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Abstract Invited Referees
Intracerebral haemorrhage (ICH) is a devastating condition with limited 1 2
treatment options, and current understanding of pathophysiology is
incomplete. Spontaneous cerebral bleeding is a characteristic of the human v
condition that has proven difficult to recapitulate in existing pre-clinical rodent , report
models. Zebrafish larvae are frequently used as vertebrate disease models and version 2

. . . . . . . published
are associated with several advantages, including high fecundity, optical 08 Nov 2018
translucency and non-protected status prior to 5 days post-fertilisation.
Furthermore, other groups have shown that zebrafish larvae can exhibit version 1 o ?
spontaneous ICH. The aim of this study was to investigate whether such published report report
models can be utilised to study the pathological consequences of bleeding in 08 Oct 2018

the brain, in the context of pre-clinical ICH research.

Here, we compared existing genetic (bubblehead) and chemically inducible
(atorvastatin) zebrafish larval models of spontaneous ICH and studied the
subsequent disease processes. Through live, non-invasive imaging of » UK
transgenic fluorescent reporter lines and behavioural assessment we quantified
brain injury, locomotor function and neuroinflammation following ICH. We show
that ICH in both zebrafish larval models is comparable in timing, frequency and Institute for Experimental and Clinical
location. ICH results in increased brain cell death and a persistent locomotor Pharmacology and Toxicology, Germany
deficit. Additionally, in haemorrhaged larvae we observed a significant increase

in macrophage recruitment to the site of injury. Live in vivo imaging allowed us

to track active macrophage-based phagocytosis of dying brain cells 24 hours
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after haemorrhage. Morphological analyses and quantification indicated that an Fraunhofer Research Institution for Marine
increase in overall macrophage activation occurs in the haemorrhaged brain.
Our study shows that in zebrafish larvae, bleeding in the brain induces

quantifiable phenotypic outcomes that mimic key features of human ICH. We

Biotechnology and Cell Technology,
Germany

hope that this methodology will enable the pre-clinical ICH community to adopt
the zebrafish larval model as an alternative to rodents, supporting future high Discuss this article
throughput drug screening and as a complementary approach to elucidating

C ts (0
crucial mechanisms associated with ICH pathophysiology. omments (0)
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EEEE Amendments from Version 1

Changes made in version 2:

¢ Removed the specificity of ‘apoptotic' cell death as raised
in reviewer comments

e Addition in the discussion about limitations of using one
marker for cell death

e Highlighted the main difference between the models from
the referenced papers in new Supplementary Figure 1

e New Supplementary Figure 2 are representative images of
analysis of cell death at 3dpf in ATV model

e Updated the statistical analysis methods section to
make clear that data means are presented with standard
deviations

e Terminal dose of MS222 specified
e Updated reference list

See referee reports

Research highlights

Scientific benefits:

* No surgery is required so the models more accurately
recapitulate spontaneous ICH

* Ease of genetic manipulation associated with zebrafish
allows for the use of transgenic and mutant lines

e Transparency of zebrafish larvae allows for non-invasive
monitoring of cellular processes over time (live imaging)

3Rs benefits:

e Unprotected zebrafish larvae (before 5 dpf) can be used as
an alternative to rodent models in pre-clinical ICH research

Practical benefits:

¢ High fecundity of zebrafish pairings means that a large
sample size of genetically comparable siblings can be
produced easily

e Zebrafish are a lower cost organism to host than rodents

e Experimental timeline is less time consuming than typical
rodent studies which look at long term outcomes of stroke
commonly up to 3 months

Current applications:

¢ Elucidating immediate pathological outcomes of
spontaneous ICH in the brain of intact animals

Potential applications:
* High throughput drug screens for ICH therapies
* Replacing the current rodent models for analysis of

immediate ICH pathology

Introduction

Intracerebral haemorrhage (ICH) accounts for 10-15% of
strokes and has the worst stroke outcomes, with a 1-month
case fatality of 40% and disability in most survivors (An et al.,
2017). The effects of ICH in the brain are biphasic. Primary
injury following an ICH event arises due to an influx of blood
into the brain and haematoma expansion which increases
intracranial pressure on cerebral structures causing neuronal
death and cell necrosis (Mracsko & Veltkamp, 20145 Xi er al.,
2006). A secondary wave of injury is induced by the breakdown
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of blood compounds which activates the immune system,
further exacerbating cellular damage and death in the brain
parenchyma and induces a breakdown in blood-brain barrier
integrity (Lok er al., 2011). This inflammatory component is
considered a viable therapeutic target in ICH and other forms
of stroke (Veltkamp & Gill, 2016) and targeting the toxic insult
of blood components after bleed onset is being investigated
clinically (Yeatts er al., 2013). However at present, apart from
acute and chronic blood pressure lowering, we have no specific
treatments to prevent ICH or improve patient outcomes once
bleeding has occurred.

Despite representing a significant public health burden (WHO,
2017), an understanding of the fundamental pathogenesis of
ICH is still lacking. Pre-clinical studies to-date have depended
heavily on rodent models of ICH, which have improved our
knowledge of the basic mechanisms associated with the disease
(Casals er al., 2011). However, current rodent models of ICH
involve severe surgical intervention, poorly recapitulating the
spontaneous and immediate nature of the human disease and
presenting welfare implications associated with severe experi-
mental procedures in mammals (ASPA, 1986 amendments 2012).
Autologous blood injection and collagenase injection models
(Andaluz et al., 2002) are used worldwide, and typical experi-
mental groups include 6-8 rats, sacrificed at various time points
for ex vivo histological analysis, which can result in ~150 animals
used per publication (Wang er al., 2018) highlighting scope for
a change of strategy from a 3Rs perspective. Unfortunately, this
research has not yet resulted in the translation of any specific
drugs to the clinic (Kellner & Connolly, 2010; Kirkman er al.,
2011). Potential reasons for this include difficulties in observ-
ing cellular responses in ‘real-time’ within whole brains of
intact live animals, and the invasive and artificial procedures
required to induce cerebral haematomas (MacLellan er al.,
20105 Selim er al., 2018). Mammalian models of spontaneous
ICH models do exist, such as cerebral amyloid angiopathy co-
morbidity studies and use of hypertensive mice, but their useful-
ness is limited due to variability in haematoma size, timing and
location (Alharbi et al., 2016). Alternative and complemen-
tary approaches are therefore needed to bridge the ‘translational
gap’ for novel drug target discovery in ICH.

Zebrafish (Danio rerio) are becoming an increasingly popular
tool for studying cerebrovascular disease (Walcott & Peterson,
2014). Due to the production of hundreds of offspring from a
single adult pairing, zebrafish larvae can be utilised for high-
throughput drug screening, thus offering an attractive model for
pre-clinical research. Larval transparency and the availability
of numerous transgenic reporter lines amount to an extremely
powerful system for studying and visualising cellular responses
and disease processes in-vivo in real time. Prior to 5 days post
fertilisation (dpf), larval zebrafish are not a protected species
(in the UK) and could therefore replace a significant number of
protected mammals used for pre-clinical study. Furthermore,
spontaneous brain-specific bleeding can be observed in zebrafish
larvae using non-invasive techniques (Eisa-Beygi er al., 2013;
Liu et al., 2007), thereby eliminating specific constraints asso-
ciated with mammalian models. As such, the use of larval
zebrafish models of ICH could offer critical insight into the
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immediate cellular responses after a bleed to support the rodent
community and provide a potential platform for future drug
discovery addressing pre-clinical ICH priorities (Selim ef al.,
2018).

As previously described, zebrafish larvae exposed to atorvastatin
(ATV) at 24 hours post-fertilisation (hpf) exhibit spontane-
ous cerebral-specific blood vessel rupture at the onset of
circulation (~33 hpf) (Eisa-Beygi er al., 2013; Huang et al.,
2018; Li er al., 2017; Shen et al., 2013). Comparably, the
‘bubblehead’ (bbh) mutant line, which expresses a hypomor-
phic mutation in the arhgef7 gene, encoding the Rac GEF Bpix,
also exhibit spontaneous ICH and hydrocephalus within a simi-
lar time frame to the ATV model (Liu er al., 2007; ten Klooster
et al., 2006). ICH is induced through comparable mechanistic
defects in both ATV and bbh models (Eisa-Beygi & Rezaei,
2016) (Supplementary Figure 1). Although several groups have
utilised these models to study the development and integrity of
the cerebrovasculature (Buchner ez al., 2007; Huang er al., 2018;
Li et al., 2017; Liu et al., 2007; Yang et al., 2017), they have
not yet been used to study the pathological and neuroinflam-
matory consequences of bleeding in the zebrafish larval brain
in the context of human ICH. Furthermore, drug intervention
studies have focussed on preventing cerebrovascular rupture
in zebrafish rather than targeting the disease outcomes, which
represent a more realistic therapeutic avenue. In this study, we
show that spontaneous ICH in non-protected zebrafish larvae
induces quantifiable pathological and inflammatory phenotypes
that relate to the human condition. As such, these data support the
use of this model species as a valuable complementary system for
pre-clinical ICH research.

