2.1) in 5 dpf zebrafish. JF585 was loaded 188 

at 4 dpf (middle). Visualization of new axon terminal areas occupied by each age group. (N ≧ 4 fish per group). Each 189 

age group is color-coded as in Fig. 1. Red: <24 hpf, Green: 24-48 hpf, Blue: 48-72 hpf, Magenta: 72-96 hpf, Yellow: 190 

96-120 hpf (bottom). Visualization of new dendritic areas occupied by each age group (N ≧ 4 fish per age group). Scale 191 

bars: 50µm. b, Simultaneous birthdating of multiple age groups in a single fish. (top) Experimental timeline for 192 

sequential loading of Janelia Fluor dyes and confocal imaging. 525: JF525, 585: JF585, 669: JF669, 549: JF549, 635: JF635 193 

(middle). Visualization of five age groups in a single fish. The volume is registered to the ZBB atlas for the ease of 194 

comparison. Each age group is color-coded as in Fig. 1. Red: <24 hpf, Green: 24-48 hpf, Blue: 48-72 hpf, Magenta: 195 

72-96 hpf, Yellow: 96-120 hpf (bottom). Co-registered single-pulse nuclear age maps in Fig. 1 are shown as a reference. 196 

The Z value indicates the slice position in the ZBB atlas space. 197 

 198 

We first confirmed the distinct labeling patterns of the two subcellular localization tags (axon 199 

terminals and somatodendritic processes) by comparing the JF585 signal in Group 5 which 200 

captures the majority of neurons except those born between 4 and 5 dpf (Fig. 2a top). 201 

Interestingly, this comparison revealed not only the expected differential labeling in the cell body 202 

areas but also distinct domains within the neuropil that are dominated by either axonal terminals 203 

or dendrites. Furthermore, CHLOK-based labeling of these subcellular tags revealed distinct age-204 

dependent organization within these domains (Fig. 2a). We observed that axon terminals from 205 

the later-born populations occupy progressively the outer layer of the neuropil area across 206 



 

 

multiple brain regions such as the tectum, the cerebellum, and the hindbrain (Fig. 2a middle, see 207 

the ordering of colored arrowheads). In contrast, the majority of dendritic domains were colored 208 

by the earliest-born group (<24, Fig. 2a bottom) except the tectum. Closer inspection of JF585 209 

and JF635 signals across age groups suggests that this pattern reflects the mostly overlapping or 210 

smaller dendritic processes of the late-born populations (Supplementary Fig. 3). Taken together, 211 

CHLOK labeling of subcellular processes revealed a brainwide chronological organization of 212 

axonal and dendritic structures, highlighting a unique advantage of CHLOK to visualize the 213 

subcellular architecture of birthdated neurons.   214 

Another advantage of CHLOK is the broad spectrum of JF dyes biocompatible in zebrafish. This 215 

characteristic provides an original opportunity to simultaneously visualize multiple neuronal age 216 

cohorts in individual fish. To determine whether we could reproduce the nuclear age map using 217 

sequential dye loading in a single fish, we applied five distinct JF dyes every 24 hours and imaged 218 

the larvae at 5 dpf with a white laser confocal microscope to excite each dye at its optimal 219 

wavelength (Fig. 2b top, see Material and Methods). We then created a differential map to isolate 220 

each age cohort, similar to the population-based map of Fig. 1, to minimize the crosstalk across 221 

channels (Fig. 2b middle). This approach successfully captured the overall chronological 222 

organization of soma positions observed in the population-level dataset (Fig. 2b bottom) with 223 

some differences in the boundary between age groups. In summary, we demonstrated a unique 224 

capability of CHLOK to simultaneously visualize up to five distinct age cohorts in a live animal. 225 

To our knowledge, this CHLOK offers the first in vivo age-related labeling, enabling an 226 

unprecedented visualization of the topographic organization of neuronal maturity within the same 227 

developing animal. 228 

CHLOK enables persistent, stable and bright labeling across juvenile stages.   229 

To assess the stability and persistence of the HaloTag labeling, we extended our analysis to 230 

juvenile stages. By focusing on fish labeled at larval stages with single or multiple dyes, we 231 

tracked neurons well beyond their initial integration into circuits. Interestingly, our results 232 

demonstrate that HaloTag-based labeling is effective for visualizing and tracking neurons over 233 

extended periods (up to 8 weeks post-fertilization; Supplementary Fig. 4). Specifically, we 234 

showed that larvae incubated at 5 dpf with either JF525 (green) or JF552 (red) retained clear labeling 235 

when imaged at 14 or 21 dpf (Fig. 3a,c). Furthermore, the dyes not only persist through later 236 

development but can also be incorporated at juvenile stages (i.e incubation at 14 dpf), as shown 237 

in Fig. 3b,d. Importantly, we performed triple incubations at larval stages (at 1, 3, and 5 dpf) and 238 

were still able to detect distinct birthdating labeling when imaging at either 14 dpf or 21 dpf (Fig. 239 

3e), confirming the temporal resolution and persistence of this method. In addition, this stable 240 

long-term labeling enabled the identification of labeled neurons in fixed and cryosectioned brains 241 

and retinas (Supplementary Fig. 4a), making it compatible with histological analysis. In a final 242 

set of experiments, we incubated the larvae at 5, 10 and 14 dpf, and imaged them at 14 dpf 243 

(Supplementary Fig. 4b), revealing patterns of topographic neuronal organization in juvenile fish 244 

that mirrored those observed during larval stages (Fig 2c). Together, these results highlight the 245 



 

 

versatility of the HaloTag system for longitudinal studies of neuronal maturation and integration, 246 

from early development into juvenile stages. 247 

Figure 3: Persistent JF dye labeling in juvenile brains with CHLOK. Confocal images showing the distribution of 248 

halotag-expressing neruons in zebrafish larvae, with dye incubation and imaging performed at different developmental 249 

time points (see corresponding schematics). a, 14 dpf larva labeled with JF525 (green) or JF552 (red) at 5 dpf. b, 21 dpf 250 

larva labeled with JF552 at 5 dpf. c, Same as in (a) but in larvae incubated at 14 dpf. d, 21 dpf larva labeled with JF552 251 

at 21 dpf. e, Multilabeled larvae (at 1, 3 and 5 dpf) imaged at 14 dpf (left) or 21 dpf (right). Scale bar: 100μm. OT: optic 252 

tectum. HB: hindbrain. FB: forebrain. dpf: day-post-fertilization. 253 

 254 

CHLOK enables to track the functional contribution of early- and lateborn neurons in visual 255 

processing. 256 

To explore the functional integration of early- and late-born neurons, we combined CHLOK 257 

birthdate-labeling with visually evoked in vivo calcium imaging in the OT (see experimental 258 

protocol in Supplementary Fig. 6a). 259 

By crossing the transgenic line Tg(Xla.Tubb2-hsp70-ubc:h2b-Halotag) with a pan-neuronal 260 

GCaMP6s-expressing line (Tg(elavl3:H2B-GCaMP6s)) we achieved co-expression of both the 261 

HaloTag protein and the calcium indicator. We then performed a two-step incubation using JF552 262 

and JF669 to label neurons based on their birthdate (either before 2 dpf or between 2 and 5 dpf) 263 

and acquired the resulting two-color 2P images at 5 dpf (Fig. 4a-i, top and Supplementary Fig. 264 

6a). To separate signals from the two fluorophores, we calculated the ratio between the two 265 

emissions and applied a demixing algorithm to subtract any potential leak from one dye into the 266 



 

 

opposite detection channel of the 2P microscope (corresponding to the two PMT detectors; see 267 

Material and Methods for more details). 268 

Of note, the unique 2P excitation spectrum of JF dyes, characterized by a double peak with 269 

minimal absorption at ~920 nm27 makes them ideal for pairing with GFP-based calcium indicators. 270 

We confirmed this feature by assessing that the presence of the dye did not interfere with the 271 

detection of spontaneous calcium transients. Typically, the dye leakage into the PMT used for 272 

GCaMP detection was below 5%, indicating a negligible contribution to functional recordings 273 

(JF525: 27.5%, JF552: 0%, JF585: 4.7%, JF669: 0.21%; see Supplementary Fig. 5). 274 

Next, to assess functional activity of neurons based on their birthdate, head-fixed larvae were 275 

presented with a broad range of visual stimuli while performing 2P calcium imaging of the GCaMP 276 

emission in the contralateral hemisphere of the OT (see Material and Methods). Calcium 277 

responses were first extracted and averaged over macro-regions containing the majority of early- 278 

or late-born Periventricular neurons (PVNs), the main cell type in the larval OT, whose somas are 279 

in the deepest layer of the tectum. Maturation state of the neurons was inferred based on the dye 280 

ratio (JF552/(JF552+JF669), Fig. 4a-i, see Material and Methods). We observed distinct differences 281 

in visually-evoked calcium responses between early- and lateborn neurons (Fig. 4a-ii), with 282 

stronger responses from earlyborn (more mature) neurons compared to lateborn ones, under 283 

most stimuli conditions (Fig. 4a-iii). Specifically, when exposed to a bright flash, both age groups 284 

exhibited similar fluorescence transients, suggesting comparable baseline visual sensitivity. 285 

However, the presentation of moving gratings elicited significantly greater responses in the 286 

earlyborn population relative to their lateborn counterparts (P < 0.05). Likewise, a looming 287 

stimulus triggered enhanced activity in the earlyborn neurons compared to the newborn cohort (P 288 

< 0.01). 289 

Similar behaviors were observed at the single-cell level, using a broader and more complete set 290 

of visual stimuli, including dark and bright flashes, moving gratings and looming stimuli (see 291 

Material and Methods). After extracting the birthdate identity of individual neurons 292 

(JF552/(JF552/JF669); Fig. 4b-i), which matches the topographic organization shown in Fig. 1, their 293 

corresponding calcium traces were ordered according to dye ratios (Fig. 4b-ii, N = 5 fish). We 294 

then defined two subgroups from the full population (Fig. 4b-iii, see Material and Methods) and 295 

compared their average calcium responses. This single-cell analysis confirmed the population-296 

level trends (Fig. 4a), and in general, earlyborn neurons exhibited higher visually-evoked activity. 297 

The most pronounced differences between the two neuronal age-groups were observed under 298 

gratings and looming stimuli (red sections in Fig. 4b-iii, see Material and Methods). Overall, 299 

earlyborn neurons showed a higher likelihood of activation, as indicated by a greater fraction of 300 

responsive cells across all the stimuli (lateborn: 40%; intermediate: 50%; earlyborn: 70%. P < 301 

