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SUPPLEMENTAL INVENTORY 

 

Supplemental Figures and Figure legends 

Figure S1, Related to Figure 1 

Figure S2, Related to Figure 2 

Figure S3, Related to Figure 5 

 

Supplemental Movies and Movie legends 

Movie S1, Related to Figure 1 

Movie S2, Related to Figure 2 

Movie S3, Related to Figure 2 

Movie S4, Related to Figure 5 

Movie S5, Related to Figure 5 

Movie S6, Related to Figure 6 

 

Supplemental Experimental Procedures 

 

Supplemental References 
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SUPPLEMENTAL FIGURE LEGENDS 

 

Figure S1. Calcium waves spread through the neuroepithelium from the 

location of injury, and both tissue contractions and cell expulsions 

operate in the developing brain until at least four months of age, 

Related to Figure 1 

(A-L) Time series of the optic tectum loaded with OGB-1 and PI. Even though 

both OGB-1 and PI fluorescence were recorded, only OGB-1 is shown for 

clarity. The colored circles represent areas where calcium fluorescence was 

measured. A cell death event after mechanical injury (arrow) induces a 

calcium wave that spreads through the tissue from the location of injury. Scale 

bar represents 10 µm.  

(M) Quantification of calcium transients at different distances from the location 

of injury. The arrow indicates the timing of cell death through mechanical 

injury.  

(N) Onset of calcium transients in (M). Cells further away from the location of 

injury display increasingly later onsets. 

(O,P) Quantification of contraction amplitude (O) and cell expulsions (P) at 

different developmental stages. n ≥ 4 animals in each condition.  

All population data are represented as mean ± sem. 

 

 



Figure S2. Inducing necrotic cell death via an electrical stimulus leads 

to calcium waves, tissue contractions and cell expulsions, Related to 

Figure 2 

(A) The optic tectum was loaded with the calcium indicator OGB-1 and an 

average of ten time frames is shown for an overview of tissue architecture. 

The radial line indicates where epithelial thickness was measured and the 

circle represents the area where fluorescence was measured. Scale bar 

represents 10 µm.  

(B-F) Time series of the optic tectum loaded with OGB-1 and PI. A high 

voltage electrical stimulus is delivered with a micropipette as indicated by the 

egress of Alexa Fluor® 488 labeled dextran from the pipette at t = 0 s. The 

electrical stimulus leads to necrotic cell death (arrow), the appearance of a 

calcium wave, and radial contraction of the neuroepithelial tissue. Several of 

the dead cells are then expelled from the tissue into the ventricle. Solid white 

lines represent tissue outline at t = 0 s and dashed white lines represent 

tissue outline at the specified time.  

(G) Quantification of calcium transient, tissue contraction and cell expulsion. 

The calcium transient measurement shows OGB-1 and Alexa Fluor® 488 

fluorescence. The arrow indicates the timing of cell death through the 

electrical stimulus. ET, epithelial thickness. EA, expelled area. 

 

 

 



Figure S3. Focal delivery of ATP induces tissue contractions in the 

tectal neuroepithelium, Related to Figure 5 

(A-E) and (G-K) The optic tectum was imaged using brightfield illumination 

and a puff of ACSF (A-E) or ATP in ACSF (G-K) was delivered from a 

micropipette at t = 0 s. The radial line indicates where epithelial thickness was 

measured. Solid white lines represent tissue outline at t = 0 s and dashed 

white lines represent tissue outline at the specified time. Scale bar represents 

10 µm.  

(F,L) Quantification of tissue contraction from (A-E) and (G-K). Arrow 

indicates the timing of the puffs. ET, epithelial thickness. n ≥ 6 animals in each 

condition. 

  



SUPPLEMENTAL MOVIE LEGENDS 

 

Movie S1. A calcium wave, tissue contraction, and the expulsion of a 

dead cell are triggered by mechanical injury, Related to Figure 1 

The optic tectum was loaded with OGB-1 (green) and PI (magenta). The 

tissue is then mechanically injured with a fine micropipette. One cell takes up 

PI immediately after the injury and is expelled into the ventricle during the 

neuroepithelial contraction. 

 

Movie S2. A calcium wave, tissue contraction and the expulsion of a 

dead cell are triggered by high power laser scanning, Related to 

Figure 2 

The optic tectum was loaded with OGB-1 (green) and PI (magenta). High 

power laser scanning of the entire field of view leads to the death of a 

progenitor cell, which is subsequently expelled into the ventricle. There is an 

additional calcium wave that originates slightly posterior to the location of the 

cell death event around 150 s. 

