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RESEARCH ARTICLE

RNA-seq analysis and compound screening highlight multiple
signalling pathways regulating secondary cell death after acute
CNS injury in vivo
Chiara Herzog*, David Greenald*, Juan Larraz, Marcus Keatinge and Leah Herrgen‡

ABSTRACT

Understanding the molecular mechanisms that regulate secondary
cell death after acute central nervous system (CNS) injury is critical for
the development of effective neuroprotective drugs. Previous research
has shown that neurotoxic processes including excitotoxicity,
oxidative stress and neuroinflammation can cause secondary cell
death. Nevertheless, clinical trials targeting these processes have
been largely unsuccessful, suggesting that the signalling pathways
underlying secondary cell death remain incompletely understood. Due
to their suitability for live imaging and their amenability to genetic and
pharmacological manipulation, larval zebrafish provide an ideal
platform for studying the regulation of secondary cell death in vivo.
Here, we use RNA-seq gene expression profiling and compound
screening to identify signalling pathways that regulate secondary cell
death after acute neural injury in larval zebrafish. RNA-seq analysis
of genes upregulated in cephalic mpeg1+ macrophage-lineage cells
isolated from mpeg1:GFP transgenic larvae after neural injury
suggested an involvement of cytokine and polyamine signalling in
secondary cell death. Furthermore, screening a library of FDA
approved compounds indicated roles for GABA, serotonin and
dopamine signalling. Overall, our results highlight multiple signalling
pathways that regulate secondary cell death in vivo, and thus provide a
starting point for the development of novel neuroprotective treatments
for patients with CNS injury.

This article has an associated First Person interview with the two first
authors of the paper.

KEY WORDS: CNS injury, Secondary cell death, RNA-seq,
Compound screen, Cellular signalling, Zebrafish

INTRODUCTION
Acute central nervous system (CNS) injury causes the death of neural
cells, which occurs in two phases. Primary cell death is the direct and
immediate consequence of an acute insult such as physical trauma. In
contrast, secondary cell death occurs in the minutes, hours and days
after the initial insult as an indirect result of complex neurotoxic
processes triggered by the primary injury. Secondary cell death plays

an important role in the pathophysiology of acute CNS disorders
such as traumatic brain injury (Loane et al., 2015; Park et al., 2008),
spinal cord injury (Kwon et al., 2004; Oyinbo, 2011), and stroke
(Xing et al., 2012; Yuan, 2009). Importantly, the delayed occurrence
of secondary cell death opens a therapeutic window during which
treatments aimed at reducing or preventing it could be applied.
Accordingly, intense efforts have been made to identify the
molecular and cellular mechanisms that regulate secondary cell
death. This research has shown that cellular processes including
excitotoxicity, oxidative stress and neuroinflammation can
contribute to secondary cell death after acute neural injury.

Excitotoxicity causes neural cell death by excessive stimulation
of glutamate receptors, whereas oxidative stress can kill cells
through the toxic effects of reactive oxygen species. In addition, the
inflammatory response to neural injury plays an important role in
the regulation of secondary cell death. Neuroinflammation was long
thought to be primarily detrimental, but there is an increasing
realisation that it can also have neuroprotective effects (Loane and
Kumar, 2016; Xiong et al., 2016; Zhou et al., 2014). Both brain-
resident microglia and peripheral macrophages are important
cellular effectors of the inflammatory response to neural injury.
They migrate to the site of injury, where they remove dead cells and
cellular debris through phagocytosis (Hanisch and Kettenmann,
2007; Nimmerjahn et al., 2005). Furthermore, microglia and
macrophages respond to CNS injury by secreting a wide range of
effector molecules including pro- and anti-inflammatory cytokines,
chemokines and neurotrophic factors (Anwar et al., 2016; Hellewell
et al., 2016; Mracsko and Veltkamp, 2014).

Despite great efforts to develop neuroprotective treatments for
patients with acute CNS injury, clinical trials of drugs targeting
excitotoxicity, oxidative stress or neuroinflammation after traumatic
brain injury (Chakraborty et al., 2016; Hawryluk and Bullock, 2015;
Maas et al., 2008), spinal cord injury (Ahuja et al., 2017; Kim et al.,
2017) or stroke (Chamorro et al., 2016; Moretti et al., 2015) have
largely failed. This indicates that the signalling pathways that
regulate secondary cell death remain incompletely understood, and
that more research is needed before effective drugs can be developed.