Methods
A detailed protocol of the experimental procedure is available
in Supplementary File 1

Zebrafish (Danio rerio) strains

Zebrafish were raised and maintained at The University of Man-
chester Biological Services Unit under standard conditions
as previously described (Westerfield, 2000). Adult zebrafish
husbandry was approved by the University of Manchester Ani-
mal Welfare and Ethical Review Board. All experiments were
performed in accordance with U.K. Home Office regulations
(PPL:70/9091) and reported according to ARRIVE guidelines.
Transgenic lines used in this study include macrophage-specific
lineage mpegl:mCherry (constructed in-house as previously
described (Ellett er al., 2011)), neutrophil-specific mpo:
GFP (Renshaw er al., 2006), erythroid-specific gatal:dsRed
(Traver et al., 2003) and ubig:secAnnexinV-mVenus, a reporter
for cell death (re-derived in house (Morsch er al., 2015)) on
wild-type, nacre (mitfa***?) and mutant (bbh™*?) backgrounds.
Fertilized embryos were collected from natural spawning
and incubated at 28°C in standard E3 embryo medium and
staged according to standard guidelines (Kimmel er al., 1995).
At experiment end, zebrafish larvae were terminated prior to
protected status using a lethal overdose of 4% MS222 anaesthesia
and freezing at -20°C.
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A completed ARRIVE checklist is available in Supplementary
File 2

ICH models

ICH was modelled using genetic (bbh) and chemical (ATV)
approaches. For the bbh line (Liu er al., 2007), embryos were
obtained from adult in-crosses from heterozygous bbh™* mutant
animals (maintained on wild-type and transgenic reporter back-
grounds). For the ATV model, nacre or transgenic embryos
were dechorionated at 24 hpf and transferred to clean petri
dishes in E3 embryo medium. ATV (Sigma-Aldrich, PZ0001)
was solubilised in distilled water to a stock concentration of 0.5
mM. Embryos (n=100) were treated with a final concentration
of 1 uM ATV through water bath incubation at 28°C for 24 hours
and equivalent numbers were left as untreated controls. A propor-
tion of ATV-treated embryos did not develop ICH and therefore
these animals were used as controls for the treatment (ICH-) along-
side untreated (UNT) siblings. For both bbh and ATV models,
embryos with evident haemorrhages (ICH+) were separated from
non-haemorrhaged (ICH-) siblings at ~52 hpf for downstream
analyses.

Locomotion assay

Locomotion was measured at 120 hpf to determine if ICH
resulted in a physical phenotype. To remove locomotor func-
tion bias, larvae were briefly anesthetised at 72 hpf using 0.02%
MS222 in embryo water and selected at random for plating.
Following recovery, n=24 larvae were individually transferred to
each well of a 24-well plate in 1 ml of fresh methylene-blue-free
E3 medium. Cumulative time spent mobile was measured using
the DanioVision camera chamber and Ethovision XT software
(Noldus, version 11) at room temperature. Analyses were per-
formed on larvae at 72, 96 and 120 hpf. Swimming movement
of each individual larva was tracked in the x and y plane for
10 minutes using a white light stimulus to initiate a startle
response every 60 seconds. Cumulative time spent swimming
was measured from three independent replicates.

Light sheet microscopy

Transgenic ICH+ and ICH- larvae were imaged using light
sheet microscopy to analyse cell death (ubig:secAnnex-
inV-mVenus), neutrophils (mpo:GFP) and macrophages
(mpegl:mCherry). At ~72 hpf, randomly selected larvae were
anaesthetised using 0.02% MS222 and mounted in 1.5%
low-melt agarose (Promega), maintained at room tempera-
ture. Images were acquired using a W Plan-Apochromat 20X
magnification/1.0 UV-VIS objective for light-sheet microscope
(Carl Zeiss Lightsheet Z.1) and processed with ZEN imaging
software (version 2.3). Maximum intensity projection (MIP)
composites were made from z-stack images and brain regions
(excluding the eyes) were analysed for average intensity fluores-
cence of cells with image background removal using an ImagelJ
(version 1.52a) macro (Supplementary File 1). Numbers of
fluorescent cells in the brain were also verified by blind
manual counts from MIPs. Data were collected from n=6-12
randomly selected larvae per group from 3 independent
replicates for ATV studies and verified in two replicates for bbh.
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For time-lapse recording, MIP composites were stitched from a
series of successive z-stack images over a period of 18 hours.

Statistical analysis

Experimental sample sizes were determined by using power
calculations from preliminary data using o=0.05 and [=0.80.
All statistical analysis was first performed using GraphPad
Prism 7.0 and then verified using R (R Core Team, 2018) for
non-parametric data and subsequent significance values plotted.
All data is presented as mean +/- s.d. Linear mixed modelling
(LMM) was used to evaluate the effects of independent factors
on the continuous dependent variables (Bates er al., 2015). All
factors and interactions were modelled as fixed effects. As
there is a lack of independence in fish from the same clutch,
“Clutch” was treated as a random effect, modelled with random
intercepts for all models. The significance of inclusion of an
independent variable or interaction terms were evaluated using
log-likelihood ratio. Holm-Sidak  post-hocs were then per-
formed for pair-wise comparisons using the least square means
(Lenth, 2016). Homoscedasticity and normality of the Pearson
residuals were evaluated graphically using predicted vs residual
and Q-Q plots, respectively, and transformations were applied
when necessary.

For discrete data and data with non-normal distributions, gen-
eralized linear mixed modelling was used (GLMM) (Bates
et al., 2015; Fournier et al., 2012; Skaug et al., 2013). Again
“Clutch” was treated as a random effect modelled with random
intercepts for all models. Appropriate families were selected
based on the data distribution. Numerous families and link func-
tions were evaluated where necessary and the optimal parameters
were selected based on the Akaike information criterion (AIC). For
mobile or non-mobile (yes/no) data, a logistic regression with
cloglog link was selected; for count data (number of dead
cells) a negative binomial family was selected. The signifi-
cance of inclusion of an independent variable or interaction
terms were evaluated using log-likelihood ratio. Holm-Sidak
post-hocs were then performed for pair-wise comparisons using
the least square means (Lenth, 2016). Pearson residuals were
evaluated graphically using predicted vs level plots. All analyses
were performed using R (R Core Team, 2018) (Supplementary
File 3).

Results

ATV and bbh mutant models show comparable cerebral
bleeding phenotypes

It has been shown that both the ATV and bbh models share
similar underlying mechanisms that are responsible for neuroen-
dothelial weakness in the developing larvae and spontaneous
cranial vessel rupture (Eisa-Beygi er al., 2013; Liu et al., 2012).
In this study we compared these models in the context of ICH
and characterised the pathological outcomes of haemorrhage to
develop a new platform for pre-clinical interrogation of post-
bleed consequences. Using the translucent nature of the zebrafish
embryo we observed brain-specific bleeding non-invasively,
using light and fluorescent microscopy (Figure 1A). Bleeds
were observed in fore, mid and hindbrain regions at comparable
frequencies, as described by others (Eisa-Beygi er al., 2013;
Liu er al., 2007). ATV absorption induced haemorrhages
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in a dose-dependent manner when embryos were treated at
24 hpf (Figure 1B). Homozygous mutant bbh embryos and
AT V-treated embryos both exhibited ICH between 38 and 48 hpf
(Figure 1C, D). In homozygous mutant bbh embryos, ICH
was frequently accompanied with severe cranial oedema (Liu
et al., 2007) (Supplementary Figure 3). Wild-type and hetero-
zygous bbh siblings had no haemorrhages and were utilised as
ICH-controls.

ICH in zebrafish larvae results in a quantifiable brain injury
To determine the pathological consequences of ICH in zebrafish
larvae, we next assessed brain injury using a transgenic ubiq:
secAnnexinV-mVenus cell death reporter line (Morsch er al.,
2015). AnnexinV binding was assessed between 48 and 120
hpf, to characterise the timeline of cell death following an ICH
event (Supplementary Figure 4). We observed peri-haematomal
brain-damaged lesions as ‘clusters’ of dying cells formed by
72 hpf, which had receded before 96 hpf (Supplementary
Figure 4). We quantified brain lesions from images taken of bbh
siblings at 72 hpf (Figure 2A). Representative images of ATV
model in are given in Supplementary Figure 2. In both ATV
and bbh models, bleeding was associated with a significant,
two-fold increase in intensity of fluorescent signal in the brain
compared to ICH- controls (Figure 2B, C). These data were
verified using blinded, manual counts of annexinV-positive
cells from MIP images (Supplementary Figure 5). Taken
together, these data provide convincing evidence that ICH in
zebrafish larvae induces a reproducible cell death phenotype
that can act as a quantifiable readout of brain injury.

ICH-induced brain injury results in a quantifiable locomotor
deficit in zebrafish larvae

To investigate whether ICH-induced brain injury was asso-
ciated with a locomotor deficit, as frequently seen in stroke
patients (Kloter er al., 2011; Saulle & Schambra, 2016), we
tracked swimming behaviour between 72 and 120 hpf. Larvae
were analysed across 3 days to account for the improvement in
baseline swimming performance associated with increasing age.
Representative tracks are shown in Figure 3A. ICH+ larvae
spent significantly less time swimming in the cumulative time
spent mobile during the 10 minute recording period at both
72 and 96 hpf compared to ICH- siblings, implying a persist-
ent physical deficit (Figure 3B). Although a reduction was
observed in ICH+ larvae at 120 hpf, this was not significantly
different to ICH- siblings (p=0.08). However AT V-treated
larvae assayed at 120 hpf did show a significant reduction in
swimming in ICH+ larvae and not in controls. Comparable
motility phenotypes in both models imply that the swimming
deficit is due to cerebral bleed and not statin treatment. Repro-
ducing these results in both models suggests that the impairment
in locomotion is not caused by any one mechanistic factor
but due to ICH itself.

