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Abstract

In the early vertebrate embryo, the vascular system is one of the first organ systems

to form. Recently it has become evident that the development of mature, functional vessels

requires not only signals derived from the endothelium itself, but a set of additional

molecules that are not necessarily endothelium-specific. In zebrafish and Xenopas embryos

two such tissues that are believed to secrete modulators of blood vessel assembly are the

hypochord and primitive gut endoderm (PGE). These tissues intimately border the major

axial vasculature.

Radar/Growth/differentiation factor 6a (Gdf6a) represents a signalling molecule

belonging to the GDF5, 6, 7 subgroup of the transforming growth factor-beta (TGF-B)

superfamily. In the zebrafish, transcripts for radar are located in the hypochord, PGE and

ventral tail mesenchyme (VTM), all tissues that border the developing axial blood vessels.

This prompted an investigation into a potential role for this signalling bone morphogenetic

protein (BMP) during the specification and assembly of the closely related vascular and

haematopoietic systems in the zebrafish.

Transient forced expression experiments confirmed an early ventralising activity for

the Radar signal that resulted in the expansion of the haematopoietic/vascular compartment,

known as the intermediate cell mass (ICM). However, a loss-of-function zebrafish model

generated using morpholino technology demonstrated a critical requirement for this BMP

signal in establishing the integrity of the axial blood vessels. Furthermore, this requirement

was independent of the initial establishment of vascular patterning. Zebrafish embryos

depleted of the Radar signal initiate a normal primitive circulation. However, soon after this

commencement of normal flow, blood cells were observed to extravasate from the axial

vasculature. Microangiography confirmed this leakage phenotype.

Such an angiogenic/maturation role for Radar during vascular development was

supported by a transgenic zebrafish line carrying an inducible copy of the radar gene.
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Hornozygous tran$genie, ela6Oos estabLished a typical early circulation that became

pro,gnessiv,ely restrictod untll no blood travelled throughout the eritire ernhryonic tissue.

ln summary, the work presented in tbis thesis strongly suggests that Radar is

involved in a signalling pathway required for estab-lishing the integnty of the axial vessels

dudng zehrafi sh development-
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Frimsrdial v.ertpbral artery

Ventral tail mesenchyme

Volume per volume

Witd-tp'pe

tWeiglt pervohinne

vltt

WT

wltt



xxvl

The following one- and three-letter abbreviations were used for amino acid residues

in the text and figures.

Residue
0ne-letter

abbreviation

Three-letter

abbreviation

Alanine A ala

Arginine R arg

Asparagine N asn

Aspartic acid D asp

Cysteine C cys

Glutamic acid E glu

Glutamine a gln

Glycine G glv

Histidine H his

lsoleucine I ile

Leucine L leu

Lysine K lys

Methionine M met

Phenylalanine F phe

Proline P pro

Serine S ser

Threonine T thr

Tryptophan w trp

Tyrosine Y tyr

Valine V val



Nomenclature

Gene and protein names were

described in Wood, 1998. A summary

developmental systems is tabled below.

written according to

of gene and protein

xxvlt

standard nomenclature, as

nomenclature for different

Organism
Gene Protein

Description Example Description Example

Drosophila me lano gaster
Lower case,

italics
dpp

Upper case,

no italics
DPP

Danio rerio and Xenopus

Iaevis

Lower case,

italics
radar

Initial letter

capitalised,

no italics

Radar

Mus musculus and Rattus

norvegicus

Initial letter

capitalised,

italics

Gdl6
Upper case,

no italics
GDF6

Homo sapiens and Gallus

gallus

Upper case,

italics
GDF6

Upper case,

no italics
GDF6
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Company AbbreYiatioru

Ambion Ambion,Inc.,

2 130 IV, oodward Street,

Suite 200,

Austi[, TX 78744, USA

Applied Scientifie.Instnmentation Applied Scientifie Irtstnrmentation Inc.,

377O West la Averure,

Eugene, OR 97402, USA

BDH British Drug Houses Chemicals bIZ Ltd..,

680 Tremaine Avenue,

Palrnerston North, New Zealand

Bellco Bellco Gla$$,Inc:,

34O Edrudo Roa4

P.O. Box B,

Vineland, NJ 0€360'0017, USA

BIO 101 Bio 101 Inc."

P.0. Eox 22&4,

La Jolla, CA 92038-2284, USA

Biolab Scientific Biolab Scientific Ltd.,

Private Bag 1A2922,

Nortl Shore fuIail Centre,

Auckland, New Zealand
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Boehringer Mannheim BoehringerMurnhein GmbH Biochemica,

D-68298 Mannhejn, Gennany

Brine Shrimp Dire.ct Brine Shrimp Direct,

P;O. Box 13147,

Ogden, Utah 84412-3147, USA

Clark Eleeromedical Instniments Clark Electromedical Instruments,

Harvard Apparails Ltd.,

Fireroftway, Edenb.ridge,

KentTNS 6IIE, Uniled Kingdom

Clontech Clontech Laboratories, Inc.,

4030 Fabiao W"y"

Palo Alto, CA 94303-4607, USA

Contamination Control Csnlartrioation Control Technologies Ltd.,

P.O. Box 14 &1,

Auckland, New Zealand

Difco Difco Laboratories,

P.O. Box 331058,

Detroit, Ml 48232-7'058, USA

Eppendorf Eppendorf-Netheler-Hinz GmbH,

D -2233 | Hamberg, Gerrnany
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F.alcon Trademark of:

Becton Diekinson Labware,

Becton Dickinson Co,,

2 Bridgewater Lane,

Lincoln Pa,rh nqJ 0?035, USA

Gellman Soiences Crelinan $ciences Inc.,

Pall Corporatiolt,

600 S. Waguer Road,

Ann fubor, MI48103-9019, USA

Gene Tools, LL{ Gene Tools, LLC,

OneSunmertoq Wuy,

Philomath, 0R 737j0, USA

GibeoBRt Bethe"sda Researcllaboratotie-s,

Life Technolog,ies Inc.,

rE-7l7 Grovemont Circle,

Gaithersburg, MD 20887, U'SA

HollywoodFistr Farm Hollywood FishFannaquariumSpecialists,

36 Frost Road

Mr Roskill

Auckland, Nelv Zealand
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Leica

Iv[iles

N{i.llipore

trdisonix

Narishige

Ne.w Bnlnswibk Scientific

lnvitrogen New Zealand Ltd.,

t8-24 BothaRoad,

Penrose,

Aucklaod 1005, New Zealand

L€icai\4icrosysterns,

CH-9435 lleerbnrgg, Switzerland

hlile5,Inc.,

Elkart,IN 46515, USA

lvli'fiipore Corpor,atiou,

Bedford, MA 01730" USA

Ilfisonix Ine.,

1938New Flighway,

Fatrriingdale, I*IY I l?35, U,SA

NarishigeUSA [nc.,

4(}l$ GIen Cove ,qvenua

Sea Cliff, NY I1579, USA

Ne'nr Brunswi,ok Scientific Co., fnc,.,

44 Talmadge Road,

Eiison, NJ 08817, USA
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New England Biolabs

Nunc

Owl Scientific

Oxford Molecular

New England Biolabs, Inc.,

t:ZTsznr Road,

Beverly, MA 01915-5599, USA

Nalge Nunc International,

2000 No'rth Aurora Road,

Naperville, IL 60563- I 79.6, USA

Owl Separadons Systens,

55 Heri.tage Avenue,

Ponsmouth, NH 03801, US-A

Oxford ilytrolecular Groupn

Medawar Cenfrs,

Oxford Science Parh

Oxford, OX4 4GA, England

Pharrracia LI(B Biotechnology,

. Bjdrkgata 30,

S-751 Uppsala, Sweden

Polysciences, Lnc",

4O0 V,alley Roa4

Warrihglon" PA 18976, USA

Promega Corporation,

2800 Woods l{ollow Road,

Madison, WI 53711-5399, USA
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Max-Vollnor-suape 4,
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Riedal-de Llagn Riedal-de Hatih,

Ilschaft,

Wunstqr-fer ShaFe 40, l

P,O, Box D-3016 Seelze l,

Hauovet Gerqqlry

Roehe Moleeular Bimhernicals Roehe MolecularBiochernicals,

D-68298 Mannheim, Germany

Seharlaru

J

Schaddu Chemie S.^d,., I
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$tratagene Stratagene Cloniug Systems,
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xxxiv

Suffer Instrument Co.

Te,rumo
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Chapter 1,

Introduction

Embryonic vascular development

Vascular development occurs via two distinct processes: vasculogenesis and

angiogenesis. Early in embryonic development, endothelial precursor cells differentiate,

prolif'erate in situ and migrate to a previously avascular tissue where they coalesce to form

a primitive vascular network. This process of initial vascular assembly is termed

vasculogenesis (Hanahan, 1997). The primitive vascular system is then further refined and

modified to create the stable, integrated circuitry characteristic of the mature vasculature.