Due to their suitability for live imaging and their amenability to
genetic and pharmacological manipulation, larval zebrafish provide
an ideal platform for the rapid identification of genes and compounds
that modulate secondary cell death in vivo. In previous work, we
established an experimental setup for quantification of secondary
cell death after acute CNS injury in larval zebrafish, and showed that
neurotoxic processes such as excitotoxicity that underlie secondary
cell death in mammals are conserved in this model system (Herzog
et al., 2019). Here we utilise this platform, in combination with
RNA-seq gene expression profiling and compound screening, to
identify signalling pathways that modulate secondary cell death
in vivo. First, we conduct RNA-seq analysis to identify signallingReceived 17 December 2019; Accepted 2 March 2020
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molecules secreted by microglia and macrophages after CNS injury
in larval zebrafish. Our results reveal 17 such factors, including
cytokines, chemokines, growth factors, and enzymes involved in
polyamine and arachidonic acid metabolism. We then use CRISPR/
Cas9-mediated gene knockout to test the involvement of a subset of
these genes in injury-induced cell death, and find that knockout of
the cytokine tnfsf11 or the polyamine-metabolising enzyme Smox
leads to an increase in secondary cell death. Second, we conduct an
imaging-based screen of 786 FDA-approved compounds to identify
small molecules that modulate secondary cell death in vivo. This
revealed two compounds that consistently and specifically change
injury-induced cell death. Of these, the GABA reuptake inhibitor
tiagabine decreases cell death, whereas the serotonin and dopamine
receptor antagonist ziprasidone increases it. Overall, these results
indicate that a range of cellular signalling pathways are involved in
regulating secondary cell death in vivo.

RESULTS
RNA-seq analysis identifies genes with altered expression in
microglia and macrophages after acute CNS injury
After CNS injury, microglia and macrophages produce pro-
inflammatory cytokines such as TNF-�, IL-1� and IL-6, which can
contribute to neural cell death (Brown and Vilalta, 2015). However,
evidence from in vitro systems suggests that they can also be
neuroprotective (Bernardino et al., 2005; Carlson et al., 1999; Figiel,
2008; Jung et al., 2011; Kadhim et al., 2008; Lambertsen et al., 2009;
Marchetti et al., 2004; Masuch et al., 2016; Turrin and Rivest, 2006).
Furthermore, microglia and macrophages can secrete anti-
inflammatory cytokines such as IL-4 and IL-10, and neurotrophic
factors such as BDNF and NGF (Anwar et al., 2016; Hellewell et al.,
2016; Mracsko and Veltkamp, 2014), in response to neural injury.

Which of these secreted signalling molecules are neurotoxic or
neuroprotective in vivo remains incompletely understood.

Like their mammalian counterparts, microglia and peripheral
macrophages in larval zebrafish respond to CNS injury by migrating
to the injury site, where they phagocytose neural debris (Herzog
et al., 2019; Morsch et al., 2015; Ohnmacht et al., 2016; Sieger et al.,
2012; Tsarouchas et al., 2018). Notably, the core microglia-specific
gene expression signature is also largely conserved between
zebrafish and mammals (Mazzolini et al., 2019; Oosterhof et al.,
2017). To identify signalling molecules produced by microglia and
macrophages after neural injury in larval zebrafish, we first assessed
changes in the transcriptome of macrophage-lineage cells through
RNA-seq analysis. For this, we induced acute CNS injury in mpeg1:
GFP transgenic larvae at 4 days post fertilisation (dpf), where
microglia and peripheral macrophages are labelled (Ellett et al.,
2011). CNS injury was induced by piercing the optic tectum with a
fine metal pin mounted on a micromanipulator. This injury
paradigm induces primary and secondary cell death in neural cells
of the optic tectum, peaking at 0 and 6 h post injury (hpi),
respectively (Herzog et al., 2019). Both microglia and peripheral
macrophages react to injury by starting to migrate towards the injury
site within minutes of the insult, where they continue to accumulate
in the following hours (Herzog et al., 2019; Sieger et al., 2012). We
decided to isolate cephalic macrophage-lineage cells from sham and
injured larvae at 2 hpi (Fig. 1A). This allowed us to study early
transcriptomic changes in microglia and macrophages, which could
plausibly affect the extent of secondary neural cell death at 6 hpi.