0.05, 1-way ANOVA; Supplementary Fig. 6b). 302 

We then investigated the relationship between neuronal maturation and direction selectivity, by 303 

analyzing PVN’s calcium responses to gratings moving in 8 different orientations (see Material 304 

and Methods). We revealed a correlation between the age of individual neurons, their topographic 305 

organization and their directional tuning properties. Specifically, earlyborn neurons exhibited 306 

stronger and more consistent direction selectivity, while lateborn neurons showed reduced 307 



 

 

selectivity to moving bars (Fig. 4b-iv; P < 0.01; and Supplementary Fig. 6c). These findings, in 308 

accordance with previous studies, suggest that direction selectivity to gratings stimuli emerges 309 

progressively during development and is tightly correlated to neuronal maturation13,42,43. These 310 

observations are further supported by a complementary experiment in which we tracked the visual 311 

responses of neuronal subpopulations born at defined developmental stages (Fig. 4d). To 312 

achieve this, we performed either single or dual dye labeling with incubations at dpf j and j+1. This 313 

strategy allowed to identify birthdate-specific subpopulations, in particular neurons born between 314 

j and j+1 dpf, defined by cells stained with only one of the two dyes. By performing calcium imaging 315 

the days following the incubations (i dpf), we were able to track birthdate-defined populations 316 

across larval development and follow the maturation of their visual responses (Fig. 4d).  317 

As highlighted above, PVNs exhibit a clear topographical organization that correlates with their 318 

time of birth. In contrast, in other regions of the central nervous system, a neuron's relative spatial 319 

position does not necessarily reflect its developmental maturity. CHLOK strategy allows to 320 

establish this correlation in such cases. For instance, within the tectal neuropil, Superficial 321 

Interneurons (SINs) and Neuropil Interneurons (NINs) constitute a heterogeneous neuronal 322 

population involved in diverse functions, and their spatial position does not reliably correlates with 323 

their time of birth44–46. However, by employing our dual-labelling protocol at 3 and 5 dpf, in 324 

combination with functional imaging, we were able to subdivide SINs and NINs based on their 325 

birthdate and distinguish their visual response profile accordingly (Fig. 4c). 326 

Overall, these experiments validated CHLOK labelling strategy as a powerful tool to investigate 327 

the functional integration of neurons in the developing OT, enabling to discriminate their activity 328 

based on birthdate and following the gradual maturation of visual responses.  329 



 

 

Figure 4: Visual activity of early- and lateborn neurons with CHLOK. a, (i) Top: dual-color labeling in Tg(Xla.Tubb2-330 

hsp70-ubc:H2B-Halotag; elavl3:H2B-GCaMP6s) at 2 different time points during development (3 and 5 dpf). Bottom: 331 

Fluorescence dual color images of the larval OT. The larvae also co-express GCaMP6s under a pan-neuronal promoter. 332 

More mature neurons are in cyan and lateborn neurons in magenta. The schematic on the right represents the 333 



 

 

corresponding ROI used to integrate the calcium activity of the two populations. Scale bar: 25 µm. (ii) Representative 334 

GCaMp6s calcium traces of early-born (cyan) and lateborn (magenta) neurons in response to a series of visual stimuli 335 

(top row), including flashes, gratings, and looming stimuli. GCaMP fluorescence signals were integrated from the 336 

regions in (i). Each grey line represents one larva (N = 8 larvae). Colored lines represent the average traces. (iii) 337 

Quantification of ΔF/F peak responses between early and lateborn neurons, showing significant differences in response 338 

amplitudes for select visual stimuli, particularly moving gratings and looming disks (N = 6 larvae). (iv) Colormap 339 

representation of the two-population activity separated across the 8 investigated larvae. b, (i) Spatial distribution of 340 

PVNs color-coded according to the ratio of fluorescence intensity of the two dyes JF552/(JF552/JF669). Light blue color 341 

represents lateborn neurons. (ii) Raster plot of ΔF/F traces from individuals’ cells from (i) neurons of 5 larvae. Larvae 342 

were presented with visual stimuli, schematically represented by the upper color bar (red meaning high visual intensity, 343 

black indicating dark. See Methods for details). (iii) Top and middle: ΔF/F average traces from the earlyborn (cyan) and 344 

lateborn (magenta) subpopulation of cells from (ii). Semi-transparent rectangles indicate timing of visual stimuli. Bottom: 345 

Spearman coefficient between dye ratio and ΔF/F, plotted in function of time. In red, sections in which the activity of 346 

the two populations show statistically significant differences (see Methods for more details). (iv) Direction selectivity 347 

(DS) index in function of the dye ratio of individual neurons (p* =0.03, Spearman coefficient). c, Spatial distribution of 348 

neurons in the neuropile (SIN and DIN), color coded according to the ratio of fluorescence intensity of the two dyes (N 349 

= 9 larvae). Light blue color represents lateborn neurons. d, For each subpanel, Left: Schematic of the labeling protocol 350 

for either single-dye labeling (JF552 at j = 2 dpf; panel i) or dual-dye labeling (JF552 and JF669 incubated at days j and 351 

j+1 dpf, with j = 3 and 4; panels ii and iii, respectively). Functional imaging was performed at i ≥ j dpf during the delivery 352 

of visual stimuli sequences (same as in b). Cells labeled only with JF552 define populations born either before 2 dpf (i) 353 

or between days j and j+1 (ii, iii), and are thus (i – j) days old at the time of imaging. Right: Average calcium responses 354 

of these age-defined populations to the visual stimuli sequence, shown for different incubation and imaging time points, 355 

corresponding to neuronal populations of varying ages (N = 3-4 larvae). OT: Optic Tectum. PVN: Periventricular 356 

Neurons. SIN: Superficial Interneurons. DIN: Deep Interneurons. dpf: day post fertilization. 357 

 358 

CHLOK enables longitudinal tracking of neuronal age groups during functional maturation 359 

of the hindbrain 360 

To link maturation of newborn neurons to behavioral development, we next focused on the 361 

hindbrain, which plays a critical role in the emergence of locomotor behavior10. We birthdated 362 

neurons born before 24 hpf and those born between 24 and 48 hpf, and assessed their activity 363 

using 2P Ca2+ imaging at 2 and 4 dpf (Fig. 5a, N = 6 fish per timepoint; see Material and 364 

Methods). The hindbrain structure changes significantly from 2 to 4 dpf, not just in size but also 365 

in the relative position of the two neuronal age cohorts (Fig. 5b), highlighting the importance of 366 

visualizing both age groups in individual fish. Consistent with previous reports10,47, we observed 367 

significant changes in the repertoire of locomotor behavior. Zebrafish at 2 dpf were capable of 368 

escaping in response to electrical stimuli but rarely swim spontaneously (Fig. 5c, 2 dpf, left; Fig. 369 

5f, 2 dpf, top). Muscle activity also showed a unimodal distribution (Fig. 5c, 2 dpf, right), 370 

suggesting that zebrafish at this stage are limited in the range of muscle activation control. In 371 

contrast, 4 dpf larvae showed robust spontaneous swims besides escape responses evoked by 372 

electrical stimuli (Fig. 5c, 4 dpf, middle; Fig. 5f, 4 dpf, top). Muscle activity during the 373 

spontaneous swims was also distinctively weaker (Fig. 5c, 4 dpf, left), resulting in a broader 374 

range of muscle activity (Fig. 5c, 4 dpf, right). To assess how the activity of each neuronal age 375 

group changes during this behavioral development, we performed regression analysis to 376 

visualize correlated activity to locomotor events. In 2 dpf larvae, we looked for neurons that 377 

showed correlated activity to escapes or long swims, based on the variability of the length of 378 

escape episodes at this stage (Fig. 5f, 2 dpf, top), and found that both functional types are 379 



 

 

present in each neuronal age cohorts (Fig. 5d, 2 dpf). However, a much smaller proportion of 380 

the lateborn group showed activity related to these locomotor events (Fig. 5d, 2 dpf; Fig. 5e, 2 381 

dpf, P < .0001, corrected for multiple comparisons, using a generalized linear mixed model for 382 

binomial distribution with subjects and locomotor types as random effects), suggesting that the 383 

lateborn group is still functionally immature. In 4 dpf zebrafish larvae, we looked for neurons that 384 

showed correlated activity not only to escape but also to locomotor events not present at 2 dpf, 385 

including spontaneous swim and strong lateralized response during spontaneous swim. As at 2 386 

dpf, we found that each functional class exists in both neuronal age groups. However, a larger 387 

proportion of the lateborn group exhibited locomotor related activity (Fig. 5d, 4 dpf; Fig. 5e, 4 388 

dpf, P < .0001, corrected for multiple comparisons), suggesting their ongoing functional 389 

maturation. To examine if this gradual maturation of the lateborn group also applies to other 390 

functional classes, we visualized the activity patterns across the two neuronal age groups at 2 391 

and 4 dpf by sorting them based on their activity48. At 2 dpf, most prominent activity patterns 392 

were aligned with escape events and observed in the groups enriched in the earlyborn group 393 

(Fig. 5f, 2 dpf, Groups 1, 2). The rest of the neurons that did not show clear activity were mostly 394 

from the lateborn group (see the neuron age in Groups 3-18 in Fig. 5f, 2 dpf). At 4 dpf, a wider 395 

variety of activity patterns were observed, including the tectal neurons not captured in the 396 

regression analysis above (Fig. 5f, 4 dpf, Groups 5-10). These observations support the idea 397 

that the gradual maturation of the lateborn group applies generally across the examined brain 398 

regions. Interestingly, both analyses revealed that a non-negligible number of the earlyborn 399 

neurons were recruited in the activity patterns not present at 2 dpf (Fig 5d, 4 dpf; Fig. 5f, 4 dpf). 400 

This raises the possibility that coordination between neuronal age groups emerges during this 401 

period, which may play a critical role in the development of motor behavior. In conclusion, we 402 

showed that CHLOK enables longitudinal activity tracking of multiple neuronal age cohorts in a 403 

developing vertebrate and opened the avenue to investigating how their coordination contributes 404 

to behavioral maturation. 405 



 

 

 406 

Figure 5: Visualization of functional maturation of neuronal age groups by CHLOK in the hindbrain a, Nuclei of 407 

neurons born before 24 hpf and those born from 24 to 48 hpf were visualized by Janelia Fluor 585 and Janelia Fluor 408 

