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Abstract  

 
Intracerebral hemorrhage (ICH) is a severe form of stroke, with a high mortality 

rate and often resulting in irreversible neurological deterioration. Although animal studies 

have provided insight into the etiology of the disease, many of the causative genes and 

mechanisms implicated in cerebral-vascular malformations are unknown. Treatment options 

remain ineffective. With the present models, the pathophysiological consequences of ICH 

can only be assessed in situ and after histological analysis. Furthermore, common 

deficiencies of the current models include the heterogeneity, low expression and low 

reproducibility of the desired phenotype. Hence, there is a requirement for novel approaches 

to model ICH pathogenesis. Zebrafish (Danio rerio) has gained recognition as a vertebrate 

model for stroke research. 

Through a combination of pharmacological blockers, metabolite rescue, genetic 

approaches, and confocal imaging analysis, I demonstrate a requirement for the 3-hydroxy-

3-methylglutaryl-CoA reductase (HMGCR) pathway in regulating developmental cerebral-

vascular stabilization. A transient loss in HMGCR function induces ICH, characterised by 

progressive dilation of blood vessels, vascular permeability and vessel rupture. These effects 

are likely due to reduced prenylation of Rho GTPases, evidenced by morpholino-mediated 

blocking of the prenylation pathway and in vivo assessment of endothelial-specific 

localization of cdc42, a Rho GTPase family protein. These results are in conformity with 

recent clinical and experimental evidence.  

I have further shown that this model consistently replicates common 

pathoghysiological processes associated with ICH. The hemorrhages are associated with the 

disruption of the blood-brain barrier, vessel disintegration, hematoma expansion and edema 

into the adjacent brain regions. Also, enhanced apoptosis, activation of inflammatory 

mediators in the periphery of the hematoma, enriched heme oxygenase 1 (HO-1) expression 

and localised thrombosis were observed in these embryos. I show that the patterning and 

distribution of catecholaminergic neurons, response to sensory stimulus and swimming 

speed were impaired as a consequence of ICH. 
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These results suggest that HMGCR contributes to cerebral-vascular stabilisation 

through Rho GTPase mediated-signalling and that zebrafish can serve as a powerful 

paradigm for the systemic analysis of the etiological and pathophysiological underpinnings 

of ICH and can help establish the basis for future studies into screening for putative 

therapeutics and elucidating mechanisms aiding functional recovery.  
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Résumé 

L’hémorragie intracérébrale (HIC) est une forme grave d’accident cérébro-vasculaire  

associé à un taux élevé de mortalité et qui cause une détérioration neurologique sévère.  

Quoique des études sur des modèles animaux nous ont permis de mieux comprendre 

l’étiologie de cette maladie, plusieurs gènes responsables et les mécanismes sous-jacents aux 

malformations cérébro-vasculaires sont encore inconnus. Les options thérapeutiques 

demeurent inefficaces. En utilisant les modèles courants, les conséquences patho-

physiologiques des HIC peuvent seulement être examinées in situ à l’aide d’analyses 

histologiques. De plus, un désavantage des modèles courants est le faible taux d’expression 

de de reproductibilité des phénotypes. Il nous faut donc de nouveaux modèles pour la 

pathogénèse des HIC. Le poisson-zèbre, Danio rerio, a acquis une renommée comme 

modèle pour l’étude des accidents cérébro-vasculaires. 

     En utilisant une combinaison d’agents pharmacologiques, de manipulations 

métaboliques, d’approches génétiques, et d’imagerie confocale, j’ai montré le rôle essentiel 

joué par la voie métabolique impliquant la 3-hydroxy-3-méthylglutaryl-CoA réductase 

(HMGCR) dans le contrôle et la stabilisation du système cérébro-vasculaire. Une perte 

transitoire de la fonction de HMGC induit une HIC caractérisée par la dilatation progressive 

des vaisseaux sanguins, une perméabilité vasculaire et la rupture des vaisseaux. Ces effets 

sont attribuables à une prénylation réduite des Rho GTPases, tel que démontré par l’effet de 

morpholinos dur la voie de prénylation et un examen in vivo de la localisation spécifique de 

cdc42, un membre de la famille des Rho GTPases. Ces résultats sont en accord avec de 

récentes données cliniques et expérimentales. 

  J’ai de plus montré que ce modèle reflète fidèlement les processus patho-

physiologiques les plus couramment associés à l’HIC. Les hémorragies  coïncident avec un 

dérangement de la barrière hémato-encéphalique, une désintégration des vaisseaux, une 

expansion des hématomes et de l’oedème dans les régions avoisinantes du cerveau. De plus, 

une apoptose accrue, l’activation des médiateurs inflammatoires dans la périphérie de 

l’hématome, une hausse localisée de l’hème oxygénase et une thrombose localisée sont 



 

 

 

 

 

 vii 

observées chez ces embryons.  J’ai montré que le profil des neurones catécholaminergiques, 

la réponse à une stimulation tactile et la vitesse natatoire étaient affectées suite à l’HIC. 

 Ces résultats suggèrent que l’HMGCR contribue à la stabilisation cérébro-vasculaire 

via la voie de signalisation des Rho GTPases et que le poisson-zèbre constitue un paradigme 

pertinent pour l’analyse systématique des causes étiologiques et patho-physiologiques de 

l’HIC . Ce modèle peut contribuer à établir une base pour des études ultérieures visant le 

criblage de thérapies potentielles ainsi que la découverte de mécanismes facilitant la 

guérison. 
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1. Introduction 

1.1.  Rationale for the study 

The 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) is a metabolic 

enzyme, regulating the rate-limiting step in the biosynthesis of cholesterol and 

isoprenoids. Through an initial small-scale toxicity assay of various pharmaceuticals, I 

have isolated two structurally distinct pharmacological inhibitors of HMGCR (statins) 

that induce an intracerebral hemorrhage (ICH) phenotype in zebrafish embryos and 

larvae. These observations emerged in parallel with recent experimental and clinical 

studies suggesting a link between inhibition of HMGCR function and ICH pathogenesis. 

These findings compelled me to elucidate the precise mechanisms and signalling 

pathways under the control of HMGCR that mediate cerebral-vascular stabilisation. 

 

1.2. The 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) pathway 

The enzyme, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR; E.C. 

1.1.1.88), is an endoplasmic reticulum (ER)-bound, polytopic glycoprotein with eight 

trans-membrane helices located at the N-terminus, and a catalytic domain at the C-

terminal, which projects into the cytosol (Gil et al., 1985). Although HMGCR expression 

is highly enriched in liver cells (hepatocytes) (Hwa et al., 1992), it is also expressed in 

extra-hepatic tissues, including the heart (Laufs et al., 2002), and the brain (Thelen et al., 

2005; Michalak and Wender, 1996). 

The trans-membrane domain of HMGCR anchors the protein to the ER and the 

trans-membrane domain contains the residues required for the binding of regulatory 

proteins to the enzyme (DeBose-Boyd et al., 2008). The soluble C-terminal domain 
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catalyzes the rate-limiting step in the de novo synthesis of mevalonate, the precursor for 

the biosynthesis of cholesterol and bile acids, as well as several non-sterol isoprenoid 

metabolites, including Farnesyl-pyrophosphate (FPP) and Geranyl-geranyl 

pyrophosphate (GGPP) (Fig. 1.1) (Goldstein and Brown, 1990). This rate-limiting step 

involves the conversion of acetyl-CoA-derived HMGCoA to mevalonate through a 

reductive de-acetylation reaction, in the presence of two molecules of NADPH (Goldstein 

and Brown, 1990). This metabolic reaction is summarised below: 

HMG-CoA + 2NADPH + 2H
+ 

  Mevalonate + NADP
+ 

+ S-CoA 

1.2.1 Regulation of HMGCR activity 

A complex feedback mechanism, involving both steroidal and non-steroidal 

mediated pathways, is involved in the regulation of HMGCR activity (Brown and 

Goldstein, 1997; Nakanishi et al., 1988; Omkumar et al., 1994; DeBose-Boyd, 2008). 

The enzyme is subjected to sterol-induced ubiquitination and degradation through 

specific residues in the trans-membrane domain, which anchors the protein to the ER and 

contains the necessary residues required for the binding of regulatory proteins to the 

enzyme (Gil et al., 1985; Skalnik et al., 1988). This is further evidenced by that fact that 

several point-mutations in the trans-membrane domain of HMGCR impair sterol-induced 

degradation (Lee et al., 2006).  

The transcription of the HMGCR gene is controlled through the sterol-regulatory 

element binding protein (SREBP), a family of membrane-bound transcription factors 

(Brown and Goldstein, 1999). Under diminished cellular cholesterol levels, SREBP  
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Figure 1.1: The HMGCR-dependent mevalonate pathway. HMGCR-mediated lipid 

biosynthesis, showing the rate-limiting step of mevalonate generation (HMGCR), along 

with the synthesis of farnesyl-pyrophosphate (FPP) and geranylgeranyl-pyrophosphate 

(GGPP), all of which are derivatives of mevalonate. 
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interacts with the SREBP-cleavage activating protein (SCAP), which facilitates 

sequential cleavage of SREBP by S1P, a serine protease belonging to the subtilisin/kexin 

family, and S2P, a zinc metalloprotease. After this sequential processing in the Golgi 

apparatus, the water-soluble and transcriptionally active N-terminal fragment of SREBP, 

of approximately 480 amino acids, is translocated to the nucleus (Ye et al., 2000).  

Upon translocation to the nucleus, this SREBP fragment binds to the ‘Sterol 

regulatory element’, which flanks the low density lipoprotein (LDL) receptor gene and 

other genes involved in the HMGCR pathway. This enhances the uptake and synthesis of 

extracellular cholesterol by activating the transcription of target genes encoding HMGCR 

and other cholesterol biosynthetic enzymes, including the LDL-receptor gene (Brown and 

Goldstein, 1999). As such, pharmacological inhibition of cholesterol biosynthesis triggers 

SREBP-mediated up-regulation of HMGCR gene expression, evidenced by both in vitro 

and in vivo studies (Brown and Goldstein, 1999; Krycer et al., 2009; Mammen et al., 

2011).  

Early kinetic experiments performed on microsomes isolated from the rat liver 

showed that HMGCR kinetics could also be regulated at the level of phosphorylation, 

where ATP would serve as a phosphate donor (Gibson, 1985). It was shown that the 

catalytic activity of HMGCR could be inhibited, in a dose-dependent fashion, when 

microsomes were incubated in a solution of ATP, Mg
2+

, and a cytosolic fraction isolated 

from rat liver (Clarke and Hardie, 1990). In subsequent experiments, it was demonstrated 

that HMGCR is phosphorylated at Ser-871, near the C-terminus of the protein, by AMP-

activated protein kinase (AMPK) (Hardie, 1992). It was further reported that this 

phosphorylation event reduced HMGCR activities by approximately 80% (Hardie, 1992).  
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Over-expression of a cDNA construct encoding a mutant form of hamster 

HMGCR, where Alanine is substituted for Serine at residue 871, further verified that 

phosphorylation of the Serine-871 residue is a critical regulator of HMGCR enzyme 

activity and that this process is mediated by AMPK (Sato et al., 1993). Furthermore, the 

SerineAlanine substitution, through site-directed mutagenesis, failed to prevent the 

post-transcriptional regulation of HMGCR activity by mevalonate, cholesterol or LDL 

(Sato et al., 1993). It was further established that incubation of rat hepatocytes with 

fructose resulted in a surge in cellular AMP levels and that this was followed by 

activation of the AMPK, which resulted in reduced HMGCR activities (Gillespie and 

Hardie, 1992). Similarly, phosphorylation of Serine-871 was shown to decrease the 

activity of HMGCR in humans (Clarke and Hardie, 1990). In terms of the specific 

mechanism, it is predicted that phosphorylation of Ser-817 reduced the activities of the 

enzyme by reducing its affinity for NADPH, thereby preventing the synthesis of 

mevalonate (Sato et al., 1993; Omkumar et al., 1994).  

The HMGCR-mediated lipid biosynthesis is also regulated through ubiquitin-

mediated proteoloysis of the enzyme HMGCR. This involves the attachment of ubiquitin, 

thus marking HMGCR for degradation and recycling. This process is catalyzed by Ufd1, 

an adaptor protein residing in the ER. As such, cells expressing higher levels of Ufd1 

tend to exhibit reduced HMGCR activity. Hence, de-novo synthesis of cholesterol is 

significantly reduced due to the ubiquitination (Cao et al., 2007).  

Recent evidence points towards alternative splicing of HMGCR pre-mRNA as 

contributing to inter-individual variations in enzyme activity in response to treatments 

with pharmacological inhibitors (Medina et al., 2008; Medina and Krauss, 2009). This 
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splicing event gives rise to a variant transcript that is shorter in length when compared 

with the wild-type isoform. Although it does not disrupt the open-reading-frame, this 

alternative splicing event generates an isoform in which exon-13 is deleted, which 

otherwise codes for a part of the catalytic domain of HMGCR (exons 11-20) (Medina and 

Krauss, 2009). In addition, it was speculated that deletion of exon-13 would reduce 

enzyme activity due to loss of critical residues and truncation of the L-domain, which 

contains part of the substrate-binding region (Medina et al., 2010).  

 

1.2.2 HMGCR pathway and pharmacology of statins 

As a result of the direct effects the endogenous levels of cholesterol, HMGCR-

mediated lipid biosynthesis and its mechanism of regulation are exploited by human 

pharmaceuticals that selectively bind, in a reversible manner, to the active site of 

HMGCR and render it less active. As such, statins (both naturally-derived and synthetic 

statins) are known as agonists of the natural substrate, HMG-CoA, since they compete for 

the active site on the enzyme (Istvan and Deisenhofer, 2001). Sequence alignment of the 

partial catalytic sites of the HMGCR proteins indicates that the statin-binding residues 

(Istvan and Deisenhofer, 2001) on the C-terminus site of the enzyme are identical in both 

of the HMGCR paralogs identified in zebrafish, Danio rerio (Fig. 1.2) (Please refer to 

Chapter 2 for more information). 

In addition to effectively lowering the rate at which HMGCR can produce 

cholesterol, statins also curtail the biosynthesis of other metabolites downstream of 

mevalonate, namely isoprenoid intermediates, which serve as essential lipid attachments 

for heterotrimeric G proteins and the Rho/Ras GTPase family of proteins (Liao, 2002). 
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This post-translational modification ensures that the prenylated complexes are localised 

to the cell membrane, which facilitates their activation and mediation of their signalling 

(Berzat et al., 2006).  

Statins are primarily prescribed to inhibit cholesterol biosynthesis in the liver, 

since liver is the major organ where de novo cholesterol synthesis takes place. In 

addition, liver is where cholesterol is converted into bile salts, and where lipoproteins 

involved in transporting cholesterol are synthesised and exported (Lennernas and Fager, 

1997). The high efficacy of statins in the treatment of hypercholesterolemia has been 

extensively demonstrated through the use of animal models and through clinical studies 

(Johnston et al., 2001; Dubuc et al., 2004; Wu et al., 2005; Versmissen et al., 2008). 

Statin-induced depletion of intracellular cholesterol biosynthesis stimulates the up-

regulation of the HMGCR pathway, through transcription, by the SREBP-mediated 

feedback mechanisms noted above (Brown and Goldstein, 2004). This, in turn, increases 

the rate of lipoprotein uptake from the circulation through the cytoplasmic membrane of 

hepatocytes, by increasing the transcription of LDL-receptor gene. Once delivered to the 

interior of the cell by the newly synthesised LDL-receptors, the LDL molecules are then 

digested and the cholesterol is used for metabolic processes or storage (Goldstein et al., 

1975). Therefore, statin treatment decreases both de novo cholesterol synthesis and serum 

cholesterol levels, while maintaining a steady level of cholesterol in the liver (Brown and 

Goldstein, 2004).  

The statin family of pharmaceuticals can be classified on the basis of whether 

they are naturally-derived or synthetic (Weitz-Schmidt, 2002). All statins share the 

common HMG-CoA-like moiety (dihydroxy heptanoic acid), in an either closed (lactone)  
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Figure 1.2: Zebrafish possess two paralogous genes encoding functional HMGCR 

proteins with conserved inhibitor-binding residues. Amino acid sequence alignment of 

the partial catalytic (C-terminus) sites of human HMGCR and zebrafish orthologs is 

shown. Numbers denote amino acid positions. Identical amino acids are highlighted in 

grey. Amino acid residues thought to be critical for statin interaction are highlighted in 

green. 
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or opened (acid) ring confirmation (Fig. 1.3). Once delivered to the serum, the lactone 

form of the statin is activated (hydrolyzed) by a family of serine esterases known as 

carboxylesterases. This modification allows statins to bind as an intermediate analogue to 

the active site of HMGCR (Fukami et al., 2010). Statins have a higher affinity for the 

active site of HMGCR than the natural substrate HMG-CoA (Istvan and Deisenhofer, 

2001). However, despite their identical mode of function, statins display variation with 

respect to their chemical structure, hepato-selectivity, molecular weight, pharmacokinetic 

profiles, biochemical metabolism, and affinity for the active site of HMGCR, half-life, 

and excretory pathways (Igel et al., 2001). All of these parameters can affect the 

efficiency with which statins can reduce serum LDL and total cholesterol levels. 

Furthermore, both animal and human studies have attested to the efficacy of statins to 

reduce serum cholesterol levels through inhibition of HMGCR pathway (Johnston et al., 

2001; Dubuc et al., 2004; Wu et al., 2005; Versmissen et al., 2008).  

Lipophilic statins are less hepato-selective, as they can passively diffuse through 

cell membranes, whereas hydrophilic statins display minimal perfusion to other tissues, 

since they require specific membrane interactive transport mechanism, making them 

more hepato-selective (Sirtori, 1993). Hence, hydrophilic statins, due to lower distal 

tissue absorption, are more tolerated in patients and with less reported side-effects or non-

specific toxicity (Sirtori, 1993, Hemant et al., 1999; Liao and Laufs, 2005). The two 

synthetic and lipophilic statins I have used in this project are atorvastatin (ATV) and 

cerivastatin (CVT) (Fig. 1.4). 
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Figure 1.3: Chemical structure of the HMG-CoA moiety (dihydroxy heptanoic acid) 

in statins. The statin HMG-CoA moiety can exist as either a 3-hydroxy lactone ring 

(closed conformation) (A) or as an opened dihydroxy acid (opened conformation) (B). 
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Figure 1.4: Basic properties of atorvastatin (ATV) and cerivastatin (CTV) are 

presented. 
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1.2.3 HMGCR pathway and embryonic development 

Gene-expression analysis in chick tissues, Drosophila, zebrafish and murine 

models demonstrate that HMGCR transcripts are enriched during embryonic 

development (Alejandre et al., 1981; Gertler et al., 1988; Thisse and Thisse, 2004; 

Brewer et al., 1993) reflecting a developmental requirement for products of HMGCR-

mediated metabolism. However, the specific developmental processes that require 

mevalonate-derived products have only been explored recently. Toxicology experiments 

to assess the possible teratogenicity of statins, using rats and rabbits, have reported that at 

high doses, statins could induce developmental and maternal toxicity, affecting 

parameters such as body weight and levels of food consumption (Dostal et al., 1994). 

Preliminary experiments in pregnant rats showed that exposure to high dose mevinolin (a 

fungal-derived/natural inhibitor of HMGCR), resulted in fetuses with malformed 

vertebrae and ribs, along with failure of the abdominal wall to close resulting in 

protrusion of the stomach and intestine to the outside (gastroschisis) (Minsker et al., 

1983).  