This remodelling of the de novo vessels is referred to as angiogenesis (Yancopoulos et al.,

2000). The mechanisms that govern both vasculogenesis and angiogenesis are similar and

employ a number of common molecules throughout early development.

l..l Vasculogenesis and angiogenesis

1.1.1 Vasculogenesis

During early development, vasculogenesis is responsible for the establishment of

the primary vascular system (Figure l.l). This system carries primitive haematopoietic

cells in a restricted path through the major vessels of the embryo, such as the aorta and

major veins, as well as the honeycomb-like plexus often interconnecting these major

vessels. These earliest initial blood vessels in the developing embryo are derived from
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Figure 1.1 Schematic representation of vasculogenesis and some of the key

molecules involved in its regulation. Vasculogenesis commences with the bFGF-

dependent endothelial commitment of lateral plate mesoderm to the endothelial

lineage. The migration, proliferation and assembly of these endothelial cells

involves, in part, signalling cascades utilising VEGF and its receptors, VEGFRl

/Flt1 and VEGFR2/FIk1 along with TGF-p1 and Ephrin-B2. This results in the

establishment of a primitive vascular network that is further remodelled via the

recruitment of periendothelial support cells. A process dependent on Angl and its

receptor TieZ, as well as Ephrin-B2. Graphics adapted from Hanahan, 1997 and

Yancopoulos ef al., 2000.
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angioblasts. Angioblasts diff'erentiate ti'clm mesodermal tissue and represent vascular

endothelial precursor cells that have yet to fornr a lunren (Risau, 1997). A proposed

intermediate step between the mesodermal precursor cell and the an,eioblast is the putative

haernangioblast. The intinlate developnental association between the endothelial and

haematopoietic systems initially lead to the concept and hypothesised existence of this bi-

potential cell (Sabin, 1920). Recently, this hypothesis has gained substantial evidence,

mostly supported by the olrservation that hoth the vascular and blood lineages share

expression of ar number of genes (Choi, 1998: Choi et ul., 1998; Gering et ul,, 1998). The

diff'erentiation of lateral plate mesodenn into angioblasts is clependent Lrpon the fibrobla.st

glowth factor (FGF) tanrily of molecules, in particular basic-FGF (bFGF) (Arnaya et ul.,

l99l; Flarnme and Risuu. 1992).lnterestingly, subtypes of angioblasts iu€ believed to exist

within the developing embryo. Intraembryonic angioblasts de rived from the

splachnopleuric mesoderm have been demonstrated to possess a bi-potential

haemangioblastic property. unlike those derived from the somatopler.rric tnesoderm

(Pardanaud et ul., 1996). Once angioblasts harve migrated to sites of vasculogenesis and

dift'erentiated into endothelial cells they begin to interact and coalesce, forming

rudimentary vascular tubes. These immature unstable vessels are then further refined, via

the recruitment of periendothelial support cells, to create stable vessels capable of

supporting primitive blood flow (Figure l.l ).

Although nruch research has been conducted on the genetics underlying

vasculogenesis. the majority of data collected thus far relates to tuesoderm-inducing

signals. Mariy unlnswered questions renrain as to what genes govern the commitment

decision made by the haemangioblast to go down the vascular or blood lineage, or what

signals control the migration oi angioblasts to sites of active vi$culogenesis.



1.1.2 Angiogenesis

Following the establishment of'the primary vascular plexus, more endothelial cells

are recnrited to fbrm new vessels by sprouting, extension or splittin_q of established vessels

(Risau, 1997). This angiogenic remodelling also relies on the proliferation, rrrigration and

assernbly of endothelial cells into vessels capable of supporting blood flow. as well as the

recruitment of periendothelial support cells such as smooth muscle cells or pericytes tbr

vessel integrity (Hanahan, 1997) (Figure 1.2). Angiogenic sprouting, although not the only

mechanism of angiogenic remodelling, is the most extensively characterised. Sprouting

angiogenesis occurs in the yolk sac and in the ernbryo. predonrinantly during brain

developnrent (Risau, 1997). Non-sprouting angiogenesis or intussusception represents

:lnother mechanism of angiogenesis involving the splitting of pre-existing vessels by

transcapillary pillals of extracellular matrix (ECM) (Risau, 1997). The particular type of

angiogenesis that occurs in a particular tissue is thou-eht to depend on how many vessels are

present in that tissue when it starts to grow rapidly. Exarnples of different organs that

employ ditferent mechanisms of angiogenesis are the lung and brain which employ non-

sprouting ancl sprouting angiogenesis, respectively (Piudanaud et al., 1989).

The functions of endothelial cells during angiogenic events can be broadly

separated into two phases, arctivation and resolution (Pepper, 1997). The phase of activation

includes: l) an increase in vascular perrneability and extravascular fibrin deposition; 2)

basenrent nrembrane degladation;3) cell migration and matrix invasion;4) cell division;

and 5) lumen fonnation. The resolution phase includes: I ) inhibition of cell prolif'eratitln

and migration; 2) basenrent membrane reconstitLltion: and 3) junctional complex maturation

(Pepper. 1997).lt should be noted that each ol'these functions are as equally applicable to

vasculogenesis as they are to angiogenesis.



Figure 1.2 Schematic representation of angiogenesis and regression. The initial

immature vascular circuitry established via vasculogenesis is further remodelled

into a mature system of interconnecting branching vessels. This requires the

recruitment of periendothelial support cells such as pericytes and smooth muscle

cells and remodelling of the nascent vasculature. Regulators of this process

include members of the VEGF, angiopoietin, ephrin and TGF-p families of

signalling molecules. An important aspect of this angiogenic remodelling is the

ability of vessels to destabilise and even to regress, enabling completely new

vascular interconnections to be established. Molecules believed to be involved in

these processes include Ang2 and its receptor Tie2 along with VEGF and its

receptor VEGFR2/F|k1. Graphics adapted from Hanahan, 1997 and Yancopoulos

et a|.,2000.
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Angio-eenesis begins with nitric oxide-dependent vasodilation and increased

vascular permeability (Risau, 1997). The control of vascular permearbility needs to be

tightly regulated, too much permeability can lead to excessive vascular leakage resulting in

circulatory collapse, tbrmation of adhesion, metastasis or blindness. depending on the

affected tissue. This tight regulation is rnediated by the fbrmation of fenestrations, vesiculo-

vacuolar organelles and the redistribution of platelet endothelial cell adhesion molecule

(PECAM)-l and vascular endothelial (VE)-cadherin. Vascular permeability is also

nrediated by the Src kinases (Eliceiri et q|.,1999). Increase in vascular perrneability allows

lor the establishment of a temporary scaffold to be used by the migrating endothelial cells.

For these endothelial cells to nrigrate from their resident sites to the site of active

angiogenic remodelling, their connections with clther neighbouring enclothelial cells and

periendothelial support cells nrllst be weakened. Once these cell contacts have been relaxed

the prolif'erating endothelial cells can migrate to angiogenic sites. Little is known regarding

the spatial cues that guide these endothelial cells to their final destinations. These cues

would need to position the endothelial cells within a complex three-dimensional

f}amework, not only during their migration, burt also in their positioning within the nascent

vascular structure. Once endothelial cells havc- been inte-grated into a new vessel, they

become quiescent and can survive for years. Their persistence is very irnportant fbr the

survival of blood vessels- since a reduction in survivul can lead to vascular resression

(Carrneliet et al.. 1999a).

Angiogenesis can further be divided into physiological and pathological categories.

The main difference between these two forms of angiogenesi.s lies in the fact that

pathological angiogenesis is commonly induced by inflammation, and requires the

interaction lretween angiogenic factors and blood-borne cells such as macrophages,

platelets und rnast cells. These cells in turn produce angiogenic fuctors resulting in the

recruitment of endothelial cells and smooth muscle cells to the site of inflammation or

wound healing (Sunderkotter et ul., 1994). A nurnber of mechanisms underlying

pathological blood vessel growth seenl to resenrble those that rnediate embryonic vessel
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development. However, therc is an emerging view that differences may exist. Sonre

examples of molecules crucial tol pathological angiogenesis while only minimally

required, or not required at all. tbr embryonic vascular development include proteinases

(Heynrans et al., 1999), nitric oxide (Murohar^ et ul., 1998) and plasrninogen activator

inhibitor I (Bajou et ul., 1998). The requirement fbr different molecules is not surprising

given that during enrbryonic vascular development endothelial cells are prolif'erating and

loosely connected while in the adult they are quiescent.

1.1.3 Vascular smooth muscle cell recruitment

An essential step in the development of a functional vascular system is the

rccruitment of smooth muscle cells to provide structural integrity. Smooth muscle cells can

originate fiom a number of dift'erent locations and cell types. For exarnple, smooth muscle

cells can transdiflbrentiate flrom endothelial cells, mesenchymal cells, lrone marlow

pf ecursors and macropharges (Carmeliet, 2000; Luttun et u\.,2002). Platelet-derived growth

factor (PDGF)-BB and vascular endothelial growth factor (VECF) both act as

chemoattractants tbr smooth muscle cells (Lindahl et ul., 1998', Carmeliet et al., 1999b)

(Figure 1.3). Once these mural cells have been recruited to the nascent endothelial tube,

other molecules including Angl and its receptol'Tie2 are believed to function in stabilising

the endothelial-mural cellular interaction (Suri et al.. 1996). This endothelial-mural cell

interactiou is turther strengthened by a group of rnolecules that act in a pleiotropic fashion,

inhibiting endothelial prolit'eration and migration while stimulating ECM production and

indurcing smooth muscle cell ditferentiation. These molecules include TGF-Bl, TGF-pRII,

endoglin and Smad5 (Dickson et u|.,1995; Li et a|.,1999: Carmeliet, 2000).
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Figure 1.3 Schematic representation of arteriogenesis. Once smooth muscle cells

(SMC) have been recruited to the nascent vasculature, they provide further

muscular support by sprouting or migrating (longitudinal migration) along the

existing vasculature, using the vessel as a guidance cue. Many of the molecules

involved in vascular myogenesis (PDGF-B, PDGFR-p and VEGF) are also believed

to play a role in arteriogenesis. Other potential regulators of arteriogenesis include

connexin 43 (Cx43), neuropilin-'l (NP-1), Pax3, Wnf1, and endothelin-1 (ET-1).

Graphics adapted from Hanahan, 1997.
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1.1.4 Arteriogenesis

Arteriogenesis desclibes the further muscularisation of the varsculature via the

spror,rting or migration (longitudinal migration) of aheady recruited nrural cells alongside

pre-existing vessels (Carrneliet, 2000: Luttun er u1.,2002). lt is believed that the same

instructional cues that are involvecl in the recruitment and growth of snrooth muscle cells

during vascular rnyogenesis play a role in arleriogenesis (Figure 1.3).

1.2 Key molecules in vasculogenesis and angiogenesis

Although nruch remains to be understood concerning the genetic regulators

governing embryonic v:r.sculal development, a number of key genes have been

characterised (suurnrarised in appendix l, Table Al.l). Experintents in a number of

developmental model systems, in purticular gene targeting studies in the mouse

( summarised in appendix l , Table A l .2 ), have helped to dissect the roles that these often

pleiotropic genes perlorm during vasculogenesis and angio-uenic remodelling.

