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SUMMARY:  21 
Neural stem/progenitor cells exhibit various expression dynamics of Notch signaling 22 
components that lead to different outcomes of cellular events. Such dynamic expression can 23 
be revealed by real-time monitoring, not by static analysis, using a highly sensitive 24 
bioluminescence imaging system that enables visualization of rapid changes in gene 25 
expressions. 26 
 27 
ABSTRACT:  28 
Notch signaling regulates the maintenance of neural stem/progenitor cells by cell-cell 29 
interactions. The components of Notch signaling exhibit dynamic expression. Notch signaling 30 
effector Hes1 and the Notch ligand Delta-like1 (Dll1) are expressed in an oscillatory manner 31 
in neural stem/progenitor cells. Because the period of the oscillatory expression of these 32 
genes is very short (2 h), it is difficult to monitor their cyclic expression. To examine such rapid 33 
changes in the gene expression or protein dynamics, fast response reporters are required. 34 
Because of its fast maturation kinetics and high sensitivity, the bioluminescence reporter 35 
luciferase is suitable to monitor rapid gene expression changes in living cells. We used a 36 
destabilized luciferase reporter for monitoring the promoter activity and a luciferase-fused 37 
reporter for visualization of protein dynamics at single cell resolution. These bioluminescence 38 
reporters show rapid turnover and generate very weak signals; therefore, we have developed 39 
a highly sensitive bioluminescence imaging system to detect such faint signals. These 40 
methods enable us to monitor various gene expression dynamics in living cells and tissues, 41 
which are important information to help understand the actual cellular states. 42 
 43 
INTRODUCTION:  44 
The mammalian brain is composed of a large number of various types of neurons and glial 45 
cells. All cells are generated from neural stem/progenitor cells (NPCs), which first proliferate 46 
to expand their numbers, then start to differentiate into neurons, and finally give rise to glial 47 
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cells1-5. Once cells have differentiated into neurons, they cannot proliferate or increase their 48 
numbers, and, therefore, the maintenance of NPCs until later stages is important. Notch 49 
signaling via cell-cell interactions plays an important role in maintaining NPCs6,7. Notch ligands 50 
interact with the membrane protein, Notch, on the surface of neighboring cells and activates 51 
the Notch protein. After activation, proteolysis of Notch protein occurs, thereby releasing the 52 
intracellular domain of Notch (NICD) from the cell membrane into the nucleus8-10. In the 53 
nucleus, NICD binds to the promoter regions of Hes1 and Hes5 (Hes1/5) and activates the 54 
expression of these genes. Hes1/5 repress the expression of the proneural genes Ascl1 and 55 
Neurogenin1/2 (Neurog1/2)11-14. Because proneural genes induce neuronal differentiation, 56 
Hes1/5 play essential roles in maintaining NPCs. Furthermore, as proneural genes can activate 57 
the expression of the Notch ligand Delta-like1 (Dll1), Hes1/5 also repress the expression of 58 
Dll1. Therefore, the expression of Dll1 leads to neighboring cells being negative for Dll1 via 59 
Notch signaling. In this way, cells inhibit adjacent cells from following their same fate, a 60 
phenomenon known as the lateral inhibition8. In the developing brain, lateral inhibition plays 61 
a role in generating various different cell types. 62 
 63 
Real-time imaging at the single cell level reveals dynamic expressions of the components of 64 
Notch signaling in NPCs15-17. Notch signaling activates the expression of Hes1, but Hes1 65 
protein binds to its own promoter and represses its own expression. Furthermore, Hes1 is an 66 
extremely unstable protein, that is degraded by the ubiquitin-proteasome pathway; 67 
therefore, the repression of its own promoter is only short lived and then the transcription 68 
starts again. In this way, the expression of Hes1 oscillates at both the transcription and 69 
translational levels in a 2 h cycle18. The oscillatory expression of Hes1, in turn, induces the 70 
oscillatory expression of the downstream target genes, such as Ascl1, Neurog2, and Dll1, via 71 
periodic repression15-17,19. While proneural genes can induce neuronal differentiation, their 72 
oscillatory expression is not sufficient for neuronal differentiation; rather their sustained 73 
expression is essential for the neuronal differentiation. The oscillatory expression of 74 
proneural genes is important for maintaining NPCs rather than for inducing neuronal 75 
differentiation14-16. The expression of Dll1 oscillates at both the transcription and translational 76 
levels during various morphogenesis, such as neurogenesis and somitogenesis. The dynamic 77 
expression of Dll1 is important for the normal morphogenesis and steady expression of Dll1 78 
induces defects in neurogenesis and somitogenesis17. These findings demonstrate the 79 
important function that the dynamics of gene expression and protein kinetics have on the 80 
regulation of various developmental events (i.e., different expression dynamics produce 81 
different outputs in cellular behaviors). 82 
 83 
To analyze the dynamics of Notch signaling, the static analysis of tissues and cells are 84 
insufficient because they are constantly changing. Real-time imaging of single cells is a 85 
powerful tool to reveal the dynamics in gene expression. The dynamic expression of Notch 86 
signaling molecules undergo rapid cyclic responses in the period of 2-3 h. This rapid periodic 87 
expression presents two difficult problems for the real-time monitoring: (1) the expression of 88 
the molecules is suppressed to low levels, and (2) rapid turnover requires fast-response 89 