In subsequent studies, targeted disruption of the HMGCR pathway in mice was 

achieved through sequence replacement gene-targeting technology in order to prevent 

translation of the entire carboxyl-terminus of the enzyme (Ohashi et al., 2003). The 

Hmgcr–/– mice experienced embryonic lethality prior to reaching the implantation stage 

(Ohashi et al., 2003). These results highlight the crucial function that HMGCR-mediated 

metabolism and downstream signalling events play during mammalian development. 

More recent work in Drosophila and zebrafish suggested that deficiencies in 

HMGCR activity during development were implicated in prenylation-dependent germ 
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cell migration delays and misguidance, hence affecting developmental patterns (Van 

Doren et al., 1998; Santos and Lehmann, 2004; Deshpande and Schedl, 2005). Studies in 

Drosophila showed that down-regulation of the HMGCR pathway induced congenital 

heart defects (Yi et al., 2006). Consistently, a point mutation was identified at base-pair 

(bp) position 1575 of hmgcrb (G to A transition), the maternally derived hmgcr paralog 

in zebrafish, resulting in an amino acid change from Glycine (Gly) to Aspartic acid (Asp) 

at codon 497 (D’amico et al., 2007). In these embryos, loss of hmgcrb function was 

associated with defective myocardial epithelial migration and fusion and defective heart-

tube formation and pericardial edema. This was attributed to impaired prenylation of 

target proteins that would otherwise activate Rho-dependent signalling (D’amico et al., 

2007). Moreover, the hmgcrb–/– zebrafish embryos did not survive (D’amico et al., 

2007). 

However, the entire suite of developmental processes that require adequate 

amounts of mevalonate-derived metabolites are poorly understood by virtue of the 

mortalities associated with the null mutations of the HMGCR gene.  

An important avenue that needed to be further explored, hence a motivation for 

my PhD thesis, was whether transient or partial reductions in the HMGCR activity, 

through a reverse genetics approach or by exposure to specific pharmacological 

inhibitors, could affect additional developmental processes, in particular CNS circulation 

and angiogenesis. My particular focus was cerebral-vascular development. The reason for 

this focus was that preliminary drug-screening experiments showed that statin treatment 

of zebrafish embryos gave rise to a distinct CNS hemorrhage phenotype, which warranted 

further studies. 
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1.2.4 The HMGCR pathway and angiogenesis 

Angiogenesis is a complex physiological process by which new capillary 

networks are established from pre-existing ones through a series of morphogenic events 

involving differentiation, proliferation, migration, and maturation of endothelial cells 

(ECs). It is followed by formation of cell-to-cell junctions through adhesion molecules 

and formation of network-like structures, lumenisation of vessels and deposition of a new 

basement membrane (Adams and Alitalo, 2007).  

After undergoing proliferation, the endothelial tip cells, which are analogous to 

neuronal growth cones, extend and retract their long filopodia-like processes in a 

dynamic protrusive fashion to exert a pulling force and to form sprouts into adjacent 

tissues, as well as to form connections with other vessels (Zelzer and Shilo, 2000). Earlier 

evidence suggested that these filopodia extend and protrude to navigate the path of 

growth in proportion with the relative abundance of guidance cues (Benjamin et al., 

1999). Subsequent studies have concluded that the activation of endothelial tip cells as 

well as the protrusion of filopodia is induced by over-expression of vascular-endothelial 

growth factor (VEGF). This was evidenced by the fact that inhibition of VEGF-signalling 

led to loss of sprouting which was supported by in vitro analysis (Gerhardt et al., 2003). 

Further evidence in support of a requirement for VEGF gradients guiding endothelial tip 

migration was documented in vertebrates, including zebrafish (Gerhardt et al., 2003; 

Habeck et al., 2002).  

Angiogenic mechanisms are significantly up-regulated during embryonic 

development (Breier et al., 1992), wound healing (Wu et al., 2007), as well as 

regenerative processes (Bayliss et al., 2006). However, aberrant angiogenesis has also 
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been implicated in many diverse pathological conditions including tumor metastasis 

(Strieter et al., 2006), atherosclerosis (Sluimer and Daemen, 2009), diabetic retinopathy 

(Crawford et al., 2009), chronic inflammation (Costa et al., 2007), chronic kidney disease 

(Futrakul et al., 2008), and rheumatoid arthritis (Paleolog, 2002). 

Variations in HMGCR activity are shown to exert effects on angiogenesis, as 

suggested by early in vitro and in vivo studies. Evidence obtained in vitro demonstrated 

that high dose statin exposure induced anti-angiogenic effects by provoking EC 

apoptosis, delaying EC migration, reducing endothelial VEGF2 release and decreasing 

the total VEGF2-receptor levels in primary human adult dermal microvascular ECs 

(HMVECs) (Weiss et al., 2002). These anti-angiogenic effects were attributed to 

curtailment in prenyl biosynthesis, which are metabolites required for post-translational 

modification of Rho GTPases (Weiss et al., 2002). Similarly, hydrophobic statins were 

shown to induce apoptosis in rat pulmonary vein ECs (PVECs) due, in part, to mis-

localisation of RhoA to the plasma membrane (Kaneta et al., 2003). Likewise, the 

inhibition of geranylgeranylation and RhoA-mediated pathways is linked with apoptosis 

in human-derived ECs (Hippenstiel et al., 2002). More recently, it was shown that statin 

treatment of human liver sinusoidal ECs (HLSECs) resulted in apoptosis through 

inhibition of isoprenoid-dependent signalling pathways (Acquevella et al., 2010). 

HMGCR inhibitors were also shown to induce apoptosis in vascular smooth muscle cells 

(mural cells) in culture, which otherwise contribute to the elasticity and physical integrity 

of blood-vessels and regulation of blood flow (Guijarro et al., 1999). This suggests that 

HMGCR inhibitors could affect vascular smooth muscle cell interactions with ECs, hence 

raising the possibility that statins may interfere with vascular stabilisation in vivo.   
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The anti-angiogenic effects of statins were further substantiated through in vivo 

observations. At high doses, statin treatment inhibited capillary growth in chick 

chorioallantoic membranes and mouse corneas (Park et al., 2002). More substantial in 

vivo evidence was reported in studies using zebrafish, where a high dose statin exposure 

(10 μM) resulted in incomplete or defective anterior to posterior sprouting/migration of 

intersegmental vessels (ISV) from the dorsal aorta (DA), thereby severely restricting 

circulation in the developing organism (Choi et al., 2011). Overall, the endothelial-

specific consequences of statin exposure are shown to be due to their cholesterol-

independent or pleiotropic effects, through reduction of prenyl biosynthesis. Collectively, 

these studies support an anti-angiogenic effect associated with the inhibition of HMGCR 

function, with potential therapeutic implications. Of clinical relevance is the fact that 

preliminary studies exploiting the anti-angiogenic properties of statins have provided 

encouraging data regarding their efficacy to decrease tumor vascularisation, volume, and 

mass (Hindler et al., 2006; Wang et al., 2010).  

However, an outstanding question that will be addressed in this thesis was 

whether products of HMGCR-mediated metabolism are required for cerebral-vascular 

development and stabilisation, and, if so, through what mechanisms? Another question 

that necessitated inquiry was the pathophysiological consequences of statin-induced 

interference with angiogenesis and vascular stabilisation during embryonic development.  

 

1.2.5 The HMGCR pathway and stroke 

By virtue of the association between high serum cholesterol levels and the 

pathogenesis of coronary artery disease (Hutter et al., 2004), statins were considered ideal 
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to ameliorate the risk of stroke. Nevertheless, more recent evidence does not support a 

strong relationship between the risk of stroke and serum cholesterol levels. Yet, studies 

have attested to the effectiveness of statins in reducing the risk of acute ischemic 

complications and atherosclerosis, through their effectiveness to reduce the serum 

cholesterol levels (Borghi et al., 2000; Elahi et al., 2008). The efficacy of statins has also 

been attributed to their non-cholesterol dependent or pleiotropic effects that lead to 

plaque stabilisation, reduction of reactive oxygen species (ROS), and enhanced 

endothelial function by increased nitric oxide (NO) synthesis (Vaughan et al., 1999).  

Furthermore, a recent study uncovered a GT single nucleotide polymorphism 

(SNP) in the HMGCR gene, which, based upon pyrosequencing data derived from more 

than 23,000 participants, was found to be associated with an elevated risk for stroke, 

which was independent of high blood pressure (Freitas et al., 2010). 

However, of direct relevance and importance to my thesis are the conclusions of 

a large-scale, randomised clinical study conducted by The Stroke Prevention by 

Aggressive Reduction in Cholesterol Levels (SPARCL) Investigators. The results 

suggested that while statin treatment significantly attenuated the risk of ischemic stroke 

in patients, there was a slight, but significant risk for intracerebral hemorrhage (ICH) in 

these same individuals (Amarenco et al., 2006). Although the study was aimed at 

addressing whether statins could reduce the risk of stroke in individuals with prior history 

of stroke or transient ischemic attack, the unexpected result that statins are associated 

with ICH has raised tremendous interest as it has paved the way for follow-up clinical 

studies most of which were based on meta-analysis of randomised controlled trials. 
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Subsequent studies further evaluated the association between statin use and the 

risk for ICH, and led to contentious results with some reporting no observable risk for 

ICH (Hackam et al., 2012; Spence, 2012; McKinney and Kostis, 2012) to other studies 

suggesting complete avoidance of statins in order to mitigate the risk for ICH (Arboix et 

al., 2010; Westover et al., 2011). Of clinical importance is whether this unanticipated 

adverse outcome of ICH, as suggested by at least some of the aforementioned studies, 

could be outweighed by the potential cardiovascular benefits of statins. There has been no 

reproducible etiological or angio-structural analysis in the context of animal models to 

further investigate this possibility or the mechanism(s) of statin-induced ICH. However, 

some of these clinical studies led us to the hypothesis that statins may interfere with the 

integrity of vascular endothelium, thus resulting in hemorrhage. This could be especially 

relevant in individuals with a weaker vascular endothelium, such as those with high blood 

pressure, in a developing organism or in individuals with genetic vascular dysplasia 

resulting from mutations in cerebral cavernous malformation (CCM) genes and those 

with previous history of stroke. 

In sharp contrast with the mounting clinical evidence, it has been reported, in at 

least one study that in mice with a genetic predisposition for cerebral-vascular 

permeability defect resulting from a heterozygous mutation of CCM2, treatment with 

statins effectively restores the endothelial barrier function by inhibiting Rho GTPase 

activation (Whitehead et al., 2009). These findings raised the possibility for statin 

treatment as a therapeutic for CCM-like pathologies and to prevent cerebral hemorrhage 

(Whitehead et al., 2009).   
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Coincidently, these clinical and animal studies, which highlighted a link between 

the HMGCR pathway and cerebral-vascular integrity, emerged in parallel with the 

progress of my PhD project, which was geared towards dissecting the mechanisms of 

statin-induced ICH in zebrafish. Hence, I reasoned that the development of a robust 

animal model (zebrafish) for statin-induced cerebral-vascular disorders may assist to 

address the discrepancies highlighted by clinical and animal studies. There exists 

considerable overlap between the genes and mechanisms implicated in vascular 

morphogenesis in zebrafish and mammals (Gore et al., 2012). Therefore, it is my 

prediction that the findings of this project can contribute to our understanding of some of 

the molecular and cellular mechanisms leading to stroke in humans, as it highlights a 

metabolic contribution to cerebral-vascular stabilisation.  

 

1.3. Cerebral-vascular stabilisation during development 

Vascular stabilisation is a crucial process required to establish and maintain a 

barrier function so as to ensure the integrity of nascent vessels that are formed through 

either angiogenesis or vasculogenesis (Mizuguchi et al., 2004; Loeys et al., 2005). Once 

the newly formed vessels stop the process of re-modelling, attain their adequate size and 

form vascular tubes, they must be stabilised to prevent rupture and subsequent 

hemorrhage into the interstitial spaces. The establishment of a functional vasculature 

requires cessation of angiogenesis, followed by ECs entering a quiescent state.  

Timely and rapid stabilisation of new vessels, through establishment of 

endothelial cell-to-cell contacts and interactions of the endothelium with support (mural) 

cells, is particularly crucial during development, since these vessels are particularly 
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fragile and prone to hemorrhage (Jain, 2003). Such is also the case during cancer 

metastasis, as the nascent vasculature supplying oxygen and nutrients to the newly 

formed tumors tends be highly permeable, since these vessels lack adequate investment 

by mural cells, making them fragile and disorganised (Abramsson et al., 2002). 

Moreover, several genetic defects underlying disruption of cell-cell junctions and 

detachment of ECs from the vessel wall have been identified and characterised in mice 

and, more recently, in zebrafish (Clatterbuck et al., 2001; Bergers and Song, 2005; Butler 

et al., 2011).  

Although the mechanisms and signalling pathways regulating angiogenesis and 

vasculogenesis have been examined in great detail through both in vitro and in vivo 

experiments, the endogenous signalling pathways involved in developmental vascular 

stabilisation remain underexplored (Adams and Alitalo, 2007). Endothelial cell-cell 

contacts are established and maintained by trans-membrane adhesion molecules that are 

anchored to cytoskeletal elements. The intra-endothelial cell communication is mediated 

through gap junctions, whereas the adhesion molecules that confer structural support and 

contribute to vascular stability include adherens junctions (AJ) and tight junctions (TJ) 

(Dejana et al., 1995; Gumbiner et al., 2000; Tsukita et al., 2001). Nonetheless, the genetic 

and mechanistic bases that regulate junction assembly for a functional cerebral-vascular 

system, particularly in the context of zebrafish development, are not yet elucidated.  

Gene expression and functional analysis have led to the identification and 

characterisation of several EC-specific and trans-membrane adhesion molecules involved 

in the maintenance of endothelial barrier integrity. These include vascular endothelial 

(VE)-cadherin, claudin-5, filamin-A, and β-catenin (Feng et al., 2006; Gavard and 
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Gutkind, 2008; Das et al., 2011; Glading and Ginsburg, 2010). Targeted inactivation of 

VE-cadherin and truncation of the β-catenin-binding cytosolic domain of VE-cadherin 

induces EC-specific apoptosis, along with defective remodelling and maturation of the 

vasculature and early lethality(Carmeliet et al., 1999). Endothelial-specific conditional 

deletion of  β-catenin, a protein interacting with the cytoplasmic tail of VE-cadherin, is 

associated with  altered vascular patterning (Caveda et al., 1996), defective lumenisation 

and frequent hemorrhage in vivo, as well as decreased intricacy of endothelial cell-cell 

junctions in vitro, based on studies on mice(Cattelino et al., 2003). Similarly, a vascular-

specific defect associated with morpholino-induced partial and transient loss of VE-

cadherin was developed in the zebrafish (Montero-Balaguer et al., 2009). Morpholino 

oligonucleotide-induced depletion of VE-cadherin in zebrafish resulted in vascular 

instability, defective lumenisation, as well as frequent cerebral hemorrhage, 

predominantly at 52 hpf (hour post-fertilisation) (Montero-Balaguer et al., 2009). More 

complete depletion of VE-cadherin, through higher doses of morpholinos, resulted in 

more profound defects including total inhibition of EC sprouting activity and mortality 

(Montero-Balaguer et al., 2009). Functional analysis of claudin-5, another trans-

membrane tight junction protein, in both murine and zebrafish models, has highlighted a 

functional role for this protein in maintaining the integrity of the endothelial blood–brain 

barrier function, thus assigning for it a role in brain morphogenesis (Xie et al., 2010).  

In addition to endothelial cell-cell contacts, vascular integrity is also maintained 

through ECs interacting with perivascular mural/support cells. These mural cells include 

smooth muscle cells, astrocytes, neuroepithelial cells, and pericytes (McCarty et al., 

2002). Whereas ECs establish a monolayer and line the inner surface of a vessel, mural 
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cells wrap around the outside of the vascular tube and assist in regulating blood flow. The 

components of the signalling pathways involved in recruitment of mural cells to the 

vascular endothelium have been identified and characterised (Kumar and Owens, 2003; 

Larsson et al., 2001; Ballabh, 2009). Such close interactions between the endothelium 

and mural cells are essential for the development and maintenance of the blood-brain 

barrier and regulation of blood flow by controlling the contractility/elasticity of the 

vessels. At the ultra-structural level, disruption of the focal contact between mural cells 

and the endothelium is associated with cerebral hemorrhage (McCarty et al., 2002; 

Ballabh, 2009).   

Several loss-of-function mutations associated with the disruption of endothelial-

mural cell junction proteins have been reported in humans. These vascular-specific 

disorders, which follow an autosomal-dominant pattern of inheritance, are collectively 

referred to as cerebral cavernous malformations (CCMs). The CCM phenotype is 

characterised by dilated, leaky central nervous system (CNS) blood-vessels lacking 

adequate coverage by smooth muscle cells, and frequent hemorrhage into the brain 

parenchyma (Clatterbuck et al., 2001). Thus far, three genes, which participate in a 

signalling pathway involving Rho GTPase signalling, namely CCM1 (KRIT1), CCM2 

(MGC4607) and CCM3 (PDCD10), have been identified (Sahoo et al., 1999; Denier et 

al., 2004; Bergametti et al., 2005).  

However the mechanism by which CCM gene products interact with Rho 

GTPase signalling and how reductions in the expression of these structurally diverse gene 

products can contribute to the pathogenesis of the CCM phenotype is still a subject of 

intense research. Many studies have attempted to functionally characterise these genes 
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using murine models (Plummer et al., 2004; Whitehead et al., 2009; Louvi et al., 2011) 

and, more recently, developing zebrafish (Gore et al., 2008; Yoruk et al., 2012). These 

studies have greatly contributed to our understanding of the etiology and angio-structural 

basis underpinning CCM pathogenesis.  

One unique advantage of the zebrafish, which is particularly manifest during 

their development, is their optical transparency which facilitates easy visualisation of 

cerebral hemorrhage through the use of bright-field microscopy (Fig. 1.5). Another 

advantage of the zebrafish is that it is highly prolific. As a result, the amenability of this 

fish to large-scale chemical mutagenesis screening has allowed for the isolation of 

numerous mutations that impact on the cardiovascular system and, as it relates to my 

project, identification of mutations affecting developmental cerebral-vascular 

stabilisation (Stainier et al., 1996). In this large-scale mutagenesis screening of the 

zebrafish genome, the mutant bubble-head (bbh) was identified, which exhibited cranial 

hemorrhage and ventricular edema, hence illustrative of weakened cerebral-vessel walls 

(Stainier et al., 1996). Other mutations affecting cerebral-vascular stabilisation, the 

viability of ECs, and caudal circulation were also identified in this study. These 

mutations were referred to as gridlock (gdl), m413 and m521, and migraine (mig). All of 

these genetic defects were associated with frequent hemorrhage and various degrees of 

vascular disintegration at the same developmental stage in zebrafish (Stainier et al., 

1996). Of these lines, the gridlock (gdl) mutation was later characterised (Weinstein et 

al., 1995; Zhong et al., 2000; Peterson et al., 2004).  However, until recently, neither 

genetic nor functional characterisations of the other mutations associated with ICH have 

been reported.  
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Characterisation of the vascular-specific bubblehead (bbh) mutation was carried 

out through positional cloning, in situ hybridisation, reverse genetics and high resolution 

imaging (Liu et al., 2007). Positional cloning of bbh revealed a hypomorphic mutation in 

the βPix gene, which otherwise encodes a p21-activated kinase (Pak)-interacting 

exchange factor (Pix). βPix is a guanine exchange factor (GEF) which functions to 

stimulate the exchange of Rho GTPase-bound GDP with cytosolic GTP thus activating 

the Rho GTPases, Rac and CDC42 (Bagrodia et al., 1998; Manser et al., 1998). A single-

nucleotide mutation (G  A) results in alternative splicing and exclusion of exon 14, 

thus introducing a premature stop codon that gives rise to a truncated βPix protein. The 

mutation results in an ICH phenotype, accompanied by hydrocephalus in zebrafish 

embryos at 48 hpf. At the ultra-structural level, the hemorrhage arises due to defective 

association between mural cells and ECs. Since βPix encodes a GEF that activates Rho 

GTPase proteins by stimulating the exchange of GDP for GTP, it was speculated that a 

mutation in the βPix would be associated with reduced levels of activated Rho GTPases 

(Etienne-Manneville and Hall, 2002, Liu et al., 2007). Given that the Rho GTPase 

signalling regulates a wide array of biological processes including mediation of 

cytoskeletal organisation, cell motility, wound healing, apoptosis and immune function, it 

would be expected that down-regulation of βPix expression would affect these 

parameters. 
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Figure 1.5: The optical transparency of zebrafish facilitates easy evaluation of ICH 

during development. Representative bright-field photomicrographs of 36 hpf zebrafish 

embryos. The black arrows denote the sites of blood extravasation in the forebrain, 

midbrain and hindbrain regions of embryos treated continuously with 0.5 mg/L of 

atorvastatin at 2 hpf and imaged at 33 hpf. Anterior is to the left and dorsal to the top. 