1.2.I Basic fibroblast growth lactor

Although it is well known ttrat bFGF acts zls a potent stinrulator of angiogenesis

both rn yltro and in yiyo, it is unclear whether it f'unctions in the assenrbly of the early

ernbryonic vasculature. Experiments in Xenopu:; have shown FGF signalling to be crucial

tbr mesodernr induction. Iniectiorr of a clominant-negative firrm of the FGF receptor into

Xernpus embryos resulted in an inhibition of mesodelrtt induction (Amaya et ul., I99l). In

addition, FGF-2 has been shown to induce vasculogenesis in qurail blastodisc-derived

en'rbryoid bodies and dissociatecl epiblast (Krah et ul.. 1994). As well as being a potent

modulator of ntesoderm induction. work in mice canying a soh.rble dorninant-negative FGF



rcceptor have demonstrated the requiremenl

organ systems (Celli ct ul., 1998).

l0

of FGF for the induction and patterning of

1.2.2 Vascular endothelial growth factor

Of all the regr.rlators believed to be involved in vasculogenesis and/or angiogenesis,

the most compelling evidence is fbr the potent growth factor VEGF. VEGF is synthesised

by a range of cell types including tumour cells. T cells, nracrophages, smooth muscle cells,

kidney cells, astrocytes and osteoblasts (Klagsbrun and D'Amore, 1996). VEGF was

initially discovered and characterised fbr its ability to induce vascular leak and permeability

as well as its prolif'erative eft'ect on varscular endothelial cells (Ferrara. 1999). VEGF is a

menrberof the PDGF fanrily (Neut-eld ct ul., 1994). Members of the PDGF farnily include,

PDGF and VEGF-A through to VEGF-E. Althongh VEGF is predorninantly active as a

homodimer, there is evidence to su,qgest thal. firnctional heterodimers between VEGF

isotbrrns and PDGF do exist (Neuf'eld et u1,., 1994). The majority of research conducted on

these VEGF related proteins has focr:ssed on VEGF-A. Less is known regarding the

potential roles other VEGFs (VEGF-8. -C, -D and -E) play during vascular clevelopment.

1.2.2.1 Expression of VEGF during enrbryogenesis

A significant t-eature of VEGF is the existence of multiple rnRNA species generated

thror-rgh alternate splicing events ti'om a single VEGF gene. These splice variants encode

for the VEGF isoforms VEGFr.r, VEGF,6., VEGFrsq and VEGF:uo.An interesting feature of

each of these isofornrs is that although each is synthesised with a signal peptide, they are

processed diff'erently try the cell. VEGF,,, is secreted into the nrediunr, VEGF,.5 is also

secreted into the medium as well as being cell-associated, while VEGFrx,) is sequestered on

cell surfaces and in ECM (Park et u|..1993). Furthermore, the expression of each of these

VEGF species appears to be isoform-specific. In the human, isoforms VEGF,r, and
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VEGFr,, are the most abundantly expressed while in the mouse VEGFn,,andVEGF,.,, but

nor VEGFtn, is expressed in the developing brain. Mouse VEGF isotbmrs possess one less

amino acid than their hunran counterparts.

Expre.ssion domains tor VEGF are found throughout the developing ernbryo,

however, itt ,sitrt hybridisation studies have demonstrated that the highest levels are present

in the endoderm (Breier eI e1.,1992; Flamme et ul., 19951, Cleaver and Krieg, 1998) (Table

Al.l). Experiments in Xenopa.r have demonstrated the expression of a diffusible vegf',,

lr'onr thc hypochord (an endodermal derivative), a transient structure present in Xenopus

and zebrafish that is found immediately dclrsal to the dorsal aorta (DA) (Cleaver nnd Krieg,

1998). Barsed on tissLle transplantation and vital dye-labelling experiments, Clearver and

Klieg believe this VECF solrrce to provide a chemoattractant signal for angioblasts that

rnigrate to form the DA directly beneath. Expression of VEGF in the rnouse by in siru

hybridisation detected transcripts from embryonic day E7 in the extraembryonic and

embryonic endoderm (Dumont et ul.. 1995). High levels of expression are then observed

(E8) in the nryocardium, gut endodenn, embryonic nresenchyme and amniotic ectoderm.

By E12.5 transcripts can be detected in the head mesenchyme and neural ectoderm.

An important regulator of VEGF expression is hypoxia, increased levels of VEGF

mRNA along with protein and bioactivity have been reported fiom primary cultures of non-

tunrorigenic cells when grown under low oxygen conditions (Shima et a1., 1995). Promoter-

repofter activation studies have been carried out to try and dissect the VEGF promoter and

identify which regulatory elements might alter ranscription in response to lrypoxic

conditions (Levy ct ul., 1995). Using this rnethod a 3' regulatory element that was hypoxia-

responsive was identified. This enhancer element showed high homology with a hypoxia-

responsive element in the promoter region of the en,thropoielin gene, a well-studied

oxygen-rcgulated gene (Minchenko et ul., 1994).
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1.2.2.2 VBGF function during development

Gene inactivation of VEGF-A in the mouse enrphasises the importance of this

nrolecule in the regulation of vascular development. Mice deticient for a single VEGF-A

allele do not survive be'yond ll days post coitun'r (clpc) (Carmeliet et ul.. 1996) (Table

Al.2). Such a result indicates the irnportance of VEGF dose regr.rlation tbr normal vascular

developrnent. Both heterozygotes and homozygotes failed to folm a normal vascular

pattern. In the heterozygote this was characterised by a decrease in red blood cells in blood

islands, a failure of the vitelline vessels to connect with yolk sac circulation and a lack of

vessel invasion into the forebrain (Carmeliet et ul., 1996: Ferrarr et ul., 1996).

The quail embryo has also been used to investigate the lole that VEGF performs

duling vn.sculardevelopment (Drake and Little, 1995). By injecting a recombinant human

VEGF'6. at the onset of vasculogenesis they showed that normal vasculogenesis was

profoundly altered. This was characterised by inappropriate neovascularisation of norrnally

avascular areas and unregulated, exce.ssive vascular lusion. Also in the quail, each of the

four quail VECF splice variants (VEGF',,. VEGF'*,. VEGFI6^ and VEGF,on) htve been

ectopicalf y expressed using retroviruses. Overexpression of VEGF 1,2 in wing mesenchyme

demonstrated its ability to accelerate the progrcssion of vascular development (Flamrne er

ul., 1995). Forced expression of each of the other isoforms revealed a similar potential to

induce localised oedema and hypervascularisation of the wing bud (Schmidl et ul., 1998).

These and other results sLrggest that the various splice variants of VEGF may act at a

number of diftbrent stages of vascular development. With diftusible splice variants acting

at some distlnce to attract vascular enclothelial cells while non-diffr.rsible lorms act locally,

perhaps in altering rates of cell coalescence and adhesion during the assembly of the

vascular tube.
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1,2.2.3 VEGF in the zebrafish

In the zebraflsh, genes encoding two Vegf isoforms have been isolated to date

vegl'tzt rnd t,e&f',ns (Liang e t ul., 1998; Liang et ctl.,200l ). The rnajor domain of expression

of these two isoforms, as detected by irt situ hybridisution, is the ventro-medial region of

the somites. This donrain of vegf' transcription is closely associated with the developing

axial vasculature ol'the zebraflsh. Sirrrultaneous overexpression of these isoforms in the

zebrafish resulted in ectopic vasculature and blood cells as well as pericardial oedema

(Liang et u|.,2001). Exprcssion analysis of vascular and haematopoietic markers within

these enrbryos revealed the premrture onset of ,flk-1,liel, scl and grrtcl expression

su-egesting a potential role fbr zebrafish Vegf in patterning the vasculatule and

haenratopoietic lineages (Liang et u\.,2001). Further functional evidence re lating zebrafish

Vegf to vascular developrlrent is provided by an antise nse morphcllino-induced knock-down

model. ln this rnodel. Vegf-A tunction was denronstratecl to be critical fbr proper axial

vessel fbrmation but not fbr the initial establishment of axial vessel patterning (Nasevicius

et u|..2000).

Recently. unother domain of re,gf'expression has been documented in the z.ebrafislt

hypochord, consistent with that displayed in Xertoltus (Luwson et ul.,2OO2). In the

associated study. this dornuin of rurgfexpression, as weil as the somitic dr:main was

clemonstrated to be dependent upon sonic hedgehog (Shh) signalling, presumably trom the

notochord. Furthermole, Vegf function was shown to be necessary fof tlte expression of the

iuterial-specif)c genes notr"lti and epltrin-B2u (Lawson et ul..2OO2). These experiments

highlight ilnother role fbl this pleiotropic gene in establishing and/or maintaining arterial

identity.
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I.2.3 VEGF receptors

There are three main receptors to wliich VEGF binds with varying levels of affinity,

VEGFRI/Fltl. VEGFR2/FIkl and VEGFR3/FII4 (Figure 1.4). Each of these receptor

tyrosine kinases possess a split intracellular tyrosine kinase domain and are characterised

by having an extracellular domain containing seven imntunoglclbulin-like motifs

(Kla-ssbrun and D'Arnore. 1996). Of these receptors, it appears that FIkl represents the

rnain transducer of the VEGF si-snal in endothelial cells. The third receptor, Flt4 is closely

lelated to Fltl by sequence homology (Kaipainen rt ul., 1995).In addition to these main

transducers ol the VEGF signal there are a number of accessory receptors including

neuropilins which are believed to be involved in modulating binding to the main VEGF

receptors (Soker et ul., 1998).

1.2.3.1 Expression of VEGF receptors during embryogenesis

In the developing mouse embryo, transcripts for Flkl 'and Fltl are specifically

located in lrlood vessels and in capillaries of the developing organ.s. Of particular

inrportance is the complernentary expression of these twct receptors with that of VEGF

throughout phases of vasculogenesis and arrgio-eenesis (Millauer et al., 1993). The onset of

F/A'l expre'ssion in the mouse coincides with the initiation of vascularisation in the

developing embryo. iu'ound E7.0. By E8.-5 it is expressed thror-rghout the vasculature and

renrains localised to the blood vessels (Dumont et ul., 1995). F1tl transcripts are found in

moderate level.s during organogenesis. low levels during tbtal growth and hi-ehest levels in

newborn rnice (Peters et u|.,1993). In the ernbryo proper. transcripts for Fltl arc located in

blood vc-ssels and capillaries of the developing organs. closely resembling the expression

profile of Flkl (Breier et u\.,1995). Expression of Fh4 in the mouse by in siru hybridisatiorr

clemonstrated the presence of transcripts in angioblasts of the head ntesenchyme, the
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Figure 1.4 Receptor interactions of three major families of growth factors involved

in embryonic vascular development. (A) A simplistic view of the interactions

between the VEGFs (VEGF-A, -8, -C and -D) and their receptors (VEGFRI ,2 and

3) (B) A similar view of the specificity between the angiopoietins (Angl, 2, 3 and 4)

and their receptor Tie2, little is known about how the orphan receptor Tiel

participates in these interactions. (C) The ephrins (Ephrin-81, -B.2 and -A1) and

their interactions with the receptors (EphB2, 83, 84 and A2). Adapted from

Yancopoulos ef al., 200O.
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caudinal vein ancl the allantois in 88.5 stage embryos. By E12.5, Flt4 expression was

restricted to developing venous and lymphatic endothelia but not arterial endothelia

(Kaipainen et al., 1995).