ICH-induced brain injury in zebrafish larvae initiates an
innate immune response

In order to determine whether ICH in zebrafish larvae initiated
inflammation at the cellular level, neutrophils and macrophages
in the brain were quantified using the mpo:GFP and mpegl:
mCherry reporter lines. At 72 hpf, the number of macrophages
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Figure 1. Atorvastatin (ATV)-induced and bubblehead (bbh) mutant intracerebral haemorrhage (ICH) show comparable models of
brain-specific bleeding. (A) Brain-specific bleeds were observed in both ATV and bbh models maintained on the transgenic gata1:DsRed
reporter background using both brightfield (top panels) and fluorescence (bottom panels) microscopy. Bleeds formed in both forebrain and
mid-hindbrain regions, as described by others (Eisa-Beygi et al., 2013) (arrows denotes haemorrhages). Bleeds in bbh mutants are frequently
associated with severe cranial oedema making blood pooling more disperse. Original magnification, x20. (B) ATV treatment causes ICH to
occur in a dose-dependent manner. (C) Timeline of ICH development in ATV-treated and untreated embryos and (D) bbh homozygotes.
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Figure 2. Intracerebral haemorrhage (ICH) in zebrafish larvae results in a quantifiable brain injury. (A) Representative images of the
brain injury phenotype in ICH+ larvae (right panels), in comparison to ICH- siblings (left panels), at 72 hpf. Bright-field images (bottom panels)
demonstrate the presence of brain bleeds (arrows) in ICH+ larvae. Fluorescent microscopy was performed to visualise cell death in the ubig:
secAnnexinV-mVenus reporter line (top panels). Clusters of dying cells were observed in peri-haematomal regions. Images were cropped
to brain only regions and analysed for total green fluorescence intensity in round particles bigger than 30 pixels in diameter (white line).
(B) Quantification of fluorescent signal in the brains of untreated, ICH- and ICH+ larvae obtained through the ATV model (n=12 per
group; 3 independent replicates) at 72 hpf. Significant differences were observed when comparing ICH+ with untreated (**p=0.004) and
with ICH- (*p=0.03) siblings. (C) Quantification of fluorescent signal as a read out for annexinV binding in the brains of ICH- and ICH+
larvae obtained through the bubblehead (bbh) model (n=12 per group; 2 independent replicates) at 72 hpf. A significant difference in
mVenus fluorescence was observed between ICH+ and ICH- age-matched siblings (**p=0.002). Original magnification, x20.
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Figure 3. ICH-induced brain injury results in a quantifiable locomotor deficit in bubblehead (bbh) zebrafish larvae. (A) Representative
examples of the swimming tracks in ICH- and ICH+ larvae at 72, 96 and 120 hpf. (B) ICH+ larvae exhibited a significant decrease in the
cumulative time spent mobile during the 10 minute recording period at both 72 and 96 hpf. Significance was lost at the 120 hpf time point
potentially alluding to recovery from brain injury (n=24 larvae per group; 3 independent replicates; ****p=0.00006; **p=0.003 ns p=0.08)
(C) Quantification of cumulative time spent moving in untreated and ATV-treated ICH- and ICH+ larvae at 120 hpf. ICH+ larvae exhibited a
significant decrease in the cumulative time spent mobile during the 10 minute recording period. Three technical replicates (n=24 larvae per
group) were used to calculate s.d from the mean (***p=0.00004, **p=0.0003).

increased significantly, doubling in the brains of ICH+
larvae compared to ICH- siblings (Figure 4). At the same time
point, neutrophil numbers were greater in ICH+ larvae than
ICH- larvae; however, the difference did not reach significance.

Activated macrophage cells show a phagocytic response
to the brain lesion

We investigated the phagocytic response of activated macro-
phages to the brain lesion sites in ubig:secAnnexinV-mVenus;
mpegl:mCherry ICH+ larvae using real time microscopy. The
formation of a new brain lesion site was recorded between 55
and 65 hpf (Supplementary Video 1) and macrophages were seen
migrating to sites of injury and actively phagocytosing annexinV
positive dying cells (Figure 5A). We next analysed total
macrophage activity within the brain, using morphology as an
indication of phagocytic activation. Amoeboid, rounded cells
were considered phagocytic and ramified cells considered inac-
tive, as previously defined (Morsch er al., 2015). We found a
substantial increase in the proportion of activated, amoeboid
macrophages in the ICH+ brain compared to ICH- siblings
(Figure 5B, C). These results indicate that the innate immune
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Figure 4. Intracerebral haemorrhage (ICH) initiates an innate
cellular immune response in the zebrafish larval brain. Numbers
of leukocytes quantified within the brains of mpo:GFP;mpeg1:
dsRed double transgenic larvae (n=8 per group; 2 independent
replicates) at 72 hpf reveals a significant increase in macrophages
(*p=0.01), but not neutrophils (p=0.5), in response to ICH.

Page 8 of 22



F1000Research 2018, 7:1617 Last updated: 12 NOV 2018

A
B
ICH- ICH+
(o]
100 -
w
3
«— 50+
[=]
=
0 T
X
\(’Q
ramified EZ4 amoeboid

Figure 5. Activated macrophage cells show a phagocytic response to the brain lesion. (A) Representative time-lapse stills (from
Supplementary Video 1) showing a ramified patrolling macrophage migrating towards an annexinV positive cell (i - vi). The macrophage
acquired an amoeboid morphology (v) before phagocytosing the annexinV-positive cell (vi, vii). After phagocytosis the macrophage resumes
a ramified morphology and migrates away and the annexinV-positive cell can no longer be seen (viii). Ramified macrophage (#), annexinV
positive cell (arrow), amoeboid macrophage (*). (B) Representative images of mpeg 71-positive cells in the intracerebral haemorrhage (ICH)-
and ICH+ larval brain exhibiting amoeboid and ramified morphologies. (C) An increased proportion of amoeboid (phagocytic) and decreased
proportion of ramified (inactive) macrophages was observed in ICH+ brains in comparison to ICH- siblings.

response to ICH can be examined at the cellular level
in zebrafish ICH models using real-time microscopy.

Dataset 1. All raw data from the present study

https://dx.doi.org/10.5256/f1000research.16473.d220415

Data include all raw microscopy images of cell death in Annexin
and bubblehead groups; fluorescence intensities, cell counts and
motility times for ATV and bubblehead groups; and leukocyte cell
counts.

Discussion

Here, we reveal that ICH in zebrafish larvae induces quantifi-
able pathological and inflammatory consequences that mimic
aspects of human pathophysiology. Several groups have
previously described the mechanisms underlying neurovascu-
lar instability in zebrafish larval models of ICH (Buchner et al.,
2007; Eisa-Beygi et al., 2013; Liu er al., 2007), and drug inter-
vention studies have attempted to identify compounds that can
inhibit cerebral bleeding (Li er al., 2017; Yang et al., 2017).
However, the relevance and translational impact of intervention
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before onset of haemorrhage is unclear. As such, we focussed our
attention on characterising the pathological and immunological
consequences of blood in the brain in zebrafish models, which
we consider to be a more realistic therapeutic target.

In general, ICH can be predominantly considered as a disorder
associated with older age. Consequently, it is remarkable that
the phenotypes observed in developing zebrafish recapitulate
those associated with the aged human brain, indicating the
innate injury response to blood in the brain is both evolutionarily
conserved between species and analogous during development
and adulthood. Zebrafish models have been employed in other
neurological and neuropsychiatric disease investigation, includ-
ing epilepsy, schizophrenia, Alzheimer’s and Parkinson’s
disease, because of these conserved fundamental mechanisms
and behaviours (Fontana er al., 2018; Vaz et al., 2018). Although
these models present their own limitations, the use of non-
invasive in vivo imaging, ease of genetic manipulation and
availability of large sample sizes offers new insights and over-
comes some of the common restrictions associated with rodent
models. Given that ICH occurs spontaneously using non-invasive
techniques in zebrafish, it can be argued this system more
accurately models some aspects of the human condition than
the most commonly used rodent models (Andaluz er al., 2002;
Rosenberg er al., 1990). The use of rodents has not been
successful in terms of identifying translatable therapeutic targets
for ICH. As such, we propose that the post-ICH pathologies
presented in this study (Figure 6) represent an alternative,
complementary platform for pre-clinical ICH research and
future drug discovery.

The transferability of employing these zebrafish larval mod-
els would address the 3Rs welfare issue of prolonged severe
surgical procedures in mammals by replacing some of these

F1000Research 2018, 7:1617 Last updated: 12 NOV 2018

animals with zebrafish larvae of unprotected status. We have
used equipment and procedures that are commonplace and would
be relatively simple to adopt in other labs. We would like to see
these models used to determine the translatability of drugs that
prevent cerebral bleeding in zebrafish (Huang er al., 2018; Yang
et al., 2017), to investigate the clinical relevance of post-ICH
treatment. We also propose these endpoint assays can be used
to develop medium/high-throughput drug screening to identify
new compounds for pre-clinical investigation.