Cephalic mpeg1+ macrophage-lineage cells were isolated from
larval heads by fluorescence-activated cell sorting (FACS) following
an established protocol (Mazzolini et al., 2018). The gating
parameters for FACS were adjusted with the help of wild-type

Fig. 1. RNA-Seq analysis reveals genes coding for secreted signalling molecules that are upregulated in microglia and macrophages after acute
neural injury. (A) Workflow for RNA-Seq gene expression profiling. FDR, false discovery rate; FC, fold change; GO, gene ontology. (B) Heat map visualising
z-scores for the 17 upregulated genes coding for secreted factors identified through RNA-Seq analysis.
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samples so as to attain the highest possible purity of sorted mpeg1+

cells (Fig. S1). We initially generated a total of 12 samples of FACS-
purified macrophage-lineage cells for RNA-seq, with six samples
each for the sham and 2 hpi experimental conditions. The number of
mpeg1+ cells was 26,945±1176 per sample, isolated from 183±5
larvae per sample. RNA extraction from sorted cells yielded 10.6
±0.8 ng of total RNA per sample. Assessment of RNA quality
showed an RNA integrity number (RIN) of 10 for all samples, which
represents the highest possible RIN score. The RNA thus obtained
was then reverse transcribed and amplified using a commercially
available kit, yielding 288±21 ng of cDNA per sample.

Libraries were prepared from cDNA and sequenced using next-
generation sequencing, which generated between 23.7 and 36 million
reads per sample. Reads were trimmed, mapped to the Danio rerio
GRCz10 reference genome, counted, filtered and normalised. A
principal component analysis (PCA) was then carried out on filtered
and normalised expression data to explore patterns with respect to
experimental groups. This revealed high duplication and low mapping
rates for three samples from the 2 hpi experimental group, which did
not cluster well with the other samples in PCA plots (Fig. S2). Since
inclusion of these samples would have caused signals from the
remaining samples to be overwhelmed, they were excluded from
further analysis. Hence, all subsequent analysis was carried out
using six samples for the sham experimental group, and the three
remaining samples for the 2 hpi experimental group. Filtering and
normalisation were repeated for these samples before proceeding.
Differential analysis was then carried out to compare gene expression
between the sham and 2 hpi experimental groups. This identified 426
differentially expressed genes with a false discovery rate (FDR)<0.01
(Fig. 1A). Of these, 348 were upregulated and 78 were
downregulated. These results show that neural injury leads to
changes in the transcriptome of macrophage-lineage cells as early
as 2 hpi. Importantly, the raw and processed data from our RNA-seq
analysis are available through the Gene Expression Omnibus (GEO)
database (accession number GSE140810).

To analyse these transcriptomic changes in more detail, we
performed gene ontology (GO) analysis of our set of 426 differentially
regulated genes using the PANTHER Classification system (Mi
et al., 2019). More specifically, we conducted a PANTHER
overrepresentation test to identify the biological processes that these
differentially regulated genes are preferentially involved in (Fig. 2).
Not unexpectedly, this analysis revealed an overrepresentation

of immune-regulatory genes. In addition, genes involved in DNA
replication were overrepresented, possibly indicating a proliferative
response of macrophage-lineage cells to neural injury. Genes that
regulate cellular signalling, metabolism and transcription were also
overrepresented, suggesting that macrophage-lineage cells undergo
profound changes in their cellular state in response to neural injury.
These findings are consistent with previous research showing changes
in immune regulation, proliferation and cellular metabolism in
macrophage-lineage cells after CNS injury in mammals (Anwar
et al., 2016; Hellewell et al., 2016; Mracsko and Veltkamp, 2014).