1.2.3.2 VEGF receptor function during development

VEGF receptor gene inactivation in mice has provided additional evidence that Flkl

and Fltl are essential tbr nonnal vascular development. Mice deficient in firnctional Flkl

die between E8.0 and 89.5 due to an almost cornplete lack of vrscular structures (Table

Al.2). Yolk sac blood islands are absent as arc any organised blood vessels suggesting a

lole in the early developnent of both endothelial cells and haernatopoietic precursors,

perlups a1 the level of the haemangioblast (Shalaby et u|.,1995). ln contrast, mice deticient

in Fltl possess an excess of endothelial cells in both the embryonic and extraembryonic

regions, however these vascular endothelial cells fail to assemble into a normal vascular

pattern (Fong et ul., 1995) (Table Al.2). This disorganised vasculature is characterised by

large tirsed vessels that contain internally stranded groups of endothelial cells. These results

suggest that Flkl appears to mediate the major growth and permeability activities of VEGF

while Fltl is essential tor the organisation of the emhryonic vasculature, but not fbr

endothelial cell difl'erentiation. Similar -qene inactivation studie.s of Flt4 in the mouse have

demonstrated the requirement tor this VECF receptor in the development of the

cardiovascular system (Taipale et ul., 1999) (Table Al.2).

1.2.3.3 VEGF receptors in the zebrafish

In the zebrafish,.flk-1 transcripts are initially detected by irt sirz hybridisation

between the 5 and 7 somite stages as two bilateral stripes in the lateral plate mesodern:,

flanking the ernbryonic axis (Liuo et ul., 1997). Throughout early somitogenesis these

expression domains expand both rostrally and caudally. The anterior.llk-l expression
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presunlably lays the foundation fbr the head vasculature while the trunk lateral plate

mesodet'm expt'ession domain begins to converge towarrds the ventral midline axis. Around

the l3 somite stage, thisl/k-l exprcssion extends caudally into the developing tail bud. By

the 20 somite stage. the anterior and posterior expression domains meet and soon

afterwards (24 somite stage) the axial vascnlature (the DA and posterior cardinal vein

(PCV)) becomes clearly distinguishable. Following 24 hours developnrent,.flk-l-expressing

pro.iections sprout frorn the DA, these represent the intersegmental vessels. At this time, all

endothelial cells lining the vasculature in the zebrafish express.llA-l (Liao eI ul., 1997)

(Tahle Al.l). A recently characterised zebrafish mutant that lacks a functional Flk-l has

highlighted a specific angiogenic function for this receptor (Habeck et al., 2002). The

ernbryonic expression of .flt4 in the zebrafish is detectable by the 18 sr:mite stage and

resenrbles the expression pattern of flk-l until 48 hours post t'ertilisation (hpf). when.l/t4 is

no fongerexpressed (Thompson et ul., 1998). In contrast to.llk-lexpression, which seems

to be strongest in the DA,.fll4 expression is highest in the PCV (Thornpson et ul., 1998).

This is consistent with the venous-specific expression of Flt4 in Lhe mouse (Kaipainen cl

crl.. 1995).

1.2.3.4 Neuropilins

The accessory receptors neuropilin-l and neuropilin-2 are also believed to be

involved in vascular development. However, their ability to regularte varscultu'development

is indirect via the rnoclulation of VEGF binding to the main VEGF receptors. In the

clricken, neuropilin-l is preferentially expressed in arterial endothelia while rrcuropil.in-2 rs

specific for venous endothelia. This suggests an additional role in deternrining arterial-

venous identity (Herzt-rg ct u\.,2001t. Neuropilin-l is believed to bind both Flkl and Fltl

(Frrh et ul., 2OOO: Whitaker et a\.,200 I ). Targeted ir"ractivation of neuropilin- I in the mouse

results in impairn-rent of neural vascularisation and disorganised developrnent of vascular

networks in the yolk sac (Kawasaki et ul., 1999) (Table Al.2). Ner-rropilin-2 also forms
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complexes with Fltl (Gluzman-Poltorak eI e|,.,2000), however mice lacking neuropilin-2

function suffer fiorn no serious cardiovascular abnormalities (Giger et ul.. 2000).

Therefbre, the role that neuropilin-2 pertbrms, if any. during vascular development remains

unclear.

In the zebrafish, neuropilin-l displays a dynamic expression pattern (Lee et ttl..

2002). During late somitogenesis (22 sornites), transcripts are located in tail angioblasts,

gurt endoclerm, motorneurons, ventro-medial .somites and the hypochord. Later in

developnrent {24 to 48 hpf) the expression of neuropilin-l extends to the developing axial

vasculature and persists in the gut errdodenn throlrghout the tnrnk (Lee et ul.,2O0?) (Table

Al.l). Targeted knock-down studies in the zebrafish demonstrated that rteuropilin-l

regulates angiogenesis through a Vegf-dependent pathway (Lee et a|..,2002). Furthermore,

zebrafish neuropilin-1 has been shown to be a tunctional rcceptor fbr human VEGF,.. (Lee

et ul.,2A0T. These results suggest a conservation of function fbr these rnolecule.s during

embryonic vascular development.

1.2.4 Angiopoietins and their receptors

The angiopoietin family represents an important pafiner for VEGF during vascular

developrnent. Currently, there are fourmembers in the angiopoietin farnily, Angl, Ang2,

Ang3 ancl Ang4 (Yancopoulos eI a1., 2000). These ungiopoietins were originally identified

as Ii,qands for the Tie receptors, a farnily of receptor tyrosine kinases that are endothelially-

expressed (Figure 1.4). Of the two Tie receptors (Tiel and Tie2), only Tie2 binds the

known angiopoietins. Therefore, the mechanism through which the orphan receptor Tiel

atfects vascular development remains unciear.
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1.2.4.1 Expression of angiopoietins and their receptors during embryogenesis

Explession of Artgl is initially detected in the moLlse heart myocardium. Later in

developnient. expression is detected in the mesenchyme and srnooth muscle cells

surrounding the developing vasculature (Suri el ul., 1996) (Table Al.l). In contrast,Ang7

is only expressed at sites of active vascular remodelling suggesting a role specilic to

itngiogenesis (Maisonpierre e/ al., l99l). Transcdpts forTiel arc detected in the nrouse by

E8.5 in endothelial cells of the head mesenchyme, the DA and yolk sac blood islands

(Korhonen et ul.. 1994) (Table Al.l). This vascular endothelial expression persists

throughont clevelclprnent but in the adult becomes rcstricted to capillaries in the perialveolar

septa crf the h"rng. Expression of Tie2 conrnences in the yolk sac vasculature of the E7.5

stage nlouse ernbryo, and by E8.0, expands to also inch"rde the endocardium and DA (Table

ALt).

1.2.4,2 Angiopoietin function duringdevelopment

Many of the vascular phenotypes observed lollowing the targeted disruption of

these genes are highly conserved. as one would expect by inactivating ligand/receptor pairs.

Angl-deficient mice die at E12.5, and although they possess a primary vasculature, the

renr<rdelling events leading to a matlrre vascular system liril to take place (Sr.rri ct ul.,1996)

(Table A 1.2). The undellying defect wils a failure of endothelial cells to itssociate with

periendothelial support cells (Suri c,t rrl., 1996). The researchers used this resr-rlt to create a

rnodel irr which Ang I pertorms il permissive role, optimising the interaction between the

Zic-expressing endothelial cells and the underlying An.r;/-expressing support cells (Suri er

ul., 1996).ln support of this, overexpression of Arrgl r'esulted in vessel.s that were rcsistant

to vascular leakage induced by VEGF or inflammatory agents (Thurston et u|., 1999).

An92 is believed to function as a natural antagonist lbr Angl and Tie2

(Maistrnpierre ct ul., 1997). Furthermore, tal'geted disruption of Ang2 in the mouse results
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in disrupted an-eiogenic and, to a lesser extent, vtrsculogenic events in the retina (Hackett et

at..2002). These results, together with the fact that Ang2 is only expressed in endothelial

cells at sites of active remodelling sLrggest that Ang2 may provide a key de-stabilising

activity at sites of active vascular renrodellirrg (Yancopoulos ct n/., 2000). Other evidence,

however. sLl_q-qests that Ang2 signallin-r is much more complex than this. Using l,.llr't irt vitro

model of angiclgenesis it has been shown that Ang2 may act directly by stirnr-rlating the

Tie2 receptor and indr-rcing irt t,,itro angiogenesis (Teichert-Kuliszewska eral., 2001). lf

such an activity exists in vit,o, then Ang2 may act alternately to induce or inhibit Tie2

trarnscluced signalling in endothelial cells. The modulators of such a decision are likely to be

dependent upon the local rnicroenvironment.

Targeted disruptions to the Tie receptors, Tie I and Tie2, have revealed important

but distinct roles during bklod vessel clevelopment. Embryos deficient in Tie I developed

oederna and ass<lciated localised haemorrhages (Sato et u1.,1995) (Table Al.2). This leaky

phenotype was dernonstrated to be due to a loss of endothelial integrity. In contl'ast,

talgeted disruption of the 7"ic2 locus resulted in a disrupted vascular network and was more

renriniscent of the Angl knock-out phenotype (Sato et ul., 1995) (Table Al.2). These

results sLrggest distinct roles tor the Tie receptoff during enbryonic development. Tiel

appears to tirnction in establishing thc' integrity of endothelial cells while Tie2 is more

involved in the fbrmation of vascular networks (Sato er ul.. 1995\.