In humans, an influx of blood into the brain causes primary
brain injury through neuronal death and cell necrosis, induc-
ing a secondary phase of injury triggered by the production of
inflammatory mediators and innate immune cell migration towards
the site of injury (Mracsko & Veltkamp, 2014). We show that
cerebral bleeding in zebrafish larvae causes an increase in cell
death in the brain not shown before in zebrafish haemorrhage
models. It has been established that following ICH neuronal
cells die by different death mechanisms including ferroptosis and
necroptosis (Li er al., 2018; Zille et al., 2017) and so determin-
ing total cell death by only using one marker, Annexin V may
limit the information attained in this study. Further studies into
the mechanisms of cell death involved after ICH, and different
approaches to inhibit these processes may reveal treatment
strategies that have not yet been elucidated in the rodent model,
and will be a focus for future studies. The observed brain lesion
was associated with a physical impairment, as observed by a
reduction in swimming ability, which we propose is either due
to a defect in stimulus perception or through a motor deficiency.
This impairment is seen to begin to recover at 3 days post
injury, suggesting the zebrafish larval model system as a use-
ful tool for further investigation to reveal recovery processes
responding to brain cell death. Importantly, these observa-
tions mimic outcomes that are exhibited in rodent models

> 72hpf > 96hpf > 120hpf >

ATV
Ohpf > 24hpf > 48hpf
Eggs harvested Dechorionate ~75% ICH+
treat 1.0uM
ATV ICH- and ICH+
groups
separated

Annexin +ve Locomotion
cell clusters assay
observable
Larvae
Cellular terminated

neuroinflamm-
atory reaction

Ohpf > 24hpf > 48hpf > 72hpf > 96hpf » 120hpf >

bbh
Eggs from bbh 100% bbh -/-
+/- pairing ICH+ with
harvested severe oedema
ICH- siblings
separated

Annexin +ve Locomotion
cell clusters assay
observable
Larvae
Cellular terminated

neuroinflamm-
atory reaction

Figure 6. Graphic of experimental timeline to characterise brain injury, locomotor and neuroinflammatory outcomes. ICH, intracerebral

haemorrhage; bbh, bubblehead.
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(MacLellan er al., 2008) and ICH patients (Saulle & Schambra,
2016). In clinical presentation of ICH the initial haematoma
mass effect and increase in intracranial pressure exacerbates
brain damage, compressing surrounding structures (Xi er al.,
2006) and increases risk of death following ICH (Yang er al.,
2015). In zebrafish larvae, cerebral oedema is regularly associ-
ated with ICH (Kasher er al., 2015; Liu er al., 2007). However
without a fully developed cranium, oedema is unlikely to result
in the same injury severity seen in humans, which may be one
limitation of this particular model system.

An increase in recruitment and activation of macrophages in the
brain was also observed in zebrafish following haemorrhage
corresponding to time of cell death. A trend towards increased
recruitment of neutrophils was also observed, but this result
did not reach statistical significance. It is possible that a rapid
temporal neutrophil response was not fully captured during
our analytical time frame. However, it has been shown that
neutrophils are not involved in the clearance of cellular debris in
a zebrafish larval model of brain injury (van Ham er al., 2014),
suggesting neutrophils are less vital to early injury responses
in the brain than macrophages. It remains unclear whether
activation of macrophages post-ICH is overall beneficial or
deleterious in the short term after injury. Pro-inflammatory
cells contribute to the breakdown of the blood-brain barrier
(Abbott, 2000); however, phagocytic cells promote clearance
of red blood cells and tissue debris, which occurs from 7
days post haemorrhage in rodent models of ICH (Mracsko
& Veltkamp, 2014; Yang et al., 2016b). Early responses to
laser-induced cerebral bleeding in zebrafish have shown that
macrophages are essential for vessel repair (Liu er al., 2016) and
in zebrafish stab wound brain injury models, inflammation is
necessary for regeneration and recovery (Kyritsis er al., 2012).
Studies show that polarisation of macrophages to Ml-like and
M2-like states change over time in rodent models of ICH in
response to brain damage molecules (Wan er al., 2016; Yang
et al., 2016a) and some drugs in clinical trials target microglial
polarisation in an attempt to prevent the pro-inflammatory phe-
notype (Lan er al., 2017). In vivo imaging of ICH-induced
inflammatory processes has barely been explored (Mracsko &
Veltkamp, 2014), and so the translucent nature of zebrafish larvae
and availability of transgenic lines offer an accessible model for
further interrogation. Observations of cellular interactions
within whole, intact rodent brains at ongoing time points are
currently not possible, therefore utilising the zebrafish system

Supplementary material
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will allow us to learn more about leukocyte behaviour after
spontaneous ICH. Furthermore, immune responses observed
in real time in this system will have been elicited by sponta-
neous vessel rupture and not as an artefact of ICH surgery or
ex vivo analysis (Kirkman er al., 2011; Xue & Del Bigio, 2003).
For better translation of therapies from pre-clinical to patients,
understanding of early innate immune responses to sponta-
neous bleeding needs to be improved, thus zebrafish offer a
powerful resource to facilitate this.

In conclusion, given the advantages associated with zebrafish
larvae and the potential for a 3Rs approach to pre-clinical
stroke research, we propose that this model organism can pro-
vide critical insight into ICH pathophysiology during the
early phases of injury and offers a future platform for drug
discovery.

Data availability

Dataset 1. All raw data from the present study. Data include
all raw microscopy images of cell death in Annexin and
bubblehead groups; fluorescence intensities, cell counts and
motility times for ATV and bubblehead groups; and leukocyte
cell counts. DOI: https://doi.org/10.5256/f1000research.16473.
d220415 (Crilly et al., 2018).
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Supplementary Figure 1. HMG-CoA inhibition and -pix mutation induces neurovascular weakness through the same pathway,
ultimately preventing actin cytoskeleton remodelling and formation of tight junctions resulting in ‘leaky’ endothelial junctions in
the developing neurovasculature.

Click here to access the data

Supplementary Figure 2. Representative images of the brain injury phenotype in ATV treatment model of untreated (UNT) (left
panels), AT V-treated control siblings without haemorrhage (ICH-) (centre panels) and haemorrhaged larvae (ICH+) (right panels)
Click here to access the data

Supplementary Figure 3. Severe cranial oedema (affected regions denoted by hashtags) associated with cranial bleeds in ‘bubble-
head’ homozygous mutants (right panel) and subsequently exhibit more dispersed bleeds (arrows) compared to heterozygous and
wild-type intracerebral haemorrhage (ICH) (left panel).

Original magnification, x20.

Click here to access the data

Supplementary Figure 4. Representative images of the brain injury phenotype in intracerebral haemorrhage (ICH)+ larvae (bottom
panels), in comparison to ICH- age-matched siblings (top panels), at 48-120 hpf.

Fluorescent microscopy was performed to visualise cell death in the ubiq:secAnnexinV-mVenus reporter line to determine the timeline of
cell injury following an ICH event. Original magnification, x20.

Click here to access the data

Supplementary Figure 5. Manual counts of fluorescent cells from blinded analysis of the ubiq:secAnnexinV-mVenus reporter line
in atorvastatin (ATV) and bubblehead (bbh) models show a significant increase in intracerebral haemorrhage (ICH)+ (**p=0.0097,
###p=0.0005).

Click here to access the data

Supplementary Video 1. A time lapse recording of phagocytosis occurring in an intracerebral haemorrhage+ ubiq:secAnnexinV-
mVenus;mpegl:mCherry larvae between 55 and 72 hpf.

Cluster of dying cells (green annexinV positive) in forebrain visible at 55 hpf and active macrophages (red) can be observed phagocytos-
ing cells. A second cluster in the mid brain develops over recording period and macrophages can be seen migrating to the new lesion site.
Original magnification, x20.

Click here to access the data

References

Abbott NJ: Inflammatory mediators and modulation of blood-brain barrier
permeability. Cell Mol Neurobiol. 2000; 20(2): 131-147.

PubMed Abstract | Publisher Full Text

Alharbi BM, Tso MK, Macdonald RL: Animal models of spontaneous
intracerebral hemorrhage. Neurol Res. 2016; 38(5): 448—455.

PubMed Abstract | Publisher Full Text

An SJ, Kim TJ, Yoon BW: Epidemiology, Risk Factors, and Clinical Features of
Intracerebral Hemorrhage: An Update. J Stroke. 2017; 19(1): 3-10.

PubMed Abstract | Publisher Full Text | Free Full Text

Andaluz N, Zuccarello M, Wagner KR: Experimental animal models of
intracerebral hemorrhage. Neurosurg Clin N Am. 2002; 13(3): 385-393.
PubMed Abstract | Publisher Full Text

ASPA 1986 amendments 2012: Animals (Scientific Procedures) Act 1986.
Reference Source

Bates D, Méachler M, Bolker B, et al.: Fitting Linear Mixed-Effects Models using
Ime4. J Stat Softw. Computation. 2015; 67(1): 1-48.

Publisher Full Text

Buchner DA, Su F, Yamaoka JS, et al.: pak2a mutations cause cerebral
hemorrhage in redhead zebrafish. Proc Nat/ Acad Sci U S A. 2007; 104(35):
13996-14001.

PubMed Abstract | Publisher Full Text | Free Full Text

Casals JB, Pieri NC, Feitosa ML, et al.: The use of animal models for stroke

research: a review. Comp Med. 2011; 61(4): 305-313.
PubMed Abstract | Free Full Text

Crilly S, Njegic A, Laurie SE, et al.: Dataset 1 in: Using zebrafish larval models
to study brain injury, locomotor and neuroinfl y outcomes following
intracerebral haemorrhage. F1000Research. 2018.
http://www.doi.org/10.5256/f1000research.16473.d220415

Eisa-Beygi S, Hatch G, Noble S, et al.: The 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR) pathway regulates developmental cerebral-vascular
stability via prenylation-dependent signalling pathway. Dev Biol. 2013; 373(2):
258-266.

PubMed Abstract | Publisher Full Text

Eisa-Beygi S, Rezaei M: Etiology of intracerebral hemorrhage (ICH): novel
insights from Zebrafish embryos. Int J Dev Biol. 2016; 60(4-6): 119-126.
PubMed Abstract | Publisher Full Text

Ellett F, Pase L, Hayman JW, et al.. mpeg1 promoter transgenes direct
macrophage-lineage expression in zebrafish. Blood. 2011; 117(4): e49—-e56.
PubMed Abstract | Publisher Full Text | Free Full Text

Fontana BD, Mezzomo NJ, Kalueff AV, et al.: The developing utility of zebrafish
models of neurological and neuropsychiatric disorders: A critical review. Exp
Neurol. 2018; 299(Pt A): 157-171.