 

Movie S3. A calcium wave, tissue contraction, and the expulsion of 

several dead cells are triggered by a high voltage electrical stimulus, 

Related to Figure 2 

The optic tectum was loaded with OGB-1 (green) and PI (magenta). A high 

voltage electrical stimulus is delivered, which leads to cell death in the tissue 

and the expulsion of several cells into the ventricle during tissue contraction. 



Movie S4. A control puff does not elicit a tissue response but an ATP 

puff induces a calcium wave and tissue contraction, Related to Figure 5 

The optic tectum was loaded with OGB-1 (green). In the first experiment, a 

puff of ACSF with Alexa Fluor® 594 hydrazide for visualization (magenta) is 

delivered to the ventricular surface of the tectum but does not trigger a 

calcium wave or tissue contraction. In the second experiment, a puff of ATP in 

ACSF with Alexa Fluor® 594 hydrazide for visualization (magenta) is 

delivered and induces a calcium wave and tissue contraction. 

 

Movie S5. A control puff does not elicit a tissue response but an ATP 

puff induces a tissue contraction, Related to Figure 5 

The optic tectum is imaged using brightfield illumination. In the first 

experiment, a puff of ACSF with Fast Green for visualization is delivered at 

t = 50 s (asterisk) but does not induce contraction of the brain tissue. In the 

second experiment, a puff of ATP in ACSF with Fast Green for visualization is 

delivered at t = 50 s (asterisk), which induces a radial contraction of the brain 

tissue. 

 

Movie S6. A cell death event induces reorganization of the actin 

cytoskeleton, tissue contraction, and cell expulsion, Related to Figure 6 

The F-actin reporter GFP-UtrCH (green) was expressed in the optic tectum, 

and PI (magenta) was injected into the ventricle. Immediately after a cell 

death event, F-actin relocalizes from the apical to the basolateral region of the 



neuroepithelium. This is followed by a tissue contraction and the expulsion of 

the damaged cell. 

  



SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

 

Progenitor cell labeling 

We used single-cell electroporation of fluorescently labeled dextran for 

labeling of individual progenitors and their progeny (Bestman et al., 2006; 

Haas et al., 2001). Briefly, a glass micropipette containing 5 mg/ml Oregon 

Green 10,000 MW dextran in calcium-free Ringer’s solution (116 mM NaCl, 

1.2 mM KCl, 2.7 mM NaHCO3, 5 mM HEPES, pH 7.2) was positioned near 

the ventricular surface of the optic tectum. Cells were electroporated by 

delivering a short train of electrical pulses using an Axoporator 800A 

(Molecular Devices) at voltage amplitudes of 1-5 V. The labeling of individual 

progenitor cells was confirmed 1-3 h after electroporation. Tadpoles with 

single progenitor cells were returned to rearing solution and allowed to 

develop for 1-3 days before imaging on a confocal microscope equipped with 

a 488 nm argon laser (Melles Griot), a ×60 0.9 NA LUMPlanFl/IR objective 

(Olympus) and Fluoview FV300 image acquisition software (Olympus). 

 

In vivo calcium imaging 

For calcium imaging with Oregon Green BAPTA-1 AM (OGB-1 AM, 

Invitrogen) we followed established protocols (Dunfield and Haas, 2010; Niell 

and Smith, 2005). Briefly, the calcium indicator OGB-1 AM was solubilized in 

20% Pluronic F-127 in DMSO (Invitrogen) and diluted in calcium-free Ringer’s 

solution to yield a working concentration of 1 mM OGB-1 AM. The solution 

also contained 100 μM Alexa Fluor® 594 hydrazide (Invitrogen) to facilitate 



visualization during loading and the dye was low pressure injected into the 

tectal neuropil. Tadpoles were allowed to recover in rearing solution for at 

least 2 h before being reanaesthetized for multiphoton imaging. Loading with 

calcium indicator did not affect levels of apoptosis as determined by 

Caspase 3 staining (1.4 ± 0.7 Caspase 3+ cells in control animals, 

1.6 ± 0.7 Caspase 3+ cells in OGB-1 loaded animals, n ≥ 7 animals in each 

condition, p = 0.854 in Mann-Whitney U test), or levels of necrosis as 

determined by propidium iodide (PI) uptake (0.4 ± 0.1 PI+ cells in control 

animals, 0.2 ± 0.1 PI+ cells in OGB-1 loaded animals, n = 34 animals in each 

condition, p = 0.140 in Mann-Whitney U test).  