Scale bar = 200 μm. 
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In parallel with the characterisation of the bbh mutation, a separate study 

characterised a recessive zebrafish mutant termed redhead, which displayed a similar 

ICH phenotype at the same developmental stage (Buchner et al., 2007). Interestingly, this 

vascular defect was mapped to a mutation in p21-activated kinase 2a (pak2a), a member 

of the p21-activated kinase gene family and a binding partner for βPix. Pak proteins are 

serine/threonine kinases that act downstream of Rho GTPase signalling and are involved 

in the transduction of this pathway (Hofmann et al., 2004).   

In both redhead and bubblehead zebrafish embryos, these mutations were 

mapped to genes that are involved in the activation and transduction of Rho GTPase-

mediated signalling pathways, which synergistically participate in the development of 

vascular networks (Gore et al., 2008). In both mutant strains, the structural basis for the 

hemorrhage phenotype stems from defective stabilisation and maturation of nascent 

vessels (Buchner et al., 2007; Liu et al., 2007).  

Of noteworthy relevance to my thesis project is that the activation of Rho 

GTPase signalling is mediated, in part by a mevalonate-derived metabolite, 

geranylgeranyl-pyrophosphate (GGPP), a 20-carbon lipid molecule (Bishop and Hall, 

2000). GGPP serves as an end-product for the lipidation and subcellular localisation of 

Rho GTPases to the plasma membrane. This process is critical for the activation and 

function of CAAX-proteins (Bishop and Hall, 2000) (Fig. 1.6). This is evidenced by the 

fact that depleted GGPP levels reduce the GTP-binding capacity of Rho GTPases, 

rendering them cytosolic and inactive, which would target them for degradation in the 

cytoplasm (Hirai et al., 1997). On this premise, one can deduce that inhibition of 

HMGCR activity would reduce Rho GTPase signalling, thus leading to an ICH 
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phenotype. This assertion is contrary to evidence from murine models where down-

regulation of Rho GTPase signalling, by statin treatment, is shown to reverse/prevent the 

ICH phenotype in mice. Evidently, a clear discrepancy exists between the two models 

(zebrafish and mice) in terms of requirements for Rho signalling in cerebral-vascular 

stabilisation.  

 

1.4. Utility of zebrafish as a model for the etiology and pathophysiology of ICH 

The zebrafish continues to gain recognition as an excellent vertebrate model for 

the study of vascular development. The mechanisms and gene signalling pathways 

mediating the formation and patterning of vessels were found to be similar to those 

documented in other vertebrates (Gore et al., 2012). The optical transparency and external 

development of embryos enables easy visualisation of active circulation and organ 

development and makes them amenable to chemical screening and genetic manipulation.  

Blood-vessel morphogenesis, immune response and thrombosis can be assayed 

in real-time using stable transgenic embryos expressing fluorescently labeled blood-

vessels, macrophages, leukocytes, erythrocytes, and thrombocytes. Vascular permeability 

can be assessed using high-resolution confocal microscopy and micro-angiography. 

Protein function can be determined rapidly and efficiently through microinjection of 

morpholino oligonucleotides which reduce gene expression in a dose-dependent fashion. 

All of these features make the zebrafish an ideal system to study the morphogenesis of 

cerebral-vascular system. 
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1.5.  Research Objectives 

     My PhD thesis focuses on expanding our present knowledge regarding the 

signalling pathways contributing to developmental cerebral-vascular stabilisation in 

vertebrates. Cerebral-vascular disorders including ICH are associated with high mortality 

and morbidity (Counsell et al., 1995; Qureshi et al., 2005). Even though considerable 

research has been conducted in the field of vascular development, the genetic and 

mechanistic underpinnings behind ICH pathogenesis are still not well characterised. The 

results of several randomised clinical studies have suggested a significant risk for ICH in 

patients taking statin drugs. However, these studies are limited in that no follow-up 

animal studies have to this point been conducted to independently verify and dissect the 

mechanism(s) involved. Furthermore, a number of convincing studies in zebrafish have 

suggested that inhibition of Rho GTPase signalling can potentiate ICH in developing 

vertebrates. This information, coupled with in vitro evidence that HMGCR activity is 

required for both endothelial and mural cell viability, prompted me to characterise the 

function of HMGCR in zebrafish with a particular interest in cerebral-vascular 

development. I hypothesise that HMGCR regulates cerebral-vascular stabilisation 

through GGPP-dependent signalling. As such my results will have clinical relevance in 

terms of addressing part of the etiology and pathophysiology of human vascular 

instability disorders, particularly in the case of spontaneous ICH. My research objectives 

are: 

Objective 1: 

Establish whether HMGCR activity is required for developmental cerebral-vascular 

stabilisation. 
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Objective 2: 

Determine the mechanism(s) whereby HMGCR activity regulates cerebral-vascular 

stabilisation. 

Objective 3:  

Characterise the pathophysiological and neurological processes underlying ICH 

pathogenesis. 
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Figure 1.6: HMGCR-mediated regulation of Rho GTPase activity. The process of 

geranylgeranylation, catalysed by GGTase I, regulates Rho GTPase function by 

promoting their translocation to the plasma membrane. Prenylated Rho GTPases function 

as molecular switches and they alternate between a GDP-bound state (inactive) and a 

GTP-bound state (active).  Guanine exchange factors (GEFs) function as activators of 

Rho GTPases by stimulating GDP release and increasing enzyme affinity for GTP. 

GTPase activating proteins (GAPs) work by accelerating GTP hydrolysis. Statins work 

by inhibiting mevalonate production and thus geranylgeranyl pyrophosphate (GGPP) 

production and ultimately protein prenylation, which inhibits membrane association of 

RhoGTPases.  

 

 

 

 

 

 

 

 

 

 



  

35 

 

 

 

                              

 



  

36 

 

 

 

Chapter 2 

  

 

 

 

The 3-hydroxy-3-methylglutaryl-CoA 

reductase (HMGCR) pathway regulates 

developmental cerebral-vascular stabilisation 

by a prenylation-dependent signalling 

pathway 

 

 

The data presented in this chapter have been published in the following manuscript. 

However, supplementary figures and textual alterations and additional information have 

been added to this chapter: 

 

 Eisa-Beygi, S., Hatch, G., Noble, S., Ekker, M., Moon, T.W. (2013). The 3-

hydroxy-3-methylglutaryl-CoA reductase (HMGCR) pathway regulates 

developmental cerebral-vascular stability via prenylation-dependent signalling 

pathway. Dev. Biol. 373, 258-266. 

 

 



  

37 

 

 

 

 

Author contributions: 

Mr. Gary Hatch replicated the drug-exposure and rescue experiments to 

ensure consistency of results. Ms. Sandra Noble was instrumental in training 

me for the use of confocal microscopy and helping me prepare and process 

embryos for imaging. Dr. Thomas W. Moon and Dr. Marc Ekker helped me 

design the experiments and assisted me in writing and revising this chapter 

to ensure that the content is scientifically sound and the style is in 

accordance with the FGPS requirements. I am profoundly grateful for the 

assistance of the aforementioned individuals, without whom this chapter 

would not have been completed. 

Shahram Eisa-Beygi 

April 20, 2013 

 

 

 

 

 

 

 



  

38 

 

 

2.1 Abstract 

Intracerebral hemorrhage (ICH) is a debilitating form of stroke, with the highest 

mortality rate of all stroke subtypes and, often, precipitating irreversible neurological 

deterioration. Although recent studies have gained insight into the etiology of the disease, 

many of the causative genes and mechanisms implicated in developmental cerebral-

vascular malformations underlying ICH pathogenesis are unknown. Recent evidence 

derived from in vitro and in vivo studies in murine models have shown inhibition of the 

3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) pathway to be effective in 

stabilizing cranial vessels. Through a combination of pharmacological and genetic 

approaches to specifically inhibit the HMGCR pathway in zebrafish (Danio rerio), we 

demonstrate contrary to the work in murine models, a requirement for the HMGCR-

mediated metabolic pathway in developmental vascular stabilisation within the head. 

Here we report that inhibition of HMGCR function in embryonic zebrafish disrupts 

cerebral-vascular stability, resulting in progressive dilation of blood vessels, followed by 

vessel rupture and hemorrhage into the brain parenchyma, mimicking cerebral cavernous 

malformation (CCM)-like lesions in humans and murine models. These vascular defects 

are rescued by prior exogenous supplementation with geranylgeranyl pyrophosphate 

(GGPP), a 20-carbon metabolite of the HMGCR pathway, required for the membrane 

localisation and activation of Rho GTPases. Consistent with this observation, 

morpholino-induced depletion of the β-subunit of geranylgeranyltransferase I (GGTase 

I), an enzyme that facilitates the post-translational transfer of the GGPP moiety to the C-

terminus of Rho family of GTPases, mimics the cerebral hemorrhage-induced by the 
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pharmacological and genetic ablation of HMGCR. In embryos with cerebral hemorrhage, 

the endothelial-specific expression of cdc42, a highly-conserved Rho GTPase involved in 

the regulation of vascular permeability, was significantly attenuated. Taken together, our 

data reveal a metabolic contribution to the stabilisation of nascent cranial vessels during 

embryogenesis, requiring protein geranylgeranylation acting downstream of the HMGCR 

enzyme within the mevalonate pathway.  

 

2.2 Introduction 

3-Hydroxy-3-methylglutaryl-CoA reductase (HMGCR) is an endoplasmic 

reticulum (ER)-bound enzyme that catalyzes the rate-limiting step within the mevalonate 

pathway that converts acetyl-CoA derived HMGCoA to mevalonate, giving rise to 

mevalonate-derived molecules, including cholesterol and isoprenoids (Goldstein and 

Brown, 1990; see Chapter 1). A complex feedback mechanism, involving both steroidal 

and non-steroidal mediated pathways, is involved in the regulation of HMGCR activity 

through transcription, translation, phosphorylation, and degradation of the enzyme 

(Brown and Goldstein, 1997; Nakanishi et al., 1988, Omkumar et al, 1994; DeBose-

Boyd, 2008). Statins, competitive inhibitors of HMGCR, are pharmaceuticals that bind 

part of the HMG-binding residues of the enzyme and inhibit its activity through 

competitive inhibition (Istvan and Deisenhofer, 2001). In addition to reducing de novo 

cholesterol synthesis and total plasma LDL cholesterol levels, statins also curtail the 

biosynthesis of other lipids, namely isoprenoids, which otherwise serve as essential lipid 

attachments for the Rho family of GTPases (Bishop and Hall, 2000).
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As such, an efficient way to elucidate HMGCR gene function during 

development is achieved through the use of statin molecules for which the biochemical 

mode of action is well characterised. Reduced HMGCR activities during development are 

implicated in prenylation-dependent germ cell migration delay and misguidance in both 

Drosophila and zebrafish (Danio rerio) models (Santos and Lehmann, 2004; Thorpe et 

al., 2004).
 
A point mutation identified at position 1575 of hmgcrb, the maternally-

expressed hmgcr paralog in zebrafish, results in defective heart-tube formation due to 

impaired post-translational prenylation of small GTPases (D’amico et al., 2007). In 

contrast, targeted disruption of hmgcr in mice results in early embryonic lethality which 

is suggestive of the crucial function that HMGCR-mediated metabolism and downstream 

signalling events play during mammalian development (Ohashi et al., 2003). Presently, 

the developmental processes that are dependent upon HMGCR-derived products have not 

been thoroughly identified.  

Pharmacological inhibition of the HMGCR pathway has been shown to exert 

both angiostatic and angiogenic effects in vitro and in vivo (Lu et al., 2004; Khaidakov, 

2009; Weis, 2002; Kaneta, 2003; Li et al., 2002; Acquavella, 2009; Wang et al., 2010; 

Choi et al., 2011). An outstanding question that needed to be addressed was whether 

perturbations of the HMGCR pathway would disrupt the stabilisation of nascent vessels 

and overall vascular morphogenesis in vivo, and, if so, what would be the 

pathophysiological consequences of interference with these processes during a period of 

rapid angiogenesis.  

Zebrafish have recently gained recognition as a suitable model to dissect the 

etiology of cerebral cavernous malformation (CCM) (Kleaveland, 2009; Hogan et al., 
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2008; Yoruk et al., 2012). Moreover, recent work in zebrafish demonstrated that proteins 

involved in the activation and transduction of Rho GTPase-mediated signalling pathways 

synergistically participate in the development of the vascular network in zebrafish. 

Deficiencies within this pathway impair the stabilisation and maturation of nascent 

vessels by preventing the association of mural cells with endothelial cells, giving rise to 

multiple hemorrhages in the brain (Buchner et al., 2007; Liu et al., 2007; Gore et al., 

2008), along with more pronounced defects in vascular morphogenesis (Epting et al., 

2010). It is known that the mevalonate-derived metabolite, geranylgeranyl-pyrophosphate 

(GGPP) serves as an end-product for the lipidation and subcellular localisation of Rho 

GTPases to the plasma membrane, which is critical for the activation and function of 

these Rho GTPases (Bishop and Hall, 2000). Hence, depleted GGPP levels reduce the 

GTP-binding capacity of Rho GTPases, rendering them cytosolic and inactive. Although 

the Rho GTPase pathway has been implicated in CCM pathology, there remains a major 

discrepancy between the mechanisms in mouse and zebrafish. More specifically, recent 

studies in mice show that global inhibition of Rho GTPase prenylation through statin-

mediated inhibition of HMGCR within the mevalonate pathway restores endothelial 

barrier integrity, thus reversing the vascular permeability dysfunction in mice that are 

genetically predisposed to CCM (Whitehead et al., 2009). Consistent with this 

observation, transcript levels of the Rho GTPases, RhoA, Rac and cdc42, were 

significantly elevated in lesions of a mouse model of CCM (Louvi et al., 2011).  

Hence, in mice, statin-mediated inhibition of Rho GTPase signalling, through 

decreased GGPP biosynthesis, is reported to be an effective treatment to attenuate 

vascular permeability (Li and Whitehead, 2010), whereas in zebrafish, mutation and 
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morpholino-induced loss of function of proteins that participate in the activation and 

transduction of Rho GTPase signalling heightens vascular permeability (Buchner et al., 

2007; Liu et al., 2007). To what shall we attribute these divergent outcomes even though 

the mechanism of statin inhibition is the same? One of the major motives behind this 

project was to address this inconsistency. 

Therefore, to investigate this discrepancy, we subjected developing zebrafish to 

two structurally different statin molecules (atorvastatin or cerivastatin) and two 

morpholino oligonucleotides (splice MO or ATG MO) with non-overlapping sequences 

to inhibit HMGCR function. Our pharmacological and genetic approach consistently 

resulted in grossly dilated vessels, followed by progressive loss of vascular stability in the 

brain at specific developmental stages during which nascent cranial vessels are more 

prone to rupture. Prior supplementation with exogenous mevalonate or GGPP, two of the 

metabolites downstream of the HMGCR enzyme, are sufficient to rescue the cerebral 

hemorrhage phenotype. Furthermore, morpholino-mediated specific disruption of the 

GGTase I-mediated prenylation pathway mimics the cerebral hemorrhages attributed to 

the inhibition of the HMGCR enzyme. Interestingly, in embryos with cerebral 

hemorrhage, the vascular-specific expression of cdc42, a Rho GTPase implicated in the 

mediation of endothelial barrier function (Kouklis et al., 2003; Broman et al., 2006; 

Ramchandran et al., 2008; Spindler et al., 2010) and highly enriched on the vacuole 

membranes (Eitzen et al., 2001; Isgandarova et al., 2007), was noticeably reduced in the 

head and the trunk vasculature, as early as 24 hpf. Our results highlight a requirement for 

HMGCR activities, through direct effects on GGPP biosynthesis, on the establishment of 

cerebral-vascular stability during zebrafish development, a process likely mediated by 
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CAAX proteins that require geranylgeranylation for their subcellular localisation and 

activation.  

 

2.3 Materials and Methods 

2.3.1 Zebrafish husbandry and transgenic lines 

Adult wild-type and transgenic zebrafish were maintained under a constant 

temperature of 28°C and a 14 h light:10 h dark photoperiod in the University of Ottawa 

Aquatic Care Facility. Embryos were obtained through natural breeding of adult zebrafish 

and were kept at 28.5°C in embryo medium (5 mmol/L NaCl, 0.17 mmol/L KCl, 0.33 

mmol/L CaCl2, 0.33 mmol/L MgSO4). The double transgenic Tg(fli1:EGFP);(gata-

1:DsRed) zebrafish line was kindly provided by Dr. Beth Roman (University of 

Pittsburgh, Pennsylvania). The Tg(fli1:EGFP-cdc42wt)
y48

 was kindly provided by Dr. 

Brant Weinstein (National Institute of Child Health and Human Development, 

Maryland). All experiments were carried out in accordance with a protocol approved by 

the University of Ottawa Protocol Review Committee and conform to the published 

guidelines of the Canadian Council on Animal Care for the use of animals in research and 

teaching. 

2.3.2 Drug treatment and metabolite rescue experiments 

For pharmacological inhibition of HMGCR, zebrafish embryos (1-2 hours post 

fertilisation; hpf) were treated with Atorvastatin (ATV; Pfizer Inc., Connecticut USA) or 

Cerivastatin (CVT; Sequoia Research Products Ltd. Pangbourne, UK) in a single-

exposure manner in embryo medium. ATV was dissolved in DMSO, whereas CVT was 

dissolved in sterile/distilled water. All solutions were aliquoted and kept at -20°C until 
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used. Embryos for the dose-response experiments were placed in final concentrations of 

0.3, 0.5 or 1 mg/L ATV; CVT was administered at 0.15 mg/L. For mevalonate rescue 

experiments, similar numbers of embryos were placed in embryo medium containing 0.5 

mg/L ATV and 1, 1.6, 3.2 or 4.4 μmol/L mevalonic acid (Sigma-Aldrich) or DMSO as 

vehicle control. Each treatment group consisted of more than 70 embryos and all 

exposure experiments were repeated at least 8 times. GGPP rescue experiments were 

performed by administering 0.5 mg/L ATV and 0.5, 2 or 4 mg/L GGPP (Sigma-Aldrich) 

dissolved in DMSO/methanol or DMSO/methanol, as vehicle control. 