PubMed Abstract | Publisher Full Text

Fournier DA, Skaug HJ, Ancheta J, et al.: AD Model Builder: using automatic

Page 12 of 22


https://f1000researchdata.s3.amazonaws.com/supplementary/16473/7d3a670e-1f0c-41e3-9310-bf04c359b483_Supplementary_Figure_1.tiff
https://f1000researchdata.s3.amazonaws.com/supplementary/16473/63988fa1-896c-4e57-b00e-3b4768bc311f_Supplementary_Figure_2.tif
https://f1000researchdata.s3.amazonaws.com/supplementary/16473/7c247bb3-2896-400e-9fe8-8704170a4fb3_Supplementary_Figure_3.tif
https://f1000researchdata.s3.amazonaws.com/supplementary/16473/c5ce58dd-020e-4afd-8cd5-52d27b2fe761_Supplementary_Figure_4.tif
https://f1000researchdata.s3.amazonaws.com/supplementary/16473/505af6a9-d450-44f1-ad1c-363bcceea3b7_Supplementary_Figure_5.tif
https://f1000researchdata.s3.amazonaws.com/supplementary/16473/3a6e58b4-0a0a-43b4-a397-17a441565250_Supplementary_SM1.mp4
http://www.ncbi.nlm.nih.gov/pubmed/10696506
http://dx.doi.org/10.1023/A:1007074420772
http://www.ncbi.nlm.nih.gov/pubmed/27098341
http://dx.doi.org/10.1080/01616412.2016.1144671
http://www.ncbi.nlm.nih.gov/pubmed/28178408
http://dx.doi.org/10.5853/jos.2016.00864
http://www.ncbi.nlm.nih.gov/pmc/articles/5307940
http://www.ncbi.nlm.nih.gov/pubmed/12486927
http://dx.doi.org/10.1016/S1042-3680(02)00006-2
https://www.legislation.gov.uk/uksi/2012/3039/pdfs/uksi_20123039_en.pdf
http://dx.doi.org/10.18637/jss.v067.i01
http://www.ncbi.nlm.nih.gov/pubmed/17715297
http://dx.doi.org/10.1073/pnas.0700947104
http://www.ncbi.nlm.nih.gov/pmc/articles/1955825
http://www.ncbi.nlm.nih.gov/pubmed/22330245
http://www.ncbi.nlm.nih.gov/pmc/articles/3155396
http://www.doi.org/10.5256/f1000research.16473.d220415
http://www.ncbi.nlm.nih.gov/pubmed/23206891
http://dx.doi.org/10.1016/j.ydbio.2012.11.024
http://www.ncbi.nlm.nih.gov/pubmed/27251071
http://dx.doi.org/10.1387/ijdb.160136se
http://www.ncbi.nlm.nih.gov/pubmed/21084707
http://dx.doi.org/10.1182/blood-2010-10-314120
http://www.ncbi.nlm.nih.gov/pmc/articles/3056479
http://www.ncbi.nlm.nih.gov/pubmed/28987462
http://dx.doi.org/10.1016/j.expneurol.2017.10.004

differentiation for statistical inference of highly parameterized complex
nonlinear models. Optim Methods Softw. 2012; 27(2): 233-249.
Publisher Full Text

Huang B, Zhou ZY, Li S, et al.: Tanshinone | prevents atorvastatin-induced
cerebral hemorrhage in zebrafish and stabilizes endothelial cell-cell adhesion
by inhibiting VE-cadherin internalization and actin-myosin contractility.
Pharmacol Res. 2018; 128: 389-398.

PubMed Abstract | Publisher Full Text

Kasher PR, Jenkinson EM, Briolat V, et al.: Characterization of samhd1 morphant
zebrafish recapitulates features of the human type | interferonopathy Aicardi-
Goutiéres syndrome. J Immunol. 2015; 194(6): 2819-2825.

PubMed Abstract | Publisher Full Text

Kellner CP, Connolly ES Jr: Neuroprotective strategies for intracerebral
hemorrhage: trials and translation. Stroke. 2010; 41(10 Suppl): S99-S102.
PubMed Abstract | Publisher Full Text

Kimmel CB, Ballard WW, Kimmel SR, et al.: Stages of embryonic development of
the zebrafish. Dev Dyn. 1995; 203(3): 253-310.
PubMed Abstract | Publisher Full Text

Kirkman MA, Allan SM, Parry-Jones AR: Experimental intracerebral hemorrhage:
avoiding pitfalls in translational research. J Cereb Blood Flow Metab. 2011;
31(11): 2135-2151.

PubMed Abstract | Publisher Full Text | Free Full Text

Kloter E, Wirz M, Dietz V: Locomotion in stroke subjects: interactions between
unaffected and affected sides. Brain. 2011; 134(Pt 3): 721-731.
PubMed Abstract | Publisher Full Text

Kyritsis N, Kizil C, Zocher S, et al.: Acute inflammation initiates the regenerative
response in the adult zebrafish brain. Science. 2012; 338(6112): 1353—-1356.
PubMed Abstract | Publisher Full Text

Lan X, Han X, Li Q, et al.: Modulators of microglial activation and polarization
after intracerebral haemorrhage. Nat Rev Neurol. 2017; 13(7): 420-433.
PubMed Abstract | Publisher Full Text | Free Full Text

Lenth RV: Least-squares means: the R package Ismeans. J Stat Softw. 2016;
69(1): 1-33.

Publisher Full Text

Li S, Ai N, Shen M, et al.: Discovery of a ROCK inhibitor, FPND, which prevents
cerebral hemorrhage through maintaining vascular integrity by interference
with VE-cadherin. Cell Death Discov. 2017; 3: 17051.

PubMed Abstract | Publisher Full Text | Free Full Text

Li S, Weiland A, Chen X, et al.: Ultrastructural Characteristics of Neuronal

Death and White Matter Injury in Mouse Brain Tissues After Intracerebral

Hemorrhage: Coexistence of Ferroptosis, Autophagy, and Necrosis. Front
Neurol. 2018; 9: 581.

PubMed Abstract | Publisher Full Text | Free Full Text

Liu J, Fraser SD, Faloon PW, et al.: A betaPix Pak2a signaling pathway regulates
cerebral vascular stability in zebrafish. Proc Natl Acad Sci U S A. 2007; 104(35):
13990-13995.

PubMed Abstract | Publisher Full Text | Free Full Text

Liu C, Wu C, Yang Q, et al.: Macrophages Mediate the Repair of Brain Vascular
Rupture through Direct Physical Adhesion and Mechanical Traction. /mmunity.
2016; 44(5): 1162—1176.

PubMed Abstract | Publisher Full Text

Liu J, Zeng L, Kennedy RM, et al.: BPix plays a dual role in cerebral vascular
stability and angiogenesis, and interacts with integrin a p;. Dev Biol. 2012;
363(1): 95-105.

PubMed Abstract | Publisher Full Text

Lok J, Leung W, Murphy S, et al.: Intracranial hemorrhage: mechanisms

of secondary brain injury. Acta Neurochir Suppl. Intracerebral Hemorrhage
Research. Springer. 2011; 111: 63-9.

PubMed Abstract | Publisher Full Text | Free Full Text

MacLellan CL, Silasi G, Auriat AM, et al.: Rodent models of intracerebral
hemorrhage. Stroke. 2010; 41(10 Suppl): S95-S98.
PubMed Abstract | Publisher Full Text

MacLellan CL, Silasi G, Poon CC, et al.: Intracerebral hemorrhage models in

rat: comparing collagenase to blood infusion. J Cereb Blood Flow Metab. 2008;
28(3): 516-525.

PubMed Abstract | Publisher Full Text

Morsch M, Radford R, Lee A, et al.: In vivo characterization of microglial engulfment
of dying neurons in the zebrafish spinal cord. Front Cell Neurosci. 2015; 9: 321.
PubMed Abstract | Publisher Full Text | Free Full Text

Mracsko E, Veltkamp R: Neuroinflammation after intracerebral hemorrhage.
Front Cell Neurosci. 2014; 8: 388.
PubMed Abstract | Publisher Full Text | Free Full Text

Renshaw SA, Loynes CA, Trushell DM, et al.: A transgenic zebrafish model of
neutrophilic inflammation. Blood. 2006; 108(13): 3976-3978.
PubMed Abstract | Publisher Full Text

Rosenberg GA, Mun-Bryce S, Wesley M, et al.: Collagenase-induced
intracerebral hemorrhage in rats. Stroke. 1990; 21(5): 801-807.
PubMed Abstract | Publisher Full Text

F1000Research 2018, 7:1617 Last updated: 12 NOV 2018

Saulle MF, Schambra HM: Recovery and Rehabilitation after Intracerebral
Hemorrhage. Semin Neurol. NIH Public Access, 2016; 36(3): 306—12.
PubMed Abstract | Publisher Full Text | Free Full Text

Selim M, Hanley D, Broderick J, et al.: Basic and Translational Research in
Intracerebral Hemorrhage: Limitations, Priorities, and Recommendations.
Stroke. 2018; 49(5): 1308—1314.

PubMed Abstract | Publisher Full Text | Free Full Text

Shen M, YuH, Li Y, et al.: Discovery of Rho-kinase inhibitors by docking-based
virtual screening. Mol Biosyst. 2013; 9(6): 1511-1521.
PubMed Abstract | Publisher Full Text

Skaug H, Fournier D, Nielsen A, et al.: Generalized linear mixed models using
AD model builder. R package version 0.7.2013; 7.

Team RC: R: A Language and Environment for Statistical Computing. 2018.
Reference Source

ten Klooster JP, Jaffer ZM, Chernoff J, et al.: Targeting and activation of Rac1 are
mediated by the exchange factor beta-Pix. J Cell Biol. 2006; 172(5): 759-769.
PubMed Abstract | Publisher Full Text | Free Full Text

Traver D, Paw BH, Poss KD, et al.: Transplantation and in vivo imaging of
multilineage engraftment in zebrafish bloodless mutants. Nat /mmunol. 2003;
4(12): 1238-46.