646, respectively. jGCaMP7s was expressed pan-neuronally. b, Visualization of the neuron group born before 24 hpf 409 

and that born from 24 to 48 hpf. c, Experimental setup for GCaMP imaging during fictive locomotion in 2 dpf and 4 dpf 410 

zebrafish. Electrical stimulus was delivered to the right-hand side of the head while monitoring muscle activity from both 411 

sides with EMG recording pipettes. Convoluted EMG signals from left (blue) and right (orange) axial muscles during a 412 

stimulus-evoked escape episode (2 dpf) and a spontaneous swim episode and a stimulus-evoked escape episode (4 413 

dpf). EMG peaks corresponding to left and right bends were annotated with circles. Histogram showing the distribution 414 

of the EMG amplitude per bend for left (blue) and right (orange) bends. Vertical lines in the histogram for 4 dpf zebrafish 415 

indicate the thresholds to be considered “strong bend” in d. d, Longitudinal change of locomotor-related activity in each 416 

neuronal age group (top). Neuronal activity maps in 2 dpf zebrafish. Left: Neurons showing activity related to stimulus-417 

evoked escape (Escape, red); Right: Neurons showing activity related to sustained swim observed in a portion of 418 

escape episodes (Long swim, green). Activation maps are separately generated based on the neuronal birthdate (Left, 419 

0-24 hpf; Right, 24-48 hpf). Neurons below statistical significance (PFDR = 0.05) are visualized in gray circles. Neurons 420 

above the significance are color-coded based on their t-values (bottom). Neuronal activity maps at 4 dpf. The panels 421 

are organized as in (i). Activation maps for stimulus-evoked escape (Escape, red), spontaneous swims with weak EMG 422 

bursts (Spontaneous swim, green), strong EMG bursts (Left strong bend, blue; Right strong bend, orange), and inter-423 

swim intervals (Swim pause, purple). e, Percentage of neurons recruited during locomotor behaviors within each age 424 



 

 

group. Dots represent individual fish. Box and whisker plots were sorted based on developmental time points (2 dpf 425 

and 4 dpf fish) and neuronal age groups (0-24 hpf neurons and 24-48 hpf neurons). f, Emergence of functional classes 426 

in each age group (left). Functional classes in 2 dpf zebrafish. Top: Locomotor activity in response to repeated escape-427 

inducing electrical shocks. Blue trace, Left EMG signal; Orange trace, inverted right EMG signal; Red circle, electrical 428 

stimulus. Electrical artifacts from the stimulus are removed (see Material and Methods). Middle: Neuronal activity sorted 429 

by Rastermap. Each row represents z-scored activity of superneurons. The average neuron age in each superneuron 430 

is represented in gray scale. Bottom: Maps of functional groups colored by position in Rastermap sorting. Each 431 

functional group is further divided into neurons born by 24 hpf and those born between 24 and 48 hpf. (right) Functional 432 

classes in 4 dpf zebrafish. The panels are organized as in 2dpf. 433 

 434 

Integrating CHLOK with sensors and actuators for birthdate-selective functional imaging 435 

and photoactivation 436 

We next explored the versatility of CHLOK and its compatibility with various constructs, such as 437 

activity sensors and optogenetic actuators. In fact, a more practical application of CHLOK-based 438 

birthdate labeling could consist of directly color-code the fluorescence of an activity indicator. We 439 

first validated this strategy using WHaloCaMP, a chemigenetic calcium indicator in which the 440 

calcium-sensitive domain is fused with HaloTag49. We applied dual CHLOK labeling in 441 

WHaloCaMP-expressing larvae (JF552 at 3 dpf and JF669 at 5 dpf), followed by sequential 442 

functional imaging of each dye, enabling a selective monitoring of spontaneous activity in neurons 443 

with distinct birthdates (Fig. 6a). A similar strategy was used to achieve birthdate-selective 444 

tagging with the rhodopsin-based voltage indicator Voltron2, which uses a microbial rhodopsin as 445 

its voltage-sensing domain and Hatotag-JFdye as the reporter fluorophore50. Dual CHLOK 446 

labeling was applied to Voltron2-expressing larvae at 3 dpf (JF525) and 5 dpf (JF585), and fast 447 

fluorescent transients were acquired in the olfactory epithelium, a region known for reliable 448 

spontaneous spiking50. This enabled us to detect action potentials and extract firing rates in birth-449 

resolved neuronal populations (Fig. 6b). 450 

Taken together, these experiments highlight the power of CHLOK for birthdate-resolved calcium 451 

and voltage recording, and represent, to our knowledge, the first demonstration of voltage imaging 452 

in two age-defined neuronal subpopulations. 453 

To further demonstrate CHLOK’s versatility, we extended it to optogenetic actuators for all-optical 454 

experiments, where the combination of opsins and activity indicators enables the simultaneous 455 

optical manipulation and readout of cellular activity in a non-invasive manner51,52. These 456 

experiments typically require careful separation of the excitation and emission spectra of opsins, 457 

their fluorescent tags and the activity indicators, particularly challenging when labeling multiple 458 

subpopulations and under 2P excitation, due to higher spectral overlaps. This can lead to 459 

unintended opsin activation during functional imaging or cell screening, and generally limits 460 

flexibility in combining constructs and in multi-cells targeting51. To address some of these 461 

limitations, we developed a novel design by fusing the opsin CoChR with HaloTag. We first 462 

evaluated the construct in CHO cells expressing CoChR-HaloTag, and recorded photocurrents 463 

during 2P photostimulation and simultaneous imaging at different wavelengths (Supplementary 464 

Fig. 7). The orthogonality between CoChR and the peculiar 2P absorption profile of JF dyes (here 465 

JF585; with peaks at 800 nm and >1000 nm) allowed for bright imaging with minimal artifactual 466 



 

 

photocurrents from the imaging laser. In contrast, the imaging of GFP-tagged opsins, requiring 467 

950 nm excitation, induced significantly larger artifactual photocurrents (>200 pA), potentially 468 

leading to unwanted depolarization during cell screening. We next tested the in vivo functionality 469 

of this construct by co-expressing CoChR (with transient expression) with GCaMP6s, and 470 

performing simultaneous 2P imaging and 2P holographic photoactivation of user-defined sets of 471 

cells. To identify opsin-expressing neurons, we applied dual CHLOK labeling (Fig. 6c-i; JF552 at 472 

3 dpf, and JF669 at 5 dpf), and due to spectral selectivity in both excitation and emission, HaloTag 473 

labeling could be readily separated. Using 2P holographic stimulation, we then selectively 474 

targeted either early- or late neurons (Fig. 6c-ii) while recording GCaMP calcium responses from 475 

the full field of view. Photo-induced calcium responses were clearly detected in targeted neurons 476 

(Fig. 6c-iii), confirming successful activation. The average fluorescence changes ΔF/F were 477 

comparable between the two populations (0.20 ± 0.02 for earlyborn and 0.22 ± 0.02 for lateborn 478 

neurons; Fig. 6c-iv), suggesting similar levels of opsin expression and comparable neuronal 479 

excitability.  480 

This last set of experiments demonstrates the capability of CHLOK for all-optical manipulation of 481 

activity in birthdate-resolved subpopulations, opening new avenues for dissecting their functional 482 

incorporation into emerging neural circuits. 483 

 484 

Figure 6: CHLOK-based birthdate selective tagging of optogenetics constructs. a, CHLOK applied to 485 

WHAloCaMP for birthdate-resolved calcium imaging. (i) Schematic of WHaloCaMP tagged by JF dyes and 486 

corresponding dual dye image of a WHaloCaMP-expressing larvae OT (JF552 incubated at 2 dpf, JF669 at 5 dpf; stable 487 

line). Scale bar: 50µm. (ii) Raster plot of ΔF/F traces from the two birth-selected populations acquired in sequential 488 

trials under dual laser spinning disk imaging. Recordings from the two populations (right) were performed sequentially 489 

with two different excitation wavelengths (561 nm and 642 nm, respectively). (iii) Barplot of the integrated calcium signal 490 



 

 

from individual traces of early- and lateborn neurons, cyan and magenta, respectively. Bar plot represent mean ± s.e.m 491 

(n = 50 cells per population; N = 2 fish). b, CHLOK applied to Voltron2 for birthdate-resolved voltage imaging. (i) 492 

Schematic of Voltron2 tagged by JF dyes and corresponding dual dye image of a Voltron2-expressing olfactory bulb 493 

(delimitated by white dotted rectangle; JF525 incubated at 2 dpf, JF669 at 5 dpf; transient expression). Scale bar: 25µm. 494 

(ii) Examples of Voltron2 fluorescence transients from the two birth-selected populations (early- and late-born) acquired 495 

in sequential trials under dual laser light sheet imaging. (iii) Barplots of the spiking rate from early and late-born neurons, 496 

cyan and magenta, respectively (mean ± s.d., n = 13 cells per population, N = 3 fish). c, CHLOK applied to CoChR 497 

opsin for birthdate-resolved optogenetic stimulation. (i) Schematic of CoChR opsin tagged by JF dyes and 498 

corresponding dual dye image of a CoChR expressing larvae (JF552 incubated at 2df, JF669 at 5 dpf). Scale bar: 20µm. 499 

(ii-iv) In vivo functional validation of birth-selective optogenetic stimulation in all-optical experiments on tectal neurons 500 

co-expressing CoChR-HaloTag and GCaMP6s (transient expression). (ii) After dual color birth-date based labeling 501 

(right schematic), earlyborn (cyan) and lateborn (magenta) neurons were selected for selective holographic 502 

photostimulation. (iii) Exemplary response traces from an earlyborn (cyan) and a lateborn neuron (magenta) showing 503 

calcium increases corresponding to photostimulation pulses (red ticks). (iv) Bar plot of the photostimulation induced 504 

ΔF/F peak amplitude from earlyborn and lateborn populations (n552 = 8 cells, n669 = 5 cells; N = 3 fish). 505 

 506 

Discussion  507 

In this study, we developed CHLOK, a novel neuronal birthdating strategy designed to overcome 508 

longstanding challenges of studying the developmental trajectory of individual neurons and the 509 

maturation of their functional roles within neural circuits. By combining HaloTag technology with 510 

JF dyes, this approach enables, for the first time, the tracking of the entire population of neurons 511 

differentiating within a specific time window in a living animal.  512 

We demonstrated that this strategy not only addresses key limitations of existing birthdating 513 

methods but also introduces a powerful platform for integrating birthdate labeling with a large 514 

variety of investigations, including subcellular fluorescent imaging, simultaneous visualization and 515 

functional interrogation of multiple age cohorts, longitudinal activity tracking and combination with 516 

sensors and optogenetics tools. 517 

The most widely used birthdating approach relies on DNA synthesis markers such as BrdU and 518 

EdU, which label all actively dividing cells. However, the visualization of these markers requires 519 

tissue fixation, making it incompatible with in vivo studies. Furthermore, the markers are inherited 520 

to all sibling cells that emerged from multiple rounds of cell division, unlike CHLOK that specifically 521 

targets differentiating neurons. This difference is likely the cause of the more distinct birthdate-522 

specific patterns observed with CHLOK. Other existing in vivo birthdating methods, such as timed 523 

genetic labeling of progenitor cells by electroporation53,54 or heat shock55,56, face similar issues of  524 

labeling all the sibling cells, necessitating sparse labeling for interpretability. More sophisticated 525 

approaches have been developed to sequentially switch reporters in synchrony with the cell 526 

division cycle21,22, but the yield of lateborn cells tagging is limited due to their complexity. In either 527 

case, the labeling is stochastic by nature and incomprehensive. In contrast, CHLOK offers 528 

consistent and comprehensive labeling, providing a reliable and precise tracking of the 529 

chronological organization of full neuronal populations at single cell-resolution, in vivo.  530 