Expression of a range of secreted signalling molecules is
upregulated in cephalic macrophage-lineage cells after
neural injury
Next, we sought to identify genes coding for secreted signalling
molecules that were upregulated after neural injury, since such
molecules are well placed to have a direct effect on neuronal
survival. For this, we considered upregulated genes with FDR<0.01
and log2FC>1, of which there were 209 (Fig. 1A). Based on the GO
information available for each of these genes, we identified 17
upregulated genes that encode secreted or membrane-bound
signalling molecules, or enzymes that produce secreted signalling
molecules, within this set (Fig. 1A). The 17 genes thus identified
encode molecules from five different categories, including
cytokines, chemokines, growth factors, enzymes involved in
polyamine biosynthesis, and enzymes involved in arachidonic
acid metabolism (Fig. 1B; Table 1). Overall, these results are in
good agreement with findings from mammalian models of neural
injury. In particular, microglia and macrophages are known to
increase the production of cytokines, chemokines and growth
factors after damage to the mammalian CNS (Anwar et al., 2016;
Hellewell et al., 2016; Mracsko and Veltkamp, 2014). Likewise, the
metabolism of polyamines (Kim et al., 2009; Zahedi et al., 2010)
and of arachidonic acid (Adibhatla et al., 2006; López-Vales et al.,
2011; Rink and Khanna, 2011) increases after neural injury in
mammals, even though this has not been specifically linked to
macrophage-lineage cells.

We hypothesised that molecules secreted by microglia and
macrophages can modulate secondary cell death, and sought to test
this hypothesis for a small subset of the 17 upregulated signalling
molecules. For this analysis, we selected three genes from two gene
categories: the cytokine tnfsf11 and the polyamine-metabolising

Fig. 2. Gene ontology analysis shows overrepresentation of genes involved in immune response, proliferation and cellular signalling and
metabolism. A PANTHER overrepresentation test was carried out to identify GO biological process categories overrepresented among the set of 426 genes
with FDR<0.01.
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enzymes odc1 and smox. These genes were chosen because they
were among the most differentially regulated of the secreted
factors (Fig. 1B, Table 1), and because we wanted to analyse the
roles of different genes both within and between different gene
categories.

To validate our RNA-seq results for tnfsf11, odc1 and smox, we
conducted RT-qPCR analysis for these three genes. We performed
RT-qPCR on remaining cDNA samples from our RNA-seq
experiment, and also on freshly generated cDNA samples from
FACS-purified macrophage-lineage cells from sham and injured
larvae at 2 hpi. These experiments indicated upregulation of all three
genes after neural injury (Fig. 3). Hence, our RT-qPCR results
confirmed the injury-induced increase in expression of tnfsf11, odc1
and smox from our RNA-seq analysis.

CRISPR/Cas9-mediated gene knockout allows for rapid
assessment of the role of candidate genes in secondary
cell death
We next sought to test whether tnfsf11, odc1 and smox can modulate
secondary cell death after neural injury in vivo. For this, we used
CRISPR/Cas9-mediated gene editing, wherewe injected a guide RNA
(gRNA) targeting a gene of interest together with Cas9 enzyme into

one-cell-stage embryos. In zebrafish, this efficiently generates
mutations in the targeted gene in a high proportion of cells (Jao
et al., 2013). This approach allows for analysis of gene function in
gRNA-injected F0 animals, which we refer to as ‘crispants’. For each
of our three genes, we generated at least four gRNAs. Each gRNA’s
target sequence was designed to overlap the restriction site of an
endonuclease in one of the gene’s exons. This allowed us to test gRNA
efficiency by assessing the extent of loss of the targeted endonuclease
restriction site in gRNA-injected larvae (Fig. S3). Using this strategy,
we were able to identify at least one gRNA with �80% efficiency for
each gene (Table S1). For genes with two highly efficient gRNAs,
both gRNAs were co-injected in knockout experiments.

To investigate the role of tnfsf11, odc1 and smox in injury-
induced cell death, we used our previously established experimental
setup for quantification of secondary cell death (Herzog et al.,
2019). For this, we induced acute neural injury in the optic tectum of
H2A:GFP transgenic larvae (Pauls et al., 2001), where all cell nuclei
are labelled (Fig. 4A). This enabled us to assess pyknosis, the
condensation of chromatin in the nucleus of a dying cell, as an
in vivo readout for cell death (Fig. 4B). Secondary cell death was
quantified by manual counting of the number of pyknotic nuclei
within the tectum at 6 hpi, the peak of secondary cell death in this
model system (Herzog et al., 2019).