PubMed Abstract | Publisher Full Text

van Ham TJ, Brady CA, Kalicharan RD, et al.: Intravital correlated microscopy
reveals differential macrophage and microglial dynamics during resolution of
neuroinflammation. Dis Model Mech. 2014; 7(7): 857—869.

PubMed Abstract | Publisher Full Text | Free Full Text

Vaz RL, Outeiro TF, Ferreira JJ: Zebrafish as an Animal Model for Drug
Discovery in Parkinson’s Disease and Other Movement Disorders: A
Systematic Review. Front Neurol. 2018; 9: 347.

PubMed Abstract | Publisher Full Text | Free Full Text

Veltkamp R, Gill D: Clinical Trials of Inmunomodulation in Ischemic Stroke.
Neurotherapeutics. 2016; 13(4): 791-800.

PubMed Abstract | Publisher Full Text | Free Full Text

Walcott BP, Peterson RT: Zebrafish models of cerebrovascular disease. J Cereb
Blood Flow Metab. 2014; 34(4): 571-577.

PubMed Abstract | Publisher Full Text | Free Full Text

Wan S, Cheng Y, Jin H, et al.: Microglia Activation and Polarization After
Intracerebral Hemorrhage in Mice: the Role of Prc Activated Receptor-1.
Transl Stroke Res. 2016; 7(6): 478—487.

PubMed Abstract | Publisher Full Text | Free Full Text

Wang J, Zhai W, Yu Z, et al.: Neuroprotection Exerted by Netrin-1 and Kinesin
Motor KIF1A in Secondary Brain Injury following Experimental Intracerebral
Hemorrhage in Rats. Front Cell Neurosci. 2018; 11: 432.

PubMed Abstract | Publisher Full Text | Free Full Text

Westerfield M: The zebrafish book: a guide for the laboratory use of zebrafish.
2000.

Reference Source

WHO: The top 10 causes of death [Online]. 2017; [Accessed 28/02/17].
Reference Source

Xi G, Keep RF, Hoff JT: Mechanisms of brain injury after intracerebral
haemorrhage. Lancet Neurol. 2006; 5(1): 53—-63.

PubMed Abstract | Publisher Full Text

Xue M, Del Bigio MR: Comparison of brain cell death and inflammatory reaction
in three models of intracerebral hemorrhage in adult rats. J Stroke Cerebrovasc
Dis. 2003; 12(3): 152-159.

PubMed Abstract | Publisher Full Text

Yang J, Arima H, Wu G, et al.: Prognostic significance of perihematomal edema
in acute intracerebral hemorrhage: pooled analysis from the intensive blood
pressure reduction in acute cerebral hemorrhage trial studies. Stroke. 2015;
46(4): 1009-13.

PubMed Abstract | Publisher Full Text

Yang J, Ding S, Huang W, et al.: Interleukin-4 Ameliorates the Functional
Recovery of Intracerebral Hemorrhage Through the Alternative Activation of
Microglia/Macrophage. Front Neurosci. 2016a; 10: 61.

PubMed Abstract | Publisher Full Text | Free Full Text

Yang SS, Lin L, Liu Y, et al.: High Morphologic Plasticity of Microglia/
Macrophages Following Experimental Intracerebral Hemorrhage in Rats. Int J
Mol Sci. 2016b; 17(7): pii: E1181.

PubMed Abstract | Publisher Full Text | Free Full Text

Yang R, Zhang Y, Huang D, et al.: Miconazole protects blood vessels from
MMP9-dependent rupture and hemorrhage. Dis Model Mech. 2017; 10(3): 337-348.
PubMed Abstract | Publisher Full Text | Free Full Text

Yeatts SD, Palesch YY, Moy CS, et al.: High dose deferoxamine in intracerebral
hemorrhage (HI-DEF) trial: rationale, design, and methods. Neurocrit Care.
2013; 19(2): 257-266.

PubMed Abstract | Publisher Full Text | Free Full Text

Zille M, Karuppagounder SS, Chen Y, et al.: Neuronal Death After Hemorrhagic
Stroke In Vitro and In Vivo Shares Features of Ferroptosis and Necroptosis.
Stroke. 2017; 48(4): 1033-1043.

PubMed Abstract | Publisher Full Text | Free Full Text

Page 13 of 22


http://dx.doi.org/10.1080/10556788.2011.597854
http://www.ncbi.nlm.nih.gov/pubmed/29017932
http://dx.doi.org/10.1016/j.phrs.2017.09.025
http://www.ncbi.nlm.nih.gov/pubmed/25672750
http://dx.doi.org/10.4049/jimmunol.1403157
http://www.ncbi.nlm.nih.gov/pubmed/20876519
http://dx.doi.org/10.1161/STROKEAHA.110.597476
http://www.ncbi.nlm.nih.gov/pubmed/8589427
http://dx.doi.org/10.1002/aja.1002030302
http://www.ncbi.nlm.nih.gov/pubmed/21863040
http://dx.doi.org/10.1038/jcbfm.2011.124
http://www.ncbi.nlm.nih.gov/pmc/articles/3210340
http://www.ncbi.nlm.nih.gov/pubmed/21303854
http://dx.doi.org/10.1093/brain/awq370
http://www.ncbi.nlm.nih.gov/pubmed/23138980
http://dx.doi.org/10.1126/science.1228773
http://www.ncbi.nlm.nih.gov/pubmed/28524175
http://dx.doi.org/10.1038/nrneurol.2017.69
http://www.ncbi.nlm.nih.gov/pmc/articles/5575938
http://dx.doi.org/10.18637/jss.v069.i01
http://www.ncbi.nlm.nih.gov/pubmed/28845297
http://dx.doi.org/10.1038/cddiscovery.2017.51
http://www.ncbi.nlm.nih.gov/pmc/articles/5563523
http://www.ncbi.nlm.nih.gov/pubmed/30065697
http://dx.doi.org/10.3389/fneur.2018.00581
http://www.ncbi.nlm.nih.gov/pmc/articles/6056664
http://www.ncbi.nlm.nih.gov/pubmed/17573532
http://dx.doi.org/10.1073/pnas.0700825104
http://www.ncbi.nlm.nih.gov/pmc/articles/1955796
http://www.ncbi.nlm.nih.gov/pubmed/27156384
http://dx.doi.org/10.1016/j.immuni.2016.03.008
http://www.ncbi.nlm.nih.gov/pubmed/22206757
http://dx.doi.org/10.1016/j.ydbio.2011.12.022
http://www.ncbi.nlm.nih.gov/pubmed/21725733
http://dx.doi.org/10.1007/978-3-7091-0693-8_11
http://www.ncbi.nlm.nih.gov/pmc/articles/3285293
http://www.ncbi.nlm.nih.gov/pubmed/20876518
http://dx.doi.org/10.1161/STROKEAHA.110.594457
http://www.ncbi.nlm.nih.gov/pubmed/17726491
http://dx.doi.org/10.1038/sj.jcbfm.9600548
http://www.ncbi.nlm.nih.gov/pubmed/26379496
http://dx.doi.org/10.3389/fncel.2015.00321
http://www.ncbi.nlm.nih.gov/pmc/articles/4553390
http://www.ncbi.nlm.nih.gov/pubmed/25477782
http://dx.doi.org/10.3389/fncel.2014.00388
http://www.ncbi.nlm.nih.gov/pmc/articles/4238323
http://www.ncbi.nlm.nih.gov/pubmed/16926288
http://dx.doi.org/10.1182/blood-2006-05-024075
http://www.ncbi.nlm.nih.gov/pubmed/2160142
http://dx.doi.org/10.1161/01.STR.21.5.801
http://www.ncbi.nlm.nih.gov/pubmed/27214706
http://dx.doi.org/10.1055/s-0036-1581995
http://www.ncbi.nlm.nih.gov/pmc/articles/5324055
http://www.ncbi.nlm.nih.gov/pubmed/29618555
http://dx.doi.org/10.1161/STROKEAHA.117.019539
http://www.ncbi.nlm.nih.gov/pmc/articles/5915965
http://www.ncbi.nlm.nih.gov/pubmed/23549429
http://dx.doi.org/10.1039/c3mb00016h
https://www.R-project.org
http://www.ncbi.nlm.nih.gov/pubmed/16492808
http://dx.doi.org/10.1083/jcb.200509096
http://www.ncbi.nlm.nih.gov/pmc/articles/2063707
http://www.ncbi.nlm.nih.gov/pubmed/14608381
http://dx.doi.org/10.1038/ni1007
http://www.ncbi.nlm.nih.gov/pubmed/24973753
http://dx.doi.org/10.1242/dmm.014886
http://www.ncbi.nlm.nih.gov/pmc/articles/4073275
http://www.ncbi.nlm.nih.gov/pubmed/29910763
http://dx.doi.org/10.3389/fneur.2018.00347
http://www.ncbi.nlm.nih.gov/pmc/articles/5992294
http://www.ncbi.nlm.nih.gov/pubmed/27412685
http://dx.doi.org/10.1007/s13311-016-0458-y
http://www.ncbi.nlm.nih.gov/pmc/articles/5081130
http://www.ncbi.nlm.nih.gov/pubmed/24517974
http://dx.doi.org/10.1038/jcbfm.2014.27
http://www.ncbi.nlm.nih.gov/pmc/articles/3982096
http://www.ncbi.nlm.nih.gov/pubmed/27206851
http://dx.doi.org/10.1007/s12975-016-0472-8
http://www.ncbi.nlm.nih.gov/pmc/articles/5065741
http://www.ncbi.nlm.nih.gov/pubmed/29375318
http://dx.doi.org/10.3389/fncel.2017.00432
http://www.ncbi.nlm.nih.gov/pmc/articles/5768630
http://zfin.org/zf_info/zfbook/zfbk.html
http://www.who.int/mediacentre/factsheets/fs310/en/
http://www.ncbi.nlm.nih.gov/pubmed/16361023
http://dx.doi.org/10.1016/S1474-4422(05)70283-0
http://www.ncbi.nlm.nih.gov/pubmed/17903920
http://dx.doi.org/10.1016/S1052-3057(03)00036-3
http://www.ncbi.nlm.nih.gov/pubmed/25712944
http://dx.doi.org/10.1161/STROKEAHA.114.007154
http://www.ncbi.nlm.nih.gov/pubmed/27013935
http://dx.doi.org/10.3389/fnins.2016.00061
http://www.ncbi.nlm.nih.gov/pmc/articles/4781843
http://www.ncbi.nlm.nih.gov/pubmed/27455236
http://dx.doi.org/10.3390/ijms17071181
http://www.ncbi.nlm.nih.gov/pmc/articles/4964551
http://www.ncbi.nlm.nih.gov/pubmed/28153846
http://dx.doi.org/10.1242/dmm.027268
http://www.ncbi.nlm.nih.gov/pmc/articles/5374319
http://www.ncbi.nlm.nih.gov/pubmed/23943316
http://dx.doi.org/10.1007/s12028-013-9861-y
http://www.ncbi.nlm.nih.gov/pmc/articles/3932442
http://www.ncbi.nlm.nih.gov/pubmed/28250197
http://dx.doi.org/10.1161/STROKEAHA.116.015609
http://www.ncbi.nlm.nih.gov/pmc/articles/5613764

