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Abstract 
 
Moderate or severe traumatic brain injury (TBI) causes widespread neuronal cell 

death. Microglia, the resident macrophages of the brain, react to injury by migrating 

to the lesion site, where they phagocytose cellular debris. Microglial phagocytosis 

can have both beneficial (e.g. debris clearance) and detrimental (e.g. respiratory 

burst, phagoptosis) consequences. Hence, whether the overall effect of microglial 

phagocytosis after brain injury in vivo is neuroprotective or neurotoxic is not known. 

Here we establish a system with which to carry out dynamic real-time analyses of the 

mechanisms regulating cell death after brain injury in vivo. We show that mechanical 

injury to the larval zebrafish brain induces distinct phases of primary and secondary 

cell death. Excitotoxicity contributes to secondary cell death in zebrafish, reflecting 

findings from mammals. Microglia arrive at the lesion site within minutes of injury, 

where they rapidly engulf dead cells. Importantly, the rate of secondary cell death is 

increased when the rapid removal of cellular debris by microglia is reduced 

pharmacologically or genetically. In summary, our results provide evidence that 

microglial debris clearance is neuroprotective after brain injury in vivo. 
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Introduction 
 

Traumatic brain injury (TBI) is a leading cause of death and disability worldwide 

(Maas et al., 2008). Neuronal cell death after TBI can occur through either primary or 

secondary cell death. Primary cell death happens as a direct result of physical forces 

acting during injury. In contrast, secondary cell death is an indirect consequence of 

the injury, and is caused by complex neurotoxic processes in the hours and days 

after the initial insult (Park et al., 2008). Secondary cell death is a major factor in the 

progressive neurological deterioration seen in many TBI patients (Loane et al., 

2015). Neurotoxic processes such as excitotoxicity (Dorsett et al., 2017) and 

oxidative stress (Rodríguez-Rodríguez et al., 2014) have been found to drive 

secondary neuronal cell death in mammals. However, these findings have not 

translated into the clinic, and no medications are available for the prevention of 

secondary cell death (Chakraborty et al., 2016; Hawryluk and Bullock, 2016). Hence, 

further research into the mechanisms underlying secondary cell death is urgently 

required. 

In mammals, brain injury elicits a rapid inflammatory response. Microglia, the 

resident macrophages of the brain, are important cellular effectors of injury-induced 

neuroinflammation. They migrate to the lesion site within minutes of brain injury, 

where they phagocytose cellular debris (Davalos et al., 2005; Hanisch and 

Kettenmann, 2007; Nimmerjahn et al., 2005). Whether microglial phagocytosis is 

beneficial or detrimental in the context of neuronal injury is the subject of ongoing 

debate (Diaz-Aparicio et al., 2016; Fu et al., 2014; Sierra et al., 2013). Microglial 

phagocytosis clears dead cells, which might otherwise release noxious substances 

into their environment and thereby exacerbate tissue damage. However, microglial 

phagocytosis can also have detrimental consequences. Phagocytosis stimulates the 

activation of NADPH oxidase in a so-called respiratory burst (Minakami and 

Sumimotoa, 2006). NADPH oxidase produces high levels of reactive oxygen species 

(ROS), which can kill neurons when released extracellularly. Consistent with a 

detrimental role of the phagocytosis-induced respiratory burst, the phagocytic uptake 

of neuromelanin (Wilms et al., 2003) or neural debris (Claude et al., 2013) by 

microglia leads to the production of ROS and neuronal death in neuron-microglia co-

cultures. Furthermore, microglial phagocytosis can kill stressed-but-viable neurons 

through phagoptosis (Brown and Neher, 2014). This was demonstrated in neuron-
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microglia co-cultures, where the inflammatory stimulation of microglia leads to loss of 

viable neurons through phagocytosis (Neher et al., 2011). Since the functional 

consequences of microglial phagocytosis have predominantly been studied in vitro, it 

is not known whether its overall effect is beneficial or detrimental after brain injury in 

vivo.  

Importantly, microglial reactions to injury and injury-induced cell death are both 

highly dynamic processes that evolve over time in the aftermath of an injury. Hence, 

mechanistic investigations into the regulation of secondary cell death critically 

depend on the ability to conduct dynamic real-time analyses of these processes in 

vivo. Due to their suitability for in vivo imaging, larval zebrafish represent an ideal 

model system for such studies. Importantly, microglial reactions to brain injury are 

conserved across vertebrate species, and microglia in the larval zebrafish brain 

respond to injury by migrating to the injury site where they phagocytose neural debris 

(Sieger et al., 2012), as do their mammalian counterparts. 

Here we conduct real-time analyses of the dynamics of cell death after brain injury in 

larval zebrafish. We find that a peak in primary cell death immediately after injury is 

followed by a peak in secondary cell death with a delay of several hours. 

Pharmacological manipulation of excitotoxicity confirmed its detrimental role in 

secondary cell death, replicating key findings from mammals. We also observe that 

microglia appear at the lesion site within minutes of injury, and in vivo imaging and 

quantification of microglial phagocytosis showed that they engulf substantial 

amounts of neuronal debris. Blocking microglial phagocytosis pharmacologically or 

genetically led to an increase in the rate at which secondary cell death occurs. 

Hence, microglial debris phagocytosis plays a key role in limiting the spread of tissue 

damage in the aftermath of a brain injury. 

 

Results 
 

Primary and secondary cell death occur in distinct phases after brain injury in 
larval zebrafish 
To investigate the dynamics of cell death after brain injury in vivo, we established an 

experimental setup for induction of mechanical injury in the optic tectum of larval 

zebrafish at 4 days post fertilisation (dpf). The optic tectum's superficial location 

within the transparent larval brain makes it easily accessible for experimental 
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manipulation and in vivo imaging. Mechanical lesions were induced by piercing the 

optic tectum with a fine metal pin mounted on a micromanipulator (Fig. 1A).  

First, we characterised the extent and variability of tissue damage thus induced. For 

this, we conducted in vivo confocal imaging of H2A:GFP animals. In this transgenic 

line, all cell nuclei are labelled (Pauls et al., 2001), which allowed us to monitor 

tissue architecture after injury. Imaging was carried out in the presence of the cell 

death indicator propidium iodide (PI) before and immediately after injury (Fig. 1B). 

Mechanical injury displaced tectal cells from the injury site, creating a lesion cavity 

within the neural tissue. In addition, PI+ dead cells were present both within the 

lesion cavity and in the neural tissue bordering the injury site (Fig. 1B). To quantify 

injury volume, we measured the area of the tissue that showed disrupted 

architecture or contained dead cells across z-stacks of the tectum, and found that 

7.2 ± 0.2% of tectal tissue displayed signs of damage at 0 hours post injury (hpi). 

Importantly, injury volume was consistent between different animals (Fig. 1C). The 

extent of injury is relatively small compared to other models of mechanical injury in 

the zebrafish brain such as stab lesioning of the telencephalon, which damages 

about 40% of the injured hemisphere (Kroehne et al., 2011).  

We then investigated the temporal dynamics of cell death after injury. The number of 

PI+ cells increased sharply immediately after the injury and started to decrease again 

as early as 1 hpi (Fig. 1D,H; Movie 1). Using the H2A:GFP transgenic line allowed us 

to assess pyknosis, the condensation of chromatin in the nucleus of a dying cell, as 

an additional readout for cell death. In contrast to PI+ cells, the number of pyknotic 

cells did not increase immediately after injury (Fig. 1E-H), but started to rise with a 

delay at 1 hpi and peaked at 6 hpi (Fig. 1E-H; Movie 1). There also was a small 

delayed increase in PI+ cells at 6 hpi (Fig. 1H). In contrast to those at 0 hpi, these PI+ 

cells were pyknotic (Fig. S1), and hence may represent a subset of pyknotic cells 

whose membrane has become permeable at the late stages of cell death. At 6 hpi, 

pyknotic nuclei were seen in cells near the injury site (Fig. 1F), but also at locations 

more distant from the injury site within both the ipsilateral and contralateral 

hemispheres (Fig. 1G). This is reminiscent of findings from mammals, where delayed 

cell death can be observed in regions remote from the lesion site after experimental 

brain injury (Rink et al., 1995). When we visualised the spatial distribution of pyknotic 

nuclei over time, we found that they first appeared near the injury site, and had 
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spread through large parts of the optic tectum by 6 hpi (Fig. 1I). Both PI+ cells and 

pyknotic cells had been mostly cleared from the tissue at 24 hpi (Fig. 1E-I). 

To validate these results, we used three additional methods of cell death detection. 

In the transgenic line NBT:secA5-BFP (Mazaheri et al., 2014; van Ham et al., 2012; 

van Ham et al., 2010), fluorescently labelled secreted Annexin A5 binds to 

phosphatidylserine exposed on the plasma membrane of dying cells. Live imaging of 

NBT:secA5-BFP animals showed no increase in Annexin A5+ cells at 0 hpi but 

revealed a rise in their number across the tectum at 6 hpi, which had subsided again 

at 24 hpi (Fig. S2A,B). Using Caspase-3 immunohistochemistry, we observed no 

difference between sham and injured animals at 0 hpi, but found an increase in the 

number of Caspase-3+ cells in both tectal hemispheres at 6 hpi (Fig. S2C,D). TUNEL 

staining revealed TUNEL+ dead cells at the injury site at 0 hpi, and in higher 

numbers across the tectum at 6 hpi (Fig. S2E,F). Together, these results provided 

further evidence for both immediate and delayed cell death taking place after brain 

injury in larval zebrafish. In addition, we tested whether different cell death markers 

would label distinct populations of dying cells. We found partial but not complete 

overlap between Annexin A5+ and PI+ cells at 6 hpi (133 ± 9 Annexin A5+/PI- cells; 

45 ± 4 Annexin A5+/PI+ cells; 64 ± 6 Annexin A5-/PI+ cells; n = 11 animals), showing 

that not all dying cells express all markers simultaneously. 