 

 

These features, combined with the simplicity and amenability of HaloTag-based engineering, 531 

opens a wide range of new applications and seamless integration with a growing suite of 532 

molecular tools. 533 

As a first example, we demonstrated a unique subcellular visualization of neuronal age groups, 534 

revealing distinct chronological organizations of axonal and dendritic processes across the 535 

vertebrate brain. This approach will enable to visualize the anatomical maturation of emerging 536 

neurons, especially when paired with cell-type specific targeting.  537 

We further extended CHLOK to functional imaging by coupling it with HaloTag-based calcium and 538 

voltage indicators, enabling direct functional readout of neurons based on their birthdate. While 539 

optimization is needed to enhance sensitivity and dye compatibility, this proof-of-concept 540 

establishes a new paradigm for functional analysis of neuronal age cohorts. Yet another example 541 

is HaloTag-based cellular manipulation, for which we directly labeled opsins with CHLOK and 542 

achieved the first targeted 2P photostimulation of birthdate-defined neuronal subsets. Combined 543 

with recently developed HaloTag-based photoablation, similar protocols may also enable to ablate 544 

age-specific cellular population57. Taken together, CHLOK offers a straightforward way to 545 

combine reliable and precise birthdating with the expanding repertoire of HaloTag-based tools. 546 

We took advantage of the wide range of biocompatible JF dyes to demonstrate simultaneous 547 

visualization of up to five neuronal age cohorts within the same animal. This level of multiplexing 548 

opens powerful new avenues for investigating how genetic and epigenetic differences across 549 

individuals contribute to the dynamics of neurogenesis and circuit integration. Furthermore, the 550 

different JF dye’s spectral properties ensure compatibility with a variety of fluorescent proteins 551 

and optogenetic constructs. Since the HaloTag protein itself is non-fluorescent, this allow the 552 

generation of transgenic lines that are fluorescence-neutral, allowing the user to choose the most 553 

suitable dye based on the fluorescent protein or opsin required for the experiment. In particular, 554 

the minimal absorption of JF dyes at 920-950 nm makes CHLOK highly suitable for combination 555 

with the most widely used GFP-based Ca2+ indicators and emerging GFP-based voltage 556 

indicators58,59.  557 

We indeed examined the developmental trajectory of multiple age cohorts at activity level in the 558 

OT and the hindbrain, combining CHLOK multilabeling with 2P GCaMP activity recording. We 559 

showed that newborn neurons in the OT, irrespective of their birthdate, exhibited increasingly 560 

visual responses as they matured and became functionally similar to the earlyborn, pre-existing 561 

neurons. Newborn hindbrain neurons also became functionally mature in a similar time course 562 

but exhibited activity distinct from the pre-existing neurons, which also change their activity as 563 

they mature, suggesting potential interactions across age groups. In sum, both brain regions 564 

showed a similar rate of maturation of newborn neurons yet exhibited distinct functional roles of 565 

newborn neurons. Similar functional investigation across brain regions will be required to 566 

understand the roles and mechanisms of the distinct maturation process.  567 

CHLOK also proves to be compatible across a wide range of temporal scales and has the potential 568 

to be employed for animal models other than zebrafish. Our time-resolved labeling protocol, with 569 

a 2-hour pulse dye incubation separated by 12 hours to a few days, was well-suited to the rapid 570 



 

 

neurogenesis and circuit development observed in zebrafish larvae. However, thanks to the 571 

prolonged persistence of the labeling (over weeks), the same approach could be adapted for 572 

slower-developing models by matching the incubation timeline accordingly.  573 

Although we focused on zebrafish to demonstrate CHLOK's capabilities due to the high 574 

bioavailability and efficient skin penetration of the dye, the mechanism behind CHLOK applies to 575 

other animal models. Indeed, a similar dye loading can be used in vivo, for instance, in C. 576 

elegans60, flies61, and mouse50. With the ongoing development of more bioavailable JF dyes57,62,63, 577 

multiplexed CHLOK is increasingly feasible.  578 

In conclusion, our novel birthdate labeling strategy CHLOK, based on HaloTag and bright JF dyes, 579 

provides a powerful, flexible, and non-invasive tool for studying in vivo neuronal integration, 580 

functional activity, and circuit development in the vertebrate brain, potentially extendable across 581 

multiple model organisms. This approach offers a significant advance over traditional methods by 582 

enabling single-cell resolution birthdate mapping, functional imaging, and all-optical control, 583 

opening new avenues for the investigation of brain development and plasticity. 584 

 585 

Material and Methods  586 

Animals 587 

All procedures involving zebrafish were conducted in accordance with national and European 588 

(2010/63/EU) guidelines, the animal research guidelines from the Canadian Council on Animal 589 

Care and the University of Toronto Local Animal Care Committee. They were approved by the 590 

authors’ institutional review boards and national authorities (French Ministry of Research, protocol 591 

ID: APAFIS#21323; University of Toronto, protocol ID: 20012777). Zebrafish were obtained from 592 

an in-house breeding colony of wild-type, transgenic, and mutant adults maintained at 28.5 °C on 593 

a 14 h light/10 h dark cycle with sunrise and sunset. Embryos were raised in a separate incubator 594 

but at the same temperature and on the same light-dark cycle (in fish water: 0.3 g/L Instant 595 

Ocean). Fertilized embryos were collected every hour and housed in separate Petri dishes to 596 

determine the time of fertilization at the temporal resolution of hours. The housing density was 597 

maintained lower than 60 embryos per 10 cm petri dish to ensure optimal growth. Embryos were 598 

staged64 and only the ones with normal development were used in the study. Juvenile fish were 599 

kept in the fish facility until the day of the experiment (transferred in becher with fish water and 600 

kept in the incubator before imaging). 601 

Plasmid and transgenic lines generation  602 

We generated different Halotag-based constructs by subcloning (Gibson Assembly Cloning Kit) 603 

Halotag and other specific sequences and inserting them into various promoters: p5’ QUAS65; 604 

Xla.Tubb2b-hsp70-ubc, elavl3 and 14UAS. Halotag was subcloned alone or with H2B sequence, 605 

for nuclear expression. In some cases, we used, as reporters, the zebrafish hatching enzyme 1, 606 

tandem duplicate 1 (he1.1) promoter65, driving CFP or mCherry expression in the hatching gland, 607 

or the myosin light chain (myl7) promoter66, driving the expression of GFP in the heart. The 608 



 

 

following previously published transgenic lines were used: Tg(xla.Tubb2b:QF2)65, Tg(elavl3:H2B-609 

GCaMP6f)67; TgBAC(slc17a6:EGFP)68, hereafter refer to as Tg(vglut2a:EGFP)); 610 

Tg(elavl3:Voltron-ST)69, the last two of which were propagated to the nacre background. The 611 

transgenic lines under 14UAS promoter were generated using the Tol1 transposon system, while 612 

the ones under the Xla.Tubb2-hsp70-ubc promoter were generated using the Tol2 transposon 613 

system. The following transgenic lines were generated using the Tol2 transposon system: 614 

Tg(elavl3:H2B-HaloTag), Tg(elavl3:msyp-HaloTag), with plasmids generated by cloning the 615 

corresponding reporters to pTol2-elavl3:Voltron-ST69. H2B-HaloTag and msyp-HaloTag were 616 

subcloned from piggybac-EF1-Halo-H2B and piggybac-hsyn-msyp-Halo-neo, respectively (both 617 

of which are generous gifts from Dr. James Zhe Liu). Tg(elavl3:H2B-HaloTag) and 618 

Tg(elavl3:jGCaMP7s) were propagated to the cancb1 ts25/+ mutant background70 and 619 

maintained as heterozygous mutants. The WhaloCaMP plasmid was taken from 49 and the 620 

Voltron2 sequence from 50 (generous gift from Dr Takashi Kawashima) and subcloned in the 621 

QUAS promoter expressing he.1.1:CFP. 622 

Experiments were performed on stable transgenic lines or in embryos transiently expressing the 623 

plasmids, as specified in the main text or figure legends. The DNA constructs(25 ng/uL) were co-624 

injected with tol1 (for 14UAS promoter) or tol2 (for Xla.Tubb2:QF2-hsp70-ubc and elavl3 625 

promoters) transposase mRNA (25 ng/uL) in one-cell stage of Casper71 mutants zebrafish 626 

embryos. Founders were identified by screening progeny for fluorescent hatching gland, bleeding 627 

heart cells or JF dye fluorescence directly. 628 

The different generated plasmids and stable lines are listed in Supplementary table 1: 629 

JF dye incubation and preparation of zebrafish larvae  630 

To label Halotag-expressing neurons the embryos were incubated in a solution containing the 631 

fluorescent Halotag ligand JF dye [3.3 μM JF dye and 0.033 % DMSO; unless differently specified, 632 

see below] in fish rearing water at room temperature for two hours. The incubation was performed 633 

at different moments of larva maturation (indicated in terms of hours or days post fertilization, hpf 634 

or dpf). After screening for the fluorescence of the JF dye in the brain, the fish were returned to 635 

fish rearing water in the incubator until the time of the experiment.   636 

Comparison of HaloTag birthdating and EdU labeling 637 

Single-pulse HaloTag birthdating 638 

Two JF dyes were loaded in 24-hours separation in the transgenic line expressing HaloTag as 639 

well as GCaMP6f in the nuclei of differentiating neurons with the elavl3 promoter to distinguish 640 

neurons born before the first dye loading from those born between the first and second dye 641 

loading. JF635 was chosen as the second dye due to its fluorogenic property. This allows us to 642 

minimize the signal from unbound JF dye molecules when we image fish right after the second 643 

dye loading. JF585 was chosen as the first dye based on its brightness and clear separation from 644 

the fluorescence signals from GCaMP6f and JF635. The dye loading procedure is based on 26 with 645 

a few modifications. The 0.3 µM dye solution was prepared by dissolving 1.67 µL of 1 mM DMSO 646 

stock solution in 5 mL of system water. Fish were incubated in the 0.3 µM solution for two hours 647 



 