reporters. To overcome these problems, we previously developed a bioluminescence real-90 
time imaging method20. Because the bioluminescence reporter has a higher sensitivity and 91 
shorter maturation time than fluorescent reporters, this strategy enables us to monitor the 92 
rapid dynamics in living cells. Using real-time visualization, we found that more genes 93 
exhibited dynamic expression than we had previously thought. In addition, the number of 94 
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reports showing expression and protein dynamics in living cells and the significance of these 95 
dynamics in various biological events has increased, suggesting a fundamental role of the 96 
dynamics in gene expressions21,22. 97 
 98 
In this report, we describe a way to visualize the expression of the Notch ligand Dll1 in NPCs 99 
in both dissociated cultures and in cortical slice cultures. To monitor the dynamics of Dll1 100 
transcription at single cell levels, we generated dissociated cultures of NPCs derived from the 101 
embryonic telencephalon of transgenic mice carrying pDll1-Ub-Fluc reporter, a Dll1 102 
promoter-driven destabilized luciferase reporter. To monitor Dll1 protein dynamics in vivo, 103 
we introduced the Dll1-Fluc fusion reporter into NPCs in the cortex and visualized the 104 
expression of the reporter in NPCs in cortical slice cultures. Real-time imaging enabled us to 105 
capture the various features of gene expression and protein dynamics in living cells at high 106 
temporal resolution. 107 
 108 
PROTOCOL:  109 
 110 
All the procedure including animal subjects have been approved by Institutional Animal Care 111 
and Use Committee at the institute for Frontier Life and Medical Sciences, Kyoto University. 112 
 113 
1. Bioluminescence reporters 114 
 115 
NOTE: The luciferase reporter is suitable for measuring the rapid dynamics of promoter 116 
activity by fusing the degradation signal. Moreover, the luciferase fusion reporter enables 117 
monitoring of the protein dynamics in the single cell. Both types of reporters are available for 118 
mono-layer culture (dissociation culture) and tissue culture (slice culture) experiment. 119 
 120 
1.1 Reporter for monitoring Dll1 promoter activity17 121 
 122 
NOTE: To monitor the rapid changes in gene expression, the rapid-response and unstable 123 
reporter is essential. Firefly luciferase (Fluc) shows rapid maturation compared with 124 
fluorescein reporters. Because ubiquitin fused luciferase reporter (Ub-Fluc) shows rapid 125 
degradation and rapid-turnover, it is very useful to monitor the dynamic gene expression in 126 
living cells20.  127 
 128 
1.1.1 Use Dll1 promoter-driven destabilized luciferase reporter, ubiquitinated luciferase 129 
(pDll1-Ub-Fluc, Figure 1A upper panel), to monitor rapid changes in Dll1 expression at a 130 
transcriptional level17.  131 
 132 
1.1.2 Generate a transgenic mouse line carrying pDll1-Ub-Fluc for the stable expression of 133 
this reporter. 134 
 135 
1.2 Reporter for monitoring Dll1 protein dynamics17. 136 
 137 
1.2.1. For generation of knock-in mice, insert the luciferase cDNA into the 3´ termini of the 138 
Dll1 coding region so that Dll1-luciferase fusion protein is expressed (Dll1-Fluc reporter, 139 
Figure 1A, lower panel)17.  140 
 141 
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1.2.2. Monitor the expression dynamics of Dll1 at protein levels by measuring the luciferase 142 
activity. 143 
 144 
1.2.3. For monitoring Dll1 protein dynamics at tissue levels, introduce the Dll1-Fluc reporter 145 
into NPCs in the embryonic telencephalon by in utero electroporation. 146 
 147 
2. Bioluminescence imaging system 148 
 149 
2.1. Construct a bioluminescence live-imaging system using an inverted microscope installed 150 
with a highly sensitivity, water-cooled CCD camera. In order to reduce the noise and obtain 151 
high sensitivity, cool the camera with chilled water provided by the water circulator at an 152 
optimized temperature of -90 °C.  153 
 154 
2.2. For the live cell/tissue imaging, install the incubation system, controlling the temperature 155 
and mixed gas, to the microscope stage. 156 
 157 
2.3. For imaging the expression of destabilized luciferase reporter, use high numerical angle 158 
(NA: 1.30) 40x oil-immersion objective lens. The working distance of this lens is 0.2 mm, it is 159 
available for not only mono-layer cell culture but also slice culture. 160 
 161 
2.4. For dual monitoring of luciferase and fluorescein reporter expression, install the LED 162 
illumination device to the light path of the microscope. 163 
 164 
2.5. Control the time-lapse imaging with a software associated with the microscope (e.g., 165 
Multidimensional acquisition program of MetaMorph software). 166 
 167 
2.6. Prepare the entire system in a dark room, because the signal of the destabilized luciferase 168 
reporter is very faint, and to avoid the extraneous light prevent the acquisition. 169 
 170 
3. Neural Stem/Progenitor Cell (NPC) dissociation cultures 171 
 172 
3.1. Preparation of culture media, dishes, and reagents for NPC dissociation culture 173 
 174 
3.1.1. Prepare N2/B27 media for culturing neural stem/progenitor cells with a final 175 
concentration of 1x N2, 1x B27, 1 mM N-acetylcysteine, 10 ng/mL bFGF and 50 U/mL 176 
Penicillin/Streptomycin in DMEM/F12 media.  177 
 178 
3.1.2. Prepare papain solution for dissociation containing 7 U/mL papain, 0.006% DNase and 179 
1 mM N-acetylcysteine in EBSS media. 180 
 181 
3.1.3. Prepare 100 mM of luciferin sodium solution for luminescence imaging. Dilute 100 mM 182 
luciferin solution in N2/B27 media to a final concentration of 1 mM. 183 
 184 
NOTE: Luciferin shows auto-fluorescein itself. In the case of luciferase-fluorescence dual 185 