We next investigated whether tectal cells were dying through primary or secondary 

cell death. Given the appearance of PI+ cells immediately after the injury and their 

localisation at or near the injury site (Fig. 1D,H), we hypothesised that these cells 

died as a direct result of structural damage resulting from physical injury, and hence 

underwent primary cell death. To test this hypothesis, we followed individual tectal 

neurons over time after an injury. For this we generated a construct where the 

neuronal promoter elavl3 (Park et al., 2000) drives the expression of membrane-

tagged TdTomato. Injection of elavl3:memTdTomato plasmid DNA into one cell 

stage H2A:GFP embryos resulted in mosaic labelling of one or a few tectal neurons 

at 4 dpf (Fig. S3A,C,E). A neuron residing at the prospective injury site showed 

normal morphology before the injury. Immediately after injury, drastic structural 

damage to the neuron was apparent, and its remains had been cleared from the 

tissue by 6 hpi (Fig. S3B). We observed several neurons located at the prospective 

injury site that followed this pattern (n = 30 neurons in 21 animals). These findings 

support the notion that these cells died through primary cell death.  
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After injury, pyknotic cells appeared across the tectum with a delay of several hours 

(Fig. 1E-I). The delay in their death raises the possibility that these cells escaped 

structural damage and died as an indirect result of the injury through neurotoxic 

processes such as excitotoxicity or oxidative stress; this would be considered 

secondary cell death. Alternatively, pyknotic cells might have been directly 

structurally damaged during mechanical injury but not enough to kill them 

immediately, and instead died at a later time point; this would be considered primary 

cell death despite the delay. When following neurons residing more than 50 µm from 

the injury site in the ipsilateral or contralateral hemisphere (n = 67 neurons in 

21 animals), we found that they displayed no signs of structural damage at 0 hpi 

(Fig. S3D,F). While most of these neurons survived until 6 hpi (Fig. S3D), some of 

them (n = 8 neurons in 21 animals) subsequently underwent cell death, showing a 

pyknotic nucleus and disrupted dendrite morphology at 6 hpi (Fig. S3F). The 

absence of structural damage immediately after injury, followed by delayed cell 

death at 6 hpi, strongly suggests that these cells underwent secondary cell death.  

Taken together, we established an experimental setup that enables the real-time 

visualisation of injury-induced primary and secondary cell death in real time in a 

living animal. This provides an ideal platform for mechanistic investigations into the 

regulation of secondary cell death in vivo. 

 

Most of the tectal cells undergoing injury-induced cell death are neurons 
Next, we sought to determine which types of tectal cells die after injury. At 4 dpf, the 

majority of tectal cells are neurons, which can be visualised in the elavl3:GFP (Park 

et al., 2000) and NBT:dsRed (Peri and Nüsslein-Volhard, 2008) neuronal reporter 

lines (Fig. 2A,E). The tectal ventricle is lined by radial glia, which express the Notch 

target gene her4.3 and are labelled in the her4.3:GFP (Yeo et al., 2007) and 

her4.3:mCherry (Knopf et al., 2010) transgenic lines (Fig. 2C,G). Using the 

oligodendrocyte reporter line mbp:memGFP (Almeida et al., 2011), we detected very 

few oligodendrocytes in the tectum at 4 dpf (Fig. S4), consistent with previous 

research (Brösamle and Halpern, 2002). We found that the majority of PI+ cells at 

0 hpi were elavl3+ neurons (Fig. 2B) rather than her4.3+ radial glia (Fig. 2D). This 

was confirmed by quantification, which showed that 92 ± 2% of PI+ cells were 

neurons, whereas only 3 ± 1% were radial glia (Fig. 2I). Likewise, the majority of 

pyknotic nuclei at 6 hpi in NBT:dsRed;H2A:GFP animals were NBT+ neurons (Fig. 
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2F), and only a few pyknotic nuclei in her4.3:mCherry;H2A:GFP animals were 

her4.3+ radial glia (Fig. 2H). Quantification showed that 92 ± 1% of pyknotic cells 

were neurons and 6 ± 1% were radial glia (Fig. 2J). These results indicate that the 

majority of tectal cells dying after brain injury through either primary or secondary cell 

death are neurons.  

 

Excitotoxicity contributes to secondary neuronal cell death 
Glutamate-mediated excitotoxicity has been identified as an important neurotoxic 

mechanism driving secondary cell death after brain injury in mammals (Dorsett et al., 

2017). Excitotoxic cell death occurs when glutamate released from damaged 

neurons overactivates glutamate receptors on neighbouring cells, leading to an influx 

of pathologically high levels of calcium (Arundine and Tymianski, 2003). To 

determine whether this holds true in our model system, we first visualised and 

quantified calcium dynamics in tectal cells after brain injury in vivo. For this we 

generated a transgenic line expressing the calcium reporter GCaMP6f (Chen et al., 

2013) under the β-actin promoter (Fig. 3A). Confocal time-lapse imaging of 

β-actin:GCaMP6f transgenic larvae revealed spontaneous calcium transients in 

tectal cells of sham animals (Fig. 3A,C,E), consistent with previous research (Avitan 

et al., 2017). After mechanical injury, the number of calcium transients in tectal cells 

was increased (Fig. 3A-E). This increase was detectable immediately after injury and 

persisted until at least 6 hpi (Fig. 3E). Hence, the increase in calcium transients 

coincided with the time window during which secondary cell death takes place in the 

optic tectum (Fig. 1).  

If excitotoxicity contributed to secondary cell death, we would expect a spatial 

correlation between the distribution of calcium transients and the regions containing 

pyknotic nuclei. To test this hypothesis, we monitored calcium transients from 2-3 hpi 

in β-actin:GCaMP6f larvae and generated spatial maps of calcium dynamics within 

the tectum. The same animals were then fixed and their nuclei stained, allowing us 

to map regions containing pyknotic nuclei at 3 hpi. Comparing the spatial distribution 

of calcium transients with that of pyknotic nuclei did indeed reveal a correlation 

between these patterns (Fig. S5). Interestingly, elevated levels of calcium transients 

were observed in somewhat broader regions than pyknotic nuclei, possibly indicating 

that a certain level of calcium transients must be exceeded before cell death occurs.  

Since the calcium indicator GCaMP6f is expressed ubiquitously in β-actin:GCaMP6f 
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transgenic larvae, we next sought to confirm that calcium transients were increased 

in tectal neurons. For this we crossed β-actin:GCaMP6f animals with the neuronal 

reporter line NBT:dsRed. We then quantified calcium transients occurring in NBT+ 

cells through time-lapse imaging of β-actin:GCaMP6f; NBT:dsRed double transgenic 

larvae. This showed that calcium transients were indeed increased in tectal neurons 

after injury (Fig. 3F).  

The overactivation of NMDA-type glutamate receptors contributes to excitotoxicity-

induced calcium overload and cell death in mammalian neurons (Arundine and 

Tymianski, 2003). We used a combination of the non-competitive NMDA receptor 

antagonist MK801 and the competitive antagonist AP5 to determine whether this 

would also be the case in our model system. Indeed, the increase in calcium 

transients usually seen in injured animals was abolished in the presence of 100 µM 

MK801 and 10 µM AP5 both at 0 hpi (Fig. 3G) and at 6 hpi (Fig. 3H). We then 

investigated whether preventing the injury-induced increase in calcium transients 

would affect either PI+ cells at 0 hpi or pyknotic nuclei at 6 hpi. The number of PI+ 

cells was unchanged by MK801 and AP5 at 0 hpi (Fig. 3I). This provides additional 

evidence that PI+ cells die through primary cell death because their death cannot be 

prevented by blocking a known neurotoxic process such as excitotoxicity. In contrast, 

the number of pyknotic nuclei at 6 hpi was reduced when MK801 and AP5 were 

present (Fig. 3J). The fact that pyknotic cells could be rescued by blocking 

excitotoxicity indicates that these cells would otherwise have died from secondary 

cell death. We noted that while treatment with NMDA receptor antagonists virtually 

completely suppressed the injury-induced increase in calcium transients both at 0 hpi 

(Fig. 3G) and 6 hpi (Fig. 3H), the increase in pyknotic nuclei at 6 hpi was reduced by 

about 40%, rather than abolished, by MK801 and AP5 (Fig. 3J). This indicates that 

other neurotoxic processes such as oxidative stress (Rodríguez-Rodríguez et al., 

2014) likely also contribute to secondary cell death.  

Interestingly, there was no difference in PI+ cells at 6 hpi in the presence of MK801 

and AP5 (Sham Vehicle: 42 ± 1 PI+ cells; Sham MK801+AP5: 42 ± 3 PI+ cells; 

Injured Vehicle: 101 ± 19 PI+ cells; Injured MK801+AP5: 105 ± 18 PI+ cells; n = 7 

animals per experimental group). This suggests that MK801 and AP5 do not change 

the number of cells entering the late stages of cell death, but instead affect earlier 

stages, consistent with previous literature (Arundine and Tymianski, 2003). 

To confirm that excitotoxicity can drive secondary cell death in our model system, we 
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tested whether application of 10 µM L-Glutamate would exacerbate injury-induced 

cell death. Indeed, the number of pyknotic nuclei at 6 hpi was increased in the 

presence of L-Glutamate (Fig. S6).  

Taken together, these results indicate that glutamate-mediated excitotoxicity 

contributes to secondary cell death after brain injury in larval zebrafish.  

 

Microglia rapidly accumulate at the lesion site within the brain 
Next, we analysed the dynamics and cellular effectors of injury-induced inflammation 

in our model system. In mammals, brain-resident microglia accumulate at the lesion 

site after brain injury (Davalos et al., 2005). In addition, the disruption of the blood-

brain barrier allows for infiltration of peripheral immune cells including monocyte-

derived macrophages, neutrophils, dendritic cells and T cells (Jin et al., 2012). Since 

the zebrafish's adaptive immune system has not yet developed at 4 dpf (Meijer and 

Spaink, 2011), we were able to focus our analysis on cells of the innate immune 

system. First, we carried out in vivo confocal imaging of mpeg1:GFP transgenic 

larvae (Ellett et al., 2011), where macrophage-lineage cells including microglia are 

labelled. Mpeg1+ cells started to accumulate at the lesion site within the brain shortly 

after injury, and the number of mpeg1+ cells continued to increase in the following 

hours (Fig. 4A,B). To analyse the injury responses of mpeg1+ cells at the single-cell 

level, we analysed the 3D spatial trajectories of individual cells over time. Tracking of 

mpeg1+ cells in intact animals (Fig. 4C; Movie 2) showed low average speed 

(Fig. 4D) and little net displacement of their cell bodies (Fig. 4E). After injury, mpeg1+ 

cells rapidly migrated towards the lesion site (Fig. 4C; Movie 3), which was reflected 

in marked increases in their average speed (Fig. 4D) and net displacement (Fig. 4E). 

Interestingly, mpeg1+ cells both within the brain and on the skin migrated towards the 

lesion site, and mpeg1+ cells also accumulated within the wounded skin (Fig. 4C; 

Movie 3).  