1.2.4.3 Angiopoietins in the zebrafish

In the ze'brafish, three angiopoietin genes have been isolated to date, untr4l,cutg2,

and ungptlS (angioltoietin-like-3). Expression analysis of these genes by in sira

hybridisation has revealed distinct patterns of expression for each (Pham et o1.,2001).

Transcripts for angl are located in ventral head mesenchyme and mesenchyme surt'ounding

the major trunk vessels (consistent with murine expression) and in ventro-medial regions of

the somites in the 24 hpf stage embryo (Table A l.l ). This coincides with the development
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of the prirnitive embryonic vnsculature. Another site of expression is the hypochord, a

single-cell layer immediately dorsal to the DA and ventral to the notochord. Although a

sirnilar structure does not exist in mammals, in Xenopus and zebrafish the hypochord has

been implicated in DA formation (Cleaver and Krieg, 1998; Cleaver et ul.. 2000).

Expre.ssion of ungZ is also detected in the ventral head mesenchynre but its expression

domain extends nrore anteriorly. A domain of ang2 expression is al.so located in the

pronephric glomeruli (Table Al.l). The expressicln of urrgptlS is confined to the yolk

syncytial luyer and has no overlap with the expression of either ungl or ur92. Although the

entbryonic cxpression pattern ol'the zebrafish orthologue of Angl does not exactly match

that of its mammalian counterpart. it is closely associated with the developing vasculature

expressing the Tie receptors. In the zebrafish both tiel and tie2 re predominantly

expressed in endothelial cells of the developing vasculature (Lyons et ul., 1998) (Table

A | . I ). This suggests that the central mechanism underlyirrg the an-uiopoietirrs role in

vascular development is conserved between the zebrafish and its maurnralian counterpart.

1.2.5 Ephrins

The Eph tamily of receptor tyrosine kinases rcpresents the largest larnily of growth

lirctor receptors, with at least l4 members identified to date (Flanagan et ul., 1998). There

are I known ligands that transduce their signals through these receptors (Figure 1.4). The

Eph family of receptors and ligands are divided into two subclasses. A and B, based on

ligand specificity and structural homologies (Flanagan et a/., t998). An interesting feature

of the Eph receptoriligand intelaction is the requirement for the ligand to be tethered to the

nrenrbrane in order to activate its native Eph receptor (Flanagtn et ul., 1998). This is in

contrast to ligands oi other teceptor tyrosine kinases that can act ils soluble ntediators.

The majority of research on this family to date has fbcussed on its involvement in

neural development (Flanagan et ul.. 1998), blrt recent evidence suggests that at least a

subset of this firmily functions in development of the early ernbryonic vascular system.
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Targeted gene disruption of both the Eph receptor EphB4 and its ligand Ephrin-B2 provide

ccrttrpellin-e evidence lor their involvement durin-e vascular development (Gerety et u[.,

1999). Mice deficient in both EphB4 and Ephin-B2 show det-ects in early angiogenic

rernodelling that are sinrilal to those in knock-out mode ls of Tie2 and Ang I (Table A I .2).

Art interesting f-eatr-rre o[ this ligand receptor pair is their expression profiles. Transcripts

lor cphrin-82 are found in the enclotheliurn of developing arterial vessels while EphB4

transcripts are fcrund in the endothelir-rm of prinrordial venous vessels (Wang et ul., 1998b)

(Table A | . l). Both of the zebrafish orthologues fbr these genes harve been chrracterised and

share the same contrastin_u expression profiles as their mammalian counterparts (Table

Al.l). Such a distribution sLrggests that these nrolecules are involved in clelining arterial

vel'sLrs venoLrs identity, perhaps in fusing arterial and venous vessels (Figure 1.5)

(Yancopoulos ct ni., 2000). These results suggest that signalling betrveen the tethered

ligand Ephrin-B2 and its receptor EphB4 is essential lbr angiogenic rernodelling and

nrorphogenesis.

1.2,6 Platelet-derivedgrowthfactor

The PDCF tamily consists of pairwise assemblies of two highly related PDGF

chains, A and B, resulting in homodimers (PDGF-AA or -BB) or heterodimers (PDGF-

AB). This arrangemetrt lbrms three different PDGF isofbrms whose ilction on a target is

dependent upon the repertoire of PDGF receptors that the particLrlal cell presents on its

surlrce (Beck and D'Amore, 1997).In a similar fashion to the ligands, the PDGF receptors

are also dimers of an cr and a p subunit. The receptor subunits conf'er specificity with the a

subunit able to bind both PDGF ligand chains while the p subunit is specific lor the PDGF-

B chain (Beck and D'Arnore. 1997).
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Figure 1.5 Schematic representation of the involvement of Ephrin-B2 and EphB4

during angiogenic remodelling. EphB4 and ephrin-92 are reciprocally expressed by

venous and arterial endothelium, respectively. Furthermore, both are presented on

the surface of the endothelial cells. Taken together, this supports a model in which

they interact at the junction of arterial and venous vessels. Establishing such an

arterial/venous identity is crucial for proper angiogenic remodelling of the primary

vascular plexus into a mature vascular system. Adapted from Yancopoulos et al.,

1 998.
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The expression pattern of one of these PDGF receptors in the mouse is particularly

interesting with respect to an-rio-9enesi.s due to its close association with the developing

vasculature. Transcripts fbr pltttelct-derivetl grov:th .tactrtr reL'eptor P (PDGFR-p; are

detected in the mesenchynre surrouncling the endotheliurn of large blood vessels and in the

endotheliurm ol'small blood vessels (Shinbrot et al., 1994) (Table Al.l). This suggests a

role in the growth and/or development of blood vessels. Sr-rch a model is supported by the

endothelial expression of the gene encoding the PDGF ligand PDGF-B (Lindahl et el..

1998) (Table Al.l). Not surprisingly, targeted inactivation of PDGFR-B and PDGF-B

results in similar disruptions to norrnal vascular development. Mice deficienr in PDGFR-B

are haemorrhagic. thrornbocytopenic, anaemic and die at, or shortly following. birth

(Soriano, 1994) (Table Al.2). Mice deficient in PDGF-B also develop severe, fertal

haemorrhages prior to birth and sul'l'er t}om anaemia and tl"u'ombocytopenia (Table Al.2).

Ultrastructural analysis of the PDGF-B n"rutant mouse revealed t lack o1'ruicrovascular

pericytes and large numbers of capillary microaneurysms (Lindahl et ctl., 1997).

Endothelial cells that would normally possess a functional PDGF-B were unable to recruit

PDGFR-B positive pericytes in the PDGF-B-detlcient mutant. Given that these pericytes

c:ontribute to the rnechanical stability of the vasculature, a lack of such sLlpport would result

in fia,sile capillary networks that would be susceptible to ruptures and leaks.

1.2.7 Transforminggrowthfactor-p

TGF-B signalling is transduced through two types of serine/threonine kinase-

containing receptors, type I (TGF-BRI) and type II (TGF-pRII), which fornt a heteromeric

complex (Kingsley. 1994). There are three ditterent isoforms of TGF-B in manrmals (TGF-

pl.2 and 3), The signal transduction pathway requires ligand binding to the type ll receptor

which then phosphorylates and activates the type I receptor to signal downstreatn pathways

(Kingsley. 1994).
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1.2.7.L Expression of TGF-pI and its receptors during embryogenesis

Transcripts tor TGF-Bl arc l'irst detected in the mouse by in situ hybridisation at

around 7.5 dpc in the extrarembryonic yolk sac blood islands, mesodermal cells of the

allantois and the pro-angioblast progenitors within the cardiogenic mesoderm (Akhurst er

ul., 1990). The expression in the haemangioblastic cells of the blood islands represents

progenitors of both the enclothelial and haematopoietic lineages, both of which continue to

express fGF-Bl (Akhurst et ul., I990) (Table Al.l). TGF-BRI, also known as activin

receptor-like kinase 5 (ALK-5), is a widely expressed type I receptor which can induce the

phosphorylation of Smad2 and Smad3 (Larsson et til.,2001). The type I receptor,TGF-

BRII, is also widely expressed in vascular smooth muscle cells (VSMCs) and pericytes

(Oslrima et ul., 1996), closely associated with TGF-pl-expressing endothelial cells (Table

A l.l ).

1.2.7.2 TGF-Bl function during development

Not surprisingly, TGF-Bl- and TGF-BRII-deficient mice possess identical defects in

vascular development. Both die at rnidgestation due to det-ects in yolk sac vasculogenesis

and lruematopoiesis (Dickson et ul., 1995; Oshima d/ ul., 1996) (Table Al.2). The initial

difl'erentiution of yolk sac rnesodet'm to endothelial cells does occur but re.sults in weak

vessels with reduced cellular adhesiveness. Furthermore, there is a decrease in erythroid

cell nrrmber in the yolk sac. This result is interesting in the context that TGF-pl has been

reported as a potenr in vitro inhibitor of endothelial and haematopoietic proliferation

(Mrrller et ul., I987: Ottmann and Peh"rs, 1988). Talgeted disruption of the type I receptor

TGF-BRI, results in defects to vascular development of the yolk sac, corrsistent with the

det'ects described tbr the TGF-B I and TGF-BRII knock-out mice. However. surprisingly the

haematopoietic compartment of the TGF-pRI knock-out mice is not deflcient, in contrast

there is an increase in erythroid colonies within mutant yolk sacs (Larsson et u|.,2001).
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The vascular def'ect in these TcF-BRl-deficient mice is nrost likely due to impaired

tibronectin synthesis and migration displayed by their endothelial cells (Larsson et al.,

2001). These differences suggest that TGF-B signalling acts through independent

tnechatnisms to regulate its vascular and haematopoietic functions cluring embryonic

development. Indeed, it seems likely that TGF-B acts to influence vascular development

through a variety of different actions, such as inhibition of endothelial cell proliferation and

migration, induction of periendothelial cell differentiation, stirnulation of matrix

accumulation (Beck and D'Amore, 1997) and the maintenance of vessel wall integrity.