To investigate whether microinjection of gRNAs itself had an
effect on the extent of secondary cell death, we first quantified cell
death at 6 hpi in uninjected animals, in animals injected with Cas9
enzyme but no gRNA, and in animals injected with Cas9 enzyme
and a scrambled gRNA. The scrambled gRNA is a negative
control gRNA targeting the human �-globin intron mutation that
causes �-thalassemia. Our results showed no difference in the
levels of cell death between uninjected larvae and those injected
with no gRNA or scrambled gRNA (Fig. S4). This confirmed that
gRNA microinjection itself does not alter the level of secondary
cell death.

Knockout of the cytokine gene tnfsf11 increases secondary
cell death
We first investigated the role of tnfsf11 in secondary cell death.
Tnfsf11, also known as RANKL, TRANCE, OPGL or ODF, is a

Table 1. Genes encoding secreted factors upregulated in microglia and
macrophages after acute neural injury

Gene
ID

Gene
symbol Gene name log2(FC) FDR

Gene function: Cytokine activity

098700 il1b interleukin 1, beta 2.10 5.57E-10
102318 il6 interleukin 6 2.48 0.0050
035435 m17 IL-6 subfamily cytokine M17 2.31 6.63E-06
068141 tnfsf11 TNF superfamily member 11 2.43 1.57E-06
102211 csf3a colony stimulating factor 3 a 3.82 2.84E-08
098752 csf3b colony stimulating factor 3 b 3.06 0.0002

Gene function: Chemokine activity

094983 ccl34a.3 chemokine (C-C motif)
ligand 34a, duplicate 3

3.84 0.0002

090873 ccl34a.4 chemokine (C-C motif)
ligand 34a, duplicate 4

2.57 1.82E-06

103466 ccl35.1 chemokine (C-C motif)
ligand 35, duplicate 1

1.73 0.0001

104795 cxcl8a chemokine (C-X-C motif)
ligand 8a

3.10 0.0004

Gene function: Growth factor activity

031246 hbegfb heparin-binding EGF-like
growth factor b

1.57 0.0028

012671 inhbaa inhibin subunit beta Aa 1.02 0.0090

Gene function: Polyamine metabolism

007377 odc1 ornithine decarboxylase 1 1.99 3.71E-12
036967 smox spermine oxidase 1.04 2.59E-06

Gene function: Arachidonic acid metabolism

004078 acsl4a acyl-CoA synthetase long
chain family member 4a

1.16 9.13E-05

010752 acsl4b acyl-CoA synthetase long
chain family member 4b

1.69 3.72E-08

062956 dagla diacylglycerol lipase, alpha 1.22 0.0064

Differentially regulated genes for which FDR<0.01 and log2FC>1, and for
which GO analysis indicated that they encode secreted or membrane-bound
signalling molecules, or enzymes that produce secreted signalling molecules,
were included in the list.

Fig. 3. RT-qPCR confirms changes in gene expression detected
through RNA-seq analysis. The changes in tnfsf11, odc1 and smox
expression in FACS-purified macrophage-lineage cells after neural injury
were assessed by RT-qPCR. Each data point was generated by comparing
gene expression in one cDNA sample from injured larvae at 2 hpi with that in
one sample from sham larvae, with both cDNA samples generated on the
same day. Three data points were derived from samples also used for RNA-
seq analysis, and three from freshly generated samples. Sorted cells from
about 180 larvae were pooled for each cDNA sample. Wilcoxon signed rank
test was used to compare experimental groups. P=0.031 for sham versus
injured for all three genes. *P<0.05.
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member of the tumour necrosis factor (TNF) superfamily of
signalling proteins. It is a type II membrane protein that is best
known as a regulator of osteoclast differentiation and immune
system function (Hanada et al., 2011). Tnfsf11 can modulate cell
death through activation of the anti-apoptotic Akt/PKB signalling
pathway (Wada et al., 2006), making it a plausible candidate
regulator of cell death after CNS injury.