To distinguish microglia from skin macrophages and other peripheral macrophages, 

we next crossed p2y12:GFP transgenic animals (Sieger et al., 2012) with the 

mpeg1:mCherry line (Ellett et al., 2011). P2Y12 is a purinergic receptor that is 

expressed in microglia but not peripheral macrophages in mammals (Sasaki et al., 

2003). We detected P2Y12 expression in virtually all tectal mpeg1+ cells (Fig. S7A,B) 

and in a small subset of mpeg1+ skin macrophages (Fig. S7C,D), but not in mpeg1+ 
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cells in the trunk (Fig. S7E,F). Hence, P2Y12 expression can differentiate between 

microglia and peripheral macrophages, but not microglia and skin macrophages. 

Live imaging of p2y12:GFP;mpeg1:mCherry double transgenic larvae between 0 and 

6 hpi showed recruitment of both p2y12+/mpeg1+ and p2y12-/mpeg1+ cells to the 

injury site spanning the brain and skin (Fig. 4F,G). Interestingly, p2y12-/mpeg1+ cells 

were mostly confined to the skin (Fig. 4F), whereas virtually all mpeg1+ cells within 

the brain expressed P2Y12 (Fig. 4F,H). These findings are consistent with 

recruitment of microglia to the injury site within the brain and of skin macrophages to 

the skin wound, but do not rule out migration of skin macrophages into the brain.  

To address this, we carried out time-lapse imaging of p2y12:GFP;mpeg1:mCherry 

larvae for 6 h after injury, and analysed the 3D spatial trajectories of individual skin 

macrophages over time (Fig. 4I). This revealed a small number of skin macrophages 

that entered the brain, typically fewer than 10 (Fig. 4J). These skin macrophages 

stayed relatively close to the surface rather than migrating deep into the brain 

(Fig. 4I; penetration depth at 6 hpi: 15 ± 1 µm, n = 6 animals). Invading macrophages 

can switch on expression of P2Y12 after entering the brain (Chia et al., 2018), but 

we did not observe this in our experiments (n = 6 animals). Furthermore, we did not 

detect any p2y12-/mpeg1+ cells entering the tectum from a ventral direction (n = 6 

animals), arguing against substantial recruitment of peripheral macrophages from 

elsewhere in the body. 

We next used the 4C4 antibody, which has previously been used to label microglia in 

zebrafish (Becker and Becker, 2001; Chia et al., 2018; Ohnmacht et al., 2016), in 

mpeg1:GFP animals. The 4C4 antibody labelled nearly all tectal mpeg1+ cells 

(Fig. S8A,B) and a subset of mpeg1+ skin macrophages (Fig. S8C,D), but very few 

mpeg1+ cells in the trunk (Fig. S8E,F). Thus, like P2Y12 expression, 4C4 labelling 

can differentiate between microglia and peripheral macrophages, but not microglia 

and skin macrophages. At 6 hpi, we detected both 4C4+/mpeg1+ and 4C4-/mpeg1+ 

cells at the injury site spanning the brain and skin (Fig. S9A,B), with 4C4- cells 

mostly residing on the skin (Fig. S9A) and almost all mpeg1+ cells within the brain 

labelled with 4C4 (Fig. S9C). While these findings cannot rule out recruitment of skin 

macrophages into the brain, they suggest that recruitment of substantial numbers of 

peripheral macrophages from elsewhere in the body is unlikely. 

We also attempted to use the microglia reporter line apoE:GFP (Peri and Nüsslein-

Volhard, 2008). However, about one third of tectal mpeg1+ cells were apoE- even in 
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uninjured animals (Fig. S10). Hence, we could not use ApoE to distinguish these 

cells from potential invading apoE- peripheral macrophages.  

We then explored whether neutrophils were recruited to the lesion site using live 

imaging of the neutrophil reporter line mpo:GFP (Renshaw et al., 2006). Very few 

neutrophils were present in the optic tectum of uninjured animals (Fig. S11A,B). 

Between 0 and 6 hpi, neutrophils appeared at the injury site spanning the brain and 

skin (Fig. S11A,B). A few of these were found within the brain, typically no more than 

3 or 4 cells at 6 hpi (Fig. S11B). Reminiscent of skin macrophages, these cells 

resided relatively close to the surface (Fig. S11A; penetration depth at 6 hpi: 

33 ± 5 µm, n = 8 animals). 

Taken together, our data indicate that microglia are the main effectors of the 

inflammatory response to injury within the brain, with a small contribution from skin 

macrophages and neutrophils. Injury also led to the recruitment of skin macrophages 

and neutrophils to the skin wound. 

 

Microglial phagocytosis rapidly removes PI+ cells after brain injury 
Given the prompt appearance of microglia at the site of brain injury (Fig. 4) and their 

well-known role as the professional phagocytes of the brain (Hanisch and 

Kettenmann, 2007), we hypothesised that microglia are involved in the rapid removal 

of PI+ cells after brain injury (Fig. 1). To test this, we conducted in vivo time-lapse 

imaging of microglial phagocytosis in intact and injured mpeg1:GFP larvae. A 

microglial cell in an intact animal actively surveyed its environment as shown by the 

high motility of its cellular processes (Fig. 5A; Movie 4). Quantification of the rate of 

phagocytosis of PI+ cells by microglia detected virtually no phagocytic events 

(Fig. 5E), presumably reflecting the low number of PI+ cells in the optic tectum of 

intact animals (Fig. 1). Conversely, after an injury a microglial cell approached and 

engulfed a PI+ cell as early as 0.5 hpi (Fig. 5B; Movie 5). This was reflected in a 

marked increase in the rate of phagocytosis (Fig. 5E). At 2 hpi, individual microglial 

cells had taken up substantial amounts of neuronal debris (Fig. S12).   

To be able to investigate the functional consequences of microglial phagocytosis in 

vivo, we sought to establish tools with which to reduce the rate of phagocytosis in 

microglia. Phagocytosis is a complex process regulated by 'eat-me' signals on the 

target cell and their cognate receptors on the phagocyte. The best studied 'eat-me' 

signal is phosphatidylserine (PS), a phospholipid exposed on the plasma membrane 
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of dead cells (Brouckaert et al., 2004; Fadok et al., 1992; Hirt and Leist, 2003). 

Importantly, the engulfment of dead cells by microglia in the optic tectum of larval 

zebrafish has been shown to be PS-dependent (Mazaheri et al., 2014).  

To pharmacologically inhibit PS-dependent phagocytosis, we used O-phospho-L-

serine (L-SOP), a small molecule that mimics the PS headgroup and thereby 

prevents the interaction between PS and its receptors. L-SOP has previously been 

used to inhibit phagocytosis of dead neurons in vitro (Witting et al., 2000) and in the 

zebrafish CNS in vivo (Bailey et al., 2010). Indeed, in vivo time-lapse imaging 

showed a microglial cell that approached, but did not engulf, a PI+ cell in the 

presence of 1 µM L-SOP (Fig. 5C; Movie 6). Consequently, the rate of phagocytosis 

of PI+ cells was markedly reduced by L-SOP (Fig. 5E).  

To investigate whether L-SOP affected microglial recruitment to the lesion site, we 

conducted in vivo confocal imaging of mpeg1:GFP animals treated with vehicle or 

L-SOP. This did not reveal a difference in mpeg1+ cells at the injury site within the 

brain at any time point until 6 hpi (Fig. S13A). Since L-SOP can modulate 

intracellular calcium dynamics through activation of group III metabotropic glutamate 

receptors in vitro (Koulen et al., 1999), we asked whether it also affected calcium 

dynamics in our model system in vivo. To test this, we conducted time-lapse imaging 

of calcium dynamics in β-actin:GCaMP6f animals treated with vehicle or L-SOP. Our 

results did not show a difference in the number of calcium transients in either sham 

animals or injured animals at 0 hpi (Fig. S13B). 

We next sought to genetically disrupt PS-dependent phagocytosis. The PS receptor 

BAI1 mediates engulfment of dead cells in both mammals (Park et al., 2007) and 

zebrafish (Mazaheri et al., 2014). Zebrafish have two BAI1 paralogues, named 

adgrb1a and adgrb1b (Harty et al., 2015). To disrupt their function, we used 

CRISPR/Cas9-mediated gene editing. In zebrafish, the injection of a guide RNA 

(gRNA) targeting a gene of interest together with Cas9 enzyme into one cell stage 

embryos efficiently generates mutations in the targeted gene in a high proportion of 

cells (Jao et al., 2013). This allows for analysis of gene function in gRNA-injected F0 

animals, which we refer to as crispants (Jao et al., 2013). Indeed, injection of gRNAs 

targeting adgrb1a and adgrb1b efficiently disrupted both genes in F0 embryos, as 

shown by loss of targeted endonuclease restriction sites (Fig. S14A). This was 

confirmed by sequencing, which revealed a 54% mutation rate in adgrb1a (Table S1) 

and a 93% mutation rate in adgrb1b (Table S2). Importantly, RT-qPCR indicated that 
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mRNA levels in crispants were reduced by more than 50% for adgrb1a and more 

than 60% for adgrb1b, demonstrating that CRISPR/Cas9-induced mutations activate 

RNA surveillance pathways (Fig. S14B).  

To investigate the effect of CRISPR/Cas9-mediated gene knockdown on microglial 

phagocytosis, we co-injected adgrb1a and adgrb1b gRNAs into mpeg1:GFP larvae, 

and then conducted in vivo time-lapse imaging of microglial cells. In an adgrb1a/b 

crispant, a microglial cell resided next to a PI+ cell but did not engulf it (Fig. 5D; 

Movie 7). Quantification confirmed that the rate of phagocytosis of PI+ cells was 

markedly reduced in adgrb1a/b crispants (Fig. 5F). Live imaging of microglial 

recruitment in mpeg1:GFP animals showed no difference in mpeg1+ cells at the 

injury site within the brain between uninjected animals and adgrb1a/b crispants 

(Fig. S15).  

These results show that L-SOP and adgrb1a/b knockdown can be used to reduce 

microglial phagocytosis in our model system. 

 

Rapid clearance of cellular debris reduces secondary cell death after 
mechanical injury 
Having established tools for pharmacological and genetic reduction of phagocytosis, 

we next investigated whether the overall effect of microglial phagocytosis was 

beneficial or detrimental with regard to secondary cell death. In an initial experiment, 

we assessed the number of pyknotic nuclei at 6 hpi in H2A:GFP animals treated with 

L-SOP or injected with adgrb1a/b gRNAs (Fig. 6A). Interestingly, we found that the 

number of pyknotic nuclei was increased by L-SOP (Fig. 6A,B) and in adgrb1a/b 

crispants (Fig. 6A,C). This finding is consistent with an overall neuroprotective effect 

of microglial phagocytosis after brain injury. However, this increase could also be a 

direct result of reduced phagocytic clearance of debris (Fig. 5), which would lead to 

an accumulation of dead cells over time.  