imaging, especially EGFP, lowering the concentration of luciferin to 0.5 mM is better. 186 
 187 
3.1.4. Coat a 35-mm glass bottom dishes (glass diameter 27-mm) with 40 μg/mL of poly-L-188 
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lysine (PLL) solution for 1 h at room temperature. After incubation, wash the plates 3x with 189 
PBS and let it dry. 190 
 191 
3.2. Dissection of embryos and dissociation of NPCs 192 
 193 
3.2.1. After euthanizing a pregnant pDll1-Ub-luc transgenic mouse (embryonic day 12.5 194 
(E12.5)) by CO2 asphyxiation and cervical dislocation, cut through the abdomen and take out 195 
the uterus.  196 
 197 
NOTE: Researchers must follow the regulations and guidelines of animal research committee 198 
of their institution. If anesthesia or pain relief drugs are used, use them properly. 199 
 200 
3.2.2. Transfer the uterus in a 10 cm Petri dish containing 25 mL of ice-cold PBS. Take out the 201 
embryos from the uterus in ice-cold PBS, using micro scissors and fine forceps. 202 
 203 
3.2.3. Cut off the head of each embryo using scissors and transfer it to 10 cm Petri dishes 204 
containing ice-cold DMEM/F12. Remove the epidermis and cartilage surrounding the brain 205 
and transfer the brain to 35 mm Petri dish containing ice-cold 3 mL of N2/B27 media. 206 
 207 
3.2.4. Cut off the right and left telencephalon from diencephalon (Figure 1Ba-f, C,D). Remove 208 
the meninges covering the surface of telencephalon using fine forceps (Figure 1Bi). Using fine 209 
forceps again, take out the dorso-lateral part of cortex from the telencephalon (Figure 210 
1Bg,h,j-l E). 211 
 212 
3.2.5. Transfer the tissues to new 1.5 mL tubes using a P1000 pipette and remove any extra 213 
medium with a P200 pipette. Add 0.1 mL of papain solution per brain tissue (a pair of the 214 
cortex). After 15 min of incubation at 24 °C, gently pipette the samples 10 times with P1000 215 
pipette. Incubate the samples again for 15 min at 24 °C. 216 
 217 
3.2.6. Gently pipette the samples 10 times with P1000 pipette. Centrifuge the samples for 3 218 
min at 400 x g and room temperature (RT). Discard the supernatant. 219 
 220 
3.2.7. Add 1 mL of DMEM/F12 media to the pellet. Gently pipette 10 times with P1000 221 
pipette. Centrifuge the samples for 3 min at 400 x g and RT. Discard the supernatant. Repeat 222 
this at least 2 more times. 223 
 224 
3.2.8. To the pellet, add 0.5 mL of N2/B27 media containing 1 mM luciferin and mix well. Seed 225 
the cells (1 x 106 cells) to a PLL-coated glass bottom dish. Culture the cells in the CO2 incubator 226 
for 1 h. Once the cells adhere to the dish, add 2 mL of N2/B27 media, containing 1 mM 227 
luciferin. 228 
 229 
3.3. Visualization of luciferase reporter expression in NPC dissociation culture 230 
 231 
3.3.1 Start up the luminescence live-imaging system before performing the dissection. For 232 
NPC culture, set the temperature of the stage incubator at 37 °C and set the setting of the gas 233 
mixture 20% O2, 5% CO2. 234 
 235 
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3.3.2 Put the immersion oil to the objective lens. Place the sample dish on the microscope 236 
stage. View the field manually and choose the best position and the focus of the cells of 237 
interest. Click live to acquire the test image. 238 
 239 
3.3.3 Run the time-lapse acquisition by 2-dimensional (luminescence and bright field) 240 
acquisitions for 24 h with Multi-Dimensional Acquisition program. Choose Multi-241 
Dimensional Acquisition program and set the acquisition setting as follows (step 3.3.6). 242 
 243 
3.3.4 For luminescence image acquisition, use the following camera settings: low-transfer 244 
rate (50 kHz), 2 x 2/4 x 4 binning, 10 min/5 min exposure time. For bright-field image 245 
acquisition, use the following settings: intermediate-transfer rate (1 MHz), 1 x 1 binning and 246 
100 ms exposure time. 247 
 248 
4. In utero electroporation  249 
 250 
NOTE: This is performed for the introduction of Dll1-Fluc reporter into the neural progenitor 251 
cells. 252 
 253 
4.1 Preparation of tools and reagents for electroporation 254 
 255 
4.1.1. Prepare micro capillaries for injection of DNA into the ventricle of the embryonic 256 
telencephalon. Stretch a grass capillary with heat and cut and polish the tip of it with the 257 
polishing machine. 258 
 259 
4.1.2. Prepare a mixture of DNA with dye (e.g., Trypan blue). The concentration of each DNA 260 
is 1 μg/μL in PBS and add the dye to a final concentration of 10%. 261 
 262 
NOTE: Use the mixture of DNA for visualization of Dll1 protein dynamics as follows: Dll1-Fluc 263 
(Dll1 protein reporter, Figure 2E upper) and pEF-EGFP (EF promoter driven EGFP expression 264 
vector, Figure 2E lower), monitoring the location and morphology of transfected cells. 265 
 266 
4.1.3. Prepare two types of anesthetics: 3.88 mg/mL of pentobarbital and 0.12% of xylazine, 267 
in sterile 1x PBS. 268 
 269 
4.2 In utero electroporation 270 
 271 
4.2.1. Anesthetize a time pregnant ICR mouse (E12.5) by intraperitoneal administration of 272 
anesthetics with 500 μL of 3.88 mg/mL pentobarbital and 500 μL of 0.12% xylazine.  273 
 274 
NOTE: Researchers must follow the regulation of animal experiments. If one needs to use 275 
anesthesia or pain relief drugs, use them properly. 276 
 277 
4.2.2. Check for the lack of toe pinch response. Once pedal reflex is not observed, make a 2-278 
3 cm cut through the abdomen along the midline. Put gauzes around the dissected part and 279 
wet the gauzes with warm PBS not to dry up the incision. Take out the right uterine horn 280 
gently with ring-shaped forceps and count the number of embryos. 281 
 282 
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4.2.3. Inject 1-2 μL of the mixed DNA into the ventricle of the telencephalon of embryos 283 
gently with micro capillary.  284 