Our RNA-seq and RT-qPCR results indicate that the expression
of tnfsf11 is upregulated in macrophage-lineage cells after acute
neural injury (Figs 1B and 3; Table 1). To investigate whether
tnfsf11 can regulate secondary cell death after acute neural injury,

we counted the number of pyknotic nuclei at 6 hpi in tnfsf11
crispants. If tnfsf11 had a neurotoxic or a neuroprotective effect, we
would expect to see a decrease or an increase in cell death after
tnfsf11 knockout. Interestingly, we found that CRISPR/Cas9-
mediated knockout of tnfsf11 lead to a 68% increase in cell death
in injured larvae at 6 hpi (Fig. 4C). Importantly, we did not detect a
difference in cell death after tnfsf11 knockout in sham larvae
(Fig. 4C), indicating that tnfsf11 specifically modulates secondary
cell death rather than changing the background level of cell death.
Overall, these findings are consistent with a neuroprotective effect
of tnfsf11 in the context of acute neural injury.

Fig. 4. See next page for legend.
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Knockout of the polyamine-metabolising gene smox, but not
odc1, increases secondary cell death
Next, we sought to determine whether the polyamine-metabolising
genes odc1 and smox also regulate secondary cell death. Polyamines
such as putrescine, spermidine and spermine are ubiquitous organic
polycations whose presence effects multiple cellular processes. In
the CNS, polyamines modulate the activity of a variety of ion
channels including NMDA receptors (Rock and Macdonald, 1995).
With NMDA receptors acting as key mediators of excitotoxicity
(Dorsett et al., 2017), it is plausible that polyamines could regulate
excitotoxic cell death after acute neural injury.

The odc1 gene encodes ornithine decarboxylase, the rate-limiting
enzyme in the polyamine biosynthesis pathway that catalyses the
conversion of ornithine to putrescine. Interestingly, the expression
of odc1 is upregulated in macrophage-lineage cells after neural
injury (Figs 1B and 3, Table 1), suggesting an increase in the rate of
polyamine biosynthesis in the damaged CNS. To investigate
whether this effects the extent of secondary cell death, we
quantified cell death at 6 hpi in odc1 crispants. Intriguingly, odc1
knockout did not appear to have an effect on secondary cell death
(Fig. 4D).

To confirm our result from odc1 gene knockout, we also sought to
reduce odc1 function pharmacologically. For this, we used the
ornithine decarboxylase inhibitor DFMO, which has been shown to
inhibit polyamine biosynthesis in larval zebrafish (Mastracci et al.,
2015; Mounce et al., 2016). Consistent with our data from odc1
knockout, DFMO treatment had no impact on secondary cell death
(Fig. 4E). Taken together, these results suggest that the overall rate
of polyamine biosynthesis is not a critical factor in regulating
secondary cell death.

We next sought to analyse the role of smox in secondary cell
death. The smox gene encodes spermine oxidase, which catalyses
the oxidation of spermine to spermidine. The expression of smox is
upregulated in macrophage-lineage cells after neural injury (Figs 1B
and 3, Table 1). Interestingly, we found that CRISPR/Cas9-
mediated knockout of smox lead to a 26% increase in cell death in
injured but not sham larvae at 6 hpi (Fig. 4F). This finding is
consistent with a potential neuroprotective role of smox after acute
neural injury. Given the role of smox in converting spermine to
spermidine, this result also raises the possibility that the relative
amounts of spermine and spermidine in the CNS may be important
determinants of the extent of secondary cell death after acute
CNS damage.

An imaging-based compound screen reveals small molecule
modulators of secondary cell death
To complement our work on signalling molecules secreted by
macrophages and microglia, we sought to identify cellular pathways
that regulate secondary cell death in a more unbiased manner. To
this purpose, we conducted an imaging-based compound screen
using the Enzo Life Sciences SCREEN-WELL® FDA-approved
drug library, v.2.0. Each of the 786 drugs in the library is extensively
annotated with regard to its mechanism of action, allowing us to
infer each hit compound’s target signalling pathway. Prior to the
screen, we tested all compounds in the library for systemic toxicity
at 5, 10 and 20 µM. In the screen, each drug was then used at its
highest non-toxic concentration, which was 20 µM for the majority
of the compounds.