To exclude this possibility, we conducted an additional experiment where we 

followed individual pyknotic nuclei in H2A:GFP animals treated with L-SOP or 

injected with adgrb1a/b gRNAs (Fig. 6D). Importantly, this enabled us to quantify the 

rate at which new dead cells appeared, and hence provided us with a direct measure 

of the rate of secondary cell death. If phagocytosis had an overall neuroprotective 

effect, we would expect to see an increase in the rate of secondary cell death when 

phagocytosis is reduced pharmacologically or genetically. Importantly, our results did 



	 15 

indeed show an increase in the rate of secondary cell death after brain injury both in 

the presence of L-SOP (Fig. 6D,E) and in adgrb1a/b crispants (Fig. 6D,F).  

Microglia are the professional phagocytes of the brain. Nonetheless, other cell types 

such as glial cells and neuroblasts can also show phagocytic activity (Abiega et al., 

2016; Lu et al., 2011), albeit at lower efficiency than professional phagocytes 

(Abiega et al., 2016; Magnus et al., 2002; Parnaik et al., 2000). Hence, we sought to 

test whether cell types other than microglia made a major contribution towards debris 

clearance after brain injury in our model system. We focussed our analysis on the 

her4.3+ radial glia that line the tectal ventricle (Fig. 2C,G). Confocal live imaging did 

not reveal any radial glial cells with ingested PI+ cells either in sham animals or in 

injured animals at 1 hpi (Fig. S16A). In addition, when we quantified the rate of 

phagocytosis of PI+ cells by radial glia, we detected virtually no phagocytic events 

either in sham animals or in injured animals at 0.5 hpi (Fig. S16B), indicating that 

these cells do not make a major contribution towards dead cell clearance. 

Taken together, these findings indicate that the rapid phagocytosis of PI+ cells by 

microglia has a neuroprotective effect after brain injury in vivo. 

 

Discussion 
 

In the present study, we took advantage of the larval zebrafish's amenability for in 

vivo imaging to establish a novel model system for imaging-based mechanistic 

investigations of secondary neuronal cell death. To this purpose, we set up a rapid, 

simple and cost-effective method for mechanical brain injury. By piercing the optic 

tectum with a fine metal pin, we can reliably induce two phases of cell death: an 

immediate phase, characterised by the appearance of PI+ cells at or near the injury 

site, and a delayed phase, whose hallmark is an increase in the number of pyknotic 

cells both at the injury site and across the tectum.  

The key distinction between primary and secondary cell death is that the former is 

caused directly by structural damage from the injury, whereas the latter is caused 

indirectly by neurotoxic processes. We used several approaches to distinguish 

primary from secondary cell death. First, tracking individual tectal neurons over time 

showed that cells at the injury site exhibit drastic structural damage at 0 hpi, while 

neurons further away from the injury site show no signs of structural damage 

immediately after injury but nonetheless can undergo cell death at 6 hpi (Fig. S2). 
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Second, when excitotoxicity is pharmacologically reduced, the number of PI+ cells at 

0 hpi is unchanged, whereas that of pyknotic cells at 6 hpi is decreased (Fig. 3I,J). 

These results suggest that PI+ cells at 0 hpi die through primary cell death, whereas 

pyknotic cells at 6 hpi die through secondary cell death. However, it is possible that 

some of the pyknotic cells present at the injury site at 6 hpi were directly structurally 

damaged by the injury but died at a later time point through delayed primary cell 

death. Previous studies had shown an increase in cell death after central nervous 

system injury in larval zebrafish, but did not address whether cells were dying from 

primary or secondary cell death (Morsch et al., 2015; Ohnmacht et al., 2016).  

We also sought to distinguish types of cell death such as necrosis, apoptosis and 

necroptosis. Given their prompt appearance at or near the lesion site, it seems likely 

that PI+ cells at 0 hpi die through accidental necrosis caused by physical forces 

acting during the injury. Conversely, dead cells at 6 hpi can be labelled by 

immunohistochemistry for Caspase-3, a key enzyme in the execution phase of 

apoptosis (Wyllie, 1997). Pyknosis, PS exposure, and TUNEL staining can occur in 

both necrotic and apoptotic cells and hence do not differentiate between these types 

of cell death (Fink and Cookson, 2005). The gene encoding MLKL, the central 

effector of necroptotic cell death, is absent from zebrafish (Czabotar and Murphy, 

2015). Hence, our results indicate that primary cell death is predominantly necrotic, 

whereas secondary cell death can occur through apoptosis. Mammalian neurons can 

die through either necrosis or apoptosis after brain injury (Stoica and Faden, 2010), 

highlighting the relevance of our model system for the study of injury-induced 

neuronal death. 

We noticed that different cell death markers yielded somewhat different results 

regarding levels of cell death at 6 hpi. We usually detected about 500 pyknotic nuclei 

(Fig. 1H), 100 PI+ cells (Fig. 1H), 150 Annexin A5+ cells (Fig. S2B), 100 Caspase-3+ 

cells (Fig. S2D), and 200 TUNEL+ cells (Fig. S2F). This discrepancy is most likely 

due to a combination factors. Differences in sensitivity may lead to levels of cell 

death appearing higher with some markers than others (Zhao et al., 2003). In 

addition, some markers such as PS exposure are predominantly associated with the 

early stages of cell death (Martin et al., 1995), whereas others such as TUNEL 

staining do not appear until the later stages (Negoescu et al., 1996). Hence, not all 

cell death markers would be expected to be present in all dying cells at the same 

time, leading to apparent differences in cell numbers when different markers are 
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used. This is consistent with our finding of partial but not complete overlap between 

the populations of Annexin A5+ and PI+ cells at 6 hpi.  

While fast calcium waves occurring within seconds of injury are critical for initiation of 

wound repair in many tissues including larval zebrafish epidermis (Yoo et al., 2012) 

and brain (Sieger et al., 2012), the influx of pathologically high levels of calcium into 

neurons through overactivation of glutamate receptors can lead to excitotoxic cell 

death (Arundine and Tymianski, 2003). Consequently, the NMDA receptor 

antagonists MK801 and AP5 can protect mammalian neurons from excitotoxic cell 

death (Foster et al., 1988; Wang et al., 1997). In our model system, exogenous 

glutamate exacerbates cell death at 6 hpi (Fig. S4), whereas MK801 and AP5 

decrease it (Fig. 3). This is consistent with a previous study that used exogenous 

glutamate to induce excitotoxicity in larval zebrafish and showed that application of 

MK801 reduced excitotoxicity-induced cell death (McCutcheon et al., 2016). 

Interestingly, we did not detect an increase in cell death in intact animals upon 

glutamate exposure (Fig. S4), probably due to a relatively short incubation time 

(McCutcheon et al., 2016). Thus, an important mammalian neurotoxic mechanism 

also exacerbates secondary cell death in our model system, again highlighting its 

potential translational relevance. 

In mammals, the inflammatory response to brain injury is brought about by a range 

of different cell types, including brain-resident microglia and peripheral immune cells 

such as monocyte-derived macrophages, neutrophils, T cells and dendritic cells 

(Hanisch and Kettenmann, 2007; Jin et al., 2012). Interestingly, we found that 

microglia were the main cell type at the lesion site within the brain in our model 

system, alongside a small number of skin macrophages and neutrophils (Fig. 4; 

Fig. S8; Fig. S11). We also observed accumulation of skin macrophages and 

neutrophils in the skin wound, consistent with previous research (Ellett et al., 2011; 

Renshaw et al., 2006). Microglia can reduce neutrophil infiltration after neuronal 

injury in mammalian brain slices (Neumann et al., 2008). Similarly, macrophages 

residing at the wound site repel approaching neutrophils after tail transection in larval 

zebrafish (Tauzin et al., 2014). Whether microglia actively reduce the migration of 

skin macrophages and neutrophils into the brain or whether there is a lack of factors 

attracting these cells remains to be determined. 

Once at the site of injury, one of the key functions of microglia is the clearance of 

dead cells and cellular debris through phagocytosis (Hanisch and Kettenmann, 
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2007). Microglial phagocytosis in the context of neuronal injury has traditionally been 

studied mostly in in vitro systems, and very little is known about its functional 

consequences in vivo. Consistent with an overall beneficial effect of debris uptake by 

microglia, it has been shown that fractalkine-mediated microglial clearance of 

damaged neurons attenuates neuronal cell death in neuron-microglia co-cultures 

(Noda et al., 2011). Likewise, genetic deletion of the phagocytic receptor TREM2, 

which attenuates microglial phagocytosis in vitro, is associated with exacerbated 

tissue damage in a rodent model of ischemic stroke (Kawabori et al., 2015). Direct 

evidence supporting a beneficial effect of microglial phagocytosis in vivo was thought 

to come from a mouse model of Rett syndrome, where mutation of the MECP2 gene 

is associated with a deficit in phagocytosis that may underlie the neuronal 

dysfunction seen in mutant animals (Derecki et al., 2012). However, the results from 

this study were contradicted by subsequent research (Wang et al., 2015), leaving the 

question of the overall effect of microglial phagocytosis in vivo still unanswered. The 

data presented here show that when the rate of microglial phagocytosis is reduced 

pharmacologically or genetically after brain injury in vivo, secondary cell death is 

increased. Hence, our data suggest that the net effect of microglial phagocytosis in 

the context of neuronal injury in vivo is beneficial. These findings highlight the 

significance of microglial phagocytosis as a potential target for therapeutic 

interventions after TBI.  

Furthermore, it is important to emphasise that with the advent of high-throughput 

automated screening technologies for zebrafish larvae (Pardo-Martin et al., 2010) 

and rapid CRISPR/Cas9-mediated gene editing (Jao et al., 2013), our model system 

can be used as a powerful platform for the rapid identification of pharmacological 

compounds and genes that modulate secondary cell death after brain injury in vivo. 