2.3.3 Whole-mount o-Dianisidine (OD) staining and cryosectioning 

Zebrafish embryos at various developmental stages were fixed in 4% PFA/1X 

Phosphate Buffered Saline Tween-20 (PBST) overnight and subsequently stained for 

hemoglobin using o-Dianisidine (OD), a sensitive marker of hemoglobin. Briefly, 

unfixed embryos were dechorionated and stained with a solution of OD (0.6 mg/mL) 

(Sigma-Aldrich) containing 0.01 M sodium acetate (pH 4.5), 0.65% hydrogen peroxide, 

and 40% (v/v) ethanol in the dark for 15 min. Treated embryos were visualised using a 

Nikon NBZ 1500 dissecting microscope and photographed with a Nikon DXM 1200 C 

digital camera, and stored in 50% glycerol at 4°C. For cryosectioning, whole-mounted 

embryos previously stained with OD were equilibrated to 30% sucrose/1X PBST 

overnight. The next day, the samples were mounted in tissue freezing medium (Triangle 

Biomedical Sciences). Transverse sections of ~10 μm thickness were cut on a Leica 

CM1850 standard cryostat (Leica Microsystems) at -20 °C. 
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2.3.4 Confocal microscopy 

For confocal microscopy, 48-52 hpf Tg(flk1:EGFP;gata1:dsRED) embryos 

previously treated with ATV or DMSO were embedded in 1% low melting agarose in 

embryo medium and tricaine mesylate (ethyl 3-aminobenzoate methanesulfonate; Sigma-

Aldrich). A rendered Z-stack, at ~80 micron thickness each, was taken with a Zeiss LSM 

510 AxioImager.M1 confocal microscope using an Achroplan 40x/0.8 W objective with 

an argon laser (488 nm) and a helium-neon laser (543 nm).  

2.3.5 Morpholino design, resuspension and microinjection 

A splice-modifying antisense morpholino oligonucleotide (MO) against hmgcrb 

pre-mRNA (hmgcrb MO), a translation blocking MO targeting the AUG initiation site of 

hmgcrb mRNA (AUG MO), a splice-modifying MO against pggt1b pre-mRNA (pggt1b 

MO), and a standard control MO against a splice targeting the human β-globin pre-

mRNA (control MO), were obtained from GeneTools (Philomath, OR, USA). The 

sequences for the morpholinos used were: 

(5'-AACTGCATTCATAAACTCACCCAGT-3') (hmgcrb-splice MO);  

(5'-GCCTGAAGAGACGCGACAGCATCAT 3') (hmgcrb-ATG MO); 

(5'-CACGCGGTGTGTGGACTCACGGTCA-3') (pggt1b-splice MO); and 

(5'-CCTCTTACCTCAGTTACAATTTATA-3') (control MO). 

All MO solutions were diluted in Danieau buffer (58 mM NaCl, 0.7 mM KCl, 

0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5.0 mM HEPES, pH 7.6) to a final concentration of 

0.2 mM. The embryos were positioned in individual wells placed on a plate containing 
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1.0% agarose. The morpholino solution was then injected at quantities ranging from 0.5-

10 ng into 1 to 2 cell-stage embryos through the cell-yolk boundary. 

2.3.6 Microangiography 

Briefly, 50-56 hpf embryos were anesthetised in tricaine mesylate and injected 

intra-vascularly with red fluorescent microspheres of 0.4 μm diameter (Thermo 

Scientific) through the sinus venosus and/or common cardinal vein. Fluorescence 

micrographs were acquired during a series of observations under the Nikon NBZ 1500 

dissecting microscope, which was equipped with a standard dsRED filter set using a 

Nikon DXM 1200C digital camera. 

2.3.7 DAF-2DA Staining 

DAF-2DA (4-amino-5-methylamino-2′-7′-difluoro-fluorescein diacetate; 

Calbiochem) staining was performed as previously described (Lou et al., 2011), with 

reduced incubation time. In brief, live embryos were incubated in 10 µM DAF-2DA (in 

embryo medium, pH 7.0) and incubated for 5 h in the dark at 28.5°C, after which 

fluorescence micrographs were acquired under the Nikon NBZ 1500 dissecting 

microscope equipped with a standard GFP filter set, and photographed using a Nikon 

DXM 1200C digital camera. 

2.3.8 RNA extraction, RT-PCR and sequencing 

Total RNA was extracted from a pool of embryos using TRIzol reagent 

(Invitrogen). The RNA was DNase-treated using the Deoxyribonuclease kit (Invitrogen) 

to minimise genomic DNA contamination. cDNA was synthesised from equal 

concentrations of RNA using a 1
st
 Strand cDNA Synthesis Kit and M-MLV RT 
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(Invitrogen) and used as a template in RT-PCR. PCR products were run on 1.75% 

agarose gels. Band intensities were quantified using ImageJ software. The primers used 

for PCR analysis were: 

(5'-CAAACATGGGCTGGTTCAAG-3') (Elf1a forward) and 

(5'-AGTGGTTACATTGGCAGGG-3') (Elf1a reverse). 

The efficiency of the hmgcrb splice MO was assessed using primers flanking exon 3:  

(5'-CCGTGACAATGTGCCTAATG-3') (hmgcrb forward) and 

(5'-CAGATCAATCAGCAGCAGGA-3') (hmgcrb reverse).  

The efficiency of the pggt1b splice MO was assessed using primers flanking exon 2: 

(5'-TCTTCTGCCGGTCCATCC-3') (pggt1b forward) and 

(5'-GCGGTAGTGAGCGGTGAT-3') (pggt1b reverse).  

The PCR products were first separated by gel electrophoresis then excised from 

the gel and purified using the Qiagen gel purification kit (Qiagen), according to the 

manufacturer's instructions. Sequencing was performed to verify hmgcrb MO-induced 

splicing using the CEQ-8000 Genetic Analysis System and the aforementioned set of 

primers.  
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2.4 Results 

2.4.1 Pharmacological inhibition of the HMGCR enzyme leads to cerebral-vascular 

defects in developing zebrafish 

Sequence alignment of the partial catalytic sites of the HMGCR proteins 

revealed that the statin-binding residues (Istvan and Deisenhofer, 2001) are conserved in 

both zebrafish HMGCR paralogs, which might suggest functional conservation between 

mammals and fish. We first used the Tg(fli1:EGFP;Gata-1:dsRED) line for the 

simultaneous visualisation of the vascular network and circulating erythrocytes during 

development. Treatment of these embryos beginning at 1-2 hpf with 0.5 mg/L ATV in 

embryo medium, in a single-exposure manner, did not affect the vascular patterning or 

morphology at the 15-25 somite stage (19 hpf) (data not shown). However, by 28 hpf, 

ATV treatment resulted in grossly dilated and diffusely shaped primitive cerebral vessels 

in the forebrain and midbrain (Fig. 2.1A-E and Fig. 2.2A-D), in addition to the abnormal 

confinement of stagnant dsRED-positive erythrocytes and an attenuated circulation in the 

cerebral region (Fig. 2.1F and G). These observations are indicative of impaired vessel 

wall function as the primary cause for the extravasation of erythrocytes at subsequent 

stages of development. At the doses used, ATV-exposure did not induce defects in 

angiogenesis, as the trunk vasculature and the formation of the segmental arteries were 

unaffected in these embryos, reflecting the cerebral-vascular-specific nature of these 

effects at the doses of statins used (Fig. 2.3A-D).  

 By 33 hpf, cerebral hemorrhage was evident in 46% of embryos (137/298). The 

locality and severity of the phenotype were variable in the brain, reflecting the multifocal 

nature of the hemorrhages (Fig. 2.4A-D). At 48 hpf, the extent of hematoma was 
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evaluated with o-Dianisidine (OD), a sensitive marker of hemoglobin, which revealed 

extensive hemorrhaging in the forebrain, midbrain and the ventricular zone, along with 

appreciable reductions in the abundance of circulating erythrocytes in the pericardium, 

the sinus venosus and the tail region (Fig. 2.4E and F). Cross sections of embryos 

stained with OD at 48 hpf revealed hematomas predominantly in the telencephalon and 

tectum (Fig. 2.4G and H). The incidence of hemorrhage increased in a dose-dependent 

manner with ATV treatment (Fig. 2.4I).  

 To confirm the vascular specificity of these defects, we performed confocal 

microscopy at 48-52 hpf on Tg(fli1:EGFP);(gata-1:DsRed) embryos. This analysis 

revealed progressive leakage of erythrocytes from the prosencephalic artery (PrA) in 

ATV-treated embryos, and when compared with the fully functional PrA observed in 

DMSO-treated embryos, the PrA in ATV-treated embryos supported only markedly 

attnuated circulation (Fig. 2.5A-D). Taken together, these data confirm that the blood-

filled and vastly enlarged nascent cranial vessels observed at 26-28 hpf (Fig. 2.1A-G) are 

prone to leakiness and rupture at subsequent stages of development.  

Loss of vascular integrity in the brain was further substantiated using 

fluorescence microangiography. This revealed that unlike the fully lumenised brain 

vasculature in DMSO-treated embryos (judged by the retention of the fluorescent 

microspheres in these vessels), ATV-treated embryos appeared to have less lumenisation 

and also exhibited a general tendency to extravasate the injected microspheres at the sites 

of hemorrhage (Fig. 2.5E and F), hence further attesting to the loss of vascular stability 

in the brain. We next sought to assess the smooth muscle cell coverage in these embryos 

using DAF-2 DA, a membrane-permeable compound that reacts with nitric oxide (NO) to 
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Figure 2.1: Pharmacological inhibition of the HMGCR pathway induces cerebral-

vascular defects in developing zebrafish. (A) Representative schematic diagram of a 28 

hpf zebrafish embryo, with the blue boxed area denoting the forebrain and the pink boxed 

area showing the midbrain regions. Scale bar = 200 μm. (B-G) Representative 

photomicrographs of Tg(fli1:EGFP);(gata-1:DsRed) embryos incubated in DMSO or 0.5 

mg/L ATV (Atorvastatin) and imaged at 28 hpf. Abbreviations: PMBC, primordial 

midbrain channel; MCeV, middle cerebral vein; PPrA, primitive prosencephalic artery. 

White arrows indicate the abnormally dilated vessels in the forebrain and midbrain, 

whereas the black arrow denotes area of stagnant erythrocyte accumulation in the head. 

Scale bar = 40 μm.  
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Figure 2.2:  Atorvastatin (ATV) exposure results in clusters of abnormally dilated 

cerebral vessels in the forebrain and hindbrain. (A, B) Representative 

photomicrographs of Tg(fli1:EGFP) embryos exposed to DMSO or 0.5 mg/L ATV and 

imaged at 28 hpf. White asterisks indicate abnormally dilated PPrA and PMBC (see Fig. 

2.1 legend for abbreviaions). Anterior is to the left and dorsal to the top. Scale bar = 40 

μm. (C, D) 2D quantification of 28 hpf zebrafish cerebral vessel diameters. Data are 

presented as the mean and standard error of the mean; N = 11, p = 0.002 (C) and N=11, p 

< 0.001 (D).  
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Figure 2.3:  Embryos with CNS hemorrhaging do not have defects in trunk 

angiogenesis and patterning. (A, B) Representative fluorescent photomicrographs of 

Tg(fli1:EGFP) embryos at 48 hpf, showing the trunk vasculature after exposure to 

DMSO or 0.5 mg/L ATV. Boxed area denotes the field of view in C and D. Scale bar = 

100 μm. (C, D) Close-up of the trunk vasculature of embryos in panels A and B. 

Abbreviations: DLAV: dorsal-longitudinal anastomatic vessel, ISV: intersegmental 

vessel. Scale bar = 50 μm.  
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Figure 2.4: Pharmacological inhibition of the HMGCR pathway induces cerebral 

hemorrhage in developing zebrafish. (A-D) Photomicrographs of embryos incubated in 

0.5 mg/L ATV and imaged at 33 hpf. Black arrows denote areas of hemorrhage. Scale 

bar = 200 μm. (E, F) Bright-field images of zebrafish embryos incubated in DMSO or 0.5 

mg/L ATV, stained with o-Dianisidine (OD) and imaged at 48 hpf. Black arrows indicate 

sites where abnormal accumulation of hemoglobin-containing blood was detected in the 

brain. Blue arrow denotes OD-positive cells in the pericardium, green arrow shows the 

sinus venosus and red arrow designates the tail region. Scale bar = 200 μm. (G, H) 

Transverse sections through the embryo head at 48 hpf stained with OD. Abbreviations: 

te, tectum; tel, telencephalon. Scale bar = 200 μm. (I) Percentage of embryos treated with 

various doses of ATV and scored for the presence of cerebral hemorrhage at 48 hpf. 

Numbers above the bars represent the ratios used to calculate the percentages.  
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form the fluorescent DAF-2T which is a marker for functional smooth muscle cell 

coverage in zebrafish (Zeng et al., 2009; Lou et al., 2011). 

             However, no vascular smooth muscle cell coverage was detected in the brain or 

trunk during the early stages of normal zebrafish development (data not shown), which 

suggests that nascent vessels are more prone to statin-induced hemorrhage, at least partly 

by virtue of inadequate coverage with smooth muscle support. This observation is 

consistent with molecular and genetic evidence suggesting that the expression of early 

vascular smooth muscle cell markers in zebrafish are not detectable before the larval 

stage (before hpf) (Santoro et al., 2009; Seiler et al., 2010). 

We also exposed embryos at 1-2 hpf to Cerivastatin (CVT), a structurally 

different statin molecule with a comparable affinity for the active site of HMGCR (Istvan 

and Deisenhofer, 2001). Incubation of 2 hpf embryos in CVT (0.15 mg/L), in a single 

exposure manner, resulted in 58% of embryos demonstrating cerebral hemorrhage by 33 

hpf (108/174), which was a phenocopy of the ATV-treatment.  

To further test the specific nature of the pharmacological treatments, a 

metabolite rescue experiment was conducted using mevalonate, the immediate product of 

the HMGCR-catalysed reaction and a precursor of both cholesterol and isoprenoids. 

Treatment of 1-cell stage embryos with ATV (0.5 mg/L) in the presence of mevalonate 

(3.2 μmol/L) was sufficient to rescue the hemorrhage phenotype, as none of these 

embryos exhibited apparent hemorrhages (0/121). In contrast, 53% of the embryos treated 

with ATV (0.5 mg/L) in the presence of DMSO showed cerebral hemorrhage by 48 hpf 

(59/112). Treatment with mevalonate alone did not induce any overt developmental 

defects. The ability of mevalonate to rescue the phenotype suggests that deficiencies in  
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Figure 2.5: Pharmacological inhibition of the HMGCR results in loss of vascular 

stability and induces vessel rupture. (A, B) Representative bright-field micrographs of 

48-52 hpf Tg(fli1:EGFP);(gata-1:DsRed) embryos treated with DMSO or 0.5 mg/L 

ATV. The boxed region shows where hemorrhage is observed. Scale bar = 200 μm. (C, 

D) Representative composite confocal z-stack projections of the boxed regions in the 

same Tg(fli1:EGFP);(gata-1:DsRed) embryos. Abbreviations: PrA, prosencephalic 

artery. Scale bar = 40 μm. (E, F) Representative photomicrographs of 48-52 hpf embryos 

treated with DMSO or 0.5 mg/L ATV and subjected to fluorescent microangiography by 

intravascular injection of red-fluorescent microspheres. White arrow shows the site of 

microsphere extravasation. Scale bar = 200 μm. 
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one or more of the metabolites downstream of mevalonate within the HMGCR pathway 

may be implicated in the emergence of the hemorrhage phenotype. 

 

2.4.2 Morpholino-mediated depletion of hmgcrb mRNA levels leads to cerebral-

vascular defects in developing zebrafish 

Zebrafish possess two paralogous genes encoding HMGCR proteins. It is 

speculated that teleosts, including zebrafish, underwent a complete genome duplication 

event 250 million years ago (Van de Peer et al., 2009), resulting in the retention of many 

genes in duplicate. Of the genes, The hmgcrb transcripts are maternally-enriched and 

exhibit a ubiquitous expression pattern throughout early embryogenesis, whereas hmgcra 

mRNA is only detected at 5 dpf and is confined to the liver and the anterior intestine 

(Thorpe et al., 2004).  A similar temporal expression pattern for these genes was observed 

using RT-PCR on total RNA harvested from a pool of embryos at different 

developmental stages (data not shown).  

To substantiate the phenotypic specificity of the statin-induced cranial vascular 

defects, we induced a transient loss of hmgcrb gene function with a morpholino 

oligonucleotide (MO) designed to hybridise with the third exon-intron boundary of the 

hmgcrb pre-mRNA (Fig. 2.6A). The injection of 2 ng of this hmgcrb MO resulted in 

approximately 45% (91/203) of the embryos displaying cerebral hemorrhage at 48 hpf, 

along with reduced abundance of erythrocytes in the pericardium and the sinus venosus 

as detected by whole-mount OD staining (Fig. 2.6B and C).  

The morphants demonstrated no other overt developmental defects and 

eventually recovered from the initial hemorrhage, further indicating that the impaired 
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HMGCR function only affected cerebral-vascular development during a critical period 

when nascent vessels in the brain are more prone to rupture. This suggests that hmgcrb 

expression is dispensable in more mature vessels. Injection of higher quantities of the 

hmgcrb MO (>8 ng) resulted in developmental arrest, defective angiogenesis in the trunk, 

lack of circulation and occasional pericardial edema, and most of these embryos lacked 

the cranial hemorrhage phenotype (data not shown). The efficiency of the genetic 

ablation of hmgcrb expression was tested at 48 hpf by RT-PCR (Fig. 2.6D) and 

sequencing (Fig. 2.6E and F) using primers spanning the third exon-intron boundary.  

As with the statin-treatment, the exogenous supplementation of these embryos 

with mevalonate nearly completely rescued the splice MO-induced vascular defects at 48 

hpf, with only 2.2% of the MO-injected embryos (2 ng) incubated in mevalonate (4.4 

μmol/L) showing cerebral vascular defects (7/318) at 48 hpf. A second MO directed 

against the AUG translation-start site also mirrored the statin-induced hemorrhage 

phenotype (data not shown). Overall, these observations further support an essential role 

for HMGCR-mediated lipid metabolism in cerebral-vascular morphogenesis. 
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Figure 2.6: MO-mediated depletion of the HMGCR levels phenocopies ATV-

treatment. (A) Partial hmgcrb pre-mRNA structure (not to scale) showing the exons 

(boxes), introns (black lines), the target of hmgcrb MO (red vertical arrow) and the 

positions of forward and reverse primers (black arrows) used to test the efficiency of the 

hmgcrb MO. (B, C) Representative bright-field micrographs of 48 hpf embryos injected 

with hmgcrb MO and control MO, stained with OD. Black arrows indicate sites of 

hemorrhage and blue arrow denotes the sinus venosus. Anterior is to the left and dorsal to 

the top. Scale bar = 200 μm. (D) RT-PCR analysis of hmgcrb mRNA in hmgcrb 

morphant and control MO-injected embryos at 48 hpf. MO injection results in the dose-

dependent appearance of a band corresponding to a transcript lacking exon-3. Doses of 

ATV are indicated above each lane. (E-F) Sequence analysis of cDNA from splice MO-

injected embryos confirms the deletion of Exon-3. 
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 2.4.3 A deficiency in GGPP biosynthesis and impaired GGTase I-facilitated 

prenylation of Rho GTPases leads to cerebral-vascular defects in developing 

zebrafish  

We next tested the hypothesis that statin-induced defects in vascular stability 

were attributable to perturbations in GGPP biosynthesis. To test this hypothesis, 1-cell 

stage embryos (1-2 hpf) were treated with ATV (0.5 mg/L) in the presence of 

geranylgeranyl-pyrophosphate (GGPP, 4 mg/L) or the vehicle (DMSO:methanol; 50:50, 

v/v). The addition of GGPP effectively rescued the hemorrhage phenotype, and by 48 hpf 

approximately 7% of the embryos co-administered with ATV and GGPP demonstrated 

cerebral hemorrhages (9/131), compared with 56% of control embryos receiving ATV 

and the vehicle (80/143). The near-complete rescue of the vascular phenotype with GGPP 

supplementation suggested a requirement for prenylation in the establishment of 

developmental cerebral-vascular stability. To further demonstrate that decreased GGPP 

bioavailability underlies these cerebral-vascular defects, we selectively targeted the 

prenylation pathway. Prenylation of small GTPases, such as Rac1, RhoA and cdc42, is 

catalyzed by the cytosolic isoprenyl transferase, geranylgeranyl pyrophosphate I 

(GGTase I) (Peterson et al., 2006; Roberts et al., 2008).  