 

and then rinsed thoroughly with system water before transferring them to a new 10 cm culture 648 

dish filled with clean system water. Embryos before hatching were dechorionated to facilitate the 649 

washout of the unbound dye molecules from embryos. Five neuronal age groups were targeted 650 

in this experiment: Group 1, neurons born before 24 hours post-fertilization (hpf); Group 2, 651 

neurons born from 24 to 48 hpf; Group 3, neurons born from 48 to 72 hpf; Group 4, neurons born 652 

from 72 to 96 hpf; Group 5, neurons born from 96 to 120 hpf. All groups were imaged between 653 

122 and 126 hpf using a confocal microscope (Zeiss, 710/800). Fish were anesthetized in tricaine 654 

methanesulfonate (MilliporeSigma, E10521) dissolved in system water at 160 mg/L (hereafter 655 

referred to as MS-222) and then embedded in 1.6% low-melting-point (LMP) agar 656 

(MilliporeSigma, 2070-OP). Volumetric images of the rostral and caudal halves of the brain were 657 

imaged separately with a 20x 1.0 NA objective lens (Zeiss, W Plan-Apochromat 20x/1.0) and then 658 

stitched together with the stitching plugin available through Fiji72. 659 

 660 

EdU labeling 661 

EdU labeling was performed using Click-iT EdU Alexa Fluor 647 Imaging Kit (ThermoFisher, 662 

C10340) with modifications. Fertilized eggs from Tg(elavl3:H2B-GCaMP6f) were mounted based 663 

on developmental stages. Embryos at 4 hpf were placed on the standard egg injection mold used 664 

for single-cell DNA injection. Embryos at 24 hpf were dechorionated and embedded in 0.6% LMP 665 

agar. Zebrafish at 48 hpf and onward were embedded in 1.2% LMP agar. Then 0.8 nL bolus of 666 

10 mM EdU solution was pressure injected into the yolk via a glass micropipette connected to a 667 

microinjector (Eppendorf, FemtoJet). Assuming all the EdU molecules were retained in the body, 668 

this translates to less than 5 ng/ul of EdU concentration in the body, which is less than the bath 669 

concentration of thymidine analogues used in past zebrafish studies73. Zebrafish were transferred 670 

back to a new culture dish filled with clean system water and kept in an incubator until 120 hpf 671 

when they were sacrificed by an overdose of 0.04% MS-222, then immediately fixed overnight in 672 

4% PFA in 0.1 M phosphate buffer (pH 7.4) at 4 °C. Following 1xPBS rinses, the brain was 673 

exposed with a fine tungsten pin as described previously74. The subsequent staining procedure 674 

follows the procedure described in the kit, except the fish were kept in the cocktail without the 675 

buffer additive at -20 °C for an hour before starting the reaction with the buffer additive at room 676 

temperature. This additional step minimized the signal amplification biased toward the brain's 677 

surface. The stained brains were imaged under a custom two-photon microscope described 678 

previously10 to obtain homogeneous signal across the entire depth of the brain for both GCaMP 679 

and Alexa Fluor 647, which were excited with a femtosecond laser tuned to 830 nm (MKS 680 

Instruments, Mai Tai HP, Deep See, MA). The entire brain was imaged at once using a 16x 681 

objective lens (Nikon Instruments, CFI75 LWD 16x W, NY). 682 

Single-pulse HaloTag birthdating of subcellular structures 683 

To visualize presynaptic terminals of neuronal age groups, we employed Tg(elavl3:msyp-684 

HaloTag), the elavl3 transgenic line expressing HaloTag with synaptophysin localization 685 

sequence37,38. To emphasize the signal from dendritic processes, we chose the elavl3 transgenic 686 

line expressing HaloTag-based voltage indicator with Kv2.1 localization sequence since this 687 

sequence have been shown to target the tagged protein to somatodendritic processes39–41. They 688 

were subjected to the same single-pulse labeling procedure based on two JF dyes, JF585 and 689 



 

 

JF635, as described above and the data were processed similarly. To ensure precise registration 690 

of subcellular structures, these transgenic lines were crossed with TgBAC(vglut2a:GFP) that 691 

exhibit GFP signals broadly in the neuropil area. The whole-brain volumes were acquired using 692 

the same imaging and stitching protocol as described in Single-pulse HaloTag birthdating. 693 

Multi-pulse HaloTag birthdating 694 

To visualize all five age groups examined above in the same animal, a series of JF dyes was 695 

loaded to the developing Tg(elavl3:H2B-HaloTag) in 24-hours intervals: Janelia Fluor 525 (JF525) 696 

at 24 hpf, JF585 at 48 hpf, Janelia Fluor 669 (JF669) at 72 hpf, Janelia Fluor 549 (JF549) at 96 hpf, 697 

and JF635 at 120 hpf. The dye loading protocol is identical to the one described above. However, 698 

based on the observation that neuronal age groups at similar age are also close in space, the 699 

order of the dyes was chosen to maintain reasonable separation of excitation and emission 700 

spectrum across neighboring age groups. We also observed in preliminary experiments that the 701 

loading of JF525 at a later developmental time point resulted in the labeling of neurons near the 702 

blood vessels (data not shown), leading us to use it as the first dye. JF635 was chosen as the last 703 

dye due to its fluorogenic property as described above. The imaging procedure is also similar to 704 

the one described above except that we used an inverted confocal microscope equipped with 705 

white-light laser (Leica, Steralis, Germany) to excite each of the five dyes at the optimal 706 

wavelength. Fish were mounted in 1.6% LMP agar ventral-side up and imaged with a 25x 0.95 707 

NA objective lens (Leica, HC FLUOTAR L 25x/0.95 W VISIR, Germany).  708 

Optical systems 709 

Confocal microscope 710 

Five-dye multi-pulse birthdating images in Fig. 2 were acquired with a Leica Steralis system 711 

equipped with a white-light laser. JF525, JF549, JF585, JF635, and JF669 were excited at 525, 549, 712 

585, 635, and 669 nm, respectively. Fluorescent images reported in Fig. 3 and Supplementary 713 

Fig. 1,4 were acquired using a commercial confocal microscope (Olympus FV3000). Multiple laser 714 

sources (488, 514, 561, 594, 640 nm) and customizable wavelength detection windows (based 715 

on spatial dispersion of the signal and a multidetector array) were available, allowing for the 716 

selective excitation and detection of individual JF dyes. Two-dye single-pulse birthdating images 717 

presented in Fig. 1 and 2 were acquired using Zeiss 710 or 800. GCaMP/GPF, JF585 and JF635 718 

were excited with 488, 561, and 640 nm lasers, respectively.  719 

Two-Photon Imaging 720 

Two-photon imaging was performed using two different 2P scanning microscopes. For Fig. 4, we 721 

used a commercial model (LAVision, Miltenyi Biotec) combined with a tunable Ti:Sapphire 722 

femtosecond laser (Coherent Chameleon, wavelength range 700–1100 nm) and visual 723 

stimulation. JF dye imaging was typically performed at 800–850 nm, using dedicated band-pass 724 

filters in front of the PMTs (typically a 525/50 for the green PMT, 595/40 or 700/40 (exchangeable) 725 

for the red PMT) to minimize crosstalk in the presence of multiple dyes and to avoid contamination 726 

of the GCaMP recordings. Calcium transients were acquired using galvo-galvo bidirectional 2P 727 

scanning at 3 Hz at 920 nm with a FOV of 300x300 μm. A slightly different configuration was used 728 

for imaging EdU-labeled fixed samples and functional recordings during locomotion behavior 729 



 

 

(Figure 4), consisting of a custom microscope equipped with a resonant scanner (Thorlabs, MPM-730 

2PKIT), a piezo objective scanner 267 (PI, P-725K129, Germany) and a 16x objective lens (Nikon 731 

Instruments, CFI75 LWD 16x W, NY) controlled by ScanImage (Vidrio Technologies, VA). For the 732 

imaging of EdU-labeled samples, GCaMP6f and Alexa Fluor 647 were excited with a femtosecond 733 

laser tuned to 830 nm (MKS Instruments, Mai Tai HP, Deep See). During the functional imaging, 734 

all the fluorophores were excited with a femtosecond laser tuned to 940nm (MKS Instruments, 735 

Mai Tai HP, Deep See, MA) to prioritize the functional GCaMP signal. Multi-channel functional 736 

volumes (512 x 256, 30 slices, 7 mm z step) were acquired for a period of 30 min at a volume 737 

rate of 2 Hz. Volumetric Ca2+ imaging of the caudal half of the brain was performed at 48-56 hpf 738 

(referred to as 48 hpf) and 96-104 hpf (referred to as 96 hpf) similarly to10. 739 

One-Photon Spinning Disk imaging 740 

Calcium imaging activity in WhaloCaMP-expressing larvae (Fig. 6a) was performed using a 741 

confocal spinning microscope on an upright microscope (Gataca W1). JF552 and JF669 were 742 

imaged with respectively a 561nm and a 642 nm laser. Emission sets filters used were EX BP 743 

482/35, BS FT 506, EM BP 536/40 and EX BP 543/22, BS FT 562, EM BP 593/40, respectively. 744 

Spinning disk time series were acquired at 5 Hz with a FOV of 330 × 330 μm and using a X40 745 

objective (NA = 1.15). 746 

Light-sheet for voltage imaging 747 

Voltage measurements were performed using a custom light-sheet imaging system (Fig. 6b). 748 

Single-plane illumination was generated by an elongated, low-NA beam focused by an underfilled 749 

EC Plan-Neofluar 5x/0.16 Zeiss objective, and horizontally scanned using a galvo mirror. The 750 

detection path included an XLUMPLFLN 20x objective (Olympus) and a Kinetix camera 751 

(Teledyne). Multiple excitation wavelengths were provided by a fiber-coupled laser combiner 752 

(L6Cc-CSB-1311-0-488-522-561-638-0-400, Oxxius, France). Voltron525 was excited at 488 nm 753 

and detected through a 562/40 filter, while Voltron585 was excited with a 561 nm laser and detected 754 

using a 593 lp filter. All measurements were acquired for 10 seconds at 500 Hz, over a field of 755 

view of approximately 100 × 300 µm, centered on the olfactory epithelium. 756 

All-optical experiments using holographic photostimulation  757 

The experiments of Fig. 6c were performed using a custom-built microscope in a configuration 758 

similar to that used for all-optical recording in 75. Briefly, the microscope enabled simultaneous 2P 759 

scanning imaging (using a Ti:Sapphire infrared laser, Mai Tai, Spectra Physics) and holographic 760 

photostimulation (using a fiber amplifier laser at 1030 nm with a 500 kHz repetition rate, Satsuma, 761 

Amplitude Systems). Holographic light shaping, based on the use of a spatial light modulator 762 

(SLM), allowed for the reshaping of the 2P stimulation laser to target specific regions of interest. 763 