1.2.7.3 TGF-p signalling in the zebrafish

A recently characterised zebratlsh mutant, violet beuuregarde (u/rg), has shed light

on the role of Alk-1, a TGF-B type I receptor, during vertebrate vascular development

(Rornan et a|.,2002). The expression of this gene is restricted to endothelial cells within the

zebraflslt embryo with highest levels predominantly in cranial vessels. Zebraflsh carrying a

disrLrpted c1k-l locus appear rnorphologically normal during the tlrst 1.5 days development,

with circulation comrnencing at around 25 hpf. However, following 2 days development,

r'lrg emlrryos possess dilated cranial vessels, composed of twice the normal number of

endothelial cells, that carry the majority of blood flow. Caudal circulation throughout the

trunk and tail is almost completely inhibited. Fufthermore, these vascular clef'ects do not

appearto be dure to perturbed vasculalpatterning (Roman et a|.,2002). The author"s suggest

that the l,l2g mutant represents a zebratish model for the hunran disorder, hereditary

haemorrhagic telangiectasia type 2 (HHT2). This condition results f}om a disruption at the

human activin receptor-like kinase l (ACVRLI ) locus (Roman et a|,,2002).
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1.2.8 Endoglin

Endoglin is a TGF-B binding auxiliary protein that is associated witlr the autosomal

don'rinant disease, hereditary haemomha-eic telangiectasia type I (HHTI) in humans, which

is characterised by vascular abnonnalities (McAllister c,t al., 1994). Expression of endoglin,

analysed by monitoring p-galactosidase expression tiom a IacZ reporter driven by the

endoglin promoter, was first detected by 6.5 dpc in extraembryonic ectoderm. By 8.5 dpc

expression was detected in primitive vascular endothelial cells in the yolk sac. This

endothelial expression continued during development irrespective of whether the

vasculature was derived frorn vasculogenesis or angiogenesis (Jonker et u|.,2002) (Table

Al.l). Targeted disruption of this TGF-B binding protein rcsults in lethality by day ll.5

due to defective vascular development (Li et o1.,1999) (Table Al.2). Endoglin deficiency

resulted in angiogenic remodelling defect.s characterised by poor VSMC development and

arrested endothelial remodelling (Li et ul., 1999). This suggests an important role for

endoglin during ernbryonic angiogenesis.

I.2.9 Notch

There is a growing amount of eviclence that Notch .signalling possesses a role during

embryonic vitscular development (Gridley et u1.,2001). The Notch intracellular signalling

nrechanism is a highly evolutionary conserved process in which both the ligands and

receptors iue transn'lembrane bound. This restricts the Notch signalling cascade to

regulating interactions between neighbouring cells. To date tbur mammalian Notch

receptors (Notch 1,2, 3 and 4) imd live Notch ligands (Delta I , 3 ancl 4; Jagged I and 2) have

been identified (Krebs et a|.,2000; Kortschak et a\.,2001: Villa et a/., 2001).
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1.2.9.1 Bxpression of Notch receptors and ligands during embryogenesis

ln the mouse, transcripts for Notchl are detected in the descending aorta while

NotchS expressir:n is restricted to arterial smooth muscle cells (Villa ct a|.,2001) (Table

Al.l). Also specific tbr arteries is Notch4 expression, although this Notch receptor is

selective tor the endothelir.rnt (Villa et u1..2001). Notc'h2 expression has not been reported

in either arteries or veins of the developing vasculature. In situ hybridisation has also

revealed transcripts lor the Notch ligands Deltul in arterial endotheliun, Jttggeell in

arteriaf smooth muscle cells (Table A l . l ) and Juggeel2 in arteries (Gridley et u1 ., 2001 ). So,

in sumnrary. Notchl, Nott'h3, Notchl, Deltu4, Jaggedl and Juggetl2 'are all specifically

expressed by arteries. and not veins.

1.2.9.2 Function of Notch signalling

Targeted inactivation of members of the Notch signalling pathway has provided

compellin-e evidence tor their involvement in angio-eenic renrodelling of the primitive

enrbryonic vasculature. Mice delicierrt forJag_eedl die early during embryogenesis due to

severe haemolrhages and exhibit def'ects in angiogenic remodelling of the yolk sac

vasculature (Xue et ul., 1999) (Table AI.2). Vascular defects are also present in mice

deficient for Notchl and in Notchl/Notch4 double mutant embryos (Krebs et a1.,2000)

(Table Al.2). These def-ects were present in the placenta. yolk sac and embryo proper. ln

briel', vasculogenesis appeared normal in the yolk sac as evident by a normal printary

vascular plexus. However, therc was no subsequent angiogenic remodelling of this plexus

into large vitelline blood vessels. [n the placenta, del'ective angiogenesis prevented the

nornral invasion of blocld vessels into the placental labyrinth. Angiogenesis def-ects in the

embryo proper resulted in malfbrrned vtrsculaturc, such as the DA, anterior cardinal veius

and the intersonritic vasculature (Krebs et u\.,2000).
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1,2.9.3 Notch signalling in the zebrafish

In the zebrafish, four Notch receptors have been identitled, Notch la, lb,5 (also

known as Notch 3) and 6 (also known as Notch 2) (Bierkamp and Canrpos-Ortega, 1993;

Ktx'tschak et dl..2001; Lawson el u|.,2001). Zebrufish ttotc'h-J is expressed specilically by

arterial endothelial cells of the DA aurd not by venous endothelial cells that constitute the

PCV (Lawson et u|.,2001). Zebrafish embryos lacking Ncltch activity have been shown to

possess clefbc:ts in arterial-venous specification (Lawson et u\.,2001). Such enrbryos lail to

induce arterial-specific exprcssion of ephrin-B2 and also demonstrate misexpression of

venoLrs-specific markers in the DA. Furthelmore. these def'ects in specificaticln correlate

with defective remodelling of the rnajor trunk vessels, presumably through a lack of

artelial-venor,rs identity (Lawson et u\..2001). More recent studies have demonstrated that

the arlerial-specif ic expression of notch1 in the zebrafish DA is dependent r.rpon firnctional

Vegf activity. which in turn is mediated by notochord-derived Shh signalling (Law.sott at

ul..2OO2\.

1.3 Adhesion events during angiogenesis

Angiogenic remodelling requires the establishment of intimate cell-to-cell

interactions between endothelial cells and supporting cells in the local nricroenvironment.

The angiogenic process is highly dynamic, requiring the loosening of existing contacts

tretween endothelial cells ancl the establishment of new ones. The tormation and

maintcnance of these cell contilcts requires a complex relationship between plasma

menrbrane proteins. cytoskeletal conrponents and associated signalling molecules

(Vestweber. 2000). The greatest amount of research conducted on endothelial cell contacts

has fbcussed on two ditf-erent types of junctional complexes, adherens.iunctions and tight

junctions. Adhelens jr"rnctions are characterised by a cytoplasmic electron-dense structure

on the plasma menrbrane of neightrouring cells (Gumbiner', 1996). They are ubiquitously
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expressed by the endothelial cells of all vascular beds. Tight junctions are defined by the

apparent partial fusion of closely.juxtaposed plasma membranes (Anderson et al., 1995)

and act to seal the endothelial cell layer. The adherens junction protein VE-cadherin has

been demonstrated to be critical for normal angiogenesis. VE-cadherin can mediate

angiogenesis, endothelial barrier function and support cross-talk with VEGF. Blocking VE-

cadherin tunction, using antibodies, inhibits angiogenesis while targeted gene disruption

results in embryonic lethality due to abnormal organisation and rernodelling of the

vasculature (Carmeliet et ul, 1999a; Dejana et ul., 1999: Liao et a|.,2000a; Corada et ul.,

2001)(TableAl.?).

In addition to endothelial cell-cell contacts, contacts lretween endothelial cells and

components of the ECM are of critical importance to nonnal angiogenic remodelling. Cell

adhesion to tl're ECM is rnediated by integrins, one such endothelial cell-specific integrin,

cqB., is believed to be recluired for the fbrnration and/or maintenance of de rrovo vessels

(Beck and D'Amore, 1997). Inhihition of cr,B, function duringchick angiogenesis results in

tlre inhibition of neovascularisation (Brooks et etl., 1994). Tlre integrin o"F., also appears to

possess a vasculogenic role. In quail embryos with cclmpromised cruB. activity clorsal aortae

develop in their normal positions but lack patent lumens trnd are tragmented (Drake et al.,

1995). Furthermore. targeted deletion of the a, gene in mice is lethal due to severe

haenton'haging in a subset o1'organs (Eliceiri et u|.,2001 ).

Irr summary, the relationship between neighbouring endothelial cells and between

endothelial cells and the ECM is essential for key aspects of vascular development. Not

only clo the contacts provide a physical connection between cells. but also in co-ordinating

the response to inputs, they regulate cell rnigration. proliferation and dift'erentiation.

I.4 Shear stress-induced vascular remodelling

The assernbly of the primitive vascular system takes place in the absence of any

flow. However. tirrther angiogenic remodelling of this rudimentiu'y system occurs in
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the presence of circulating blood. This early observation resulted in the hypothesis that

haetrrodynamic forces such us shear stl'ess influence vascular remodelling. Many early

studies on such haemodynarnic-dependent maturation focussed on ultrastructural analysis

of ECM development and VSMC diffbrentiation during vascular development (Gonzalez-

Cru.ssi et ul., l97l; Murphy and Carlson. 1978). These early structural studies correlated

ECM developnrent and VSMC differentiation with an increase in blood pressure dr.rring

embryonic developrnent in the chick. This was primarily based on the observation that the

initial circulation flowed through prirnitive blood vessels that lacked any presumptive

VSMCs. It was not Lrntil an increrse in blood pressure was experienced that VSMCs were

recruited around the embryonic vasculature. Morc recent studies have tbcussed on the

genetic regulatory networks involved (Wilson et al., 1993; Ohno eI al.. 1995; Resnick and

Ginrbrone, 1995; Wilson et a|.,1995; Reusch et u|.,1996; Resnick er ul., 1997).

Following the application of mechanical strain, rat neonatal VSMCs have been

denronstrated to elevate their production and secretion of PDGF (Wilson et ul., 1993). This

increase in PDGF activity resulted in a mitogenic response in the VSMCs, as detected by

increased DNA synthesis. This activity was found to be ECM-dependent (Wilson et ul.,

1995). Mechanical strain was reported to increase DNA syrrthesis in VSMCs cultured on

collagen iurd fibronectin, but not on elastin or laminin. Furthermore, this response to cyclic

mechanical strcss was abrogated in the presence of antibodies to specitic integrin isoforms.