 

 

Materials and Methods 
 

Fish husbandry 
Zebrafish (Danio rerio) of both sexes were used in this study. All animals were 

maintained under standard conditions (Westerfield, 2007), and experiments were 

performed in accordance with British Home Office regulations and European 

Commission guidelines. Wild type animals used were of the WIK strain. The 
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following zebrafish lines were used: H2A.F/Z:GFP (Pauls et al., 2001), referred to as 

H2A:GFP; NBT:DLexPR:secA5-BFP (Mazaheri et al., 2014), referred to as 

NBT:secA5-BFP; elavl3:GFP (Park et al., 2000); NBT:dsRed (Peri and Nüsslein-

Volhard, 2008); her4.3:GFP (Yeo et al., 2007); her4.3:mCherry (Knopf et al., 2010); 

mbp:GFP-CAAX (Almeida et al., 2011), referred to as mbp:memGFP; mpeg1:GFP 

(Ellett et al., 2011); mpeg1:mCherry (Ellett et al., 2011), p2y12:P2Y12-GFP (Sieger 

et al., 2012), referred to as p2y12:GFP; apoE:lyn-GFP (Peri and Nüsslein-Volhard, 

2008), referred to as apoE:GFP; and mpo:GFP (Renshaw et al., 2006). If necessary, 

larvae were treated with 100 µM N-phenylthiourea (PTU) to inhibit melanogenesis. 

All chemicals were supplied by Sigma unless otherwise stated.  

 

Generation of β-actin:GCaMP6f transgenic line 
The transgenic line β-actin:GCaMP6f was generated by placing the GCaMP6f 

sequence (Chen et al., 2013) under the zebrafish β-actin promoter, flanked by Tol2 

sites (Kwan et al., 2007). The construct was injected into one-cell stage embryos 

together with Tol2 transposase. Larvae from F2 or subsequent generations were 

used for this study.  

 

Mosaic labelling of tectal neurons 
To generate the elavl3:TdTomato-CAAX plasmid, referred to as 

elavl3:memTdTomato, we combined the entry clones p5E-elavl3 (Don et al., 2017), 

pME-TdTomato-CAAX (Walton et al., 2015) and p3E-polyA (Kwan et al., 2007) with 

the destination vector pDestTol2pA2 (Kwan et al., 2007) using Gateway LR 

Clonase II enzyme (Life Technologies) according to manufacturer's instructions. For 

mosaic labelling of tectal neurons, 1 nl of elavl3:memTdTomato plasmid DNA at a 

concentration of 25 ng/µl was injected into one cell stage zebrafish embryos, and 

animals were allowed to develop until 4 dpf. 

 

Induction of brain injury 
Zebrafish larvae at 4 dpf were anaesthetised using 0.01% Ethyl 3-aminobenzoate 

methanesulfonate (MS-222), and mounted in 1% low melting point agarose (Life 

Technologies) with their dorsal side facing upward. The optic tectum was then 

injured under visual guidance of a stereomicroscope using a fine metal pin with a 

diameter of approximately 80 µm (Fine Science Tools) mounted on a 
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micromanipulator (Narishige). The tip of the metal pin was slightly bevelled to 

facilitate penetration of the skin, and the angle between the pin and the horizontal 

plane was approximately 20-30°. For induction of injury, the tip of the metal pin was 

inserted into the optic tectum to a depth of approximately 200 µm, and subsequently 

retracted. The entire injury procedure usually took less than 20 s. After injury, larvae 

were carefully released from the agarose and allowed to recover for varying amounts 

of time depending on experimental requirements. Sham animals were anaesthetised, 

embedded in agarose and subsequently released as described, but not injured.  

 

Drug treatments 
Pharmacological agents were delivered by bath application. Animals were pre-

incubated with compounds for 1 h before the start of the experiment, and incubation 

continued until the time of experimental readout. The following drugs were used: 

100 µM MK801 (Abcam); 10 µM AP5 (Abcam); 10 µM L-Glutamate (Abcam); and 

1 µM O-phospho-L-serine, referred to as L-SOP. All drugs were solubilised in 

ddH2O. Working stocks were prepared immediately before the start of every 

experiment by adding an appropriate volume of solubilised drug to the embryo 

medium. For vehicle treatment, the same volume of ddH2O without drug was added. 

 

CRISPR/Cas9-mediated gene editing 
Guide RNAs were designed manually to target BslI restriction enzyme sites in 

adgrb1a (ENSDART00000188431.1) and adgrb1b (ENSDART00000143118.4) 

exonic sequences. The target sequences were 5’-CAAGGGGGGGCTGCTGGATA-

3’ for adgrb1a and 5’-CCCTCATACGGCGGCTCCGAGTG-3’ for adgrb1b. For 

generation of adgrb1a/b crispants, 1 nl injection solution containing adgrb1a and 

adgrb1b crRNAs and tracrRNA (all at 250 ng/µl; Merck) together with Cas9 enzyme 

(NEB) was injected into one cell stage embryos. 

The efficiency of mutagenesis was analysed through restriction fragment length 

polymorphism analysis. PCR was performed on genomic DNA extracted from 

individual larvae at 24 hpf using the following primers: 

 

adgrb1a fw: 5’-CACTTTCTCATCGTTGTGTCTCC-3’ 

adgrb1a rev: 5’-GGCAGTGGGAGTCTTGCTC-3’ 

adgrb1b fw: 5’-AGTTGATGGATTCTGGAACGACT-3’ 
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adgrb1b rev: 5’-GGTGTTTAGTGTACCAGGGCA-3’ 

 

PCR products were digested using BslI, and fragment length was analysed by 

agarose gel electrophoresis. 

CRISPR/Cas9-induced mutagenesis was analysed in detail by genomic DNA 

sequencing. PCR products from 8 injected embryos were pooled and subcloned 

using the Strataclone PCR Cloning Kit (Life Technologies) according to 

manufacturer's instructions. The ligated plasmids were then transformed and 

100 colonies sequenced. 

Levels of adgrb1a and adgrb1b mRNA in crispants were assessed through RT-

qPCR. For this, 10 larvae per biological replicate were pooled and RNA was 

extracted using the RNEasy Micro kit (Qiagen). This was transcribed into cDNA 

using the iScript cDNA Synthesis kit (Bio-Rad). RT-qPCR was run on a Roche 

LightCycler 96 using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), and 

relative quantities of transcript levels were calculated using the Livak method (Livak 

and Schmittgen, 2001). RT-qPCR primers were designed to span an exon-exon 

junction and were validated to lie within 5% of 100% efficiency at 1 µM. The following 

primers were used: 

 

adgrb1a fw: 5’-TGTGTGTCCAGAACATGGGG-3’ 

adgrb1b rev: 5’-CTCCCGAATTCGCTGCATTG-3’ 

adgrb1b fw: 5’-AACGGAGCCTGGGATGAATG-3’ 

adgrb1b rev: 5’-CACACGGCAATGTTGCAGAA-3’ 

 

Immunohistochemistry 
Larvae were euthanised in 0.4% MS-222 and fixed in 4% paraformaldehyde with 1% 

DMSO for 12-16 h at 4˚C. After fixation, larvae were washed in PBS. If necessary, 

pigment was removed by incubation in bleaching solution (3% H2O2, 5% formamide, 

0.5x SSC in ddH2O) for 30-40 min. Larvae were then permeabilised using 2 mg/ml 

collagenase in PBS for 25 min, and post-fixed in 4% paraformaldehyde with 1% 

DMSO for 30 min. Blocking was carried out for 2 h in blocking buffer (1% normal 

goat serum, 1% BSA, 1% DMSO, 1% Triton X-100, 0.01% sodium azide in PBS). 

Larvae were then incubated in primary antibody in blocking buffer for 12-16 h at 4˚C. 

Primary antibodies used were rabbit anti-cleaved Caspase-3 (Kratz et al., 2006) at 
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1:250 (BD Pharmingen 559565), mouse anti-4C4 (Becker and Becker, 2014) at 1:50 

(courtesy of Becker lab, University of Edinburgh), and chicken anti-GFP (Kuscha et 

al., 2012) at 1:400 (Abcam ab13970). Larvae were washed in PBS with 1% Triton X-

100, and treated with 100 µg/ml RNAse A in PBS for 30 min at 37˚C. They were then 

incubated in secondary antibody with 1 µg/ml PI in blocking buffer for 12-16 h at 4˚C. 

Secondary antibodies used were Alexa Fluor 488 goat anti-rabbit at 1:500 (Thermo 

Fisher Scientific A-11008), Alexa Fluor 647 donkey anti-mouse at1:500 (Jackson 

ImmunoResearch 715-605-151), and Alexa Fluor 488 donkey anti-chicken at 1:500 

(Jackson ImmunoResearch 703-545-155). Larvae were then washed in PBS with 1% 

Triton X-100 and subsequently in PBS before mounting and confocal imaging.  

 

TUNEL staining 
Larvae were euthanised, fixed, bleached and permeabilised as described above. 

They were then incubated with reaction mix from the In Situ Cell Death Detection Kit 

TMR Red (Roche) according to manufacturer's instructions, and washed in PBS 

before mounting and imaging. 

 

Image acquisition 
For live confocal imaging, zebrafish larvae were anaesthetised using 0.01% MS-222 

and mounted in 1% low melting point agarose, with their dorsal side facing upward 

for imaging of the optic tectum and their left side facing upward for imaging of the 

trunk. The agarose was then covered in embryo medium to prevent desiccation 

during imaging. For visualisation of PI+ dead cells, 1 µg/ml PI was added to both 

agarose and embryo medium.  

For imaging of fixed samples from immunohistochemistry or TUNEL staining, larvae 

were mounted in 1% low melting point agarose, and overlaid with PBS to prevent 

desiccation during imaging.  

For z-stacks of the optic tectum in living or fixed samples, images with 3.6-6 µm 

intervals between optical planes were acquired to a depth of 100-150 µm starting at 

the dorsal side of the tectum. In injured animals, z-stacks were chosen such as to 

encompass the entire injury site. For z-stacks of the trunk, images with 3.6 µm 

intervals between optical planes were acquired to a depth of 80-120 µm starting 

beneath the skin. 
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For time-lapse imaging of the dynamics of primary and secondary cell death after 

injury, z-stacks of the tectum of H2A:GFP animals were acquired in the presence of 

PI every 25 min. Time-lapse imaging of calcium signalling was conducted by 

acquisition of images from a single optical plane at the level of the injury every 2 s in 

β-actin:GCaMP6f or β-actin:GCaMP6f;NBT:dsRed larvae. Tracking of the 

movements of microglia or epidermal macrophages was carried out from z-stacks of 

the optic tectum of mpeg1:GFP or p2y12:GFP;mpeg1:mCherry animals acquired 

every 5 min. In vivo analysis of the phagocytic behaviour of individual microglial cells 

was conducted from z-stacks of the optic tectum acquired every 6 min in 

mpeg1:GFP larvae in the presence of PI.  