For the compound screen, we adapted and partially automated our
in vivo cell-death assay (Fig. 5A). Neural injury was induced in the
optic tectum of H2A:GFP transgenic larvae at 4 dpf. Larvae were
then transferred into 96-well plates, and compounds from the library
were added to each well. At 6 hpi, larvae were automatically imaged
using a Vertebrate Automated Screening Technology (VAST)
system. The VAST platform combines a large particle sampler and a
VAST BioImager (Pardo-Martin et al., 2010) with a customised
spinning disk confocal microscope, thus enabling automated
mounting and imaging of zebrafish larvae. This setup has
previously been used to identify compounds that regulate
myelination in larval zebrafish (Early et al., 2018), highlighting
its suitability for mechanistic investigations of cellular processes in
the larval zebrafish CNS.

To identify compounds that modulate secondary cell death, we
then analysed the images acquired by the VAST platform. To
expedite the image-analysis process, we used a scoring system
where the extent of cell death in drug-treated larvae was categorised
relative to that in DMSO-treated larvae through visual inspection of
the number of pyknotic nuclei in z-stacks of images, rather than
through time-consuming manual counting of pyknotic nuclei. The
scoring categories were ‘decreased’, ‘unchanged’ or ‘increased’ cell
death (Fig. 5B). Compounds that appeared to cause nervous system
toxicity as shown by excessive cell death in the optic tectum were
excluded from further analysis. To assess the reliability of this
scoring system, we conducted an experiment with a small number of
compounds for which scoring had indicated a change in the extent
of cell death during the initial phase of the screen. In this
experiment, we assessed the extent of cell death through scoring and
also quantified the number of pyknotic nuclei at 6 hpi through
manual counting in the same larvae. The scoring results were
confirmed through counting for two of every four compounds
(Table S2), indicating that the scoring system can detect compounds
that modulate cell death. Importantly, previous small molecule

Fig. 4. Reducing the function of tnfsf11 and smox, but not odc1,
increases cell death after acute neural injury. (A) Confocal images of the
optic tectum of sham and injured H2A:GFP transgenic larvae at 6 hpi. The
dashed line indicates the location of the injury site within the cell body layer.
Scale bar: 50 µm. (B) Close-up of regions indicated in (A). White arrows
indicate pyknotic nuclei. Scale bar: 5 µm. (C) Quantification of pyknotic
nuclei within the tectum of uninjected animals, or of animals injected with
tnfsf11 gRNA. n (sham, uninjected)=14 animals. n (sham, tnfsf11 gRNA)=10
animals. n (6 hpi, uninjected)=18 animals. n (6 hpi, tnfsf11 gRNA)=14
animals. N=3 independent experiments. Two-way ANOVA with Bonferroni
correction was used to compare experimental groups. P>0.999 for sham,
uninjected versus sham, tnfsf11 gRNA. P<0.001 for 6 hpi, uninjected versus
6 hpi, tnfsf11 gRNA. **P<0.01. (D) Quantification of pyknotic nuclei within
the tectum of uninjected larvae, or of larvae injected with odc1 gRNA. n
(sham, uninjected)=20 animals. n (sham, odc1 gRNA)=21 animals. n (6 hpi,
uninjected)=24 animals. n (6 hpi, odc1 gRNA)=17 animals. N=4 independent
experiments. Two-way ANOVA with Bonferroni correction was used to
compare experimental groups. P>0.999 for sham, uninjected versus sham,
odc1 gRNA. P=0.331 for 6 hpi, uninjected versus 6 hpi, odc1 gRNA. ns, not
significant. (E) Quantification of pyknotic nuclei within the tectum of larvae
treated with vehicle or DFMO. n (sham, vehicle)=20 animals. n (sham,
DFMO)=18 animals. n (6 hpi, vehicle)=18 animals. n (6 hpi, DFMO)=18
animals. N=2 independent experiments. Two-way ANOVA with Bonferroni
correction was used to compare experimental groups. P>0.999 for sham,
vehicle versus sham, DFMO. P=0.494 for 6 hpi, vehicle versus 6 hpi, DFMO.
(F) Quantification of pyknotic nuclei within the tectum of uninjected animals,
or of animals injected with smox gRNA. n (sham, uninjected)=14 animals. n
(sham, smox gRNA)=15 animals. n (6 hpi, uninjected)=18 animals. n (6 hpi,
smox gRNA)=22 animals. N=3 independent experiments. Two-way ANOVA
with Bonferroni correction was used to compare experimental groups.
P>0.999 for sham, uninjected versus sham, smox gRNA. P=0.036 for 6 hpi,
uninjected versus 6 hpi, smox gRNA. *P<0.05. Note that the data for sham
and 6 hpi uninjected animals are the same in (C) and (F) since larvae in
these groups were processed in the same experiment. ns, not significant.
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screens for modulators of neural regeneration in larval zebrafish
have successfully used similar scoring strategies (Bremer et al.,
2017; Namdaran et al., 2012).