This suggests that interactions between specific integrins and matrix proteins at'e

responsible for sensing and/or transdr,rcing mecharnical stress (Wilson et u|.,1995). Further

evidence lor shear strcss-induced vuscular remodelling is provided by similar experiments

that denronstrate an elevation in TGF-p production from endothelial cells sutrjected to

rnechanical strain (Ohno et ul., 1995).

In summary, both endothelial and periendothelial cells possess the capacity to

respond to haenrodynamic forces. This has led to a model by which flow-induced vascular

remodelling and maturation is mecliated by shear-stress induced expression of autocrine and

paracrine rloleculcs.
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1.5 Vascular anatomv of the zebrafish

Recently, the advent of confocal microscopy. along with sophisticated image

proce'ssing sofiware and micrornanipulation, has led to the conrplete characterisation of the

zebraflsh embryonic vasculature in very high detail (Isogai et ul,2O0l) (Figure 1.6). tn

additi<ln, it has led to the establishment of a standarcl ref'erence nomenclature (summarised

in appendix 2. Table 42.I ). Having a standard reference such as this is extremely valuable,

enabling very small perturbations in vzrscular development to be characterised. For

example. microangiography proved useful in detecting disrupted vascular rnodelling in

zebrafish ertrbryos exposecl to cadmium (Cheng et u|.,2001). Miroangiography ernploys the

use of small tluorescent microspheres that can penetrate even the smallest of blood vessels.

Furthermore. r"rnlike more traditiclnal methods used to delineate vasculature that use

coloured dyes or plastic resins, these fluorescent spheres do not significantly harm the

specimen. enabling live, real-time image capture. In vivo imaging of varscular development

in .llil:EGFP transgenic zehrafisli has demonstrated that trlood vessels undergoing

angiogenic niodelling display filopodial and pathfinding behaviour reminiscent of neuronal

-qrowth cones (Lawson and Weinstein. 2002).

1.5.1 Initiation of circulation

Blood can first be observed circulating at around 24-26 hpf. This initial blood flow

exists as a.sirnple rudimentary circuit (Figure l.6.\). Starting frorn the heart, blood moves

into the mandibular aortic arches through the bulbus arteriosr-ts and the ventral aorta, where

it ernpties into the paired leli- and right-lateral dorsal aortas (LDA). These two vessels run

caudally, progressively approaching one another until they bisect and luse into a single DA

that then carries thc blood caudally through the developing trr-rnk into the developing tail.



Figure 1.6 The vascular anatomy of the developing zebrafish. Microangiography of

the developing vascular system in 1.5 dpf (A), 2.0 dpf (B), 2.5 dpf (C), 3.0 dpf (D)

and 3.5 dpf (E) stage zebrafish. Red arrows denote direction of blood flow in the

developing trunk and tail. The dorsal aorta (DA), posterior cardinal vein (PCV),

caudal artery (CA), caudal vein (CV), dorsal longitudinal anastomotic vessel

(DLAV) and intersegmental vessels (Se) provide circulation to the developing trunk

and tail regions (highlighted in red). For a translation of the abbreviated vessels,

see Table A2.1. Adapted from lsogai et a|.,2001 .
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The posterior-most region of the DA, that extends beyond the anal pore, represents the

caudal artery (CA;. This is the vessel that carries the prinritive circulation into the tail

where it tnrns 180'and begins its rostral passage back to the heart, beginning at the caudal

vein (CV). The CV initially exists as an undefined plexus of very snall vessels. Eventurally

this labyrinth of snrall channels beconres remodelled into a single dellned vessel, more

sinrilar to the CA that lies immediately dorsal. The CV then empties into the PCV which

carries blood anteriorly through the trunk fi'om the anal pore to the crarnial trunk. At this

point, the PCV splits into a pair ol'vessels that terminate.just rostral to the LDA/DA fusion

point (Figule l.7A). Each posterior cardinal then empties into the duct of Cuvier

(DC)/future comnlon cardinal vein (CCV) which fans the blood oLrt over both sides of the

yolk. These tlows then rnerge cranioventrally at the sinus venosus where it re-enters the

heart. Soon afier the initiation ol'this crude circulatory network. a cranial circnit starts.

Where hloocl exiting the l'irst aortic urch only travelled caudally into the paired LDA, now,

it also flows rostrally and empties into the prirnitive internal carotid arteries (PICA). From

here blood llows into the caudal division of the internal carotid artery (CaDI) where it

eventually joins with the equivalent branch fiom the other side of the embryo through the

basal communicating artery (BCA) that runs along the cranial midline. The other branch of

the PICA. naned the cranial division of the internal carotid artery (CrDI), carries blood to

the optic capsule rvhere is turns caudally into the prirnordial midbrain channel (PMBC)

rvhich therr tr.rses with the prin'rordial hindbrain channel (PHBC). At this stage, rudirnentaty

vessels that sprout tl'om the PMBC/PHBC.junction represent primitive rnidcerebral veins

(MCeV). These vessels have yet to fuse at the midline to conplete a circuit.

I.5.2 Circulation at 1.5 dpf

Following L5 days post fertilisation (dpf), throughout the developing trunk vessels

can be seen sprouting and elongating tionr the DA and PCV (Figure l.64). Although the
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HEAD TRUNK

Figure 1.7 Vasculogenesis and angiogenic remodelling of vessels in the cranio-

trunk region of the developing zebrafish embryo. (A) Dorsal view (anterior to left) of

a zebrafish embryo with a superimposed view of the main axial vessels in the

cranial trunk region as they appear at around 1.2-1 .5 dpf. Blue and red lines

represent venous and arterial vessels, respectively. (B) Whole mount in situ

hybridisation of a 1.2 dpf embryo (lateral view, anterior down), displaying B-globin-

expressing blood cells travelling over the yolk sac through the common cardinal

vein (CCV) (C) Diagram illustrating the extensive angiogenic remodelling and

regression that occurs during the interconnection of the minor trunk vessels (DLAV

and Se) with the cranial trunk/head vasculature throughout development stages 1.5

to 4.5 dpf. BA = Basilar artery, PHBC = Primordial hindbrain channel, DLAV =

Dorsal longitudinal anastomotic vessel, Se = Intersegmental vessel, LDA = Lateral

dorsal aorta, ACV = Anterior cardinal vein. Adapted from lsogai et a|.,2001.
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ntajority of these vessels do not support blood flow at this time, the tluorescent spheres

highlight their genesis as they elongate dorsally away f}om the nrain axial vessels. These

intersegmental vessels (Se) anastarnose with other neighbouring Se vessel.s initially along

the longitudinal axis to fornr a pair of dorsal longitudinal anistomotic vessels (DLAVs).

However, at this stage of developnrent, there are no connections between the left and right

DLAVs that run the length of the trunk. The development of the Se and DLAV occurs in a

caudal to rostral progression, with the caudal vessels functional befbre their rnore rostral

equivalents. The DA and PCV remain relatively unchanged.

1.5.3 Circulation at 2.0 dpf

After 2 days development, the Se throughout the trunk and tail erre lumenised and

functional, carrying blood dorsally into the developing somitic and dorsal neural tissues.

Also at this sta-ee of development, a number of anastomotic vessels can be seen connecting

the caudal regions of the leti and ri-sht DLAVs (Figure l.68). This change. however, is not

nrirrored by the rostral DLAVs. which remain as separate paired parallel strLrctures. The

DA and PCV are again relatively unchanged f}orn their appearance at 1.5 dpf'. One change

that is noticeable irr the anterior trunk is the vascularisation o[ the pronephric glomus which

occurs just caudal to the CCV and ventral to the DA. Another change in the cranio-trunk

region is the cornmencenrent of regression of the lefi-paired PCV. The right PCV will

progressively carry the majority of venous blood flow fiom the trurk with the lel't PCV

carrying flow only from the anterior-most SeV. By 2 dpf, the circuitry of the developing

blain becomes more cornplex with many new projections sprouting f}om the main cranial

arterial passage. An important cranial-to-trunk connection occurs around this time point,

linking the dorsal DLAV to the rnorc rnedial paired PHBC. Eventually this DLAV/PHBC

connection l'egresses and is replaced solely by the BA (Figure l.7C). lt is interesting to note
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that the Se vessels do not lbllow a pre-designated arterial-venous identity, except for the

filst fbr-rr sets of Se which do follow an inherent pattern.

1.5.4 Circulation at 2.5 dpf

By 2.5 clpf a small extension of the CA sprouts caudally into the base of the caudal

fin (Figure l.6C). This projection then splits into a pair of vessels to allow a simple

circLrlatory loop to penetrate into the developing caudal fin. Also noticeable is the increased

separultion between the DA and PCV along the dorsal-ventral axis, rnd the continued

renrodelling of the CV plexus into a more defined single vessel. Despite an obvious

increase in the complexity of the wiring within the developing head of the zebrafish, the

ovelall framework of the major vessels remains unaltered afler 2.5 dpf.

1.5.5 Circulation at 3.0 to 3.5 dpf

Following 3-3.5 days development, the paired DLAVs in the tail and caudal trunk

ture remodelled into a single vessel, and two completely new types of vessel sprout frorn the

Se throu,qhout the trunk (Figure l.6D and E). These sprouts extend f rorn a number of Se in

both clirections along the anterior-posterior axis. The ventral sprouts represent the

palachordal vessels (PAV) while the more dorsal vessels are the prinrordial vertebral

arteries (VTA). The PAVs fbrnr as a pair of vessels, lateral to the notochord at the

horizontal myoseptum while the V'fAs are located on each side of the base of the neural

tube. immediatety ad.iacent to the Inyotome. These vessels eventually elongate to span the

sonrites at around the 5 dpf stage of development. New vessels also span the increasing

dorsal-ventral gap between the DA and PCV. These vessels exist transiently and regress by
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4.5-5 dpf. The CV continues its condensation and more resembles its final state as a single

vessel in the ventral region of the tail.