 

Drug treatments 

To activate ATP receptors, 100 μM ATP was dissolved in calcium-free 

Ringer’s solution containing 100 μM Alexa Fluor® 594 hydrazide for 

visualization. For delivery of ATP in brightfield imaging experiments, 

0.03% Fast Green was used for visualization. The solution was then focally 

delivered to the ventricular surface of the optic tectum using a fine 

micropipette. To block ATP receptors, we used a range of antagonists with 

different but overlapping selectivities (Figure 5M). Suramin, MRS2179, 

PPADS or iso-PPADS (all 20 mM, Tocris) in calcium-free Ringer’s solution 

with 0.03% Fast Green were injected into the tectal ventricle, and injection 

was monitored using a Leica S6E dissection scope with a Leica CLS 100X 

Illuminator light source. Suramin is a non-selective ATP receptor blocker that 

inhibits a broad range of metabotropic and ionotropic ATP receptors 



(Abbracchio et al., 2006; Khakh et al., 2001). In contrast, MRS2179 is 

selective for the P2Y1 subtype of metabotropic receptors (Boyer et al., 1998). 

Like suramin, PPADS blocks a number of different metabotropic and 

ionotropic receptors (Abbracchio et al., 2006; Khakh et al., 2001). The related 

compound iso-PPADS inhibits only a small number of P2X receptors (Kim et 

al., 2001). In particular, it is a strong inhibitor of P2X1 and P2X3 receptors, 

where it is several fold more potent than PPADS (Brown et al., 2001; Kim et 

al., 2001). We obtained a significant reduction of calcium wave activity with 

the non-selective inhibitors suramin and PPADS (Figure 5M). These results 

are consistent with an involvement of both P2X and P2Y receptors, however 

there was no significant reduction in calcium wave activity in 

MRS2179-treated animals (Figure 5M), arguing against a major role for P2Y1 

receptors. We also detected a significant decrease in calcium wave activity 

with the P2X-specific inhibitor iso-PPADS (Figure 5M), suggesting an 

involvement of the P2X1 or P2X3 subtypes of ionotropic receptors. In summary, 

these results are consistent with a role for P2X1 or P2X3 receptors, and also 

with a contribution from P2Y receptors other than the P2Y1 subtype. 

We blocked release of calcium from intracellular stores by injecting 

1 mM thapsigargin (Tocris), which depletes intracellular calcium stores, or 

20 mM 2-APB, an inhibitor of IP3-mediated calcium release, into the tectal 

ventricle. To assess the role of gap junctions, 1 mM carbenoxolone or 1 mM 

flufenamic acid, both of which are gap junction inhibitors, were injected into 

the ventricle.  



For induction of calcium transients independently of ATP, 1 mM 

Ionomycin or 1 mM A23187, which act as calcium ionophores, were focally 

delivered to the ventricular surface of the optic tectum using a fine 

micropipette. 

To attenuate rises in intracellular calcium, the calcium chelator BAPTA 

AM (Invitrogen) was solubilized in 20% Pluronic F-127 in DMSO (Invitrogen) 

and diluted in calcium-free Ringer’s solution to a concentration of 5 mM. The 

working solution also contained 0.5 mM OGB-1 AM for calcium imaging and 

100 μM Alexa Fluor® 594 hydrazide for visualization, and was injected into 

the tectal neuropil as described above. We injected 5 mM Y-27632, a Rho 

kinase inhibitor, into the ventricle to investigate the role of Rho kinase 

activation. To assess the role of actomyosin, brain explants were incubated in 

50 μM blebbistatin in ACSF for 30 min before imaging and throughout the 

duration of the imaging protocol. To induce apoptotic cell death, animals were 

reared in 100 μg/ml cycloheximide in MBS.  