 285 
NOTE: When the injection is successful, one can see the blue color of the dye over the surface 286 
of the uterus. 287 
 288 
4.2.4. Wet the uterus and the electrode before providing the voltage pulses, and then hold 289 
the head of an embryo gently. Set the positively charged electrode to the side of the 290 
hemisphere, in which the DNA was injected. Ensure that the condition of the pulse of 291 
electroporation is 30-50 V for 50 ms, the interval of the pulses is 1 s (50 ms charge and 950 292 
ms non-charge). Provide 5 pulses to one embryo and check that bubbles are generated from 293 
the negatively charged electrode. 294 
 295 
NOTE: Make sure the direction of the electrode: DNA is incorporated into cells on the side of 296 
positive electrode. During this procedure, do not move the position of the electrode. 297 
 298 
4.2.5. Repeat the steps 4.2.3-4.2.4 for other embryos and return the uterine horn to the 299 
abdominal cavity. Carry out the same procedure to the embryos in the left uterine horn. 300 
 301 
4.2.6. After putting back the left side, suture the incision by a silk suture (4-0) with a needle 302 
(17 mm). Before closing the incision completely, put warm PBS into the abdominal cavity  303 
 304 
NOTE: The interval between sutures is around 2 mm. 305 
 306 
4.2.7. After finishing the surgery, place the mouse on a heating pad for post anesthesia 307 
recovery. House the mouse individually.  308 
 309 
5. Preparation of slice cultures of the developing cortex and visualization of luciferase 310 
reporter expression in the cortical slices 311 
 312 
5.1 Preparation of culture media and reagents for slice cultures of the cortex 313 
 314 
5.1.1. Prepare enriched media for culturing cortical slices containing 5% fetal bovine serum 315 
and 5% horse serum in N2/B27 media. 316 
 317 
5.1.2. Bubble 100% O2 gas through DMEM/F12 media for dissection and making cortical 318 
slices. 319 
 320 
NOTE: To use oxygen gas safely, store the O2 cylinder in the cylinder cabinet and monitor the 321 
oxygen concentration in the air by an oxygen concentration meter. 322 
 323 
5.1.3. Dilute 100 mM luciferin sodium solution in enriched media to a final concentration of 324 
1 mM. 325 
 326 
NOTE: Luciferin shows auto-fluorescein itself. In the case of luciferase-fluorescence dual 327 
imaging, especially EGFP, lower concentration of luciferin (0.5 mM) is better. 328 
 329 
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5.1.4. Set the multi-gas incubator at 37 °C by 40% O2 and 5% CO2. 330 
 331 
5.2 Dissection of embryos and examination of the expression of fluorescent reporter 332 
 333 
5.2.1. After euthanizing the pregnant mouse to which the reporters (E13.5) are introduced by 334 
in utero electroporation (step 4.2), cut through the abdomen and take out the uterus. 335 
 336 
NOTE: Researchers must follow the regulation of animal experiments. If using anesthesia or 337 
pain relief drugs, use them properly. 338 
 339 
5.2.2. Transfer the uterus to a 10 cm Petri dish containing PBS. Take out the embryos from 340 
uterus in PBS, using micro scissors and fine forceps. Cut off the head of each embryo and 341 
transfer to a 10 cm Petri dish containing DMEM/F12 media bubbled with 100% O2 gas. 342 
Remove epidermis and cartilage surrounding the brain in DMEM/F12 media. 343 
 344 
5.2.3. Put the brain on the lid of the Petri dish with ring-shaped forceps and set the lid on the 345 
fluorescence stereoscopic microscope stage. Check the region of the cortex expressing 346 
fluorescent protein under the excitation light (Figure 2A,B). 347 
 348 
5.2.4. Transfer the brain to a silicone rubber cutting board filled with 30 mL of DMEM/F12 349 
media bubbled with 100% O2 gas. Remove meninges covering the surface of the 350 
telencephalon by fine forceps. 351 
 352 
5.3.1. Cut the border between medial and lateral part of the dorsal telencephalon and 353 
separate into two hemispheres using micro surgical knife or fine forceps. Using a micro 354 
surgical knife, cut the cortex like stripes and make cortical slices (Figure 2C,D). Pipette slices 355 
with medium using pipette and transfer them to enriched media in a 35 mm dish. 356 
 357 
5.3.2. Put the slices on the culture inserts in the glass bottom dishes with enriched media. 358 
Correct the direction of slices using fine forceps. Set up the cut surface of the slices to the 359 
surface of culture insert. Remove the extra media by a pipette. Incubate the slices in multi-360 
gas incubator set by 40% O2 and 5% CO2 at 37 °C for 30 min. 361 
 362 
5.3.3. Add 300 μL of enriched media containing 1 mM luciferin to the outside of culture insert 363 
in the glass bottom dish. 364 
 365 
5.3 Visualization of luciferase reporter expression in slice cultures 366 
 367 
5.4.1. Start the luminescence live-imaging system before starting the dissection. Use the 368 
following condition of cortical slice cultures: 40% O2, 5% CO2 and 37 °C. 369 
 370 
5.4.2. Put the immersion oil to 40x objective lens. Put the sample dish to the stage of 371 
microscope. Acquire the test image of fluorescent and set the position and the focus plane to 372 
the region of interest under the illumination of excitation light. 373 
 374 
5.4.3. Run the time-lapse acquisition by 3-dimentional (luminescence, fluorescence and 375 
bright field) acquisitions for 24 h (Figure 2F-H). For luminescence image acquisition, use the 376 
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following camera settings: low-transfer rate (50 kHz), 2x2/4x4 binning, 10 min/5 min 377 
exposure time. For the fluorescence and bright field image acquisition, use the following 378 
settings: intermediate-transfer rate (1 MHz), 1x1 binning and 100 ms exposure time. 379 
 380 
6. Image processing and analysis 381 
 382 
6.1. Connect each image and make the stack images. Click Import Image Sequence from the 383 
File menu (File | Import | Image Sequence) and choose the folder, where the acquired 384 
images are saved. Put some words contained in file name to the column of File name 385 
contains. 386 
 387 
6.2. To remove the noise of cosmic ray on the bioluminescence images, apply the SpikeNoise 388 
Filter plug-in of ImageJ/Fiji. Open the stack images and click SpikeNoise Filter. 389 
 390 
6.3. Apply Savitzky Golay Temporal Filter plug-in to get clear dynamics of reporter 391 
expression. Open the stack images and click Savitzky Golay Temporal Filter. 392 
 393 
6.4. To measure the intensity of reporter expression, apply Z Axis Profile Plus plug-in to each 394 
single cell. Select the cells and set ROIs, region of interest and click Z Axis Profile Plus. 395 
 396 
REPRESENTATIVE RESULTS:  397 
Expressions of the genes Hes1/7 exhibit 2 h oscillation cycle in various cell lines and during 398 
somitogenesis. Furthermore, the period of oscillation is very short and both their mRNAs and 399 
proteins are extremely unstable with the half-lives of around 20 min. If using a slow response 400 
reporter, we cannot trace such rapid dynamics, and if using a stable reporter, it gradually 401 