Brightfield images were acquired on a GXM-XTL3TV1 stereomicroscope (GT 

Vision). All confocal imaging was conducted on Zeiss LSM 710 or Zeiss LSM 880 

laser scanning confocal microscopes. 

 

Image processing and analysis 
For quantification of injury volume, the region of tectal tissue that displayed signs of 

damage such as disrupted tissue architecture or presence of PI+ dead cells was 

manually outlined in ImageJ (https://imagej.nih.gov/ij). The area of the injury site was 

measured across all consecutive images in z-stacks of the optic tectum. To obtain 

the approximate volume of the injury, each area was then multiplied by the distance 

between optical planes in the z-stack. The total volume of the tectum was obtained 

by the same methodology except that the entire tectum rather than just the damaged 

region was outlined. 

PI+ cells, pyknotic nuclei in H2A:GFP animals, Annexin A5+ or Annexin A5+/PI+ cells 

in NBT:secA5-BFP animals, Caspase-3+ cells, TUNEL+ cells, mbp+ cells in 

mbp:memGFP animals and apoE+ cells in apoE:GFP animals were manually 

counted in ImageJ across both tectal hemispheres and across all consecutive 

images in z-stacks of the optic tectum. Viable radial glial cells that took up low levels 

of PI after injury (James and Butt, 2002) were excluded from quantification of PI+ 

cells. For quantification of P2Y12 expression or 4C4 labelling in mpeg1+ cells in the 

tectum, skin or trunk of intact animals, p2y12+/mpeg1+ cells in 

p2y12:GFP;mpeg1:mCherry animals or 4C4+/mpeg1+ cells in mpeg1:GFP animals 

after 4C4 and GFP immunohistochemistry were manually counted across both tectal 

hemispheres and all consecutive images of z-stacks of the tectum, across the entire 
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skin of the head in z-stacks of the tectum, or all consecutive images of z-stacks of 

the trunk. Elavl3+/PI+ cells in elavl3:GFP animals, her4.3+/PI+ cells in her4.3:GFP 

animals, NBT+ pyknotic nuclei in NBT:dsRed;H2A:GFP animals, and her4.3+ 

pyknotic nuclei in her4.3:mCherry;H2A:GFP animals were manually counted across 

both tectal hemispheres in one optical plane at the level of the injury, in at least 30 

cells per animal. The diameter of PI+ and PI- cells at 0 hpi and 6 hpi was measured 

manually across both tectal hemispheres in one optical plane at the level of the 

injury, in at least 10 cells per animal.  

For generation of heatmaps illustrating the density of apoptotic cells, pyknotic nuclei 

were manually selected in ImageJ from z-stacks of the optic tectum of H2A:GFP 

animals. The xy coordinates of all pyknotic nuclei within the stack were identified, 

projected onto a 2D surface, and used to generate heatmaps through a custom-

written script in MATLAB using a modified scattercloud function (Eilers and Goeman, 

2004). 

For quantitative analysis of calcium signalling, time series of confocal images were 

registered using the StackReg plugin in ImageJ to correct for xy drift. For each 

animal, 250-300 tectal cells were manually selected such that the chosen cells were 

evenly distributed across the entire cellular layer of the tectum. Fluorescence 

intensities for the selected cells over time were extracted from imaging data; the 

baseline fluorescence for each cell over time was calculated using a time-averaging 

sliding window method; dF/F traces for each cell were determined; and the number 

of calcium transients for each cell was calculated. All steps of the analysis were 

performed using custom-written scripts in MATLAB (Herrgen et al., 2014). One 

transient was defined as an event with dF/F greater than 4.25 SD of baseline 

fluorescence, and with a duration of longer than 2 time frames. The total number of 

transients for each larva was calculated by summation of all transients detected in 

individual cells.  

For generation of heatmaps illustrating the spatial distribution of calcium transients, a 

matrix was created based on the location and number of transients in individual 

tectal cells using the accumarray function, smoothed by 15 pixels for illustrative 

purposes, and plotted using the imagesc function. All steps were performed in 

MATLAB. Scripts for analysis of calcium signalling and generation of heatmaps are 

available upon request. 

To quantify the number of microglia, skin macrophages, other peripheral 
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macrophages and neutrophils at the site of brain injury, mpeg1+ cells in mpeg1:GFP 

animals, p2y12+/mpeg1+ cells in p2y12:GFP;mpeg1:mCherry animals, 4C4+/mpeg1+ 

in mpeg1:GFP animals after 4C4 and GFP immunohistochemistry, and mpo+ cells in 

mpo:GFP animals were manually counted in ImageJ in a region of interest 

measuring 200 µm horizontally and 200 µm vertically, and centred on the injury site, 

across all consecutive images in z-stacks of the optic tectum. Cells residing on the 

skin overlying the tectum were included for quantification of cells at the entire injury 

site spanning the brain and skin, but excluded for quantification of cells at the injury 

site within the brain.  

Tracking of individual microglial cells within the brain, and of macrophages on the 

skin, was carried out using IMARIS 8.2.1 software. For this, time-lapse movies of 

mpeg1:GFP or p2y12:GFP;mpeg1:mCherry larvae were visualised in IMARIS, and 

individual cells were tracked using an autoregressive motion algorithm under manual 

supervision. Speed and net displacement of microglial cell bodies were obtained as 

outputs of the algorithm. 

To determine the frequency of phagocytic events, time-lapse movies of mpeg1:GFP 

animals were visualised in IMARIS, individual microglial cells were followed over 

time, and phagocytic events were identified manually. A phagocytic event was 

defined as the formation of a phagocytic cup around PI+ cellular debris, followed by 

movement of engulfed cargo towards the cell body. The same protocol was used to 

determine the frequency of phagocytic events in radial glial cells, except that 

her4.3:GFP transgenic larvae were used. 

For quantification of newly appearing pyknotic nuclei in H2A:GFP animals, z-stacks 

of the optic tectum were transformed into interpolated 3D projections in ImageJ using 

the brightest point projection method with 100% inferior depth cueing. Individual 

pyknotic nuclei in the hemisphere contralateral to the injury were traced over time, 

and newly appearing nuclei were identified manually.  

 

Experimental design and statistical analysis 
Animals were randomly allocated to experimental groups before the start of each 

experiment. Researchers were blinded to experimental group for data analysis. 

All data presented are from at least two independent experiments. All population 

data are presented as mean ± SEM. In some graphs, error bars are not visible 

because they are shorter than the height of the symbol. Statistical analysis was 
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performed using Prism (GraphPad). Briefly, data sets were assessed for normality, 

and appropriate statistical tests were carried out as stated in the figure legends.  

Figures were assembled in Adobe Illustrator CS6 and Adobe Illustrator CC 2017, 

and movies were generated in IMARIS and ImageJ. 
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Fig. 1. Mechanical injury induces two distinct phases of cell death in the optic 
tectum of larval zebrafish. 
(A) Brightfield image of the head of a larval zebrafish. Mechanical brain injury is 

induced by piercing the optic tectum with a fine metal pin. FB, forebrain; OT, optic 

tectum; HB, hindbrain. Scale bar, 100 µm. 

(B) Confocal images of the optic tectum of a H2A:GFP transgenic animal with PI 

before and immediately after mechanical injury. The damaged area of the cell body 

layer is outlined. Scale bar, 50 µm. 

(C) Quantification of injury volume at 0 hpi. n = 15 animals. 

(D,E) Confocal images of PI (D) and H2A:GFP (E) from the animal shown in (B) at 

different time points after injury. Scale bars, 50 µm. 

(F,G) Close-up of regions indicated in (E). White arrows indicate pyknotic nuclei. 

Scale bars, 5 µm. 

(H) Quantification of PI+ cells and pyknotic nuclei over time after mechanical injury. 

Dashed line indicates time of injury. n ≥ 9 animals per experimental group. 

(I) Heat maps illustrating the spatial distribution of pyknotic nuclei in H2A:GFP 

animals in the hours following injury. 
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Figure 2 
 

 
 

Fig. 2. The majority of cells dying after brain injury are neurons. 
(A,C,E,G) Confocal images of the optic tectum of the neuronal reporter lines 

elavl3:GFP (A) and NBT:dsRed (E), and the radial glia reporter lines her4.3:GFP (C) 

and her4.3:mCherry (G). Scale bars, 50 µm. 

(B,D,F,H) Live imaging of PI+ cells in elavl3:GFP (B) or her4.3:GFP (D) animals at 0 

hpi, and of pyknotic nuclei in NBT:dsRed;H2A:GFP (F) or her4.3:mCherry;H2A:GFP 
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(H) animals at 6 hpi. Filled and empty arrows indicate colocalisation, or lack thereof, 

between cell death and cell type markers. Scale bars, 5 µm. 

(I,J) Quantification of elavl3+/PI+ and her4.3+/PI+ cells at 0 hpi (I) and of NBT+ and 

her4.3+ pyknotic nuclei at 6 hpi (J). n ≥ 10 animals per experimental group. 
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Figure 3 
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Fig. 3. Excitotoxicity contributes to secondary cell death after brain injury in 
larval zebrafish. 
(A,B) Live imaging of calcium dynamics in the optic tectum of β-actin:GCaMP6f 

larvae in a sham animal (A) and an injured animal at 0 hpi (B). White arrows indicate 

individual tectal cells. Scale bars, 20 µm. 

(C,D) Calcium traces from the individual tectal cells highlighted in (A) and (B). 

(E) Quantification of calcium transients in sham and injured larvae during the time in 

which secondary cell death occurs. n = 6 animals per experimental group. **, p < 

0.01 in two-way ANOVA.  

(F) Quantification of calcium transients in tectal neurons, as shown by live imaging of 

β-actin:GCaMP6f;NBT:dsRed larvae. n = 6 animals per experimental group. **, p < 

0.01 in Mann-Whitney test. 

(G,H) Quantification of calcium transients in tectal cells at 0 hpi (G) and 6 hpi (H) 

with MK801 and AP5. n ≥ 6 animals per experimental group. ns, not significant and 

**, p < 0.01 in two-way ANOVA.  

(I,J) Quantification of PI+ cells at 0 hpi (I) and pyknotic nuclei at 6 hpi (J) with MK801 

and AP5. n ≥ 6 animals per experimental group. ns, not significant and **, p < 0.01 in 

two-way ANOVA.  
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Figure 4 
 

 
 

Fig. 4. Microglia and skin macrophages rapidly migrate to the injury site, but 
skin macrophages rarely enter the brain.  
(A) Live imaging of the microglia/macrophage reporter line mpeg1:GFP at different 

time points after injury. Scale bar, 50 µm. 