 

Immunohistochemistry 

Tadpoles were euthanized in 2% MS-222 and fixed in 4% paraformaldehyde 

for 12-16 h at 4 °C. After fixation, brains were excised, rinsed in phosphate 

buffered saline (PBS), blocked for 1-4 h at room temperature in blocking 

solution (1% BSA, 1% DMSO, 0.5% Triton X-100, 0.01% sodium azide in 

PBS) and incubated in rabbit anti-Caspase 3 antibody (BD Pharmingen 

559565, 1:500) in blocking solution for 12-16 h at 4 °C. This antibody has 

been previously reported to detect apoptotic cells in the brain of Xenopus 



laevis tadpoles (Kaya et al., 2012). Brains were then rinsed in PBS with 

0.5% Triton X-100 for 2-4 h at room temperature, incubated in Alexa 

Fluor® 488 anti-rabbit IgG antibody (Invitrogen A11034, 1:500) in blocking 

solution for 12-16 h at 4 °C, and rinsed in PBS. For detection of cell nuclei, 

brains were incubated in PBS with 1 μg/ml PI and 100 μg/ml RNAse A 

(Roche) for 30 min at 37 °C and rinsed in PBS before mounting and imaging. 

Images were collected on a confocal microscope equipped with a 488 nm 

argon laser (Melles Griot), a 543 nm helium-neon laser (Showa Optronics), 

a ×60 0.9 NA LUMPlanFl/IR objective (Olympus) and Fluoview FV300 image 

acquisition software (Olympus). 

 

Quantitative analysis of calcium signaling and tissue dynamics 

For quantitative analysis of calcium signaling, time series of images were 

saved as TIFF stacks and registered using the StackReg plugin in ImageJ 

(http://rsbweb.nih.gov/ij) to correct for xy drift. The coordinates of individual 

cell bodies were manually identified and dF/F traces for each cell were 

calculated from the mean pixel intensity of a 3 μm diameter circle about the 

cell’s center using custom-written scripts in MATLAB (Mathworks). A calcium 

transient was defined as an event in which dF/F crossed a threshold of two to 

four times the standard deviation of the cell’s mean dF/F for a period of at 

least 10 s. A calcium wave was defined as an event in which a minimum of 

four adjacent cells experienced a calcium transient within 15 s of each other. 

The amplitude of a calcium wave was calculated as the mean amplitude of the 



transients in all participating cells. The size of a calcium wave was defined as 

the number of participating cells. 

For quantification of tissue contractions, epithelial thickness (ET) was 

measured from calcium or brightfield imaging data, and a tissue contraction 

was defined as an event where ET was decreased for at least 20 s before 

gradually recovering. ET was measured at the center of its associated calcium 

wave. Contraction amplitude was calculated as the difference between the 

average ET during the 50 s preceding calcium wave onset and the minimum 

ET observed during the contraction.  

For quantification of the movement of cell nuclei during tissue 

contractions, the centers of nuclei labeled with Hoechst nucleic acid dye were 

manually traced over time and the distance between pairs of nuclei was 

calculated using a custom-written script in MATLAB. The reduction in distance 

between nuclei was calculated as the difference between the distance before 

contraction onset and the minimum distance observed during peak tissue 

contraction. 

For quantification of cell geometry during tissue contractions, the length 

and width of progenitor cells were measured manually over time. The 

reduction in the ratio of cell length to width was calculated as the difference 

between the ratio before contraction onset and the minimum ratio observed 

during peak tissue contraction. 

For quantification of expulsion speed and size, we measured the 

expelled area (EA) of a cell over time from the start of expulsion until 200 s 

after expulsion onset using PI imaging data acquired simultaneously with 



calcium imaging data. Expulsion speed was calculated as the mean increase 

in EA during the first 50 s of the expulsion event, and expulsion size was 

calculated as the mean EA from 50 - 200 s following expulsion onset.  

For quantification of GFP-UtrCH fluorescence, we defined Region 1 as the 

area between 0 and 2 µm from the ventricular surface, and Region 2 as the 

area between 2 and 10 µm from the ventricular surface. Fluorescence in 

Regions 1 and 2 was measured as the mean gray value in a box with a lateral 

extent of 20 µm centered on the location of cell death, or in two boxes which 

were centered on positions at a distance of 50 µm along the ventricular wall 

on either side of the location of cell death.  

 

Analysis of spatial distribution of PI+ cells 

To investigate the spatial distribution of PI+ cells (Figure 8B), we used a 

bootstrap analysis in MATLAB where we first calculated the mean nearest 

neighbor distance for each PI+ cell (n = 13 animals). For each animal, we then 

generated 10,000 sets of PI+ cells that were randomly distributed in tectal 

space such that the number of cells matched those in the experimental data, 

and calculated their mean nearest neighbor distances. The p value reported 

for this analysis corresponds to the proportion of mean nearest neighbor 

distances from the random data set that was smaller than the mean nearest 

neighbor distances from the experimental data. 
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