accumulates while the gene expression oscillates. Thus, the reporter must be rapidly 402 
degraded to monitor the rapid turnover of such cyclically expressed genes. To overcome 403 
these problems, we used luciferase reporter to monitor the dynamic expression of oscillators. 404 
Because the bioluminescence reporter has a short maturation time and high sensitivity, it 405 
enables us to monitor the rapid dynamics of ultradian oscillators. Like a fluorescent reporter, 406 
the luciferase reporter can monitor the expression dynamics of a protein by being fused to 407 
the gene coding sequence (Figure 1A, Figure 2E and Figure 3D). Luciferase-fused gene 408 
products exhibit the same expression, turnover and translocation kinetics in cells as do the 409 
endogenous proteins. Furthermore, to monitor the promoter activity of the oscillating gene 410 
Dll1, we used ubiquitinated luciferase, a destabilized luciferase reporter (Figure 1A and Figure 411 
3A)23, whose half-life is about 10 min20. Using various types of luciferase reporters, we 412 
generated transgenic mice or knocked-in mice to obtain stable expression of the reporter in 413 
NPCs during neurogenesis17. To visualize reporter expression at single cell levels in tissue 414 
culture, the scattered introduction of reporter is preferable. Thus, we used transient 415 
transfection of the reporter gene into NPCs via in utero electroporation (Figure 2F-H). The 416 
luciferase reporter system has been used in the field of circadian rhythms to monitor the 417 
dynamic expressions of clock genes for a long period (e.g., 1 week), suggesting that luciferin 418 
(D-luciferin), the substrate of the firefly luciferase enzyme,  is very stable and has no toxicity 419 
for living cells24,25. We usually use luciferin in concentrations of 1 mM in the media, which is 420 
sufficient for the overnight live-cell imaging. Furthermore, the microscope-based imaging 421 
system enables us to acquire the multi-dimensional images, bright field images, fluorescence 422 
images and chemiluminescence images (Figure 2F-H and Figure 3E). 423 
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 424 
Using these conditions, we visualized the expressions of various ultradian clock genes, 425 
including Hes1, Ascl1, Neurog2 and Dll1 (Figures 2 and Figure 3). Representative results are 426 
shown in Figure 3. The reporter of Dll1 promoter activity exhibited oscillatory expression in 427 
NPCs derived from the telencephalon of Dll1-Ub-Fluc reporter mice. The destabilized 428 
luciferase reporter (Figure 3A) indicated sharp up and down regulation of the expression of 429 
promoter activity (Figure 3B,C). In this case, single neural progenitor cells displayed an 430 
approximately 2.5 h oscillation cycle with various amplitudes over the course of 13 h (Figure 431 
3C). The rapid response luciferase reporter enables us to capture the transmission dynamics 432 
of Notch signaling between two living cells (Figure 3D-F and Supplemental movie S1). We 433 
prepared two types of DNA mixtures: (1) Hes1 promoter reporter (pHes1-Ub-luc) and EGFP 434 
expression vector, and (2) Dll1 protein reporter (Dll1-Luc) and mCherry expression vector and 435 
transfected them into NPCs separately. Then we collected the two types of cells and co-436 
cultured to measure the expression of reporters in living cells. Representative results are 437 
shown in Figure 3E,F. Adjacent EGFP positive cells carrying Hes1 reporter and mCherry 438 
positive cells expressing Dll1 protein reporter contacted with each other during observation. 439 
Hes1 reporter expression in a green cell seemed to start about 60 min after two cells contact 440 
(Figure 3E,F). This suggested that the time delay for transmission of Notch signaling between 441 
adjacent cells was about 1 h. Furthermore, during signal transmission, Dll1 protein expression 442 
showed dynamic translocation in a red cell (Figure 3E). 443 
 444 
FIGURE AND TABLE LEGENDS:  445 
Figure 1. Dissection of the embryonic mouse brain. (A) The structure of luciferase reporters, 446 
Dll1 promoter reporter and Dll1 protein reporter. (B) Procedure of dissection. (a) The lateral 447 
view of a mouse embryo. (b) Cut off the head along with the dotted line. (c) Remove the 448 
epidermis and cartilage from the gap between the telencephalon and midbrain. (d) Cut the 449 
surrounding tissue along the midline between the right and left hemispheres. (e) Remove the 450 
tissue from the center break to both sides. (f) The telencephalon and the midbrain after 451 
removal of the surrounding tissue. (g) Separate the telencephalon (tel), midbrain (mid) and 452 
olfactory bulb (OB). (h) Cross section of the telencephalon, shown in dotted line in (g). (i) 453 
Remove the meninges surrounding the surface of the telencephalon. (j) Separate the 454 
telencephalon into two parts: medial and lateral part. (k) Cut the border of the cortex and 455 
ganglionic eminence (GE). (l) Dorso-lateral part of the cortex is used for dissociation culture.  456 
(C) The brain at embryonic day 14 (E14), consisting of the left (a) and right (b) hemispheres of 457 
the telencephalon and the midbrain (c). (D) The telencephalic hemispheres separated from 458 
the midbrain. (E) One dissected hemisphere of the telencephalon: the ventrolateral part of 459 
the telencephalon including the ganglionic eminences (d), the dorsolateral part of the 460 
telencephalon used for dissociated cultures and slice cultures (e), the medial part of the 461 
telencephalon (f) and meninges covering the surface of the brain (g). 462 
  463 
Figure 2: Making the cortical slices of the embryonic telencephalon and visualizing Dll1 464 
protein dynamics in the cortical slice cultures. (A) Checking the expression of EGFP using 465 
fluorescence stereoscopic microscope. Red arrow shows the region of the cortex expressing 466 
EGFP. The left hemisphere (a), the right hemisphere (b) and the midbrain (c). (B) Dotted lines 467 
indicate the outlines of the brain regions shown in (A). (C) Dissected cortex of the dorsolateral 468 
telencephalon. White arrowheads indicate the cut edges. (D) Cortical slices of the dorso-469 
lateral telencephalon. (E) Gene structures of reporters for visualizing Dll1 protein dynamics in 470 
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NPCs. The Dll1 protein reporter, Dll1-Fluc (upper) were introduced into NPCs with an EGFP 471 
expression vector (lower) to monitor the morphology and migration of cells in the cortical 472 
slices. (F-H) Three-dimensional images of bright-field (F), GFP expression (G), and 473 
bioluminescence (H) in the cortical slice. The bioluminescence imaging system allowed to 474 
trace the expressions of luciferase and fluorescence reporter simultaneously. Scale bars: 200 475 
µm. 476 
 477 
Figure 3:  Representative data for visualization and analysis of the dynamic expression of 478 
the Dll1 gene in NPC culture. (A) The reporter construct for visualizing Dll1 expression at the 479 