FIOOOResearch F1000Research 2018, 7:1617 Last updated: 12 NOV 2018

Open Peer Review

Current Referee Status: v v

Referee Report 12 November 2018

https://doi.org/10.5256/f1000research.18516.r40436

" Marietta Zille 1) 1.2
T University of Liibeck, Institute for Experimental and Clinical Pharmacology and Toxicology, Libeck,
Germany
2 Fraunhofer Research Institution for Marine Biotechnology and Cell Technology, Libeck, Germany

I would like to thank the authors for carefully considering the reviewers’ comments. | have no further
comments and look forward to future studies using this zebrafish ICH model.
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I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.
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In this manuscript, the authors propose two models of intracerebral hemorrhage (ICH) in zebrafish larvae
to study post-hemorrhage brain injury. The authors compare a genetic (bubblehead) and chemically
inducible (atorvastatin) model of spontaneous ICH and elegantly show assessment of cell death and
inflammation in these models using live non-invasive imaging. In addition, they present data on locomotor
activity as a functional outcome measurement.

First of all, | want to congratulate the authors on this high quality study that is timely and relevant to the
ICH community as spontaneous models that allow higher throughput screening of potentially protective or
regenerative compounds are clearly needed in the field (Hemorrhagic Stroke Academia Industry
(HEADS) Roundtable Participants, 2018). Although new to the ICH community, zebrafish models have
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multiple advantages that may be of great use in this research area (as well as in others).

I have a couple of suggestions that | hope will be beneficial to further improve the quality of this excellent
publication:

1.

Minor:

2.

We and others have recently established that neurons die by multiple different regulated cell death
mechanisms after ICH, including ferroptosis and necroptosis (Zille et al, 2017, Li et al, 2018).
Therefore, the authors should discuss the limitation of the cell death marker, Annexin V, used in
their study. Annexin V detects exposure of phosphatidiyl serine on the cell surface. On the one
hand, this is not specific to apoptosis since when the cell membrane is disrupted
phosphatidylserine can be detected intracellularly (and hence should not be claimed to analyze
apoptotic cell death, e.g. in Methods section) (Munoz et al, 2013, Sawai et al, 2011, Zille et al,
2012). On the other hand, this only reflects a specific subset of cell death. This may also explain
why cell death was detected only in a subset of larvae and at one specific time point which is also a
relatively narrow time window. Is there a possibility to determine the involvement of other cell death
mechanisms in zebrafish (e.g., GPX4 for ferroptosis or pRIP1/3 for necroptosis)? Undoubtedly, the
exact cell death mechanisms warrant further exploration in future studies including
pharmacological and molecular interventions.

The authors nicely show side-by-side comparison of both bubblehead and atorvastatin model.
What is the main difference between the two? Therefore, the authors should make fluorescence
pictures from both available in Fig. 2, the same time course in Fig. 3 as well as subgroup analysis
in Fig. 4 and 5. Was only one of the two investigated regarding macrophages or are they pooled in
this analysis?

One of the differences seems to be the occurrence of edema in the bubblehead model. This is very
interesting as it is also a key feature in the ICH pathophysiology. The authors should provide
pictures on both models over time. Is it possible to quantify the edema?

Locomotor activity: How does swimming time represent functional outcome of the larvae? Would
distance travelled be an alternative readout?

What is the size of the hematoma and does it correlate with cell death, locomotor activity or
macrophage activation?

For the atorvastatin model, was the 1uM dose used in Figure 2-5? If not, maybe the clusters of
positive and negative for Annexin V correspond to the dose of atorvastatin?

. One of the major disadvantages of the larvae model is that it uses young animals. Is it possible to

use atorvastatin to induce ICH in old zebrafish?

Regarding modeling human disease, another difference is that there is no mortality in this model at
least not to the time points investigated. Do they die at earlier time points than their
wildtype/untreated littermates? Do higher dosages of atorvastatin induce mortality in the larvae due
to ICH?

From the data where replicates were acquired, please specify whether the mean or median was
chosen.
What is the % MS222 used as lethal overdose?

Are a suitable application and appropriate end-users identified?

Yes

If applicable, is the statistical analysis and its interpretation appropriate?

Yes
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Are the 3Rs implications of the work described accurately?
Yes

Is the rationale for developing the new method (or application) clearly explained?
Yes

Is the description of the method technically sound?
Yes

Are sufficient details provided to allow replication of the method development and its use by
others?
Yes

If any results are presented, are all the source data underlying the results available to ensure full
reproducibility?
Yes

Are the conclusions about the method and its performance adequately supported by the
findings presented in the article?
Yes

Competing Interests: No competing interests were disclosed.
Referee Expertise: Intracerebral haemorrhage, stroke researcher, cell death mechanisms

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard, however | have significant reservations, as outlined
above.

siobhan crilly, The University of Manchester, UK

Dear Dr Zille,

Many thanks indeed for reviewing our manuscript and your helpful comments. Please see below
for responses to your specific questions. Where necessary, we have made amendments in a
second version of our manuscript, which we also refer to below.

We and others have recently established that neurons die by multiple different regulated
cell death mechanisms after ICH, including ferroptosis and necroptosis (Zille et al, 2017,
Li et al, 2018). Therefore, the authors should discuss the limitation of the cell death
marker, Annexin V, used in their study. Annexin V detects exposure of phosphatidiyl
serine on the cell surface. On the one hand, this is not specific to apoptosis since when
the cell membrane is disrupted phosphatidylserine can be detected intracellularly (and
hence should not be claimed to analyze apoptotic cell death, e.g. in Methods section) (
Munoz et al, 2013, Sawai et al, 2011, Zille et al, 2012). On the other hand, this only reflects
a specific subset of cell death. This may also explain why cell death was detected only in
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a subset of larvae and at one specific time point which is also a relatively narrow time
window. Is there a possibility to determine the involvement of other cell death
mechanisms in zebrafish (e.g., GPX4 for ferroptosis or pRIP1/3 for necroptosis)?
Undoubtedly, the exact cell death mechanisms warrant further exploration in future
studies including pharmacological and molecular interventions.

We thank the reviewer for raising this point, and we appreciate that only using Annexin V in this
study limits the information that we can obtain about cell death mechanisms. As suggested, we
have updated our discussion in version 2 to address this, and removed the term ‘apoptosis’
throughout. Of interest, in addition to the Annexin V reporter line, we have also verified cell death
using an acridine orange assay in live larvae at the same time points and found an identical pattern
of brain lesions in haemorrhaged animals only at 72 hpf (data not shown). The primary purpose of
this paper was to demonstrate that a range of ‘translatable’ disease outcomes exist following ICH
in zebrafish larvae. However, our ongoing studies will aim to build a more accurate understanding
of the precise mechanisms underlying brain injury following ICH in zebrafish larvae, which will
include an investigation into other forms of cell death, such as necroptosis and ferroptosis.

The authors nicely show side-by-side comparison of both bubblehead and atorvastatin
model. What is the main difference between the two?

Exposure to the HMG-CoA reductase inhibitor, atorvastatin (ATV) at 24 hours post-fertilisation
(hpf) leads to spontaneous cerebral-specific blood vessel rupture at ~33hpf in zebrafish larvae at
the onset of circulation (Eisa-Beygi et al., 2013, Shen et al., 2013, Huang et al., 2017, Li et al.,
2017). By inhibiting HMG-CoA in neovascular neuroendothelial cells, ATV disrupts isoprenylation
and hence activation of Rac1 (Xiao et al., 2013) and subsequent actin remodelling to stabilise VE
cadherin mediated tight junctions (Eisa-Beygi and Rezaei, 2016). The result of this impairment is a
‘leaky’ cerebrovasculature and ICH between 33-48hpf. Comparably, the ‘bubblehead’ (bbh) mutant
line, which expresses a hypomorphic mutation in the arhgef7 gene, encoding the Rac GEF Bpix,
also exhibit spontaneous ICH, as well as hydrocephalus, within a similar time frame to the ATV
model (Liu et al., 2007, ten Klooster et al., 2006). Therefore it appears ICH is induced through
comparable mechanistic defects in both ATV and bbh models. We have included a summary of
this difference in new supplementary figure 1 in version 2.