This enzyme, GGTase I, catalyzes the transfer and binding of the 20-carbon 

geranylgeranyl isoprenoid to the cysteine-residue of the CAAX motif at the C-terminus 

of target Rho GTPases (Fig. 2.7A). This coupling constitutes a critical step for the 

translocation of the Rho GTPases to the plasma membrane and interaction with other 

lipophilic proteins. To specifically impair this pathway, we injected a splice-blocking 

morpholino targeting the second exon-intron boundary of the pggt1b pre-mRNA, which 
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encodes the β-subunit of GGTase I (Fig. 2.7B). Injection of 2.5 ng of the pggt1b MO into 

1-cell stage embryos resulted in 23% of the embryos showing cerebral hemorrhage by 48 

hpf (49/213) (Fig. 2.7C and D), thus phenocopying, both spatially and temporally, the 

cerebral-vascular defect associated with the inhibition of HMGCR. Injection of higher 

doses of pggt1b MO (6 ng) only slightly increased the frequency of hemorrhages (28%, 

51/180), but most of these embryos were developmentally delayed (data not shown). The 

efficacy of the pggt1b MO was tested by RT-PCR on total RNA harvested from 48 hpf 

embryos that were previously injected with 2.5 ng MO, and showed a near complete 

depletion of wild-type pggt1b transcripts (Fig. 2.7E and F). Based on sequence analysis, 

we predicted that MO-induced alternative splicing of exon-2 would result in a frame-

shift, thereby introducing a premature termination codon (TAA) in exon-3, thus targeting 

this mRNA for nonsense-mediated decay.  

These results support that MO- and statin-induced inhibition of the HMGCR 

pathway impairs cerebral-vascular stability due to reduced GGPP biosynthesis and the 

consequential decrease in the prenylation status and membrane targeting of CAAX 

proteins, which serve as substrates for GGTase I.  The molecular nature of these statin-

induced vascular defects were further characterised by the use of the Tg(fli1:EGFP-

cdc42wt)
y48

 line in which the expression of EGFP-cdc42 fusion protein shows a 

perivacuolar co-localisation and is restricted to the endothelial cells (Kamei et al., 2005). 

The protein cdc42, a RhoA GTPase, is implicated in the regulation of vacuole formation, 

lumenisation and mediation of endothelial barrier function (Kouklis et al., 2003; Broman 

et al., 2006; Ramchandran et al., 2008; Spindler et al., 2010) and it requires  
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Figure 2.7: MO-mediated ablation of pggt1b mimics statin and hmgcrb MO-induced 

cerebral hemorrhages and effectively reduces the wild-type pggt1b mRNA. (A) 

Schematic representation of GGTase I-mediated transfer of a 20-carbon geranylgeranyl 

lipid to the cysteine residue of Rho GTPases. (B) Partial pggt1b pre-mRNA structure (not 

to scale) showing the exons (boxes), introns (black lines), the target of pggt1b MO (red 

vertical arrow) and the positions of forward and reverse primers (black arrows) used to 

test the efficiency of the pggt1b MO. (C and D) Representative bright-field 

photomicrographs of 48 hpf embryos. The blue arrow denotes the site of blood 

extravasation in the midbrain region of the embryo injected with pggt1b MO. Anterior is 

to the left and dorsal to the top. Scale bar = 200 μm. (E, F) RT-PCR on total RNA 

extracted from non-injected and MO-injected embryos at 48 hpf to assess pggt1b mRNA 

levels. MO injection results in the loss of wild-type pggt1b mRNA (see text for details).  
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 geranylgeranylation, downstream of HMGCR pathway, for its activation (Peterson et al., 

2006; Roberts et al., 2008).  

 Treatment of Tg(fli1:EGFFP-cdc42wt)
y48

 embryos with ATV at the 1-cell stage 

led to a noticeable reduction in intra-endothelial expression of EGFP-cdc42 in the brain 

and the trunk as early as 24 hpf (data not shown). The decline in vascular-specific EGFP-

cdc42 expression was also clearly evident in the head and trunk vasculature of these 

embryos at 48 hpf (Fig. 2.8A and B), the stage when cerebral hemorrhage was most 

preponderant in statin-treated embryos. The attenuated EGFP-cdc42 expression was 

further validated by measuring EGFP signal intensity using ImageJ software (Fig. 2.8E 

and F).  

 We further established that the reduction in fluorescence intensity was not 

attributable to global developmental defects, vascular regression or defective 

angiogenesis resulting from a down-regulation of the fli promoter in Tg(fli1:EGFP-

cdc42wt)
y48

, since the expression of fli1:EGFP was unaffected in response to statin 

treatment, and the brain and trunk vessel morphology and segmental artery formation was 

unaltered (Fig. 2.8C and D). Similarly, quantification of the EGFP signal intensity in 

these fish confirmed unaltered expression of the fli1:EGFP protein in the head or trunk 

vessels (Fig. 2.8G and H). Together, these data reflect a specific reduction in cdc42 

levels as a consequence of statin treatment. To investigate the localisation of cdc42 in 

response to statin exposure, we performed confocal microscopy on 48-52 hpf 

Tg(fli1:EGFP-cdc42wt)
y48 

embryos. We focused our attention on intersegmental vessels 

(ISVs) due to the ease of imaging. Whereas the EGFP-cdc42 expression in DMSO-

treated embryos exhibited perivacular localisation, outlining the boundaries of the 
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intercellular lumen in the ISVs, the ATV-treated embryos had reduced EGFP-cdc42 

expression in the ISVs and any expression was concentrated primarily at the base of the 

ISVs (Fig. 2.8I and J). Taken together, our evidence suggests that the endothelial-

specific expression of cdc42 is markedly reduced concomitant with the onset and 

expansion of hematoma in the brain.  

 

2.5 DISCUSSION 

Through a combination of pharmacological blockers, metabolite rescue and 

genetic approaches, this study demonstrates that a transient disruption in the HMGCR 

pathway induces intracranial hemorrhaging in zebrafish at a predictable embryonic stage, 

which highlights a metabolic contribution to developmental vessel stabilisation. This 

cerebral-vascular-specific phenotype was not associated with any other developmental 

abnormalities. Of particular clinical significance is that these embryos manifest certain 

pathophysiological features that closely resemble CCM pathologies in humans and mice, 

such as abnormally dilated and blood-filled cranial microvessels prior to the onset of 

extravasation, intracranial hemorrhage and expansion of hematoma, along with evidence 

of thrombosis in the vicinity of the lesions. It is likely that inhibition of the HMGCR 

pathway perturbs signalling processes that mitigate the assemblage of angioblasts into 

nascent vascular tubes, thus making them more prone to rupture and leakage.  

Interestingly, the extravasation of blood components is only detected in the head, 

implying that the vessels in this region are more fragile at this developmental period, 

hence hence more easily ruptured. 



  

71 

 

 

 

 

Figure 2.8: Inhibition of the HMGCR pathway abolishes the intra-endothelial 

expression of cdc42. (A, B) Representative photomicrographs of Tg(fli1:EGFP-

cdc42wt)
y48

 embryos treated with DMSO or 1.0 mg/L ATV and imaged at 48-52 hpf. (C, 

D) Representative photomicrographs of Tg(fli1:EGFP) embryos treated with DMSO or 

1.0 mg/L ATV and imaged at 48-52 hpf. Anterior is to the left and dorsal to the top. Scale 

bar = 200 μm. (E-H) Graphs plotting relative EGFP signal intensities in the head and 

trunk vasculature (as denoted by the dotted white boxes in A-D) of (fli1:EGFP-

cdc42wt)
y48

 and Tg(fli1:EGFP) embryos treated with DMSO or 0.5 mg/L ATV. Data are 

presented as the mean and standard error of the mean. N = 15 embryos, t-test, p<0.001 

(for E and F). (I, J) Representative composite confocal z-stack projections of the trunk 

region of Tg(fli1:EGFP-cdc42wt)
y48

 embryos, showing the localisation of EGFP-cdc42 in 

a single intersegmental artery (ISV). Green arrow denotes perivacuolar expression of 

EGFP-cdc42. Scale bar = 40 μm. Anterior is to the left and dorsal to the top. 
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 Since the onset of hemorrhage and the expansion of hematoma correspond to a 

period of rapid angiogenesis during which numerous newly formed blood vessels invade 

the brain (Isogai et al., 2001), it is plausible that these nascent vessels that carry blood for 

the first time would lack adequate coverage with support cells, making them weak and 

prone to rupture. Consistent with this, DAF-2DA staining showed no positive signal for 

smooth muscle cells in the brain or trunk vasculature during early development, 

consistent with previous studies (Santoto et al., 2009), which suggests that inadequate 

endothelial contact with support cells can predispose these early vessels to statin-induced 

hemorrhage. We have shown by fluorescence microangiography that defects in the 

establishment of endothelial cell-to-cell associations contribute to the loss of vascular 

stability in these embryos. Consistent with this assertion, zebrafish deficient in VE-

cadherin, an endothelial-specific adhesion protein located in cell-to-cell junctions and 

important for vessel stabilisation, exhibit cerebral-vascular fragility and hemorrhage at 48 

hpf in zebrafish (Montero-Balaguer et al., 2009).  

 At higher doses (5-10 mg/L), we observed that statin treatment significantly 

inhibited angiogenic processes in the trunk (Fig. 2.9A-C), as evidenced by the 

incomplete or defective anterior to posterior sprouting of intersegmental vessels (ISV) 

emanating from the dorsal aorta (DA), thereby severely restricting circulation in the fish, 

and often resulting in pericardial edema, with almost no cerebral hemorrhages observed. 

This leads us to speculate that at higher doses, statin-treatment affects endothelial 

survival and migration, whereas at lower doses, vascular stability in the brain is 

compromised, to which the hemorrhage phenotype attests. This is also confirmed through 
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our reverse genetics approach, with high doses of hmgcrb MO inducing defective 

angiogenesis in the trunk. 

It is intriguing that the temporal and spatial distribution of the vascular defects 

reported here are similar to those associated with the bbh (bubblehead) and rhd (redhead) 

mutations which were previously characterised in zebrafish (Buchner et al., 2007; Liu et 

al., 2007; see Chapter 1). These fish were reported to have hypomorphic mutations in the 

pak2a and βpixA genes that otherwise encode for proteins involved in regulating the 

activity and mediating the function of the Rho GTPases, Rac and cdc42 (Buchner et al., 

2007; Liu et al., 2007). The disruption of vascular permeability in these embryos is 

consistent with the well-established roles of Rac and Cdc42 in the maintenance and 

stabilisation of endothelial barrier function (Spindler et al., 2010). The similar nature of 

the hemorrhages described in zebrafish that are deficient in pak2a and βPixA and those 

we have reported here suggests a molecular interaction between the HMGCR pathway 

and Rho GTPase signalling in the regulation of developmental vascular stability. This is 

further supported by the fact that both Rac and cdc42 are natural substrates for the β-

subunit of GGTase I, which facilitates their post-translational modification by the 

addition of a mevalonate-derived geranylgeranyl lipid, a critical step required for the 

activation of these Rho GTPases (Peterson et al., 2006; Roberts et al., 2008). 

Interestingly, using the Tg(fli1:EGFP-cdc42wt)
y48

 line in which cdc42 protein is over-

expressed in an endothelial-specific manner, we observed a decrease in the expression of 

EGFP-cdc42 in the cerebral and trunk vessels upon treatment with statins.  This decrease 

was evident as early as 24 hpf and persisted to the onset of hemorrhage. We showed that 

the reduction in fluorescence intensity was not attributable to global developmental  



  

75 

 

 

 

Figure 2.9: At high dose (5-10 mg/L) ATV-exposure induces defective angiogenesis. 

(A-B) Representative fluorescent photomicrographs of the trunk region in embryos 

incubated in DMSO or 6 mg/L ATV and imaged at 28 hpf. Anterior is to left. Blue 

arrows show fully sprouted intersegmental vessels (ISV), red arrows show where 

endothelial cell migration is completely stalled and the white asterisks denote partially 

sprouted ISVs. (C) Percentage of embryos treated with various doses of ATV and scored 

for the presence of ISV sprouting defects at 28 hpf. Numbers above the bars represent the 

ratios used to calculate the percentages. 
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defects or down-regulation of fli1 promoter activity, since examination of Tg(fli1:eGFP) 

embryos showed no apparent alterations in fluorescence intensity nor signs of defects in 

cranial or segmental angiogenesis. 

Collectively, this observation is suggestive of statin-induced degradation of cdc42 

expression in the vasculature, and it further highlights in vivo how alterations of HMGCR 

activity can exert effects on the cellular dynamics of cdc42 expression. On the whole, the 

rescue of statin-induced hemorrhages by the addition of GGPP, along with the 

hemorrhage phenotype elicited by the disruption of GGTase I-mediated prenylation in 

zebrafish strongly supports a requirement for HMGCR activity for the stabilisation of 

nascent vessels during early angiogenesis. These data contrast, however with previous 

findings in mice. More specifically, in mice, the defective endothelial stability underlying 

CCM pathogenesis, thought to be mediated by RhoA hyperactivation, is greatly 

attenuated upon pharmacological ablation of the HMGCR pathway, possibly due to non-

cholesterol dependent processes (Whitehead et al., 2009). This raises the possibility that 

modulation of HMGCR activity could be a therapeutic strategy to ameliorate CCM 

pathobiology (Li and Whitehead, 2010). More recently using a separate murine model of 

CCM, a more specific pharmacological inhibition of RhoA activity through direct 

targeting of the Rho kinase signalling pathway, was reported to be similarly effective in 

significantly reducing CCM genesis (McDonald et al., 2012). The hemorrhage phenotype 

described here does not induce lethality, as these embryos eventually resolve the brief 

disruption in vascular stability and resume normal development (Fig. 2.10A-H). This is 

in contrast with the embryonic lethality observed in mouse models of intracranial 

hemorrhage.  
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Recent studies in zebrafish have served to independently confirm a functional 

role for HMGCR pathway in the stabilisation of CNS vessels, thus lending further 

strength to the hypothesis we proposed ( Hung et al., 2012; Shen et al., 2013). However, a 

shortcoming of this study is that we were unable to address the cell autonomy of 

HMGCR-function. More specifically, we could not clearly address whether HMGCR 

function is required in an endothelial-specific manner or whether it involves contribution 

from mural cells? Although, hmgcrb seems to be expressed in a ubiquitous manner 

during embryogenesis (Thorpe et al., 2004; Thisse and Thisse, 2004), it is important to 

establish the consequences of conditional endothelial-specific deletion or knockdown of 

hmgcrb. 

 Furthermore, the robust and spontaneous nature of the vascular phenotype 

described here, coupled with the optical transparency and accessibility of all of these 

processes, aided by the presence of tissue-specific transgenic lines and the possibility for 

high resolution imaging, make this model applicable for elucidating the pathophysiology 

of CCM-like lesions at various stages of progression. 

 On balance, I believe that this part of my Ph.D. dissertation has provided an 

additional level of insight into the critical pathways regulating vascular integrity by 

providing evidence for a metabolic contribution to this process. This raises the likelihood 

that reduced HMGCR activity could account for some of the unknown cases of CCM in 

individuals. 
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Figure 2.10: Embryos resolve cerebral-vascular defects and resume normal 

development. (A-H) Representative bright-field photomicrographs of zebrafish embryos 

incubated in DMSO or 0.5 mg/L ATV and stained with OD at various developmental 

stages. Black arrows indicate areas of hemorrhage and blue arrows indicate sinus 

venosus. Anterior is to the left and dorsal to the top. Scale bar = 200 μm. 
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Molecular and pathophysiological processes 

underlying intracerebral hemorrhage (ICH) 
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3.1 Abstract  

In spite of the high mortality and morbidity associated with ICH, treatment 

options remain ineffective. Several studies have used murine models as prognostic tools 

in elucidating the pathophysiological processes induced by ICH. However, these studies 

are limited by the heterogeneity, low expression and reproducibility of the desired 

phenotype, as well as the high mortality observed in these models. Zebrafish are an 

excellent vertebrate model to elucidate the etiology of cerebral-vascular disorders. We 

previously reported that exposure to the statin drug Atorvastatin (ATV) resulted in ICH 

in developing zebrafish. In this study, we expand upon these previous studies and draw 

upon the unique advantages of the zebrafish system to evaluate several 

pathophysiological processes associated with ICH and to use these variables to develop 

an outcome model during vertebrate development. The pharmacologically-induced model 

consistently replicates common underlying pathologies associated with ICH. We 

demonstrate that hemorrhage is associated with the disruption of the blood-brain barrier 

and cerebral vascular disintegration. Within hours of vascular rupture, rapid hematoma 

expansion, accompanied by edema formation, is observed in the adjacent brain regions. 

Enhanced TUNEL-positive staining is observed in and around the periphery of the 

hematoma, which was also associated with the activation of an inflammatory response, 

up-regulation of heme oxygenase 1 (HO-1) mRNA and protein levels, generation of 

reactive oxygen species (ROS), and was followed by localised thrombosis. All of these 

biomarkers serve as points of intervention for future studies geared towards large-scale 

screening of zebrafish for potential therapeutics to mitigate symptoms of ICH. Hence, we 

suggest a holistic approach towards modelling ICH pathophysiology, incorporating in 
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vitro studies using other vertebrate models including zebrafish, which can accelerate drug 

discovery.  

3.2 Introduction 

Intracerebral hemorrhage (ICH), the pathological accumulation of blood within 

the cranial vault, represents the second most common cause of stroke, as approximately 

15% of all stroke subtypes are hemorrhagic in nature (Counsell et al., 1995; Qureshi et 

al., 2005). Furthermore, ICH is associated with the greatest mortality rate of all stroke 

subtypes, leaving most survivors with permanent neurological deficits and significant 

disabilities (Broderick et al., 1993; Qureshi et al., 1999). Spontaneous hemorrhage can 

arise as a result of cavernous malformations of the brain, typified by the accumulation of 

dilated blood vessels that lack adequate investment by mural cells, which as a result 

support only sluggish blood flow (Maeder et al., 1998; Eerola et al., 2003; Murakami et 

al., 2012).  

At the ultra-structural level, the disruption of endothelial cell-to-cell junctions 

results in the detachment of endothelial cells from the vessel wall, making them fragile 

and prone to rupture (Louvi et al., 2011). The timing for the onset of these vascular 

malformations can be as early as the embryonic or postnatal stages of development 

(Boulday et al., 2011). However, ICH can also arise in the absence of primary vascular 

malformations and result from elevated blood pressure (Ebrahimi et al., 1999; Lang et al., 

2001; Sutherland and Aurer, 2006), bacterial infection (Babamahmoodi and 

Babamahmoodi, 2011), trauma (Marion et al., 1997; Perel et al., 2009), or tumors (Lieu 

et al., 1999).  
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Despite the relevant incidence and the high mortality and morbidity associated 

with ICH, no surgical treatment or medical therapy has been effective in improving 

functional outcomes (Yu et al., 1992; Morgenstern et al., 1998; Broderick et al., 1999; 

Steiner et al., 2011). This is due in part to the variability in the timing of onset, the 

location and severity of this condition, as well as incomplete penetrance of genetic 

mutations pre-disposing the organism to the condition (Sahni and Weinberger, 2007).  