transcriptional level, using a destabilized luciferase reporter (Ub-luciferase, ubiquitinated 480 
luciferase). (B) Visualization of the expression of Dll1 in a single NPC with a bioluminescence 481 
reporter. The numbers in the panel show the peak points of the oscillatory expression of Dll1 482 
corresponding to the numbers in panel C. (C) A time course plot of the bioluminescence the 483 
dissociated NPC shown in (B), exhibiting the dynamic expression of Dll1. (D-F) Visualization of 484 
the expression of Hes1 promoter reporter and Dll1 protein reporter expressed in the 485 
neighboring cells. (D) The structure of Hes1 promoter activity reporter (pHes1-Ub-luc) and 486 
Dll1 protein reporter (Dll1-Luc). (E and F) The EGFP positive cell carrying Hes1 reporter (Cell1) 487 
and the mCherry positive cell carrying Dll1 protein reporter (Cell2) were co-cultured and the 488 
luminescence from both types of reporters were measured. The expression of Hes1 reporter 489 
in the green cell (cell1) seemed to start about 60 min after the two cells contacted. 490 
 491 
Supplemental movie S1. Visualization of the expression of Hes1 promoter reporter and Dll1 492 
protein reporter expressed in the neighboring cells, related to Figure 3D-3F. 493 
 494 
DISCUSSION:  495 
The components of Notch signaling show oscillatory expressions in synchrony during 496 
somitogenesis but out of synchrony during neurogenesis, leading to the difficulties in 497 
capturing the expression dynamics by static analysis in the latter case. Thus, real-time 498 
monitoring is required to reveal the expression dynamics of Notch signaling components, 499 
such as Hes1 and Dll1. Because the periods of the expressions of Hes1 and Dll1 oscillations 500 
are extremely short, approximately 2-3 h, rapid response and unstable reporters are required 501 
for monitoring their expression dynamics. For this purpose, we have developed the 502 
bioluminescence reporter and imaging system. The bioluminescence reporter luciferase 503 
shows rapid maturation kinetics and high sensitivity to trace the rapid turnover of such cyclic 504 
gene expressions. The rapid turnover of reporters leads to very faint signals generated. To 505 
detect such faint signals produced by the bioluminescence reporters, we use an optimized 506 
bioluminescence imaging system, including a high sensitivity, water-cooled CCD camera with 507 
an ultra-low readout speed (50 kHz), which reduces the noise to a minimum. Furthermore, a 508 
high numerical aperture (N.A.) objective lens enables us to collect the light released from the 509 
destabilized luciferase reporter to the fullest. To obtain a higher sensitivity we usually use 510 
higher binning (e.g., 2 x 2, 4 x 4, 8 x 8) and keep the shutter to open for a long time (e.g., 5-20 511 
min). Because the signal from the luciferase reporters is extremely faint, the interference of 512 
light from the environment also presents a problem in detecting the faint signal: thus, the 513 
microscope room must be completely dark.  This system enables us to measure the dynamic 514 
expressions of Hes1 and Dll1 genes in NPCs in both transcriptional and protein levels (Figure 515 
3). In addition, we can visualize the protein dynamics of intracellular translocation with 516 
luciferase fused protein reporters. Furthermore, using the rapid response luciferase reporter, 517 
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we can capture the transmission dynamics of Notch signaling and measure the time delay for 518 
signal transmission between two living cells (Figure 3D-F and Supplemental Movie S1). 519 
Moreover, the combination of promoter reporter (Ub-luciferase reporter) and protein 520 
reporter (luciferase fusion) of a single gene enables us to measure the time delay between 521 
transcription and translation of the gene. In this way the multiple imaging of various kinds of 522 
luminescence reporters and fluorescence reporter is available to measure the time delay/rate 523 
for biochemical reactions. 524 
 525 
Real-time monitoring of gene expressions at single cell resolution has revealed that there are 526 
variations in expression dynamics of the same gene. Some cells express Dll1/Neurog2 in 527 
oscillatory manner, but others show sustained patterns. Furthermore, the different 528 
expression dynamics (oscillatory versus steady) induce different outputs in the state of cells. 529 
What does appear to be clear is that different expression dynamics influence cell behaviors 530 
in different ways, suggesting that the expression dynamics encodes more information21,22,26-531 
32. The static analyses cannot capture the dynamics in gene expression, and real-time analyses 532 
are required for understanding biological phenomena to reveal the expression dynamics in 533 
cellular events. The approach that we introduce here can monitor the dynamics of ultradian 534 
oscillators during neural development at high temporal resolution. Using this method, we 535 
found that many more genes are dynamically expressed than we had previously thought, and 536 
we can trace not only the dynamics of protein expression but also the dynamics in protein 537 
localization in the cell at high temporal resolution. Such dynamic expression patterns might 538 
have biological significances that are yet to be elucidated. 539 
 540 
Bioluminescence reporters have a great advantage in temporal resolution and low toxicity to 541 
living cells compared with fluorescence reporters33. However, in contrast to the color 542 
variations in fluorescent reporters, there are only a few colors in bioluminescence reporters, 543 
imposing a limitation on the number of genes that can be monitored simultaneously. 544 
Nevertheless, increasing numbers of variable luciferase are being isolated and cloned from 545 
various creatures34,35, and using such a variety of luciferases, we will be able to simultaneously 546 
trace multiple gene expression dynamics in a single cell at high temporal resolution. The 547 
molecular size of firefly luciferase is larger than fluorescence reporters, which presents some 548 
difficulties in constructing reporter-fused proteins to monitor the protein dynamics, but 549 
recently, a new, smaller and brighter luciferase has been cloned36, which would allow us to 550 
visualize the protein dynamics easier than ever. A growing number of reports have recently 551 
showed different types of dynamics in gene expression and protein translocation in various 552 
biological events21,22,26-32. Analyses of such dynamics in spatiotemporal regulation using a 553 
real-time monitoring system would be increasingly important to capture the actual states of 554 
cells and reveal the regulation of cellular systems. 555 
 556 
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manuscript. The images in Figure2 (2A-2D) were taken by a digital camera and we 
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bars in the montage images in Figure3 (3B and 3E). 
 