Therefore, the authors should make fluorescence pictures from both available in Fig. 2,
the same time course in Fig. 3 as well as subgroup analysis in Fig. 4 and 5. Was only one
of the two investigated regarding macrophages or are they pooled in this analysis?

In our updated version, we have now included images of the ATV model with Annexin V cell death
lesions at 3 dpf in supplementary figure 2. We have monitored locomotor function in the ATV model
larvae over the same time course as figure 3, however the baseline measurements of control
larvae at 3 and 4 dpf was too low for a measurable outcome, and so we continued with the bbh
mutant. We hypothesise this could be due to individual strain effect, as we have observed variable
locomotor function in normal larvae between different strains. The ATV model was not used for the
studies in figure 4 and 5 due to the anti-inflammatory effects of statins (Bu et al., 2011).

One of the differences seems to be the occurrence of edema in the bubblehead model.
This is very interesting as it is also a key feature in the ICH pathophysiology. The authors
should provide pictures on both models over time. Is it possible to quantify the edema?

Page 17 of 22



FIOOOResearch F1000Research 2018, 7:1617 Last updated: 12 NOV 2018

For the ATV model of ICH, larvae do not exhibit any oedema at any age. Also, although oedema
occurs exclusively in ICH+ bbh homozygotes it occurs in a stochastic fashion. Liu et al (2007) have
shown that oedema and haemorrhage occur as separate entities in bbh mutants and develop
independently of each other. For these reasons and the limitations raised in our discussion, we
avoided using oedema as a pathological outcome for haemorrhagic stroke.

Locomotor activity: How does swimming time represent functional outcome of the larvae?
Would distance travelled be an alternative readout?

We have recorded distance travelled for both models in conjunction to time spent mobile and the
trend is identical to that shown in Figure 3. We decided to use cumulative time spent mobile as this
would be inclusive of seizure-like behaviour as well as normal thigmotactic behaviour (Turrini et al.,
2017)

What is the size of the hematoma and does it correlate with cell death, locomotor activity
or macrophage activation?

This is an extremely interesting question, and will form the basis of a future grant application. We
have not accurately measured haematoma size, however we will use 3D rendering and light sheet
microscopy to do so in the future. We are also interested in investigating haematoma location
within the brain, to determine if this effects behavioural outcomes/specific neuronal populations.

For the atorvastatin model, was the 1uM dose used in Figure 2-5? If not, maybe the
clusters of positive and negative for Annexin V correspond to the dose of atorvastatin?

Yes, we used 1uM ATV, however we only performed ATV experiments in Figure 1-3, as discussed
in methods and in response to your earlier question. Based on observation, we do not think ATV
dosage affects severity of haemorrhage or haemorrhage-induced injury; rather it just affects the
frequency of haemorrhage occurrence. We propose that once ICH occurs, the pathogenic
response to blood in the brain is comparable between larvae, irrespective of ATV dosage.

One of the major disadvantages of the larvae model is that it uses young animals. Is it
possible to use atorvastatin to induce ICH in old zebrafish?

We have used ATV to treat larvae at later time points to verify the findings in Eisa-Beygi et al
(2013) and saw that haemorrhages were only induced when embryos are exposed to ATV prior to
the critical neuroendothelial developmental time point at ~36-48hpf. Animals treated after this time
do not haemorrhage.

We believe that the use of young animals is an advantage, especially given the potential for
impacting the 3Rs. Furthermore as the animals age, pigmentation develops and the larvae are no
longer transparent — therefore this significant experimental advantage will be lost using older
animals. Admittedly, ICH is predominantly a disease associated with aging; however this condition
does occur in children and young adults, making our model even more pertinent for understanding
those types of presentation. Ultimately, however, our article does strongly indicate that ICH
induces brain injury phenotypes in young zebrafish that are comparable to the aged human brain.
Furthermore, through our observations, we know that zebrafish larvae recover from ICH at an
astonishing rate and therefore offer a potentially powerful tool for studying resolution and recovery
processes in the future.
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Regarding modelling human disease, another difference is that there is no mortality in this
model at least not to the time points investigated. Do they die at earlier time points than
their wildtype/untreated littermates?

The bbh mutants do not die due to ICH. Indeed, these animals develop into healthy, fertile adults,
which we propose is due to either developmental processes or the regenerate properties of
zebrafish. Either way, understanding this recovery at the molecular/cellular level could provide
essential insight into how we may one day recover the injured human brain.

Do higher dosages of atorvastatin induce mortality in the larvae due to ICH?

In the ATV model, high doses of ATV will kill the larvae; however we propose this is due to toxicity
rather than ICH-related.

From the data where replicates were acquired, please specify whether the mean or
median was chosen.

Mean was presented throughout. This has now been clarified in the latest version of the
manuscript.

What is the % MS222 used as lethal overdose?
4% MS222 followed by maceration or freezing, which we have made clear in version 2.

Kind regards
Siobhan Crilly & Paul Kasher

Competing Interests: none

Referee Report 24 October 2018

https://doi.org/10.5256/f1000research.18006.r39725

v

Claire L. Gibson
University of Nottingham , Nottingham, UK

This article describes the development of a zebrafish model of intracerebral haemorrhage (ICH). ICH is a
significant contributor to human mortality and morbidity and effect treatment options are limited.
Research in this area has been hindered by the lack of appropriate models — although rodent models
have contributed to our understanding of the pathology underlying ICH such models are based on a
surgical intervention which does not mirror the spontaneous event, in humans, of ICH. Here the authors
compare an existing genetic (bubblehead) and chemically inducible (atorvastatin) zebrafish models of
spontaneous ICSH and importantly assess brain injury, locomotor function and neuroinflammation.

The article is well described with sufficient experimental detail and the authors clearly articulate the 3Rs
benefits of such work. One of the particularly novel aspects of this work is the ability to image in vivo the
ICH-induced inflammatory processes and cellular interactions — this is not currently feasible in whole
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animal models, such as rodents. This may allow improved understanding of the early innate responses to
spontaneous bleeding as occurs in ICH patients but which we cannot model in rodents.

Although the authors state that this paper used equipment and procedures that are commonplace and
relatively simple to adopt in other labs it is worth mentioning what barriers need to be overcome in order to
facilitate ‘traditional’ rodent researchers adopting such a model and species.

Specific comments:

Authors state that a proportion of ATV-treated embryos did not develop ICH and therefore were used a
controls — what proportion was unsuccessful? Can the authors suggest why not all were successful? Did
this result in a group of animals forming a control group which was treated separately to another control
group (i.e. the untreated siblings)?

Not clear to me (although | am a rodent researcher!) how a brief exposure to anaesthesia at 72hpf would
remove locomotor function bias or was necessary? Couldn’t a baseline measurement be taken and data
compared to this? The authors states that the exposure to this brief anaesthesia was at 72hpf but also
state functional analyses were done at 72, 96 and 120 hpf — did the first time point occur coincidentally
with the brief anaesthesia?

Authors have made available all underlying source data.

Are a suitable application and appropriate end-users identified?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are the 3Rs implications of the work described accurately?
Yes

Is the rationale for developing the new method (or application) clearly explained?
Yes

Is the description of the method technically sound?
Yes

Are sufficient details provided to allow replication of the method development and its use by
others?
Yes

If any results are presented, are all the source data underlying the results available to ensure full
reproducibility?
Yes

Are the conclusions about the method and its performance adequately supported by the
findings presented in the article?
Yes
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Competing Interests: No competing interests were disclosed.

Referee Expertise: Referee suggested by the NC3Rs for their scientific expertise and experience in
assessing 3Rs impact.

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.

siobhan crilly, The University of Manchester, UK

Dear Prof Gibson,

Many thanks indeed for reviewing our manuscript and your helpful comments. Please see below
for responses to your specific questions.

1. Authors state that a proportion of ATV-treated embryos did not develop ICH and
therefore were used as controls — what proportion was unsuccessful? Can the authors
suggest why not all were successful? Did this result in a group of animals forming a
control group which was treated separately to another control group (i.e. the untreated
siblings)?

The ATV treated non-haemorrhaged group formed the ICH- control group for the ATV model. As
you suggest, this group was separate from the untreated control group, and our subsequent
analyses compared all 3 groups (i.e. untreated, ICH- and ICH+ groups), as presented in Figure 2B
and 3C. The proportion of ICH- controls varied with ATV dose, as presented in Figure 1B. For our
cell death and motility assays, we used an ATV dosage of 1.0ug/ml, which resulted in
approximately 20% of non-haemorrhaged animals, which we used as our ICH- group. We currently
cannot explain why a proportion of ATV-treated larvae do not develop ICH. However as zebrafish
are a relatively outbred model species, we hypothesise that a genetic component may explain
increased neuroendothelial stability in some animals.

2. Not clear to me (although | am a rodent researcher!) how a brief exposure to
anaesthesia at 72hpf would remove locomotor function bias or was necessary? Couldn’t a
baseline measurement be taken and data compared to this? The authors states that the
exposure to this brief anaesthesia was at 72hpf but also state functional analyses were
done at 72, 96 and 120 hpf - did the first time point occur coincidentally with the brief
anaesthesia?

Following fertilisation, we routinely plate n=50-100 embryos per petri dish. At 72hpf, natural
variation in swimming behaviour/ability exists between individual larvae. For allocation to the
locomotion assay, larvae are transferred from the petri dish into a 24 well plate using a pipette. To
avoid always ‘catching’ the weakest/slowest swimmers, we briefly anaesthetise the animals so that
larvae are randomly allocated to the assay. These fish were segregated at 72 hpf for repeat assays
at 96 and 120 hpf and so there was no need to re-anaesthetise the animals for these later
timepoints.

Kind regards
Siobhan Crilly & Paul Kasher
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