Considerable progress has been made using murine models in dissecting the 

pathophysiology and progression of ICH using a number of interventions, including 

injection of bacterial collagenase into the basal ganglia (Rosenberg et al., 1990; Clark et 

al., 1998), infusion of autologous blood into the brain parenchyma (Belayev et al., 2003), 

and through genetic knockouts (Louvi et al., 2011). However, these studies are limited by 

the low expression and reproducibility of the desired phenotype, heterogeneity of the 

resulting hemorrhages, lack of feasibility for real-time/in vivo imaging of hematoma 

expansion and edema formation, lack of optical clarity, high cost, and the high mortality 

observed in the murine models utilised. Zebrafish continue to gain recognition as a 

reliable model to complement in vitro and clinical studies to address vascular 

malformations underlying human pathologies, such as ICH (Liu et al., 2007; Buchner et 

al., 2007; Gore et al., 2008; Kwon et al., 2012; Eisa-Beygi et al., 2013; Hegarty et al., 

2013). However, to date no studies elaborating the pathophysiological features associated 

with cerebral hemorrhage have been reported in this species.  

We had previously reported that, in contrast with mammalian models, zebrafish 

embryos and larvae with ICH exhibit functional recovery, as their development seems 

unimpaired (Eisa-Beygi et al., 2013; Chapter 2). In addition, zebrafish embryos provide a 
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relatively rapid screening system with the genomic and functional complexity of a 

vertebrate model organism (Lieschke and Currie, 2007). Hence, we reasoned that 

improved understanding of the pathophysiological cascade of events and molecular 

mechanisms ensuing ICH can have clinical relevance in terms of identifying potential 

targets for new prognosis and therapeutic interventions to ameliorate the progression of 

this disease in vivo. As a first step, we present here a highly reproducible and versatile 

model of pharmacologically-induced ICH in a developing vertebrate, exhibiting 

numerous primary and secondary pathological processes that closely mimic murine and 

human ICH pathologies. In addition, the amenability of this model to small-molecule 

screening makes it ideal for functional analysis of gene modulators or therapeutics that 

can ameliorate ICH-induced secondary injury, thereby increasing the preclinical utility of 

the model.  

 

3.3 Materials and Methods 

3.3.1 Zebrafish husbandry and transgenic lines 

Adult zebrafish were maintained under a constant temperature of 28°C and a 14 

h light: 10 h dark photoperiod in the University of Ottawa Aquatic Care Facility. 

Embryos were acquired by natural breeding of adult zebrafish and were kept at 28.5°C in 

E3 embryo medium (5 mmol/L NaCl, 0.17 mmol/L KCl, 0.33 mmol/L CaCl2, 0.33 

mmol/L MgSO4). The Tg(CD41:GFP) line was a gift from Dr. Robert Handin (Harvard 

University, Massachusetts); the Tg(mpx:GFP) line was kindly provided by Dr. Steve 

Renshaw (University of Sheffield,  UK); and, the Tg (gata-1:DsRed) line was provided 

by Dr. Beth Roman (University of Pittsburgh, Pennsylvania). All experiments were 
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performed in compliance with a protocol approved by the University of Ottawa Protocol 

Review Committee and conform to the published guidelines of the Canadian Council on 

Animal Care for the use of animals in research and teaching.  

3.3.2 Drug treatment  

For pharmacological inhibition of HMGCR, zebrafish embryos (1-2 hours post 

fertilisation; hpf) were incubated in Atorvastatin (ATV; Pfizer Inc., Connecticut USA) in 

embryo medium at a final concentration of 0.5 mg/L as previously noted (Eisa-Beygi et 

al., 2013; see Chapter 2). 

3.3.3 Detection of apoptotic cells  

Apoptotic cells were detected in 48 hpf embryos that were pre-treated with 1-

phenyl 2-thiourea (PTU) and fixed in 4% PFA/1X Phosphate Buffered Saline Tween-20 

(PBST) overnight, then dehydrated and stored in 100% methanol at -20°C overnight. 

After rehydration in PBST, embryos were permeabilised in acetone at -20°C for 10 min. 

Apoptotic cells were detected using whole-mount terminal deoxynucleotidyltransferase-

mediated dUTP nick end labeling (TUNEL), according to the manufacturer’s instructions 

(ApopTag In situ Apoptosis Detection Kit Plus-Millipore). TUNEL-positive cells were 

visualised using diaminobenzidine (DAB) and the DAB-stained cells in the ventral head 

region were quantified by manual counting. Treated embryos were visualised using a 

Nikon NBZ 1500 dissecting microscope with a Nikon DXM 1200 C digital camera and 

stored in 50% glycerol at 4°C. For acridine orange (AO) staining, embryos were treated 

with a 5 µg/mL solution of AO (Sigma-Aldrich) for 1 h at room temperature, followed by 

several rinses in embryo medium. The embryos were then anesthetised in 0.017% 

tricaine, after which fluorescence micrographs of embryos were acquired under the Nikon 
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NBZ 1500 dissecting microscope, equipped with a standard GFP filter set, using a Nikon 

DXM 1200C digital camera. 

 

3.3.4 Neutral-red staining of macrophages 

Macrophages in live embryos were visualised by incubating 48 hpf embryos in a 

2.5 μg/mL neutral-red (Sigma-Aldrich) solution in E3 embryo medium at 25–30°C for 8 

h, as previously described (Gray et al., 2007). These embryos were then visualised using 

a Nikon NBZ 1500 dissecting microscope equipped with a Nikon DXM 1200 C digital 

camera as above. 

3.3.5 Sudan-black staining of neutrophils 

Neutrophils in embryos were visualised by whole-mount Sudan black staining, 

as previously described (Yoo and Huttenlocher, 2011). In brief, 48 hpf embryos were 

fixed in 4% PFA/PBST for 2 h at RT, followed by incubation in 0.18% Sudan Black 

solution (Sigma-Aldrich), followed by extensive washes in 70% ethanol. Treated 

embryos were visualised using a Nikon NBZ 1500 dissecting microscope with a Nikon 

DXM 1200 C digital camera as above and stored in 50% glycerol at 4°C. 

3.3.6 Whole-mount o-Dianisidine (OD) staining of erythrocytes 

Zebrafish embryos at 48 hpf were fixed in 4% PFA/PBST overnight, followed 

by several washes in PBST. Erythrocytes were stained using o-Dianisidine, a sensitive 

marker for hemoglobin, as previously described (Eisa-Beygi et al., 2013; Chapter 2). In 

brief, embryos were incubated in OD (0.6 mg/mL) (Sigma-Aldrich), containing 0.01 M 

sodium acetate (pH 4.5), 0.65% hydrogen peroxide, and 40% (v/v) ethanol in the dark for 
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15 min. Stained embryos were washed in PBST and visualised using Nikon DXM 1200 C 

digital camera as above and stored in 50% glycerol at 4°C. 

3.3.7 CM-H2DCFDA staining  

Embryos at 48 hpf with or without cerebral hemorrhage were incubated in 5-

(and-6)-chloromethyl-2′,7′-dihydrodichlorofluorescein diacetate (CM-H2DCFDA; 1000 

ng/mL; Molecular Probes) for 1 h at 25–30°C and imaged under the Nikon NBZ 1500 

dissecting microscope, which was equipped with a standard GFP filter set, using a Nikon 

DXM 1200C digital camera. 

3.3.8 RNA extraction, cDNA synthesis and real-time RT-PCR  

Total RNA was extracted from a pool of 20-30 embryos using TRIzol reagent 

(Invitrogen). The RNA was DNase-treated using the Deoxyribonuclease kit (Invitrogen) 

to minimise genomic DNA contamination. cDNA was synthesised from equal 

concentrations of RNA using a 1
st
 Strand cDNA Synthesis Kit and Super Script II RT 

(Invitrogen) and used as a template in real-time RT-PCR (qPCR). The qPCR assays were 

performed using a Bio-Rad CFX96 qPCR system with Brilliant III SYBR Green Master 

Mix (Agilent Technologies, USA). All qPCR reactions were performed using the 

following conditions: 95°C for 3 min, 40 cycles of 95°C for 20 s and 58°C for 20 s, with 

a final extension for 5 min at 72°C. The data were normalised to the expression of 18S 

rRNA gene, and were presented relative to the control group. Values are reported with 

standard errors. The primers used for qPCR analysis were: 

 

(5'-CTGTCTGAACAGATAAAAGCAGTC-3') (HO-1 forward) and 

(5'-TGTGTTTGTGTGATCTGTCCTT-3') (HO-1 reverse). 

(5'-CAAACATGGGCTGGTTCAAG-3') (18S forward) and 
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(5'-GGTGGTGCCCTTCCGTCAATTC-3') (18S reverse). 

 

3.3.9 Confocal microscopy 

For confocal microscopy, 48-52 hpf Tg(flk1:EGFP;gata1:dsRED) or 

Tg(mpx:EGFP;gata1:dsRED) embryos that were previously treated with ATV or DMSO 

were embedded in 1% low melting agarose in E3 embryo medium and tricaine mesylate 

(Sigma-Aldrich). A rendered Z-stack, at ~80 m thickness, was taken with a Zeiss LSM 

510 AxioImager.M1 confocal microscope using an Achroplan 40x/0.8 W objective with 

an argon laser (488 nm) and a helium-neon laser (543 nm). 

 

3.3.10 Western blot analysis 

Fifteen larvae were pooled as one sample and homogenised in RIPA lysis buffer 

(150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-

HCl, 1 mM EDTA, 1 mM phenylmethanesulfonyl fluoride) containing a general protease 

inhibitor cocktail (Roche, USA). Extracted protein samples was heated for 10 min at 

70°C, loaded onto a 10% SDS-PAGE and transferred to a PVDF membrane (Bio-Rad, 

USA). The membrane was blocked for 1 h with 5% skimmed milk, probed with anti-HO-

1 antibody at a 1:1000 dilution in 2% skimmed milk, and subsequently incubated at 4°C 

overnight. Subsequently, the membrane was probed with 1:15,000 dilution of goat anti-

rabbit secondary antibody (Pierce, USA) for 2 h at room temperature, and immune-

reactive bands were detected using Luminata Western HRP Substrates (Millipore, USA). 

To control for equal protein loading, the membrane was re-probed with β-actin antibodies 

(1:4000; A2066, Sigma-Aldrich) for 2 h at room temperature after stripping with Re-Blot 

Plus solution (Millipore, USA). Ban intensities were quantified using ImageJ software. 
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3.4 Results and Discussion 

3.4.1 Vessel disintegration, hematoma expansion and cerebral edema mark the early 

phases of ICH 

We previously reported that pharmacological and genetic ablation of HMGCR 

function perturbs vascular development in zebrafish as early as 28 hpf (Eisa-Beygi et al., 

2013; Chapter 2). This is characterised by prevalence of abnormally dilated, diffusely 

shaped and blood-filled nascent vessels in the forebrain and midbrain which support 

noticeably attenuated or sluggish blood circulation. This phenotype closely mimics the 

cerebral cavernous malformation (CCM)-like lesions observed in humans and murine 

models. Furthermore, these vascular-specific effects are heterogeneous in severity and 

distribution (Fig. 3.1A-D), as observed using the Tg(fli1:EGFP) embryos in which 

cranial blood vessels are marked by GFP expression  (Lawson and Weinstein, 2002). 

This reflects a requirement for products of the mevalonate pathway in the stabilisation of 

nascent cranial vessels, particularly during development.  

Using confocal microscopy of Tg(fli1:EGFP);(gata-1:DsRed) embryos, these 

bulged vessels in statin-treated embryos (marked by GFP expression) are leaky and prone 

to rupture at later stages of development. This is evidenced by extravasation of DsRed-

positive erythrocytes from a specific site into adjacent brain regions at 48 hpf, resulting in 

the fragmentation and complete disintegration of the underlying vascular architecture 

(Fig. 3.1E-J). In more than 70% of humans experiencing ICH, hematoma growth is 

observed, from single or multiple vessels, which is an independent determinant of 

mortality and functional outcome of this disease (Davis et al., 2006). 
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 Consistently within hours after the onset of hemorrhage in the zebrafish brain, rapid 

hematoma expansion is observed into the adjacent brain regions, along with significant 

hydrocephalus or edema formation between 36-48 hpf in the forebrain and the ventricular 

zones, due predictably to the resulting intracranial pressure exerted by the accumulation 

of blood (Fig. 3.2A-C). Approximately 81% of the embryos treated with 0.5 mg/L ATV 

showed a significant degree of hematoma expansion between 36-48 hpf (53/65). 

Hematoma expansion could exacerbate brain injury, resulting in the herniation of 

adjacent brain structures; as such pharmacological cessation of hematoma growth has 

been shown to lead to improved clinical outcomes (Davis et al., 2006). 

 

3.4.2 Apoptosis is enhanced in response to ICH 

Evidence from murine models of ICH suggests that part of the cell-death in the 

hematoma and surrounding tissues may involve apoptosis (Matsuchita et al., 2000; 

Karwacki et al., 2005; Huang et al., 2012). We further reasoned that the rapid expansion 

of the hematoma and the resulting mass effect, along with the activity of cytotoxic blood 

components in the brain parenchyma shortly after the onset of hemorrhage, could trigger 

apoptosis within the hematoma region and the surrounding tissues. Furthermore, this 

could underlie the basis for effects such as degeneration of the vasculature and, possibly 

neuronal injury and dysfunction (please refer to Chapter 4 for more on this aspect).  

To test if statin-induced ICH would provoke apoptosis, we used a whole-mount 

TUNEL assay to detect cells with DNA fragmentation in situ (Espín et al., 2013). In  
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Figure 3.1: Exposure to Atorvastatin (ATV) induces vascular dilation, followed by 

hemorrhage and vascular disintegration. (A-D) Representative photomicrographs of 

Tg(fli1:EGFP) embryos incubated in DMSO or 0.5 mg/L ATV from 1-2 hpf and imaged 

at 33 hpf. Abbreviation: PMBC, primordial midbrain channel. White arrows indicate the 

abnormally dilated vessels. Scale bar: 50 μm. (D-E) Representative bright-field 

photomicrographs of Tg(fli1:EGFP);(gata-1:DsRed) embryos incubated as above and 

imaged at 48 hpf. The asterisk denotes the hemorrhage and the black dotted area shows 

the field of interest. Anterior is to the left and dorsal to the top. (E-J) Representative 

composite confocal Z-stack projections of the black dotted area in the same 

Tg(fli1:EGFP);(gata-1:DsRed) embryos. The white asterisk denotes DsRed-positive 

erythrocytes and the white arrows show regions where vascular fragmentation is 

observed. Anterior is to the top and scale bar: 200 μm.  
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contrast with intact embryos, those with ICH showed enhanced apoptosis in the 

hematoma area and the regions surrounding the hemorrhagic mass, particularly at 48 hpf 

when the spatial extent of hemorrhage was maximal (Fig. 3.3A-D) (t-test, p<0.001, 

N=14). Although the control group displayed some TUNEL-positive staining albeit to a 

lesser degree than the ICH group, we speculate that this trend reflects programmed cell 

death related to developmental and homeostatic mechanisms. Even though the triggers 

responsible for initiating apoptosis in the ICH group are yet to be explored, we observed 

a positive correlation between the number of apoptotic cells and the severity of 

hemorrhage or the extent of hematoma expansion (data not shown). These observations 

were also confirmed in vivo using acridine orange (AO), a cell-permeable nucleic acid 

marker (Fig. 3.3E and F). It is plausible that some of these apoptotic cells include 

neuronal populations, as dopaminergic (DA) neurons have been shown to be co-localised 

in the pretectum and telencephalon regions at this stage (please refer to Chapter 4). 

3.4.3 ICH triggers an immune response 

In human patients and murine models of ICH, an acute inflammatory response 

constitutes part of the normal physiological cascade of events triggered by the entry of 

cytotoxic blood components into the brain parenchyma (Zhao et al., 2007; Loftspring et 

al., 2009). Furthermore, this response is generally characterised by the infiltration of 

activated leukocytes (neutrophils and macrophages) to the sites of injury for the removal 

and neutralisation of the blood components and other cellular debris (Power et al., 2003; 

Zhao et al., 2007; Lotfspring et al., 2009).  
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Figure 3.2: Exposure to Atorvastatin (ATV) induces hematoma expansion and 

edema formation in the brain. (A-C) Representative bright-field photomicrographs of a 

wild-type embryo treated with 0.5 mg/L ATV and imaged at 36 hpf, 42 hpf, 48 hpf. 

Black arrows indicate ventricle. Anterior is to top. Scale bar: 150 μm. 
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To test whether statin-induced hemorrhage in the zebrafish brain would trigger 

a similar inflammatory response during early phases of development, we used neutral red, 

a histological dye that is readily taken up by early granulocytes, to localise active 

macrophages in the brain (Gray et al., 2007). Compared with intact embryos in which a 

small population of resident macrophages were noted, in embryos with ICH, there were 

clearly more macrophages which also appeared enlarged in diameter, concentrated in and 

around the periphery of hemorrhage in the head by 48-52 hpf (Fig. 3.3G and H), 

supporting the recruitment and activation of these cells. In contrast, neutrophils 

distribution and abundance as assessed by whole-mount sudan-black staining remained 

unaltered when compared with untreated embryos (Fig. 3.3I and J).  

To further verify that the neutrophil abundance in the brain is unaffected by 

ICH, the Tg(mpx:eGFP) line was outcrossed with the erythrocyte marker Tg(gata-

1:DsRed) line. The resulting double-transgenic Tg(mpx:EGFP);(gata-1:DsRed) line 

allowed for the simultaneous visualisation of neutrophils (marked by EGFP expression) 

and the area occupied by the hematoma (marked by DsRED expression) in live embryos. 

This transgenic model further confirmed that there was no recruitment or localised 

proliferation of neutrophils (Fig. 3.3K and L), suggesting that the neutrophils observed 

belong to a non-circulating, resident population of neutrophils. These analyses further 

confirmed macrophage involvement in ICH pathogenesis, but there was, as expected, no 

significant difference in the number of neutrophils (data not shown).  

Overall, our data provides evidence that macrophage activation constitutes part 

of the robust inflammatory response coincident with maximal hematoma size (48-52 hpf). 

By contrast, the number of neutrophils in the vicinity of hemorrhage was unchanged, 
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suggesting that the primary immune response is characterised by the phagocytosis of 

blood components through the activation macrophages.  

 

3.4.4 Increased heme oxygenase (HO-1) expression and ROS generation following 

ICH 

Heme oxygenase-1 (HO-1) is the rate limiting enzyme facilitating the 

metabolism of pro-oxidant heme into ferrous iron, carbon monoxide and biliverdin, 

which is further oxidised to bilirubin (Prawan et al., 2005) (Fig. 3.4A). Since blood-

derived heme cannot be recycled, its timely metabolism is critical to alleviate the 

symptoms of ICH and for the resolution of hemorrhage (Koeppen et al., 2004). Ferrous 

iron, derived from the catabolism of heme, could potentiate the generation of reactive 

oxygen species (ROS), which could induce secondary brain injury including endothelial 

cell apoptosis or cerebral edema, as well as neuro-degeneration (Wagner et al., 2003; 

Goldstein et al., 2003; Hua et al., 2007). HO-1 mRNA transcript levels in embryos at 48-

52 hpf were assessed using qPCR on total RNA harvested from a pool of embryos. In 

embryos with ICH, the HO-1 transcript levels were significantly enriched (3.5-fold, n=4; 

20 embryos per sample) (Fig. 3.4B).  