In this setup, the system was capable of generating multiple diaphragmed Gaussian spots with 764 

an almost top-hat intensity profile, approximately 10µm in diameter. Combined with temporal 765 

focusing76, this configuration maintained good axial confinement of the excitation (~15µm), 766 

enabling near single-soma resolution. The setup supported both conventional static illumination 767 

and a more efficient, cyclic illumination approach known as FLiT75. Based on an initial 768 



 

 

fluorescence image, earlyborn and lateborn neurons expressing the CoChR opsin were identified. 769 

While performing 2P calcium imaging, pulses of holographic illuminating (10 pulses, 30 ms, 10 770 

Hz) were delivered selectively to the chosen neurons. Typically, 1 to 10 neurons per FOV were 771 

targeted. Photostimulation powers per cell range between 5 to 20 mW (power under static 772 

illumination). 773 

Visual Stimulation 774 

Zebrafish larvae were paralyzed by 3-5 minutes incubation in α-bungarotoxin (1 mg/mL) and 775 

mounted in a 35mm petri dish using 2% (v/v) low melting point agarose, and maintained at room 776 

temperature during all the recording duration. Visual stimuli were delivered using a red-emitting 777 

projector, shining on a diffusive screen located at a distance of ~3 cm from the larva’s head. 778 

Simultaneously, the corresponding projected pattern covered a 120° horizontal visual field. 779 

Slightly different stimulus parameters were performed in experiments reported in Fig. 4. For Fig. 780 

4a, the sequence of visual stimuli was: (1) Bright Flash: a single 1-second bright flash stimulus; 781 

(2) Bright Ramp: a gradual increase in brightness over 5 seconds; (3) Gratings: four gratings 782 

corresponding to the cardinal directions (0°, 90°, 180°, and 270°) with 10°-wide dark stripes 783 

moving at 20°/s. Each grating was presented statically in the first set of stimuli, then in motion for 784 

5 seconds in the second set of stimuli); (4) Looming Stimuli: a steady looming, a dark circular dot 785 

whose dimension expands at a constant rate of 20°/s, followed by an exponential looming, with 786 

lateral dimensions doubling every second); (5) Dark Ramp: a gradual decrease in brightness over 787 

5 seconds. For Fig. 4b, the sequence of visual stimuli was: (1) Dark Flash: four 1-second dark 788 

flashes with increasing contrast, spaced 20 seconds apart, followed by a transition to a dark 789 

background lasting 20 seconds; (2) Bright Flash: four 1-second bright flashes with increasing 790 

contrast, spaced 20 seconds apart, followed by a transition to a bright background; (3) Gratings: 791 

eight gratings presented in different orientations (0°, 45°, 90°, 145°, 180°, 225°, 270°, 315°. 0° = 792 

caudal to rostral and 90° = ventral to dorsal), each with 10°-wide dark stripes moving at 20°/s. 793 

Gratings were static for 20 seconds before moving for 5 seconds; (4) Looming Stimulus (an 794 

exponential growth pattern with a radius doubling time of 1 second). Stimuli were programmed 795 

and synchronized with calcium imaging recordings, ensuring precise timing and reproducibility.  796 

Longitudinal functional imaging of locomotor activity in birthdated hindbrain neurons 797 

Tg(elavl3:H2B-HaloTag)ts25/+ and Tg(elavl3:jGCaMP7s)ts25/+ were crossed to obtain 798 

Tg(elavl3:H2B-HaloTag;elavl3:jGCaMP7s)ts25/ts25 to perform electromyogram (EMG) recording in 799 

a paralytic fish. Fish with the paralytic phenotype were dechorionated at 24 hpf and separated for 800 

subsequent Halotag birthdating and functional imaging. The embryos were loaded with JF585 at 801 

24 hpf and JF646 at 48 hpf using the procedure described in single-pulse birthdating. We used 802 

JF646 as the second dye since preliminary experiments found it challenging to get enough 803 

fluorescence from JF635 with our two-photon microscope. Volumetric Ca2+ imaging of the caudal 804 

half of the brain was performed at 48-56 hpf (referred to as 48 hpf) and 96-104 hpf (referred to as 805 

96 hpf) as in 10 with a few modifications. Fish were mounted in 1.6% LMP agar dorsal side up, 806 

with the tail and right side of the head freed from agar. A concentric platinum iridium stimulation 807 

electrode (Microprobes, PI2CEA10-200, MD) was placed on the right side of the head to elicit 808 



 

 

escape towards the left with a brief electrical stimulus. A glass micropipette was placed on each 809 

side of axial muscles near anus to record alternating EMG activity during locomotion. The size of 810 

the micropipette tip was around 20 µm to minimize the contamination of the EMG signal from the 811 

other side, which was noticeable when fish exhibited a strong EMG signal during escape. The 812 

signal was amplified (100x) and band-pass filtered (100–1000 Hz) through an extracellular 813 

amplifier (NPI, EXT-02B, Germany) and digitized at 6 kHz (National Instruments, PCIe6363, TX). 814 

A brief electrical stimulus (0.1 ms in duration, 2-4 V, 1 min interval) was delivered through a glass 815 

electrode placed on the side of the head using a stimulus isolator (Digitimer Ltd., DS-2A, England). 816 

The stimulus amplitude was adjusted to evoke strong motor activity consistently before the start 817 

of the functional imaging. After the functional imaging, a high-quality structural volume was 818 

acquired using a femtosecond laser tuned to 1120 nm (MKS Instruments, Insight, Deep See, MA) 819 

to excite JF585 and JF646 more optimally alongside GCaMP excited at 940nm.  820 

Preparation of CHO cells and patch clamp recordings  821 

CHO cells were acquired from Sigma (Sigma, 85050302) and cultured in T25 flasks (Falcon, 822 

353107) in a medium consisting of DMEM-F12 + Glutamax (Fisher, Gibco™ 10565018), 823 

supplemented with 10% SBF (Fisher, Gibco™ 10500064) and 1% penicillin/streptomycin 824 

(5000 U ml−1). Cells were passed every 2–3 days, until P20 to avoid genetic drift. Prior to each 825 

experiment, cells were seeded on coverslips (Fisher, 10252961) in 24-well plates (25,000 826 

cells/ml). After 24 hours, cells were transiently transfected with the plasmids pAAV-SynCoChR-827 

HaloTag or pAAV-hSyn-CoChR-GFP. The medium was then replaced after 4 hours. Experiments 828 

reported in Supplementary Fig. 7 were performed 48−72 hours post transfection. 1-hour prior to 829 

electrophysiological recordings, CHO cells expressing the CoChR-HaloTag were stained with the 830 

fluorescent dye JF585 (200nM). Whole-cell voltage-clamp recordings of opsin-positive cells (GFP-831 

positive or JF585-positive) were performed at room temperature (21−23 °C) on the home-made 832 

holographic microscope described above. Cells were visualized using infrared differential 833 

interference contrast (IR-DIC) and camera imaging. Cells were continuously perfused with 834 

artificial cerebrospinal fluid (ACSF) comprised of 125 mM NaCl, 2.5 mM KCl, 1.5 mM CaCl2, 1 mM 835 

MgCl2, 26 mM NaHCO3, 0.3 mM ascorbic acid, 25 mM D-glucose, 1.25 mM NaH2PO4. 836 

Continuous aeration of the recording solution with 95% O2 and 5% CO2, resulted in a final pH of 837 

7.4. Recording pipettes were made from borosilicate glass capillaries using a horizontal puller, 838 

resulting in a resistance of 3–5 MΩ when filled with the internal solution, consisting of 135 mM K-839 

gluconate, 4 mM KCl, 4 mM Mg-ATP, 0.3 mM Na2-GTP, 10 mM Na2-phosphocreatine, and 840 

10 mM HEPES (pH 7.35). Recordings were obtained using a Multiclamp 700B amplifier, filtered 841 

at 2 kHz, and digitized at 10 kHz with a Digidata 1440A interface (Molecular Devices). Data 842 

acquisition and analysis were performed using pClamp software (Molecular Devices). Scanning 843 

2P imaging was performed at full field (FOV ~350 µm) with a bidirectional scanning at 3 Hz. 844 

Imaging on fixed samples from juveniles’ tissues   845 

Larvae or juvenile fish were incubated in JF dyes (1 or multiple dyes) at specific time points as 846 

indicated in the manuscript. At specific time points, juvenile fish were prepared for fixation. To do 847 

so, they were euthanized using an overdose of 0.2% Tricaine methanesulfonate (MS-222, 848 

concentration ≥ 250 mg/L) and ice-cold fish water and the head was gently cut, fixed in 849 



 

 

paraformaldehyde 4% in PBS overnight at 4°C and then washed three times for 10 min in PBS 850 

containing 0.1% Triton X-100 (PBST). Subsequently, the brain was carefully dissected under a 851 

stereomicroscope (by taking care of removing any tissue adhered to the brain) and transferred 852 

into a solution of 30% sucrose overnight at 4 °C, for cryoprotection. The next day, they were 853 

transferred to plastic molds and embedded in O.C.T compound (Optimal Cutting Temperature; 854 

embedding medium for cryotome; Sakura Finetech) after removal of the sucrose. Blocks were 855 

then frozen on dry ice and stored at -80°C. Samples (brains or retinas) were cut with a cryostat 856 

at 12-16µm thickness in the coronal plane. The sections were mounted on Fisherbrand Superfrost 857 

Plus slides (Fisher Scientific) and kept at 4°C before confocal imaging. 858 

Data Analysis 859 

Static Fluorescent Images 860 

For protocols involving incubation with multiple dyes in the same larvae, efforts were made to 861 

minimize crosstalk in both excitation and detection of different dyes. Using a confocal microscope, 862 

we fine-tuned excitation and detection settings for each dye, achieving negligible crosstalk among 863 

the typical JF525, JF5552, and JF669 dye combination.  864 

In 2-photon imaging, the overlap in excitation spectra (with dyes excited at 800–850 nm) and the 865 

use of only two PMTs resulted in some fluorescence crosstalk. To address this, the fluorescence 866 

intensities of individual dyes were measured in each PMT (with different emission filters) using 867 

larvae expressing single dyes. This allowed us to estimate the detection efficiency of each 868 

fluorophore and assess potential crosstalk across detection channels. These intensity values 869 

were then used as coefficients in a linear wavelength-demixing algorithm, enabling the isolation 870 

of the signal contributions and intensities of each individual dye. 871 

HaloTag Birthdating Analysis 872 

Both HaloTag birthdating and EdU labeling datasets were registered to the Zebrafish Brain 873 

Browser (ZBB) atlas36 using Greedy registration program (https://github.com/pyushkevich). Each 874 

channel from an individual 3D volume was converted to a NIfTI file format. Then the channel 875 

corresponding to Tg(elavl3:H2B-GCaMP6f) or Tg(vglut2a:EGFP) was used as a source to register 876 

all the channels to the ZBB atlas using huc-h2b-rfp-ref-01.nii.gz or vglut-ref-01.nii.gz available from 877 

zenodo as a reference volume. The detailed sequence of Greedy commands is shown below 878 