(B) Quantification of mpeg1+ cells at the injury site within the brain. n = 6 animals per 

experimental group. 
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(C) Traces visualising cell body displacement of mpeg1+ cells for 30 min before 

injury, or in the 2 h after injury, in maximum intensity projections of z-stacks of the 

optic tectum. Scale bar, 50 µm. 

(D, E) Quantification of migration speed (D) and net displacement (E) of mpeg1+ cell 

bodies before and after injury. n = 8 animals per experimental group. **, p < 0.01 in 

Student's t-test. 

(F) Confocal images of the optic tectum of a p2y12:GFP;mpeg1:mCherry animal at 

6 hpi. Yellow arrows indicate p2y12+/mpeg1+ cells. Light blue arrows indicate p2y12-

/mpeg1+ cells. Scale bar, 40 µm. 

(G,H) Quantification of p2y12+/mpeg1+ and p2y12-/mpeg1+ cells at the entire injury 

site (G) or within the brain (H). n = 12 animals per experimental group. 

(I) Traces visualising cell body displacement of mpeg1+ skin macrophages in the 

hour after injury in a p2y12:GFP;mpeg1:mCherry animal in a maximum intensity 

projection of a z-stack of the optic tectum. Scale bar, 40 µm. 

(J) Quantification of the number of transitions of mpeg1+ skin macrophages into the 

brain in p2y12:GFP;mpeg1:mCherry animals within 6 h after injury. n = 6 animals. 
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Figure 5 
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Fig. 5. Microglia rapidly phagocytose PI+ cells after injury. 
(A-D) Time-lapse imaging of microglial phagocytosis in mpeg1:GFP larvae in a sham 

animal (A), an injured animal (B), an injured animal treated with L-SOP (C) and an 

injured adgrb1a/b crispant (D). White arrows indicate PI+ cells. Scale bars, 15 µm. 

(E,F) Quantification of phagocytosis of PI+ cells per mpeg1+ cell from 30 to 75 min 

after injury in animals treated with L-SOP (E) or in adgrb1a/b crispants (F). Control 

animals were treated with vehicle (E) or uninjected (F). n ≥ 6 animals per 

experimental group. *, p < 0.05 and **, p < 0.01 in Kruskal-Wallis test with Dunn's 

post test. 
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Figure 6 
 

 
 

Fig. 6. Microglial phagocytosis of cellular debris reduces secondary cell death. 
(A) Confocal images of pyknotic nuclei (white arrows) in H2A:GFP animals treated 

with L-SOP and in adgrb1a/b crispants at 6 hpi. Scale bar, 10 µm. 

(B,C) Quantification of pyknotic nuclei at 6 hpi in animals treated with L-SOP (B) or in 

adgrb1a/b crispants (C). Control animals were treated with vehicle (B) or uninjected 
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(C). n ≥ 6 animals per experimental group. ns, not significant and **, p < 0.01 in two-

way ANOVA.  

(D) Live imaging of pre-existing (white arrows) and newly appearing (magenta 

arrows) pyknotic nuclei in H2A:GFP animals treated with L-SOP and in adgrb1a/b 

crispants. Scale bar, 15 µm. 

(E,F) Quantification of newly appearing pyknotic nuclei between 4.5 and 5 hpi in 

animals treated with L-SOP (E) or in adgrb1a/b crispants (F). Control animals were 

treated with vehicle (E) or uninjected (F). n ≥ 6 animals per experimental group. ns, 

not significant and **, p < 0.01 in two-way ANOVA.  
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Figure S1 
 

 
 
Figure S1. PI+ cells are pyknotic at 6 hpi but not at 0 hpi. (A,C) Confocal images 

of PI+ cells (white arrows) in H2A:GFP animals at 0 hpi (A) and 6 hpi (C). Scale bars, 

5 µm. (B,D) Quantification of the size of PI- and PI+ cells at 0 hpi (B) and 6 hpi (D). 

n = 6 animals per experimental group. ns, not significant and **, p < 0.01 in Mann-

Whitney test. 
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Figure S2 
 

 
 

Fig. S2. Cell death after brain injury can be detected through Annexin A5 live 
imaging, Caspase-3 immunohistochemistry, and TUNEL staining. (A,C,E) 

Confocal images of the tectum of a NBT:secA5-BFP animal (A), and animals after 

cleaved Caspase-3 immunohistochemistry (B) or TUNEL staining (C), at different 

time points after injury. Scale bars, 50 µm. (B,D,F) Quantification of Annexin A5+ 

cells (B), cleaved Caspase-3+ cells (D) or TUNEL+ cells (F). n ≥ 6 animals per 

experimental group. *, p < 0.05 and **, p<0.01 in two-way ANOVA. 
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Figure S3 
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Fig. S3. In vivo imaging of individual tectal neurons shows that both primary 
and secondary cell death occur after brain injury. (A,C,E) Confocal images of the 

optic tectum of H2A:GFP transgenic animals, where tectal neurons labelled through 

injection of elavl3:memTdTomato plasmid DNA die through primary cell death (A), 

survive (C), or die through secondary cell death (E) after mechanical injury. Scale 

bars, 50 µm. (B,D,F) Close-up of neurons indicated in (A), (C) and (E). White arrow 

indicates pyknotic nucleus. Scale bars, 10 µm. 
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Figure S4 
 

 
 
Figure S4. Very few oligodendrocytes reside in the optic tectum at 4 dpf. 
(A) Confocal image of the optic tectum of a mbp:memGFP animal. Scale bar, 50 µm. 
(B) Quantification of mpb+ oligodendrocytes in the optic tectum. n = 10 animals. 
(C) Confocal image of the trunk region of a mbp:memGFP animal. White arrows 

indicate cell bodies of individual oligodendrocytes. Scale bar, 10 µm. 
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Figure S5 
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Fig. S5. The spatial pattern of calcium transients correlates with regions of cell 
death. Heat maps illustrating the spatial distribution of calcium transients occurring 

between 2 and 3 hpi (left), and of pyknotic nuclei at 3 hpi (right), in the same 

animals. 
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Figure S6 
 

 
 
Fig. S6. L-Glutamate exacerbates secondary cell death after brain injury. 
Quantification of pyknotic nuclei in control animals or animals treated with 

L-Glutamate. n ≥ 8 animals per experimental group. ns, not significant and 

**, p < 0.01 in two-way ANOVA. 
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Figure S7 
 

 
 
Figure S7. P2Y12 is expressed in virtually all mpeg1+ tectal cells and some 
mpeg1+ skin cells, but not in mpeg1+ cells in the trunk. (A,C,E) Confocal images 

of the optic tectum (A), skin (C), and trunk (E) of a p2y12:GFP;mpeg1:mCherry 

animal. Filled or empty arrows indicate colocalisation, or lack thereof, between p2y12 

and mpeg1. Scale bars, 50 µm (A,E) and 20 µm (C). (B,D,F) Quantification of the 

proportion of p2y12+/mpeg1+ cells among all mpeg1+ cells in the tectum (B), skin (D) 

and trunk (F). n = 10 animals per experimental group.  
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Figure S8  
 

 
 
Figure S8. 4C4 immunohistochemistry labels virtually all mpeg1+ tectal cells 
and some mpeg1+ skin cells, but not mpeg1+ cells in the trunk. (A,C,E) Confocal 

images of the optic tectum (A), skin (C) and trunk (E) of a mpeg1:GFP animal after 

4C4 and GFP immunohistochemistry. Filled or empty arrows indicate colocalisation, 

or lack thereof, between 4C4 and mpeg1. Scale bars, 50 µm (A,E) and 20 µm (C).  
(B,D,F) Quantification of the proportion of 4C4+/mpeg1+ cells among all mpeg1+ cells 

in the tectum (B), skin (D) and trunk (F). n ≥ 5 animals per experimental group.  
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Figure S9  
 

 
 

Fig. S9. The majority of mpeg1+ cells at the injury site within the brain are also 
labelled by 4C4 immunohistochemistry. (A) Confocal images of the optic tectum 

at 6 hpi in mpeg1:GFP animals after 4C4 and GFP immunohistochemistry. Yellow 

arrows indicate 4C4+/mpeg1+ cells. Light blue arrow indicates a 4C4-/mpeg1+ cell. 

Scale bar, 40 µm. (B,C) Quantification of 4C4+/mpeg1+ and 4C4-/mpeg1+ cells at the 

entire injury site (B) or within the brain (C) at 6 hpi. n = 12 animals. 
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Figure S10  
 

 
 
Figure S10. ApoE is expressed in a subset of mpeg1+ tectal cells. (A) Confocal 

images of the optic tectum of an apoE:GFP;mpeg1:mCherry animal. Filled or empty 

arrows indicate colocalisation, or lack thereof, between apoE and mpeg1. Scale bar, 

50 µm. (B) Quantification of the proportion of apoE+/mpeg1+ cells among all mpeg1+ 

cells in the tectum. n = 16 animals.  
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Figure S11 
 

 
 

Fig. S11. Neutrophils are recruited to the injury site, but only a few are found 
within the brain. (A) Live imaging of the neutrophil reporter line mpo:GFP before 

injury and at 6 hpi. Scale bar, 50 µm. (B) Quantification of mpo+ cells at the entire 

injury site and within the brain. n = 10 animals per experimental group. 
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Figure S12 
 

 
 

Fig. S12. Microglia take up substantial amounts of neuronal debris after brain 
injury. Orthogonal view of a microglial cell at 2 hpi in a mpeg1:GFP;NBT:dsRed 

animal. Scale bar, 10 µm. 
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Figure S13 
 

 
 
Fig. S13. L-SOP does not change microglial recruitment or tectal calcium 
dynamics. (A) Quantification of mpeg1+ cells at the injury site within the brain in 

mpeg1:GFP animals treated with vehicle or L-SOP. n = 7 animals per experimental 

group. (B) Quantification of calcium transients by time-lapse imaging of 

β-actin:GCaMP6f larvae treated with vehicle or L-SOP. n ≥ 5 animals per 

experimental group. ns, not significant in two-way ANOVA. 
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Figure S14 
 

 
 