Concomitant with  the elevated HO-1 mRNA levels, the protein expression of 

HO-1, assessed by western blot analysis in embryos experiencing ICH, also showed a 

marked increased (n=3; 20 embryos per sample) (Fig. 3.4C). Using an intercellular 

fluorescent ROS marker in live embryos (CM-H2DCFDA) (Anichtchik et al., 2008), we 

noted that ICH induced significant ROS generation in the brain and ventricles of 48-52 

hpf embryos (Fig. 3.4D and E). Taken together, these data highlight the functional 
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applicability of zebrafish embryos in replicating some of the pathophysiological details 

associated with the degradation/lysis of blood components following ICH as early as 48 

hpf. 

 

3.4.5 Evidence for thrombosis after ICH 

Hemostatis, the adhesion and aggregation of platelets to the sub-endothelium of ruptured 

vessels, is a pivotal process to stop excessive bleeding (English et al., 2000). In patients 

with ICH, hematoma expansion can elicit local activation of hemostatic mechanisms 

(Fujii et al., 2001). In fact, pharmacological enhancement of hemostatis is suggested to 

reduce hematoma growth, resulting in improved clinical outcomes (Mayer, 2005). In 

zebrafish, thrombocytes are the functional equivalent of mammalian platelets and are 

implicated in hemostasis in embryos and adults (Lin et al., 2005; Kim et al., 2010). To 

test whether ICH in zebrafish initiate hemostasis and to analyze the temporal and spatial 

distribution of thrombocytes in response to ICH in vivo, we used the Tg(CD41:GFP) line 

in which nascent thrombocytes are tagged with a green fluorescent reporter protein (GFP) 

(Lin et al., 2005). At earlier stages (24-48 hpf) and during the onset of vascular leakage, 

GFP-positive cells were confined strictly to the cardiac sinus/yolk sac, along with 

localisation in the caudal region (data not shown). This distribution pattern closely 

mimicked that of wild-type embryos at the same developmental stages (data not shown). 

However, by 3 dpf a large number of non-circulating GFP-positive cells had infiltrated 

the sites of hemorrhage, which was visualised by o-Dianisidine (OD) staining (Fig. 3.5A-

D).  

 



  

100 

 

 

Figure 3.3: ICH-induced pathophysiological processes observed at 48 hpf. (A-B) 

Representative bright-field photomicrographs of control and ICH embryos, imaged at 48 

hpf. Two-headed arrows mark the inter-eye distance. The blue dotted area shows the field 

of interest. Anterior is to the top. (C-D) Representative bright-field images of control and 

ICH-positive embryos, subjected to whole-mount TUNEL assay, showing apoptotic cells 

(brown). (E-F) Representative merged bright-field and fluorescent images of control and 

ICH-positive embryos subjected to AO staining showing apoptotic cells (green 

fluorescent cells). (I-J) Representative bright-field images of control and ICH-positive 

embryos stained with neutral red, a marker of macrophages (red). (G-H) Representative 

bright-field images of control and ICH-positive embryos stained with neutral red to 

visualise macrophages (red). (I-J) Representative bright-field images of control and ICH-

positive embryos stained with sudan black to visualise neutrophils (purple). (K-L) 

Representative merged bright-field and fluorescent images of control and ICH-positive 

Tg(mpx:eGFP);(gata-1:DsRed) embryos showing neutrophils (GFP-positive cells) and 

erythrocytes (DsRed-positive cells). Scale bars: 100 μm, except for A-B: 200 μm. 
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Figure 3.4: Increased heme oxygenase HO-1 expression and ROS generation 

following ICH at 48 hpf. (A) Simplified schematic diagram of the heme oxygenase-1 

(HO-1)-catalysed metabolism of heme, resulting in the generation of Iron (Fe), carbon 

monoxide (CO) and biliverdin; NADPH and O2 are required for this reaction. (B) Real-

time RT-PCR (qPCR) analysis for the HO-1 mRNA transcript levels at 48 hpf in DMSO-

treated embryos (grey bar) and embryos with ICH (green bar). Relative gene expression 

is presented as fold-change (±standard error mean) based on a four embryo pools each 

containing 30 embryos; * indicates significant difference (t-test, p<0.05, N= 4). The data 

were normalised to the transcript levels of the 18S rRNA gene, and were presented 

relative to the control group. (C) Representative western blots of three different 

experiments of embryonic lysates from control and ICH embryos at 48 hpf, probed with 

an anti-HO-1 antibody at a 1:1000 dilution. To control for equal protein loading, the 

membrane was re-probed with β-actin antibodies. (D-E) Representative merged bright-

field and fluorescent photomicrographs of control and ICH embryos at 48 hpf, stained 

with CM-H2DCFDA, an in vivo ROS indicator. Anterior is to left. Scale bar: 200 μm. 
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This result suggests that hemostatic mechanisms are not impaired and that 

enhanced hemostasis at the sites of vascular lesion constitutes part of the 

pathophysiological cascade of events associated with ICH. We propose that hemostasis at 

the sites of vascular lesion prevent excessive expansion of the hematoma, thereby 

contributing to the resolution of hemorrhages in these embryos by 96 hpf. 

 

3.5 Conclusions 

ICH is the most debilitating type of all stroke subtypes, with the highest mortality 

rate of all strokes (Broderick et al., 1993; Qureshi et al., 1999). Therapies geared towards 

management of the disease have been ineffective; hence presently no consistently 

effective surgical or pharmacological methods exist to reduce the mortality and morbidity 

of ICH (Yu et al., 1992; Morgenstern et al., 1998; Broderick et al., 1999; Steiner et al., 

2011). This shortcoming is further compounded by the fact that there exists no high-

throughput chemical screening system for rapid assessment of pharmaceuticals that may 

ameliorate the progression of ICH-associated pathological events. In addition, 

pathophysiological studies using mammalian vertebrates tend to involve laborious 

histological analysis that is often subject to bias. Here, we propose that zebrafish is a 

reproducible model for the systematic assessment of the pathophysiological processes 

resulting in ICH.  

We have previously shown that embryonic and larval exposure to statin drugs 

results in ICH in zebrafish (Eisa-Beygi et al., 2013; Chapter 2) which is consistent with 

recent clinical evidence from human studies, suggesting a link between high dose statin 

use and the risk of ICH (Amarenco et al., 2006; Westover et al., 2011). Of particular  
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Figure 3.5: Evidence for thrombosis after ICH. (A-B) Representative bright-field 

photomicrographs of control and ICH whole-mount embryos at 72 hpf stained with o-

Dianisidine (OD) to visualise the expression of hemoglobin (orange) in the brain. (C-D) 

Merged bright-field and fluorescent photomicrographs of the same embryos showing 

individual cells expressing CD41-GFP in the brain. Anterior is to the top. Scale bar: 

200 μm. (E) Quantification of CD41:GFP-positive cells in the head region (dorsal view) 

in control and ICH embryos at 72 hpf (N=14 embryos; p<0.05, t-test). 
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interest is that our model exhibits several of the clinical manifestations associated with 

ICH pathophysiology, namely disruption of the blood-brain barrier and vascular 

degeneration, hematoma expansion, apoptosis, inflammation, cerebral edema and 

thrombosis. The optical transparency of the model, enhanced by the presence of tissue-

specific transgenic lines, and the reproducibility of the desired phenotypes make the 

model applicable for high-throughput assessment of the efficacy and possible side-effects 

of a broad range of small molecules that could promote hematoma resolution, mediate 

inflammation, prevent apoptosis and neuro-degeneration and trigger vascular 

stabilisation. Furthermore, the complete dissection of the entire suite of mechanisms 

aiding recovery from ICH can yield important therapeutic potential. 



  

108 

 

 

 

 

Chapter 4 

 

 

 

 

Disruption of catecholaminergic neuron 

development and impaired locomotor 

function in zebrafish with intracerebral 

hemorrhage 

 

 

 

 

 

 

 

 



  

109 

 

Author contributions: 

Ms. Sandra Noble and Mr. Rafael Godoy trained me for the use of 

confocal microscopy and helped me in preparing and processing embryos 

for imaging. Dr. Thomas W. Moon and Dr. Marc Ekker helped me design 

the following experiments and assisted me in writing and revising this 

chapter to ensure that the content is scientifically sound and the style is in 

accordance with the FGPS requirements. I am profoundly grateful for the 

assistance of the aforementioned individuals, without whom this chapter 

would not have been completed. 

Shahram Eisa-Beygi 

May 14, 2013 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

110 

 

4.1 Abstract 

 
Hematoma expansion and perihematomal edema formation account for the 

major causes of neurological deterioration following ICH. The extent of neurological 

deterioration is generally exacerbated depending on the location and volume of 

hematoma and the extent of edema. A recurrent problem with murine models is that the 

degree of neuronal damage in tissues surrounding the hematoma is generally quantified 

by means of laborious histological methods which can also be subject to bias. I have 

previously shown that embryonic and larval exposure to statin drugs results in ICH in 

zebrafish (Eisa-Beygi et al., 2013; Chapter 2). I have also documented some of the 

conserved pathophysiological processes underlying ICH formation (Chapter 3), which 

can potentiate neuronal damage or displacement.  

The purpose of this aspect of my research is to evaluate some of the basic 

neurological parameters in a zebrafish (Danio rerio) model of a pharmacologically-

induced ICH during development. To this end, the patterning and distribution of 

dopaminergic (DA) neurons, response to sensory stimuli, and swimming speed were 

assessed. Confocal microscopy using Tg(dat:EGFP);(Gata-1:DsRed) embryos revealed 

that following ICH, blood components rapidly extravasate into the brain parenchyma 

where DA-positive cells normally exhibit a spatially restricted distribution at 48 hpf. 

Expansion of the hematoma is associated with loss and disorganisation of these DA 

neurons, evidenced by marked reduction in dat:EGFP expression. Immunohistochemical 

staining for tyrosine hydroxylase (TH), a marker for catecholaminergic neurons, showed 

disruption of TH-positive cells in embryos demonstrating ICH. In addition, we observed 

impaired swimming performance and response to tactile stimulation in these embryos, in 
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the absence of any apparent developmental defects. These analysis, will pave the way for 

the modeling of ICH-induced neurodegeneration and, more importantly, establish the 

basis for further studies into the possible mechanisms aiding functional recovery in 

zebrafish and screening for putative neuroprotectants against ICH-induced neurotoxicity. 

 

4.2 Introduction 

There are presently no medical interventions or therapeutics to effectively 

benefit in improving patient outcome after intracerebral hemorrhage or ICH (Broderick et 

al., 2007). The rupture of cerebral vessels leads to the development of a space-occupying 

hematoma in the brain parenchyma. Although ICH accounts for 10-15% of all stroke 

cases (Counsell et al., 1995; Qureshi et al., 2005), it has a poorer prognosis than any other 

form of stroke. The neurological deterioration in ICH patients is generally irreversible 

and disabling (Hua et al., 2002). Several animal studies have been utilised to establish 

prognostic tools in elucidating the neurological deficits induced by ICH and to test the 

efficacy of drugs. Thanks to work on model organisms, there has been an upsurge, over 

the last decade or so, in our understanding of the mechanisms underlying brain injury 

induced by ICH. 

The pathophysiological processes accompanying ICH (some of which are 

reported in Chapter 3) can affect the viability of adjacent neurons. Several lines of 

evidence have shown that the mechanical force exerted by the expanding hematoma and 

edema can expand and displace neurons in the brain parenchyma (Hua et al., 2002; 

Chang et al., 2011). In fact, the progressive deterioration of neurological condition in 

patients with ICH is most often due to continuous bleeding and enlargement of the 
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hematoma (Kazui et al., 1996; Fujii et al., 1998). Similarly, as reported in Chapter 3, 

zebrafish embryos demonstrating ICH display rapid hematoma expansion into the 

adjacent brain regions and significant hydrocephalus in the forebrain and the ventricular 

zones. These dynamic processes can account for the major causes for neuronal 

disorganisation and neurotoxicity in the surrounding regions (Fujii et al., 1998). Other 

secondary insults including macrophage activation, enhanced HO-1 expression and ROS 

generation, could also potentiate further neurotoxicity in the form of loss and 

disintegration of neurons. Each of these was also demonstrated in the zebrafish model 

reported in Chapter 3. 

In vitro studies have shown that activated macrophages can induce neuronal 

toxicity through ROS generation and production of cytokines (Fordyce et al., 2005; 

Kaushal et al., 2007).  The extent of neuronal loss following ICH correlates, both 

spatially and temporally, with the build-up of activated macrophages (Wasserman and 

Schlichter, 2007a). Furthermore, iron overload due to break-up of blood components and 

the lysis of the blood clot can induce neuronal apoptosis (Wagner et al., 2004; Hua et al., 

2006; Gu et al., 2009). In addition, the neurons in a developing brain are particularly 

fragile (Anderson et al., 2000). 

Following from Chapter 3 this study hypotheses that hemorrhages in the brain 

can provoke neuronal damage. Therefore, as a first step in establishing a preclinical 

transitional model for small molecule screening of neuroprotective agents, this study will 

evaluate some of the basic and well-established neurological parameters in zebrafish 

coinciding with ICH.  
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The general organisation of the central nervous system (CNS) between the 

zebrafish and mammalian vertebrates share similar features, despite the apparent 

differences in structural complexity and scale (Xi et al., 2011). Furthermore, the utility of 

the zebrafish model for imaging and transgenesis has enabled the generation of lines 

expressing fluorescent proteins in specific populations of neurons (Xi et al., 2011). For 

example, ample information regarding the spatio-temporal expression and the function of 

the dopaminergic (DA) neuron system has recently been reported in zebrafish thanks to 

the generation of the dat:EGFP line where green fluorescent protein (GFP) is expressed 

under the control of cis-regulatory elements of the dopamine transporter (dat) (Xi et al., 

2011). Analysis of these embryos has revealed that DA neurons can be detected as early 

as 18 hpf as a collection of cells expressing GFP in the ventral diencephalon region (Xi et 

al., 2011), thus making them ideal candidates to assess the possible neurotoxicity 

associated with ICH. 

DA neurons participate in various physiological functions including 

neuroendocrine secretion, cognitive function, control of voluntary movement and 

behavioural responses (Bjorklund and Lindvall, 1984). In addition, DA neurons are 

shown to display similar function and expression patterns across vertebrates, including 

zebrafish (Xi et al., 2011). The DA system was characterised in zebrafish development on 

the basis of the expression patterns of tyrosine hydroxylase (TH) and the dopamine 

transporter (DAT), both of which are specific markers of DA neurons (Holzschuh et al., 

2001; Rink and Wullimann, 2002; Zhao et al., 2012).  

Furthermore, progressive degeneration of DA neurons is implicated in the 

pathogenesis of Parkinson’s disease, which is characterised by reduced levels of 
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dopamine in the striatum and the accompanying movement and speech disorders 

(Bjorklund et al., 2002). Similarly, selective ablation of DA neurons in developing 

zebrafish results in locomotor defects, thus phenocopying some of the pathological and 

behavioural aspects of the mammalian Parkinson’s disease (Zhao et al., 2012). 

There is presently a need for development of an appropriate animal model that 

can both facilitate the study of ICH and would be beneficial for evaluating novel 

approaches to restore neurological function. Although several experimental models of 

ICH have been developed (Kobari et al., 1988; Rosenberg et al., 1992; Wagner et al., 

1996; Del Bigio et al., 1996; Foerch et al., 2013), a major limitation of these models is 

the fact that hematoma development, brain edema and neurological deterioration are 

either evaluated by tedious histological analysis of different specimens or through 

expensive magnetic resonance imaging (MRI). To bypass these challenges, there is a 

need to use a model in which these pathophysiological and neurological consequences of 

ICH can be evaluated in vivo, without sacrificing the animals. Such a model would allow 

for the evaluation of the onset and progression of neurotoxicity following ICH, thus 

allowing for the testing of the efficacy of potential therapeutics on these parameters. This 

chapter will provide some preliminary evidence that zebrafish can provide a critical first 

step in identifying novel and effective therapies for ICH-induced neurotoxicity. The 

results outlined here can further strengthen the utility of zebrafish as an ideal model for 

the study of ICH, at the level of etiology and pathophysiology.  
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4.3 Materials and Methods 

4.3.1 Zebrafish husbandry and transgenic lines 

Adult wild-type and transgenic zebrafish were maintained under a constant 

temperature of 28°C and a 14 h light:10 h dark photoperiod in the University of Ottawa 

Aquatic Care Facility. Embryos were obtained through natural breeding of adult zebrafish 

and were kept at 28.5°C in E3 embryo medium (5 mmol/L NaCl, 0.17 mmol/L KCl, 0.33 

mmol/L CaCl2, 0.33 mmol/L MgSO4). The double transgenic Tg(dat:EGFP);(gata-

1:DsRed) zebrafish line was obtained by  crossing Tg(dat:EGFP) fish (Xi et al., 2011) 

with Tg (gata-1:DsRed) fish (Traver et al., 2003). Pigmentation was inhibited by 

incubating the embryos in 1-pheny1-2-thiourea (PTU) (Elsalini and Rohr, 2003). All 

experiments were carried out in accordance with a protocol approved by the University of 

Ottawa Protocol Review Committee and conform to the published guidelines of the 

Canadian Council on Animal Care for the use of animals in research and teaching. 

4.3.2 Drug treatment  

For pharmacological inhibition of HMGCR, zebrafish embryos (1-2 hours post 

fertilisation; hpf) were treated with Atorvastatin (ATV; Pfizer Inc., Connecticut USA) in 

a single-exposure manner in embryo medium. ATV was dissolved in DMSO.Drug 

solutions were aliquoted and stored at -20°C until used. Embryos were either incubated in 

0.5 mg/L ATV in embryo medium or DMSO as vehicle control.  

4.3.3 Confocal microscopy 

For confocal microscopy, 48 hpf Tg(dat:EGFP);(gata-1:DsRed) embryos 

previously treated with DMSO or 0.5 mg/L ATV were embedded in 1% low melting 
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agarose in E3-embryo medium and tricaine mesylate (Sigma-Aldrich). A rendered Z-

stack, at ~80 micron thickness each, from the ventral head position, was taken with a 

Zeiss LSM 510 AxioImager.M1 confocal microscope using an Achroplan 40x/0.8 W 

objective with an argon laser (488 nm) and a helium-neon laser (543 nm).  

4.3.4 Whole-mount anti-tyrosine hydroxylase (TH) immunohistochemistry 

Zebrafish embryos at 48 hpf were fixed in 4% paraformaldehyde (PFA)/1X 

Phosphate Buffered Saline Tween-20 (PBST) overnight, rinsed and stored at -20°C in 

100% EtOH. Upon re-hydration, the embryos were then permeabilised by incubation in 

acetone at -20°C or 1% Triton/1X PBST for 30 min at room temperature, followed by 

blocking in 10% calf-serum/1X PBST, 0.1% BSA for 1 h at room temperature. Embryos 

were then incubated in a mouse monoclonal anti-tyrosine hydroxylase primary antibody 

(EMD Millipore, AB152) (1:200 diluted in 10% calf-serum blocking solution) overnight 

at 4°C. The next day, samples were washed with repeated washes in 1X PBST for 1 h. 

This was followed by incubation with secondary antibody conjugated with horseradish 

peroxidase (HRP). The signal was detected using DAB Peroxidase Subtrate Kit. After 

staining, zebrafish were mounted with 3.5% methylcellulose and imaged, with the ventral 

head region facing the field of view. 