(Listing 1). The -sv option was enabled to obtain better behaved deformation fields 879 

(https://github.com/pyushkevich).  880 
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When the registration failed before warping, we edited the header of the source NIfTI files to bring 882 

them close to the reference volume using SPM12 (SPM12 Software - Statistical Parametric 883 

Mapping; https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). The registered source file was 884 

compared to the reference file. When the boundaries between inside and outside the brain or 885 

between the cell body and neuropil area did not match, lower smoothing kernel (-s) parameters 886 

were set to increase the flexibility of the warping. When the cell bodies are excessively elongated, 887 

higher smoothing kernel parameters were set. The stacks that were not registered properly were 888 

excluded from the subsequent analysis.  889 

For the HaloTag birthdating data, each channel file was normalized between 0 and 1 individually 890 

based on the median voxel value which corresponds to the background signal and the top 0.01 891 

percentile voxel value (the values below 0 were set to 0 and the values above 1 were left 892 

untouched). After this normalization, these channel files were brought to the ZBB atlas space by 893 

applying the affine transformation and warping determined by Greedy. Then the neuronal age 894 

group of interest was visualized by subtracting the normalized channel of the preceding dye from 895 

the normalized channel of the dye of the interest. The values below zero were set to zero. The 896 

population image for each age group was generated by calculating the median of the subtracted 897 

images across all individual fish in the group (N ≧ 4 fish in all conditions). In the case of subcellular 898 

HaloTag labeling, these processing steps highlight the neuropil area exclusively occupied by the 899 

neuronal age group of interest, due to the across-subject variability of individual neurons and the 900 

resolution limit of optical microscopy.  901 

For the multi-pulse HaloTag birthdating, the acquired volumes were fed to the same registration 902 

and processing steps used for single-pulse HaloTag birthdating for consistency. A minor 903 

modification was made to generate the virtual first dye signal for each target group: the ’first’ dye 904 

signal was defined as the maximum of the normalized channels corresponding to the previous 905 

age groups and subtracted from the channel corresponding to the target group. 906 

For the EdU staining data, the channel file corresponding to EdU was normalized as described 907 

above and the median of the normalized EdU signal across individual fish was used as the 908 

population data (N ≧ 4 fish in all conditions). 909 
 910 

Calcium Imaging Analysis during visual stimulation 911 

Calcium transients from GCaMP fluorescence signals were analyzed either by integrating over 912 

macro-regions or by extracting signals from individual cell bodies: (i) Macro-regions were defined 913 

as areas containing either earlyborn or lateborn neurons. Their classification was based on the 914 

relative fluorescence signal ratios of two incubated dyes (JF552/(JF552+JF669), which served as 915 

birthdate signatures. For macro-regions analysis of Fig. 4a, we approximately separated the OT 916 

into three thirds (roughly corresponding to a threshold fluorescence ratio of ≈0.3), being the 917 

central region corresponding to mature neurons. After motion correction, GCaMP transients within 918 

these macro-regions were integrated and converted to ∆F/F₀ signals, where F₀ was defined as 919 

the 20th quantile of the full intensity distribution. (ii) For single cell analysis, GCaMP fluorescence 920 

was extracted from individual neurons identified using CellPose77 (cyto2 model applied to JF dye 921 

fluorescence) with manual refinement of ROIs in ImageJ. After background subtraction and 922 

motion correction, GCaMP transients were converted to ∆F/F₀ signals, with F₀ calculated as the 923 

time-averaged intensity of each trace. For each neuron, the unmixed ratio of the two incubated 924 



 

 

dyes was also computed from the same ROI. Peaks of ∆F/F₀ signals were defined as the 925 

maximum values within a 3 second time window starting at the onset of each visual stimulus.  926 

To compare between early and lateborn neuron activity, the spearman coefficient between the 927 

dye ratio and the ∆F/F, and for each timepoint (imaging frame) was calculated using scipy’s 928 

Spearman function (Fig. 4b-iii). We then plotted the spearman coefficient in function of time. 929 

Spearman coefficient (non-parametric test for two continuous variables): 1 = perfectly correlated, 930 

0 = not correlated, -1 = anticorrelation. Significant results are given in red. 931 

For the DSI analysis, only neurons which responded to at least one of the gratings were selected. 932 

The response amplitudes were defined as the max ∆F/F over the 10 frames following the stimulus 933 

onset. Responsive neurons were defined when response amplitudes were larger than 4 times the 934 

standard deviation. (evaluated in the 20 frames before stimulus onset). For each of the eight 935 

moving bars stimulus, a vector was defined by its angle corresponding to the bar direction and its 936 

response amplitude. The DSI was calculated as the magnitude of the vectorial sum of these eight 937 

vectors, normalized by the sum of their individual magnitudes (Fig. 4b-iv). We separated neurons 938 

into two equal sized groups (according to the dye ratio) and plotted the distribution of preferred 939 

directions (Supplementary Fig. 6c).  940 

 941 

Spontaneous Calcium and Voltage Imaging analysis  942 

WHaloCaMP fluorescence transients from spinning disk recordings were extracted by randomly 943 

selecting 50 cells for each birthdate-labeled population (Fig. 6a). Fluorescence raw traces were 944 

integrated, and, after detrending and smoothing, ∆F/F was calculated. Spontaneous activity for 945 

each cell was estimated as the integral of the ∆F/F trace above baseline. Importantly, previous 946 

characterization49 demonstrated similar sensitivity of WHaloCaMP transients when using either 947 

JF552 or JF669 dyes, ensuring that observed differences in fluorescence reflect genuine variations 948 

in neuronal activity between the two populations. Additionally, the high selectivity in the excitation 949 

and detection of each dye minimizes cross-talk, avoiding contamination of the functional signal 950 

due to dual-color labeling. 951 

Voltron2JF552 and Voltron2JF669 fluorescent transients obtained from light-sheet imaging were 952 

extracted for each birthdate-labeled population (Fig. 6b) in the zebrafish olfactory epithelium. 953 

Fluorescent transients were integrated over ROIs covering individual cell bodies, and used to 954 

estimate ∆F/F, after detrending and background subtraction. Cells exhibiting some narrow ∆F/F 955 

peaks above noise level, corresponding to spikes activity, were declared active. Spiking frequency 956 

was estimated by manually counting spikes from active cells.  957 

Analysis of longitudinal functional imaging of the hindbrain 958 

Image processing 959 

The GCaMP channel of the functional imaging data was used as a source to determine the 960 

mismatch between the odd and even scan lines and the lateral shift of the sample in each plane 961 

by phase cross correlation (the phase_cross_correlation function from scikit-image library). Then 962 

these corrections were applied to all the channels, and a high signal-to-noise ratio volume was 963 

generated for each channel by averaging across all the time points. Bleed-through of GCaMP 964 



 

 

signal to the JF585 and JF646 channels was estimated based on the voxels within the top ten 965 

percentile GCaMP signal with a linear regression. The JF585 and JF646 channels were subtracted 966 

with the bleed-through estimated voxel-by-voxel and then the subtracted volume were normalized 967 

between the median and 99.99 percentile voxel values as described above. The summed image 968 

of the two JF dye signals was then up-sampled at two times higher resolution and fed to the nuclei 969 

detection algorithm based on local contrast78. Then, the JF585 and JF646 signals from each of the 970 

detected nuclei were extracted to define the two neuronal age groups based on the vector angle 971 

defined by the normalized JF585 and JF646 signals, . As a first step, the local 972 

peaks detected in the skin with high autofluorescence in the JF585 channel were removed by 973 

applying Gaussian Mixture Model (GMM) on the vector angle using GaussianMixture from scikit-974 

learn. This group was operationally defined as one of the three components detected by GMM 975 

with the lowest vector angle since the skin autofluorescence was mostly absent in the JF646 976 

channel. Subsequently, remaining local peaks from neuronal nuclei were divided into two 977 

neuronal age groups using sigma clipping. This procedure is motivated by our observation that 978 

the second age group corresponds to the long tail on the higher angle. Thus, the second age 979 

group was defined as the group with the angle higher than three standard deviations away from 980 

the Gaussian distribution detected by sigma clipping. The ∆F/F0 of GCaMP signal from individual 981 

neurons was calculated by dividing raw fluorescence signal from each identified nucleus with the 982 

baseline estimated as a twenty-percentile value within a 60-second rolling window and used in 983 

the following regression and clustering analyses. 984 

Analysis of locomotor activity 985 

EMG traces are processed to detect stimulus-induced escapes and spontaneous swims as 986 

follows. First, large transient deflections caused by the electrical stimuli were first identified by the 987 

find_peaks function from scipy library and the time windows dominated by the artifacts were 988 

blanked (typically -1.5 to +5 ms around the peak of the artifact). A slow decay component of the 989 

artifact after large transients was modeled by the interp1d function from scipy and subtracted from 990 

the trace. Then, the EMG traces from the left and the right sides of the axial muscles were 991 

processed as follows to generate a smoothed EMG amplitude estimate robust against noise. They 992 

were first z-score normalized, then their power in a local Gaussian Kernel window (8 ms at full-993 

width at half maximum) was calculated, and its square root product was used as a robust EMG 994 

amplitude estimate. Then, the peaks corresponding to each burst of muscle activity were detected 995 

by the find_peaks function for the left and right EMG traces separately. To reject the peaks 996 

corresponding to the strong EMG bursts from the other side, the following procedure was taken. 997 

After merging the peaks from both sides, each pair of neighboring bursts were compared, and if 998 

the inter-peak interval was shorter than 6 ms, the smaller peak was excluded from further analysis. 999 

Then swim episodes were defined as a series of bursts whose interval stayed less than 70 ms. 1000 

Instances of burst groupings with less than 4 bursts (corresponding to 2 left-right alternations) 1001 

were not classified as swim episodes. 1002 

Regression analysis of locomotor activity 1003 

To map the neurons recruited during distinct types of locomotor activity, regression analysis was 1004 

performed on ∆F/F0 of the GCaMP signal extracted from individual nuclei using regressors 1005 



 