3. Please ensure that the highlight is no more than 2.75 pages including headings and 
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The highlight of the PROTOCOL 
 
1. Bioluminescence reporters and Bioluminescence imaging system 
 
2. Preparation of Neural Stem/Progenitor Cell (NPC) dissociation cultures and 
visualization of luciferase reporter expression in NPCs. 
 
2.1. Dissection of embryos and dissociation of NPCs. 
 
2.1.1. Transfer the uterus in a 10-cm Petri dish containing 25 mL ice-cold PBS. Take 
out the embryos from the uterus in ice-cold PBS. 
 
2.1.2. Cut off the head of each embryo and transfer it to 10-cm Petri dishes 
containing ice-cold DMEM/F12. Remove the epidermis and cartilage surrounding the 
brain and transfer the brain to 35-mm Petri dish containing 3 mL ice-cold N2/B27 media. 
 
2.1.3. Cut off the right and left telencephalon from diencephalon (Figure 1Ba-f, C,D). 
Remove the meninges covering the surface of telencephalon (Figure 1Bi). Take out the 
dorso-lateral part of cortex from the telencephalon (Figure 1Bg,h,j-l E). 
 
2.1.4. Transfer the tissues to new 1.5 mL tubes. Remove any extra medium. Add 0.1 
mL of papain solution per brain tissue. After 15 min of incubation at 24 °C, gently pipette 
the samples 10 times with P1000 pipette. Incubate the samples again for 15 min at 24 
°C. 
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2.1.5. Gently pipette the samples 10 times with P1000 pipette. Centrifuge the 
samples by 400 x g for 3 min at room temperature (RT). Discard the supernatant. 
 