4.3.5 Testing for locomotor activity 

 

The response of embryos to tactile stimulation at 48 hpf was evaluated using a 

method previously described by Xi et al. (2010). In brief, the embryos were first 

individually placed in a petri dish containing E3 medium and allowed to habituate for 10 

min, after which a gentle tactile stimulus using forceps was applied to the tail of the 
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embryo and the response was recorded using a high-speed digital video camera (DXM 

1200C). For each treatment condition, 25 embryos were used. The numbers of embryos 

with an immediate or delayed response were manually counted. Embryos exhibiting no 

tail movement or an absence of any movement were also noted. For statistical analysis, a 

student's t-test was conducted and average values ± standard errors of the mean was 

plotted. All data analysis was performed using SigmaPlot 11.0 software Systat Software 

Inc, Chicago, IL).  

For the assessment of swimming speed, we used a high-speed digital video 

camera (FASTCAM) to measure the time it took for an embryo to disappear from the 

microscopic field of view immediately following the application of the tactile stimulus.  

 

4.4 Results and Discussion 

4.4.1 Pharmacologically induced ICH disrupts catecholaminergic neuron 

development and swimming behaviour in zebrafish 

There are a plethora of animal studies highlighting the ICH-induced 

neurotoxicity and behavioural defects. However, these studies are generally limited by 

the labour-intensive histological analysis, unfeasibility of in vivo imaging, high cost, 

external injection of collagenase or autologous blood into the brain parenchyma, and the 

inability to control the heterogeneity in lesion size or neurological outcome. Nonetheless, 

I have provided several lines of evidence in previous chapters that these aforementioned 

limitations do not apply to zebrafish. In fact, zebrafish is gaining recognition as an 

alternative model for ICH research (Gore et al., 2012; Butler et al., 2011). As mentioned 
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in these earlier chapters, an ICH phenotype can consistently be induced by incubating 

embryos in a solution containing 0.5 mg/L ATV.  

In order to simultaneously establish the progression of the hematoma and the 

distribution of DA neuron networks in embryos with ICH, I out-crossed the 

Tg(dat:EGFP) line (Xi et al., 2011) with the Tg(gata-1:DsRed) line (Traver et al., 2003) 

and obtained a line expressing both transgenes. Using confocal microscopy on 

Tg(dat:EGFP);(gata-1:DsRed) embryos, I observed at the onset of hemorrhage, the 

aggregation of DsRed-positive erythrocytes into the pretectum and telencephalon regions 

of the brain, where distinct populations of GFP-expressing DA neurons exhibit a 

spatially-restricted distribution (Fig. 4.1B, D). By contrast, in embryos treated with 

DMSO, the blood-brain barrier remains intact, and the DA neurons do not come into 

contact with potentially cytotoxic blood components or are they subjected to the 

mechanical stress of the hematoma (Fig. 4.1A, C). This non-invasive approach, which 

takes advantage of the relatively translucent nature of the embryos and the prolific nature 

of the zebrafish, enables us to assess the patterning and distribution of DA neurons in 

response to hematoma expansion at various stages of development in vivo. As a further 

measure of the neurological status in response to hemorrhage, individual neurons can also 

be quantified, at higher magnification. Furthermore, it has been shown that DA neurons 

can be partially replaced through proliferation of new DA neurons as a consequence of 

selective ablation (Xi et al., 2011). Hence, the potential processes of neuroplasticity and 

proliferation can also be evaluated in vivo without resorting to laborious histological 

analysis.   
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Figure 4.1: The Tg(dat:EGFP);(gata-1:DsRed) facilitates real-time analysis of ICH-

induced DA-neuron neurotoxicity.  (A-B) Representative bright-field 

photomicrographs of the head in control and ICH embryos, imaged at 48 hpf. The blue 

arrow marks the maximum aggregation of extravasated blood and the blue dotted area 

shows the field of interest. Scale bar: 200 μm. (C-D) Representative composite confocal 

Z-stack projections of the blue dotted area in the same Tg(dat:EGFP);(gata-1:DsRed) 

embryos. The white asterisk denotes DsRed-positive erythrocytes and the white arrows 

indicate the position of DA-neurons in the peritectum and telencephalon. Anterior is to 

the top and scale bar: 40 μm.  
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 It is apparent that the infiltration of blood components farther into the brain 

parenchyma results in complete ablation of DA neurons, evidenced by the marked 

reduction of dat:eGFP expression in embryos with ICH (Fig. 4.2A-D). Hence, there 

seems to be a positive correlation between blood volume and the severity of neuronal 

loss. The Tg(dat:EGFP);(gata-1:DsRed) line offers the potential of testing the effects of 

various compounds on modifying the neurological defects induced by ICH.  

Whole-mount immunohistochemistry was also performed at 48 hpf to detect the 

spatial distribution of tyrosine hydroxylase (TH), a marker of neurons expressing 

catecholamines (including dopamine and its derivatives) in the CNS. TH is the rate-

limiting enzyme in the first committed step of the synthesis of cateholamines, hence an 

ideal marker for dopaminergic and noradrenergic neurons in the CNS (Chen et al., 2009). 

The TH polyclonal antibody was purified from rabbit and it was kept in a buffer 

containing liquid in 10 mM HEPES (pH 7.5), 150 mM NaCl (pH 7.5), 100 ug/mL BSA 

and 50% glycerol.(EMD Millipore, AB152) (1:200 diluted in 10% calf-serum blocking 

solution). My preliminary experiments suggest that ICH can affect the distribution and 

abundance of TH-positive neurons. In the control group, TH was strongly expressed in 

the diencephalon (Fig. 4.2E). However, in embryos with ICH, edema formation and the 

enlarged inter-eye distance resulted in the TH-positive cell populations to move farther 

apart and exhibit reduced intensity of staining, suggesting displacement and reduced 

levels of catecholimenergic neurons (Fig. 4.2F). Surprisingly, TH-staining did not co-

localise with the dat:GFP expression observed in the pretectum and telencephalon 

regions, but it co-localised with the dat:GFP expression in the diencephalon. This could 
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be due to reduced TH expression in those cells at this stage or the low sensitivity of 

colourimetric immunohistochemistry.  

As a further measure of neurological outcome following ICH, I assessed 

locomotor function (swimming speed, the acuteness of response to tactile stimulation in 

these embryos). Zebrafish embryos have been shown to respond to tactile stimulation as 

early as 24 hpf (Saint-Amant and Drapeau, 2000) and these behavioural responses have 

been well-characterised at various stages of development (McLean and Fetcho, 2008). A 

behavioural response is simply elicited by applying a tactile stimulation at the tail or head 

regions. This response is typically expressed as a twitch at 1 dpf to a rapid escape by 2 

dpf. Assessment of locomotor function is another method by which I can further 

document ICH-induced neurological defects.  

To accomplish this, embryos with or without ICH were individually subjected to 

a gentle tactile stimulus (see Materials and Methods) at 48 hpf 10 min after individual 

transfer to a petri dish. Individual responses were characterised as “immediate” (requiring 

one touch), “delayed” (requiring at most three touches) or as “no-response”. Whereas 

more than 80% of DMSO-treated embryos (n=25 embryos) displayed an immediate 

response, of the embryos demonstrating ICH, only approximately 23% of this group 

(n=25) showed rapid escape behaviour. In most embryos with ICH (more than 40%), 

several repeated tactile stimuli were applied in order to provoke an escape response. In 

addition, approximately 30% of embryos with ICH showed no response, even after three 

repetitive tactile stimuli were applied. Differences in the mean proportion of responses to 

tactile stimulation in the control and ICH groups were measured using a Student’s t-test 
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(N=25 embryos per treatment by only comparing the mean values for each of the three 

response categories (Fig. 3A).  

In addition, preliminary evidence regarding swimming speed was obtained upon 

administration of a gentle tactile stimulus. Using a high-speed digital video camera and 

ImageJ software, it took approximately 0.09 sec for control embryos to escape out of the 

field of view, accompanied with high frequency tail-beat frequency. By contrast, embryos 

with ICH showed lower frequency undulation of the tail, and, traveled at a much slower 

speed, as judged by the slower time it takes them to disappear from the field of view (Fig. 

3B).  

Although it has been shown that reduced locomotion and weakened response to 

sensory stimulus constitute part of the pathophysiology of DA neuron loss in zebrafish 

(Xi et al., 2011), the observed phenotype could just as well be attributed to 

musculoskeletal defects or loss of mechanosensory neurons. Further studies are warranted 

to elaborately dissect the spatio-temporal fate of different subtypes of neurons, before and 

after the induction of hemorrhage and to expand on the functional consequences of 

neuronal loss as well as establish precisely the molecular basis for the observed 

locomotor defects. In light of the detrimental neurological outcome of ICH in murine 

models and patients, it is worth underscoring that zebrafish exhibit a tendency for full 

functional recovery. Hence, there is merit in exploring how neurological function is 

regained after stroke, which can yield potential benefits in the treatment of ICH. 
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Figure 4.2: Disruption of catecholaminergic-neuron development in zebrafish with 

ICH. (A-B)  Representative bright-field photomicrographs of the head in control and ICH 

embryos, imaged at 48 hpf. The asterisk marks the aggregation of extravasated blood and 

the black dotted area shows the field of interest. Anterior is to the top and scale bar: 

200 μm. (C-D) Representative fluorescent photomicrographs of the black dotted area in 

Tg(dat:EGFP) embryos. White arrows indicate the position of DA-neurons (E-F). 

Representative bright-field photomicrographs of the black dotted area in wild-type 

embryos immunostained for TH. Black arrows indicate the position of TH-positive 

neurons.   
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Figure 4.3: Impaired locomotor function in zebrafish with ICH. (A)  Quantification 

of the percentage of embryos showing immediate, delayed or no response in the wake of 

gentle tactile stimulation. Differences in the mean proportion of responses to tactile 

stimulation in the control and ICH groups were measured using Student’s t-test (25 

embryos were used per each treatment. N=3 separate experiments) by only comparing the 

mean values for immediate (p<0.001), delayed (p<0.05) and no-response categories. (B) 

Representative photomicrographs of 3 separate experiments showing stimulus-evoked 

escape response over different time frames, measured using a high-speed digital video 

camera (FASTCAM). 
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Intracerebral hemorrhage (ICH) accounts for 10-15% of all stroke subtypes. 

Furthermore, it has the highest mortality and morbidity rates of stroke cases (Counsell et 

al., 1995; Qureshi et al., 2005). The hemorrhages in the CNS are triggered by various 

factors and these also include cerebral cavernous malformations (CCMs), which can arise 

sporadically or through a familial autosomal pattern of inheritance (Maeder et al., 1998; 

Boulday et al., 2011, Eerola et al., 2003). Neither surgical evacuation nor 

pharmacological interventions have been shown to confer clear post-stroke benefits to 

individuals with ICH (Broderick et al., 1999; Badjatia and Rosand, 2005; Steiner et al., 

2011). This bleak outcome is due predominantly to rapid hematoma expansion, activation 

of inflammatory mediators, disintegration of cranial vasculature, and focal neurological 

deterioration (Davis et al., 2006; Zhao et al., 2007; Lotfspring et al., 2009; Huang et al., 

2012).  

As a consequence, in addition to optimising and investigating novel treatment 

options, more research needs to be directed towards gaining insights into the 

development and maintenance of cerebral-vascular stabilisation. For this reason, it is 

imperative to develop novel approaches in order to characterise the etiological and 

pathophysiological processes underlying ICH genesis and progression, since treatment 

options remain limited and ineffectual. This kind of an approach would pave the way for: 

 A) In vivo assessment of small molecules and pharmaceuticals to identify 

modifiers of cerebral-vascular stabilisation; 

 B) Identification of additional genes and signalling pathways mediating 

cerebral-vascular stabilisation; and, 
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 C) Sequencing for mutations in these newly identified candidate genes in 

human vascular disorders for early screening.  

This can be accomplished through comparative analysis of different model 

organisms, including zebrafish, along with functional work and pathway analysis. 

Zebrafish, Danio rerio, continues to gain recognition as an ideal model for the study of 

ICH given that the genes and molecular mechanisms contributing to vascular 

morphogenesis are highly conserved across vertebrates (Gore et al., 2012) and that this 

species is highly amenable to functional/expression analyses and imaging assays. 

For my Ph.D. project I was primarily interested in defining the precise 

mechanisms through which the HMGCR pathway contributes to cerebral-vascular 

stabilisation in the context of a developing vertebrate. In its final format, this dissertation 

further contributes to our understanding of the etiology of ICH and the ensuing 

pathophsyiology. It is worth noting that this study was also motivated by the emerging 

clinical evidence, which suggested that statin drug use confers an increased risk for ICH 

in humans (Amarenco et al., 2006; Arboix et al., 2010; Westover et al., 2011) and that no 

follow-up animal studies have, hitherto, been conducted to further explore and test this 

clinical association. Could inhibition of HMGCR weaken CNS blood vessels and make 

them prone to hemorrhage? There is already abundant evidence from in vitro studies that 

statin drug use can induce apoptosis in endothelial cells (ECs) and smooth muscle cells 

(Weiss et al., 2002; Hippenstiel et al., 2002; Acquevella et al., 2010; Guijarro et al., 

1999). Are the results strictly confined to zebrafish embryos and larvae? Does these 

findings harbour any clinical relevance and, if so, what are the possible mechanistic 

explanations?  
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To address these questions, it was important to first look at the processes that 

regulate vascular stabilisation. Abnormal endothelial barrier function can be caused by 

inadequate investment by mural cells and/or due to disruption of endothelial cell-cell 

contacts. This is associated with aneurysms in micro-vascular channels, loss of vascular 

stability and frequent hemorrhaging in the CNS (Maeder et al., 1998). Although these 

defects in vascular stabilisation are equally likely to arise in vascular beds throughout the 

body, the vessels in the CNS region seem to be particularly prone to hemorrhaging. The 

severity of these vascular lesions can vary greatly and the onset can be as early as 

embryonic or postnatal stages of development (Boulday et al., 2011). Mice and rats have 

generally been utilised as models for elucidating the genetic basis and the signalling 

pathways necessary for vascular stabilisation. As a result of these studies and based upon 

sequencing of patients with familial cavernous malformations, several loss-of-function 

mutations affecting endothelial barrier function have been identified. These mutations 

result in the disruption of vascular stability and have been implicated in the pathogenesis 

of ICH in both murine models and humans (Sahoo et al., 1999; Verlaan et al., 2004).  

Studies in animal models have greatly contributed to our current knowledge 

regarding the etiology, pathophysiology and neuro-pathology associated with ICH. 

However, there is a need to identify novel genes and additional interacting signalling 

molecules that contribute to the disease given that the prevalence of cerebral cavernous 

malformations (CCMs) in the general population is relatively high (estimated to be 1 in 

200) and the genes implicated in the pathogenesis of CCM (KRIT1, CCM2, and 

PDCD10) account for only part of the disease phenotype (Cunningham et al., 2011). 

However, despite the characterisation of these genes, relatively little is known about their 
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mode of function. In addition, almost nothing is known about the mechanisms leading to 

the vascular lesions and hemorrhage in individuals harbouring these mutations. To further 

complicate this issue, not all of the individuals exhibiting a CCM phenotype carry 

mutations in any of three CCM genes, suggesting additional genetic modifiers that can 

increase the susceptibility of individuals to the CCM pathology (Lucas et al., 2003). 

The three genes implicated in CCM have similar expression patterns. Their 

transcripts are particularly enriched in endothelial cell-cell junctions (Fischer et al., 

2013). The CCM proteins, all of which are non-homologous and lack catalytic domains, 

interact to establish a protein complex (Serebriiskii et al., 1997; Glading et al., 2007; 

Voss et al., 2007). These proteins have also been shown to interact with Rho GTPases to 

maintain the functional integrity of ECs. However, models explaining this mechanism are 

only speculative. Expression analyses show that loss-of-function mutations in CCM 

genes are associated with hyper-activation and over-expression (protein and mRNA) of 

Rho GTPases (Li and Whitehead, 2010). However, the precise nature of the signalling 

cascades under the control of CCM genes remains to be explored. It is reasonable to 

assert that blocking HMGCR function would invariably reduce Rho GTPase signalling 

and, hence, can disrupt vascular stabilisation.  

In sharp contrast with this assertion, a recent study in mice harbouring a genetic 

predisposition for cerebral-vascular permeability defect resulting from heterozygous 

mutation of CCM2, statin-treatment restores the endothelial barrier function by inhibiting 

Rho GTPase activation (Whitehead et al., 2009). This result is conflicting and warrants 

further studies. 
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As such, the identification and characterisation of genes and signalling pathways 

contributing to cerebral-vascular stabilisation was one of the chief aims of my PhD 

project. In this project I obtained numerous lines of evidence to support the hypothesis 

that down-regulation of HMGCR activity can exert an effect on signalling pathways 

under the control of CCM-interacting proteins, such as Rho GTPases. 

More specifically, I demonstrated that geranylgeranylation of Rho GTPases is a 

requirement for cerebral-vascular stabilisation in developing zebrafish, particularly at a 

time when blood vessels lack adequate investment by smooth muscle cells. In these 

embryos, inhibition of the HMGCR/mevalonate pathway results in bulged CNS blood 

vessels, loss of vascular stability, vessel fragmentation and frequent cerebral 

hemorrhages. Similar results were obtained when geranlygeranylation was blocked by 

inhibition of GGTase I. These observations made in embryonic zebrafish resemble the 

CCM lesions observed in murine models and human patients. Additionally, an identical 

vascular-specific phenotype was reported in zebrafish in which components of Rho 

GTPase signalling were down-regulated due to point-mutations in those genes (Buchner 

et al., 2007; Liu et al., 2007). Lending further support to my findings is that at least two 

recent studies independently confirmed a functional role for HMGCR in cerebral-

vascular stabilisation in zebrafish (Hung et al., 2012, Shen et al., 2013). An issue which I 

could not address was the cell autonomy of HMGCR-function. Is HMGCR function 

required in an endothelial-specific manner or does it also involve contribution from mural 

cells?   

On the basis of the data accumulated  thus far, and based on the fact that 

vascular stabilisation pathways in humans and zebrafish share common features (Gore et 
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al., 2012), it is reasonable to propose that sequencing of humans for mutations in the 

HMGCR and GGTase I genes could be a valid diagnostic approach. Not only are these 

gene sequences highly conserved across species, they also seem to functionally perform 

identical enzyme functions. 

In zebrafish embryos demonstrating ICH, the disruption of the blood-brain 

barrier and the initiation of hemorrhage is coincident with vascular degeneration, 

hematoma expansion, apoptosis, inflammation, cerebral edema and thrombosis. 

Furthermore, I have shown that the extravasation of blood components into the brain 

parenchyma can induce progressive loss of DA neurons, along with displacement of TH-

positive (catecholaminergic) neuronal populations. Concomitant with the apparent 

neurotoxicity, I presented preliminary evidence for impaired locomotor function and 

diminished response to tactile stimulus in these ICH embryos.  

This is the first zebrafish study assessing the parameters that are hallmarks of 

ICH pathophysiology and are points of intervention for future studies geared towards 

large-scale screening of zebrafish for therapeutics to mitigate symptoms of ICH. The 

optical transparency of the model, enhanced by the presence of tissue-specific transgenic 

lines, as well as the reproducibility of the desired phenotypes make the model applicable 

for high-throughput assessment of the efficacy and possible side-effects of a broad range 

of small-molecules that could promote hematoma resolution, mediate inflammation and 

minimise neuronal damage. Such a phenotype-based screening, facilitated by the 

presence of stable transgenic lines marking unique clusters of neurons, also enables 

assessment of neuroprotective agents.  
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