 

representing distinct swim events. In both developmental stages, escape events were defined 1006 

based on the electrical shock that reliably induced escape behavior. In 48 hpf embryos, another 1007 

regressor was constructed to capture the variability in the length of shock-induced swim episodes 1008 

by treating each detected burst from EMG traces from both sides. In 96 hpf embryos, we 1009 

constructed three regressors besides the escape regressor based on the expanded range of EMG 1010 

burst amplitudes (Fig. 5c), similarly to 10. Bursts from each EMG trace were classified as ’weak’ 1011 

or ’strong’ using GMM with two components. Then, the ’strong’ bursts from left and right EMG 1012 

traces were treated as separate events based on our previous observation that distinct sets of 1013 

neurons are recruited based on the side of strong locomotor activity. The ’weak’ bursts from left 1014 

and right EMG traces were combined together as in10 given the slow kinetics of jGCaMP7s relative 1015 

to left-right alternating bursting activity. Regressors were constructed by convolving each of these 1016 

locomotor event types with the GCaMP6s impulse response function given its similar kinetics to 1017 

jGCaMP7s79, and then z-score standardized for each session. Neuronal ∆F/F0 response matrix 1018 

(Y) was fitted with these standardized regressors (X) using the following linear model, Y= Xβ+ ϵ. 1019 

The standardized coefficient (β) was estimated by ordinary least square and then T value for each 1020 

neuron was calculated based on standardized coefficient (β) and residual (ϵ). Correction for 1021 

multiple comparisons was done with the false discovery rate (FDR). The threshold for T maps 1022 

was set at PFDR <0.05. The neurons that meet thiscriteria for a given locomotor event were 1023 

classified as active neurons. To statistically examine if neuronal age and subject age explained 1024 

the variance in the proportion of active neurons in each group, we employed a generalized linear 1025 

mixed model with a logit link function for binomial distribution using the lme4 package in R 1026 

(https://cran.r-project.org/web/packages/lme4/index.html) as follows:  1027 

!"#$#%&#	()	*&+,-#	%#."(%	~	%#."(%_*1#	 ∗ 	$.34#&+_*1#	 +	(1|$.34#&+_,9) 	+	(1|;(&(<(+("_+=>#) 1028 

Besides subject identity, locomotor type was also treated as a random effect since 2 dpf and 4 1029 

dpf fish showed distinct locomotor behavior. After observing statistically significant effects of 1030 

subject age and neuronal age and their interaction, post hoc Tukey tests were carried out using 1031 

the emmeans package in R to correct for multiple comparisons. 1032 

Functional clustering of the hindbrain activity 1033 

The computed GCaMP ∆F/F0 from all the identified neurons were first z-score normalized over 1034 

time and then subjected to Rastermap algorithm48 to sort them based on the similarity of their 1035 

activity. Parameters were set as follows: n_PCs = 50, n_clusters = 100, locality = 0.1, 1036 

time_lag_window = 0. For visualization, neuronal activity was averaged in bins of 50 neurons-the 1037 

averages of these neurons are called ’superneurons’. The age of ’superneuron’ was computed 1038 

by averaging the age of individual neurons in each superneuron. The sorted neurons were 1039 

subdivided into eighteen functional groups based on their position in the Rastermap sorting. 1040 

Neurons in each functional groups were divided into two neuronal age groups and visualized in 1041 

top-down view. 1042 

Analysis of all-optical experiment  1043 

For the all-optical experiments in Fig. 6c, fluorescence signals were integrated over circular ROIs 1044 

(13–15 µm for mammalian neurons and 8 µm for zebrafish neurons) centered on individual 1045 



 

 

targeted or non-targeted somata. Photostimulation artifacts were semi-automatically detected and 1046 

removed using a GUI-based MATLAB script. Percentage changes in fluorescence were 1047 

calculated as ∆F/F = (F−F₀)/F₀, where F₀ is the baseline fluorescence level. F₀ was manually 1048 

defined within the MATLAB GUI as the average fluorescence over ~5 s before holographic 1049 

stimulation, enabling exclusion of spontaneous activity effects. 1050 
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Supplementary Figures: 1256 

 

 1257 

 1258 

Supplementary Figure 1. Efficient JF dye loading and neuronal labeling across the brain and developmental stages. 1259 

a, Images from the genetic fish line Tg (Xla.Tubb2-hsp70-ubc:H2B-HaloTag-T2A-GFPcaax), co-expressing GFP and 1260 

Halotag. After incubation with JF552, colocalization of the dye (red) and GFP (green) was evaluated to estimate the efficiency 1261 

of the Halotag labelling (N = 3 larvae.97.43 ± 1.8 %). b, Set of confocal images from larvae labelled with a single dye at 1262 

specific time points and imaged at different dpf. In the inset, we report the number of labeled cells for the same labeling 1263 

timepoints but different age of imaging (N = 15 larvae).  1264 

 1265 



 

 

 1266 

Supplementary Figure 2. Individual age groups labeled by single-pulse HaloTag birthdating and EdU labeling. a, 1267 

Horizontal slices showing neurons birthdated with single-pulse HaloTag labeling for five-time windows. Group 1: 0-24 hpf; 1268 

Group 2: 24-48 hpf; Group 3: 48-72 hpf; Group 4: 72-96 hpf; Group 5: 96-120 hpf. JF585 labels the neurons before the time 1269 

window of interest. JF635 labels the neurons born during the time window of interest. The Z value in each horizontal slice 1270 

indicates the dorsoventral position in the ZBB space. Each volume is a median of more than 4 samples. b, Horizontal slices 1271 

showing the cells labeled by EdU introduced at 4 hpf (Group 1), 24 hpf (Group 2), 48 hpf (Group 3), 72 hpf (Group 4), and 96 1272 

hpf (Group 5). Horizontal slices are organized as in a. Each volume is a median of more than 4 samples. Scale bars, 50 µm.  1273 



 

 

 1274 
 1275 

Supplementary Figure 3. Subcellular processes visualized by single-pulse HaloTag birthdating. a, Axon terminals 1276 

visualized by single-pulse HaloTag birthdating. Group 1: 0-<24 hpf; Group 2: 24-48 hpf; Group 3: 48-72 hpf; Group 4: 72-96 1277 

hpf; Group 5: 96-120 hpf. JF585 was loaded before the time window of interest. JF635 was loaded at the end of the time window 1278 

of interest. The Z value in each horizontal slice indicates the dorsoventral position in the ZBB space. Each volume is a 1279 

median of more than 4 samples. b, Somatodendritic processes visualized by single-pulse HaloTag birthdating. Images are 1280 

organized as in a. Scale bars, 50 µm. 1281 
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 1283 



 

 

 1284 

Supplementary Figure 4. Single and multiple JF dyes labeling in juvenile stages. a, Protocol of dye incubation and 1285 

confocal imaging. The dye has been added at 5 dpf and tissue fixation was performed at 35 dpf or 56 dpf. b, Left, middle: 1286 

Cryosections (16μm thickness) from a 5 weeks-old larva (35 dpf). Right: Cryosections (16μm thickness) from a 8 weeks-1287 

old larva (35 dpf). Different regions are shown: brain and retina. Red: JF552 labeling, showing expression of H2B-Halotag. 1288 

DAPI, in cyan stains neuronal soma (and not neuronal cells) born between 5dpf and the time of tissue fixation (35 or 56 1289 

dpf). c, Protocol of multilabelling and confocal imaging. Dyes have been added at 5 dpf (JF525, green), 10 dpf (JF552, magenta) 1290 

and 14 dpf (JF669, blue). Tissue fixation was performed at 14 dpf.  1291 

Scale bars: 100μm. OT: optic tectum. Hab: habenula. GCL: ganglion cell layer. HB: hindbrain. SC: spinal cord. FB: 1292 

forebrain. 1293 
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 1302 

Supplementary Figure 5. Spectral crosstalk of GCaMP and JF dyes. Two photon images of the OT of larvae co-expressing 1303 

Halotag (incubated with different JF dyes) and GCaMP6s. Imaging at 920 nm excitation wavelength allowed detection of 1304 

spontaneous calcium transients (circles indicate the cells of interest; right: exemplary calcium traces).  1305 
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 1312 

Supplementary Figure 6. Visual activity of early- and lateborn neurons. a, Experimental pipeline. Top: dual-color 1313 

labeling in tg(Xla.Tubb2-hsp70-ubc:H2B-Halotag; elavl3:H2B-GCaMP6s) at 2 different time points during development (2 1314 

and 5dpf). Bottom: Schematic of the experimental setup, consisting in recording calcium activity under 2-photon 1315 

illumination, while presenting a set of visual stimuli to the larvae, embedded in agar. b, Proportion of responsive neurons 1316 

in three equal-sized groups based on dye ratio (lateborn, intermediate and earlyborn neurons), calculated as the average 1317 

∆F/F throughout all the visual stimulation epochs. *p=0.01, 1-way ANOVA. c, Distribution of preferred direction of moving 1318 

for earlyborn (cyan) and lateborn (magenta) neurons. 1319 
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 1324 

Supplementary Figure 7. Imaging Induced opsin stimulation. Images and measured photocurrents (patch clamp 1325 

recording) from CHO cells expressing CoChR tagged with either GFP (left) or Halotag-JF585 (right). Recordings are performed 1326 

during 2P scanning imaging at different wavelengths and concurrent with holographic stimulation (blue tick). We observe 1327 

how high contrast images of JF were achieved with low imaging power and using wavelength outside of the CoChR 1328 

absorption peak (800 and 1040 nm), therefore reducing the artefactual photocurrent induced by the imaging laser. The 1329 

same wavelengths are much less efficient in imaging GFP, that requires 950 nm and high imaging power to achieve 1330 

comparable contrast images, inducing therefore high artefactual photocurrent from the imaging laser.   1331 
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Xla.Tubb2-hsp70-ubc:H2B-HaloTag; he1.1:CFP stable line + plasmid 

elavl3:H2B-HaloTag stable line + plasmid 

Xla.Tubb2-hsp70-ubc:H2B-HaloTag-T2A-GFPcaax; he1.1:CFP stable line + plasmid 

elavl3:sypb-HaloTag stable line + plasmid 

elavl3:voltron1-Kv2.1 stable line + plasmid 

elavl3:WhaloCaMP-eGFP stable line + plasmid 

14UAS:CoChR-HaloTag; myl7:GFP stable line + plasmid 

Xla.Tubb2-hsp70-ubc:CoChR-HaloTag; he1.1:CFP plasmid 

Xla.Tubb2-hsp70-ubc:HaloTag; he1.1:CFP plasmid 

14UAS:H2B-HaloTag; he1.1:CFP plasmid 

14UAS:HaloTag; he1.1:CFP plasmid 

Xla.Tubb2-hsp70-ubc:H2B-HaloTag-linker-GFP plasmid 

14UAS:CoChR-T2A-H2B-HaloTag ; he1.1:CFP plasmid 

Xla.Tubb2-hsp70-ub:CoChR-T2A-H2B-HaloTag; he1.1:CFP plasmid 

QUAS:voltron2; he1.1:CFP plasmid 

pAAV-SynCoChR-HaloTag plasmid 

 1338 

Table 1: Plasmids and transgenic lines generated.  1339 
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