In the initial screen of all 786 compounds from the library, we
identified 22 putative hit compounds. Of these, six decreased cell
death, whereas 16 increased it (Table 2). We then conducted two
further rounds of screening to reassess these initial results. In the
first re-screen, we re-tested the 22 putative hit compounds using
remaining drugs from the library. This confirmed our results from
the initial screen for ten putative hit compounds, of which two
decreased and eight increased cell death (Table 2). In the second
re-screen, we re-tested the ten putative hit compounds from the first
re-screen using freshly ordered compounds. We also included sham
larvae, which enabled us to exclude compounds that change the
background level of cell death instead of specifically modulating
secondary cell death. The second re-screen yielded two putative hit
compounds that specifically regulate secondary cell death, with one
compound decreasing and one increasing it (Table 2).

The putative hit compounds that decreased and increased cell
death were the antiepileptic drug tiagabine and the antipsychotic
medication ziprasidone, respectively. To further confirm the effect
of these putative hits on secondary cell death, we then quantified the
number of pyknotic nuclei at 6 hpi through manual counting, in two
additional experiments for each compound. Importantly, this
substantiated our results from the compound screen for both
drugs. More specifically, we found a 19% decrease in secondary cell
death for tiagabine (Fig. 6A) and a 17% increase for ziprasidone
(Fig. 6B). The extent of cell death in sham larvae was not affected by
either compound (Fig. 6A,B).

Hence, our drug screen yielded two hit compounds that
consistently and specifically modulate secondary cell death after
acute neural injury in vivo.

DISCUSSION
In the present study, we used our previously established
experimental setup for quantification of secondary cell death in
larval zebrafish (Herzog et al., 2019) to identify signalling pathways
that modulate injury-induced cell death after acute neural injury
in vivo. To this purpose, we combined this platform with RNA-seq
gene expression profiling and compound screening.

We used RNA-seq analysis to investigate early changes in the
transcriptome of cephalic macrophage-lineage cells in larval
zebrafish after acute CNS injury. Our analysis revealed rapid and
pronounced transcriptomic changes in these cells, with more than
400 differentially expressed genes at 2 hpi. Genes associated with
the immune response, DNA replication, and cellular signalling and
metabolism are overrepresented among the differentially expressed
genes (Fig. 2). These results are in agreement with other
transcriptomic studies from both mammals and zebrafish. RNA-
seq analysis of microglia after spinal cord injury in mice revealed
upregulation of genes associated with the immune response and

Fig. 5. The VAST platform enables a partially
automated in vivo imaging-based compound
screen for modulators of secondary cell death.
(A) Workflow for compound screen. A total of three
rounds of screening was carried out, with putative
hits from each round being reassessed in the next
round. (B) VAST images of the optic tectum of H2A:
GFP transgenic larvae at 6 hpi, illustrating the three
cell-death scoring categories used in the compound
screen. The extent of cell death in drug-treated
larvae was scored relative to that in DMSO-treated
control larvae by visual assessment of the amount
of pyknotic nuclei. The dashed line indicates the
location of the injury site within the cell body layer.
White circles indicate pyknotic nuclei. Scale bar:
50 µm.

Table 2. Summary of results from compound screen for modulators of
secondary cell death

Initial
screen

First re-screen (with
library compounds)

Second re-screen
(with fresh compounds)

Number of
compounds

786 22 10

Total putative hits 22 10 2
Putative hits with

decreased cell
death

6 2 1

Putative hits with
increased cell
death

16 8 1
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