Fig. S14. CRISPR/Cas9-mediated gene editing reduces expression of the 
phosphatidylserine receptors adgrb1a and adgrb1b. (A) Restriction fragment 

length polymorphism analysis of the efficiency of CRISPR/Cas9-mediated gene 

editing of adgrb1a and adgrb1b in gRNA-injected F0 embryos. This demonstrates 

efficient somatic mutation of the gRNA target site, which becomes resistant to BslI 

restriction endonuclease digestion. One embryo was analysed per well. (B) RT-

qPCR for adgrb1a and adgrb1b in gRNA-injected F0 embryos. Each data point 

represents one biological replicate, with mRNA from 10 animals pooled for each 

replicate. **, p < 0.01 in two-way ANOVA. 
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Figure S15 
 

 
 
Fig. S15. Microglial recruitment is unchanged in adgrb1a/b crispants. 
Quantification of mpeg1+ cells at the injury site within the brain in adgrb1a/b 

crispants as compared to uninjected mpeg1:GFP animals. n ≥ 9 animals per 

experimental group. 
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Figure S16 
 

 
 
Fig. S16. Her4.3+ radial glial cells do not make a major contribution to debris 
clearance after brain injury. (A) Confocal images of radial glial cells in her4.3:GFP 

animals before injury or at 1 hpi. Scale bar, 20 µm. (B) Quantification of 

phagocytosis of PI+ cells per radial glial cell from 30 to 75 min after injury. n = 6 

animals per experimental group. ns, not significant in Mann-Whitney test. 
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Table S1. List of mutations after CRISPR/Cas9 editing of adgrb1a 
 

Mutations in 37 out of 68 sequenced alleles (54% mutation rate) 
GTGACCCACGCAATGCTGTTGCTCCACAAGGGGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG Wild type  x31 

GTGACCCACGCAATGCTGTTGCTCCACAAtaccacagcatttaaatgctacaaatactctagccaag[…] +341 (-2,+343)  

[…]cagtctgcctgtggagtactggagtcagtttatgataagcgaccacgaccatgctcgcaatgat[…]  +114 (-125, +239)  

GTGACCCACGCAATGCTGTTGCTCCACAAcataaaaacattgtggatatatatGGGGCTGCTGGATATAT  +20 (-3, +23)  

GTGACCCACGCAATGCTGTTGCTCCACAggatatatgctttagtgcccgaCTGCTGGATATATGCTTTAG  +14 (-8, +22)  

GTGACCCACGCAATGCTGTTGCTCCACgcaatgctgttgcttGGGGGGGCTGCTGGATATATGCTTTAGT  +13 (-2, +15)  

GTGACCCACGCAATGCTGTTGCTCCACAAGGGGGGcatatatccaCTGCTGGATATATGCTTTAGTGCCC  +9 (-1, +10)  

GTGACCCACGCAATGCTGTTGCTCCACAgctccacaggggGGCTGCTGGATATATGCTTTAGTGCCCGAC  +6 (-6, +12)  

GTGACCCACGCAATGCTGTTGCTCCACAActgctGGGGGGGCTGCTGGATATATGCTTTAGTGCCCGACT  +5   

GTGACCCACGCAATGCTGTTGCTCCACAActggatatatgCTGCTGGATATATGCTTTAGTGCCCGACTG  +4 (-7, +11)  

GTGACCCACGCAATGCTGTTGCTCCACgcaatgctGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGC  +3 (-5, +8)  

GTGACCCACGCAATGCTGTTGCTCCACAAacgtatGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGC  +3 (-3, +6)  

GTGACCCACGCAATGCTGTTGCcccacagcaGGGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCT  +1 (-8, +9)  

GTGACCCACGCAATGCTGTTGCTCCACAAcagcatGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCT  +1 (-5, +6)  

GTGACCCACGCAATGCTGTTGCTCCACAACAGGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  *2  x3 

GTGACCCACGCAGTGCTGTTGCTCCACAAGGGGGGGCTGCTGGACATATGCTTTAGTGCCCGACTGCCTG  *1   

GTGACCCACGCAATGCTGTTGCTCCACA-tatatGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTGC  -1 (-7, +6)  

GTGACCCACGCAATGCTGTTGCTCCA-atgctGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGCTTG  -1 (-6, +5)  

GTGACCCACGCAATGCTGTTGCTCCACA-GGGGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -1   

GTGACCCACGCAATGCTGTTGCTCCACA--tatatGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -2 (-2, +5)  

GTGACCCACGCAATGCTGTTGCTCCACA--GGGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -2   

GTGACCCACGCAATGCTGTTGCTCCACA---gggggtTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -3 (-9, +6)  

GTGACCCACGCAATGCTGTTGCTCCtt---GGGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -3 (-5, +2) x2 

GTGACCCACGCAATGCTGTTGCTCCACA---GGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -3   

GTGACCCACGCAATGCTGTTGCTCCA----tatatgCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -4 (-10, +6)  

GTGACCCACGCAATGCTGTTGCTCCACAA----tGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -4 (-5, +1)  

GTGACCCACGCAATGCTG-----gatatgctGGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -5 (-13, +8)  

GTGACCCACGCAATGCTGTTGCTCC-----gcaatGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -5 (-10, +5) x3 

GTGACCCACGCAATGCTGTTGCTCCACAA-----tGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -5 (-6, +1)  

GTGACCCACGCAATGCTGTT---------GGGGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -9   

GTGACCCACGCAATGCTGTTGCTCCAC-----------GCTGGATATATGCTTTAGTGCCCGACTGCCTG  -11   

GTGACCCACGCAATGCTG---------------GGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -15   

GTGACCCACGCAAT----------------GGGGGGCTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -16   

GTGACCCACGCAATGCTG------------------CTGCTGGATATATGCTTTAGTGCCCGACTGCCTG  -18   

GTGACCCACGCAATGCT---------------------accGGATATATGCTTTAGTGCCCGACTGCCTG  -21 (-24, +3)  

 

The gRNA target site is underlined. Inserted bases are highlighted in grey, and 

changed bases are highlighted in green. 
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Table S2. List of mutations after CRISPR/Cas9 editing of adgrb1b 
 

Mutations in 42 out of 45 sequenced alleles (93% mutation rate) 
CGACTCAGAGAACCCGCGAGTGTAACGGACCCTCATACGGCGGCTCCGAGTGCAGAGGGGAATGGCTGGA  wild type  x3 

CGACTCAGAGAACCCGCGAGTGTAACGGACCCTaaccctaaccctaaccctaaccctaaccctaacc[…]  +88 (-3, +91)  

CGACTCAGAGAACCCGCGAGTGTAACGGACCCTCAgtggggaatggctggagCGGCGGCTCCGAGTGCAG  +15 (-2, +17)  

CGACTCAGAGAACCCGCGAGTGTAACGGACCCTCtgccntggTACGGCGGCTCCGAGTGCAGAGGGGAAT  +7 (-1, +8)  

CGACTCAGAGAACtcgcgggtgtaacggatcctcattcatcCGGCGGCTCCGAGTGCAGAGGGGAATGGC  +4  (-24, +28)  

CGACTCAGAGAACCCGCGAGTGTAACGGACCCTCATtcatcCGGCGGCTCCGAGTGCAGAGGGGAATGGC  +4 (-1, +5) x2 

CGACTCAGAGAACCCGCGAGTGTAACGGACCgagtgcagagGGCGGCTCCGAGTGCAGAGGGGAATGGCT  +3 (-7, +10)  

CGACTCAGAGAACCCGCGAGTGTAACGGACCCTCAtTACGGCGGCTCCGAGTGCAGAGGGGAATGGCTGG  +1  x2 

CGACTCAGAGAACCCGCGAGTGTAACGGACCCTCA-gtGGCGGCTCCGAGTGCAGAGGGGAATGGCTGGA  -1 (-3, +2)  

CGACTCAGAGAACCCGCGAGTGTA--gcggaccccTACGGCGGCTCCGAGTGCAGAGGGGAATGGCTGGA  -2 (-11, +9)  

CGACTCAGAGAACCCGCGAGTGTAACGGACCCTC--ACGGCGGCTCCGAGTGCAGAGGGGAATGGCTGGA  -2   

CGACTCAGAGAACCCGCGAGTGTAACGG---gccgTACGGCGGCTCCGAGTGCAGAGGGGAATGGCTGGA  -3 (-7,+4)  

CGACTCAGAGAACCCGCGAGTGTAACGGACCC---TACGGCGGCTCCGAGTGCAGAGGGGAATGGCTGGA  -3   

CGACTCAGAGAACCCGCGAGTGTAACGGACCCTCA------gaCTCCGAGTGCAGAGGGGAATGGCTGGA  -6 (-8, +2)  

CGACTCAGAGAACCCGCGAGTGTAACGGACCCTCA----atcatTCCGAGTGCAGAGGGGAATGGCTGGA  -4 (-9, +5) x2 

CGACTCAGAGAACCCGCGAGTGTAACGGACCCT----CGGCGGCTCCGAGTGCAGAGGGGAATGGCTGGA  -4  x5 

CGACTCAGAGAACCCGCGAGTGTAACGGACCga--------GGCTCCGAGTGCAGAGGGGAATGGCTGGA  -8 (-10, +2)  

CGACTCAGAGAACCCGCGAGTGTAACGGACC----------GGCTCCGAGTGCAGAGGGGAATGGCTGGA  -10   

CGACTCAGAGAACCCGCGAGTGTAAC-----------taGCGGCTCCGAGTGCAGAGGGGAATGGCTGGA  -11 (-13, +2)  

CGACTCAGAGAACCCGCGAGTGTAACGGACCC------------TCCGAGTGCAGAGGGGAATGGCTGGA  -12  x5 

CGACTCAGAGAACCCGCGAGTGTA-------------cggcgaCTCCGAGTGCAGAGGGGAATGGCTGGA  -13 (-19, +6)  

CGACTCAGAGAACCCGCGAGTGT-------------ACGGCGGCTCCGAGTGCAGAGGGGAATGGCTGGA  -13   

CGACTCAGAGAACCCGCGAGTGTAACGGAC---------------CCGAGTGCAGAGGGGAATGGCTGGA  -15  x4 

CGACTCAGAGAACCCG-----------------agTACGGCGGCTCCGAGTGCAGAGGGGAATGGCTGGA  -17 (-19, +2) x2 

CGA----------------------------------------CTCCGAGTGCAGAGGGGAATGGCTGGA  -40   

C------------------------------------------CTCCGAGTGCAGAGGGGAATGGCTGGA  -42   

[…]----------------------------------------------------------------[…]  -98 (-135, +37)  

 

The gRNA target site is underlined. Inserted bases are highlighted in grey. 

 
 