2.1.6. Add 1 mL of DMEM/F12 media to the pellet. Gently pipette 10 times with 
P1000 pipette. Centrifuge the samples by 400 x g for 3 min at RT. Discard the 
supernatant. Repeat the step at least 2 more times. 
 
2.1.7. To the pellet, add 0.5 mL of N2/B27 media containing 1 mM luciferin and mix 
well. Seed the cells to a PLL-coated glass bottom dish. Culture the cells in CO2 incubator 
for 1 h. Once the cells adhere, add 2 mL of N2/B27 media, containing 1 mM luciferin. 
 
2.2. Visualization of luciferase reporter expression in NPC dissociation culture. 
 
2.2.1. Start up the luminescence live-imaging system before performing the 
dissection. For NPC culture, set the temperature of the stage incubator at 37 °C and set 
the setting of the gas mixture 20% O2, 5% CO2. 
 
2.2.2. Put immersion oil to the objective lens. Place the sample dish on the 
microscope stage. View the field with your eyes and choose the best position and the 
focus of the cells of interest. Click live to acquire the test image. 
 
2.2.3. Run time-lapse acquisition by 2-dimensional (luminescence and bright field) 
acquisitions for 24 h. Choose Multi-Dimensional Acquisition program and set the 
acquisition setting. For luminescence image acquisition, use the following camera 
settings: low-transfer rate (50 kHz), 2x2/4x4 binning, 10 min/5 min exposure time. For 
bright-field image acquisition, use the following settings: intermediate-transfer rate 
(1MHz), 1x1 binning and 100 ms exposure time. 
 
3. In-utero electroporation for the introduction of Dll1-Fluc reporter into neural 
progenitor cells. 
 
3.1.1. Once pedal reflex is not observed, make a 2-3 cm cut through the abdomen 
along the midline. Put gauzes around the dissected part and wet the gauzes with warm 
PBS. Take out the right uterine horn gently with ring-shaped forceps. 
 
3.1.2. Inject 1-2 μL of the mixed DNA into the ventricle of the telencephalon of 
embryos gently with micro capillary. 
 
3.1.3. Wet the uterus and the electrode before you give voltage pulses, then hold 
the head of an embryo gently. Set the positively charged electrode to the side of the 
hemisphere, in which the DNA was injected. Ensure that the condition of the pulse of 
electroporation is 30-50 V for 50 ms, the interval of the pulses is 1 s (50 ms charge and 
950 ms non-charge). Provide 5 pulses to one embryo and check that bubbles are 
generated from the negatively charged electrode. Repeat the step to other embryos and 
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put back the uterine horn to the abdominal cavity. 
  
3.1.4. After putting back the left side, suture the incision. Before closing the incision 
completely, put warm PBS into the abdominal cavity. After finishing the surgery, place 
the mouse on a heating pad for post anesthesia recovery. 
 
4. Preparation of slice cultures of the developing cortex and visualization of luciferase 
reporter expression in the cortical slices. 
 
4.1. Dissection of embryos and examination of fluorescent reporter expression. 
 
4.1.1. Transfer the uterus to a 10-cm Petri dish containing PBS. Take out the embryos 
from uterus in PBS. Cut off the head of each embryo and transfer to a 10-cm Petri dish 
containing DMEM/F12 media bubbled with 100% O2 gas. Remove epidermis and 
cartilage surrounding the brain in DMEM/F12 media. 
 
4.1.2. Put the brain on the lid of the Petri dish and set the lid on the fluorescence 
stereoscopic microscope stage. Check the region of the cortex expressing fluorescent 
protein under the excitation light (Figure 2A,B). 
 
4.1.3. Transfer the brain to a silicone rubber cutting board filled with DMEM/F12 
media bubbled with 100% O2 gas. Remove meninges covering surface of the 
telencephalon. 
 
4.1.4. After separate two hemisphere, cut the border between medial and lateral 
part of the dorsal telencephalon. Using a micro surgical knife, cut the cortex like stripes 
and make cortical slices (Figure 2C,D). Take slices with medium using pipette and 
transfer them to enriched media in a 35-mm dish. 
 
4.1.5. Put the slices on the culture inserts in the glass bottom dishes with enriched 
media. Correct the direction of slices using fine forceps. Set up the cut surface of the 
slices to the surface of culture insert. Remove the extra media by a pipette. Incubate the 
slices in multi-gas incubator set by 40% O2 and 5% CO2 at 37°C for 30 min. 
 
4.1.6. Add 300 μL of enriched media containing 1 mM luciferin to the outside of 
culture insert in the glass bottom dish. 
 
4.2. Visualization of luciferase reporter expression in slice cultures. 
 
4.2.1. Start up the luminescence live-imaging system before starting dissection. The 
condition of cortical slice cultures is 40% O2, 5% CO2 and 37°C. 
 
4.2.2. Put immersion oil to 40x objective lens. Put the sample dish to the stage of 
microscope. Acquire the test image of fluorescent and set the position and the focus 
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plane to the region of interest under the illumination of excitation light. 
 
4.2.3. Run time-lapse acquisition by 3-dimentional (luminescence, fluorescence and 
bright field) acquisitions for 24 h (Figure 2F-H). For luminescence image acquisition, use 
the following camera settings: low-transfer rate (50kHz), 2x2/4x4 binning, 10 min/5 min 
exposure time. For fluorescence and bright field image acquisition, use the following 
settings: intermediate-transfer rate (1MHz), 1x1 binning and 100 ms exposure time. 
 
5. Image processing and analysis. 
--- 
 
 
4. The manuscript is written in poor English and should be edited to be clean and free 
from grammatic mistakes. 
 
We checked the manuscript and corrected the mistakes. 
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