1.5.6 Genetic cues control vascular development

While the zebrafish varscular anatomy is similar to that of other vertebrates, some

difl-elences in vascular circuitry do exist. These dif'terences are most likely the resirlt of

adaptations to unique hlood flow requirements in the developing zebratlsh. A possible

explanation could also be tbund in the rapid development the zebratish experiences, with

certain non-essential ilspects of vascular development eliminated in the interests of speed

(lsogai et u|.,2001). Vascular modelling in the zebrafish is a highly dynamic process with

new vessels and connections appearing and then disappearing. often to be replaced by

cornpletely new vascular tracts. However, despite this complex nnd seemingly chttotic

process, al conserved and reproducible vascular plan does exist. This would suggest that the

cues governing vessel modelling are geneticully programmed. An example of such a cue is

disrupted in the out of'bourtels (ohd) zebrafish mutant (Childs et q|.,2002). The -eenetic loci

underlying this mutation is required fbr the proper sprouting of endothelial cells along the

DA that constitute the intersegmental vasculature. Furthermore. these rnutants display

inapplopriate and disorganised growth of these minor trunk blood vessels (Childs eI ul.,

2002). A number of other loci have been found to be essential for various aspects of

vascular development througlr mutagenesis screens in the zebrafish (Stainier et ol, 1996),

provicling further evidence fbr underlying genetic progranls that control vessel fbmration.

These irrclr:de vascular integrity mutants such as bubble heutl (BBH), leuky heurt (leh),

nutsh.lor hrains (ntJ'b) (Stainier ct ul., 1996) and gricllock (5/l) (Weinstein et ul., 1995:

Zhong et u\..2001 ).

In summary, this staged 3-dimensional atlas of the zebrafish has greatly increased

our understanding of the dynamic steps involved in vertebrate vascular development. This
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knowledge will prove invaluable in the interpretation of abnorntal vascular patterns.

Placing the zelrral'ish in a position to rnake a substantial impact on the level of knowledge

rcgarding the regulators involved in embryonic vasculogenesis and angiogenesis.

Signals from the hypochord and gut endoderm are

involved in vertebrate vascular development

There is an increasing amount of data to suggest that molecules involved in the

assembly and nraturation of the nrain axial vessels in the zebraflsh are produced by

bordeling tissues like the notochord, the hypochord and the endoderrn (Figure 1.8). The

notochord has long been known to play a role in patterning midline and paraxial tissues

strclr irs the floor plate and somites (Halpern et el., 1995: Talbot et ul., 1995).

Characterisation of the zebratjsh notochord mutants .floutirtg lrcud (flh) and no tttil (ntl)

suggest tlrat lhe notochord, that lies dorsal to the developin-e vasculature, is n source of

signals that directs the tbrmation of the DA (Fouquet et ul., 19971 Sumoy et ul. 1997:

Brown et ul.?OOO). Both.l'lh and ntl possess def'ects in the formation of the notochord,.l/ft

embryos con-rpletely lack a notochord while rrrl enrbryos lack its differentiation. Vascular

endcrthef ial cells, highlighted by ht situ hybridisation using the endothelial-specific marker

.llk-l,liriled to organise into a DA in both mutants. However, the PCV was less eft-ected

(Fouquet ct u[., 1997). Further investigation into a role lbr the notochord in DA tbrmation

looked at.tlil expression, a vascular-specific transcription factor, in the ntutants,.flh. one-

cycdpinlteud (oep), sclttirtt (.rqt) ancl sortic-\'ou (s'yr.r) (Brown et u|.,2000).

The oep -{ene encodes an L'xtracellular EGF-CFC taniily protein that appears to be

essential for signalling by nodal-related proteins (Gritsman et ul., 1999). In contrast to the

notochord mutants. oelr embryos do possess a notochord but lack anterior axial

mesencloderm, the prechordal plate and ventral neuroectoderm as well as gut and other

endtrdermal derivatives (Hammerschmidt et ul.. 1996). Consistent with the presence of a



Figure 1.8 Diagrammatic representation of the sources of signals involved in

zebrafish vascular development. (A) Lateral view of a 22 somite stage embryo with

the hypochord, intermediate cell mass (lCM) and primitive gut endoderm (PGE)

highlighted in blue, red and black, respectively. (B) Formation of the zebrafish lCM.

Diagrammatic representation of a transverse section through the trunk of a

developing zebrafish embryo. Vascular endothelial/haematopoietic precursors

migrate from the lateral plate mesoderm (LPM) to the midline, beneath the

developing somites (S), and coalesce to form the lCM, The ICM is sandwiched

between the hypochord (H), that lies immediately dorsal, and the PGE, which is

immediately ventral. (C) Schematic representation of possible mechanisms by

which zebrafish Shh and Vegf signal to the developing vasculature. Three potential

mechanisms are: (1) Shh signals from the notochord (N) to induce Vegf signalling

in the ventro-medial somites and/or hypochord which, in turn, signals to the

developing vasculature; (2) Shh signals from the notochord to induce the secretion

of another signalling molecule from the hypochord, that acts on the developing

vasculature; (3) Shh signalling from the notochord acts directly on the migrating

angioblasts. Signal(s) from the underlying PGE are also believed to mediate the

organisation of the axial vasculature. NT = Neural tube, DA = Dorsal aorta and

PCV = Posterior cardinal vein. Adapted from Roman and Weinstein, 2000.
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notochord, oal) mlrtants possess a normal DA, however instead of the typical PCV that

normally tornts, there is a disorganised collection of./ft/-expressing endothelial prccursor

cells (Brown et a1.,2000). The PCV is situated immediately clorsal to the gut endoderm,

which is predominantly ahsent in oegt nrutants. This inrplies that signalling from the

underlyin*u endoderm is required fclr proper formation of the PCV. Such a role for the

endoderm is sr-rpported by tissue ablation experiments in Xenopr.s. Although Xenopu.s

embryos lacking endoderm possess aggregates of angioblasts. tllese disorganised structures

fail to assemble into endothelial tubes (Vokes and Krieg, 2002). This suggests that

endodernr signalling is not required tbr angioblast specification, but is essential tor

cndothelial tube lbrrnation.

The srTt gene encodes a nodal-related signalling molecule (Feldnran et ul., 1998).

The ,rrJl mutant lacks ventral central nervous system (CNS) tissue and has a reduced

prechordal plate (Heisenberg and Nusslein-Volhard. 1997). Another interesting phenotype

ol this mutant is the absence of the anterior notochord. Exanrining.lli,l expression within

this backglound revealed that no DA tbnned below the region of the ablated notochord.

consistent with a role fbr the notochord in DA assembly (Brown et u|.,2000).

The .s1,u mutant results from a mutation at the sonic lrcclgelrcg (shh) locus

(Schauer-te etul.,l998).Tlanscriptsforthisgenearefoundinanumberof zebrafishtissues

inclrrding both the notochord and endoderm (Krauss et ul., 1993). Neither the DA nor the

PCV form normal endothelial tubes in this mutant. This result is intriguing in that the signal

that emanates fl'om the notochorcl and endoderm to organise the axial vasculature may be

Shh. or ilnother signal whose expression is dependent on Shh (Figure l.8C). Indeed, the

Shh si_cnal. presumably fiorn the notochord, has been demonstrated to be necessary fbr ve.ql'

expression in the zebrafish (Lawson et al.,2002). Support for this comes from another

str"rdy in which r,'egf'expression was shown to be dependent upon a functional notochord

(Liang et u|.,2001). These results provide compelling evidence implicating the notochord

and endoderm in the lornraticln of the DA and PCV, respectively.
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Several groLtps have hypothesised that the fbrrnation of the DA is actually mediated

not by the notochord. but by signals secreted f}om the hypochord, which lies between the

notochord and the DA (Lofberg and Collazo, 1997: Cleaver et u1.,2000: Eriksson and

Lofberg, 2000; Pham et u1.,2001). The hypochord is a transient single-cell layer of

endodermal origin that exists in fishes and amphibians (Lofberg and Collazo. 1997).In the

zebraflsh. it separates fronr a subset of endoderrnal cells at around the l4 somite stage

(Eriksson artd Lotberg, 2000). This specification of hypochord cell fate is believed to be

dependent orr Delta-Notch signalling (Latimer cl ul.,2OO2). While maintaining tight

association with the notochord, the hypochord moves dorsally away fi'om the underlying

endoderm, creating a gilp in which precursors of the future DA and PCV converge (Figure

l.8B). A number of studies have found that the hypochord expresses u wide variety of

genes. These include transcription factors such as tu,ist (Halpern c/ a/., 1995: Schauerte ef

a1., f 998),.fkd1,2,4 irnd Z (Odenthal and Nusslein-Volhard, 1998), adhesion molecules

such as .f-spondin (Ruiz i Altaba et ul., 1993) and ECM components such as type II

collagen (Yan ct ul., 1995). Several secreted growth fnctors are also expressed in the

hypochord including.rlrlr (Ruiz iAltaba, 1998) and radar (Rissi et ul., 1995). Moreover,

Vegl'(in Xettoltus ancl zcbral'ish) and Angl (in zebral'ish), two potent nrodulators of axial

vtrsculau'development are synthesised hy the hypochord (Cleaver aurd Krieg" 1998; Eriksson

and Lofberg, 2000: Phanr et u1.,2001; Lawson et u\.,2002).

Experiments conducted by Cleaver and Krieg in Xenopus have denronstrated that

when the notochord is removed during early neuralation there is a complete inhibition of

hypochord development. In reciplocal experiments in which ectopic notochord is

transplanted. there is an expansion of the adiacent hypochord region (Cleaver et u\.,2000).

These results suggest that signals frorn the notochord instruct cells in the dorsal most aspect

of the underlying endoderm to adopt a hypochord fate during early neural stages. The early

natLu'e of this inductive signal, t}om the notochord, is supported by normal utllugen 2ct

expression. in rnorphologically normal hypochords, in the zebrafish notochord maturation

mutants g,"utnp\t (gu1t1, hush.fiil (bttl), tlopey (tlop), strcer.y (,rrr.r') and grut (S4rto) (Stemple ar
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el., 1996).In these mutants, only the nraturation of the notochord is aff'ected (notochord

cells tiril to vacuolate). However. in the zebratlsh notochord mutants.lilr and rufl, that fail to

produce a fhnctional notochold, the hypochord would be ablated.

The hypochord is a source ol a dif flsible i.soforn of Vegf in Xenopus and zebrafish

(Cleaver and Klieg, 1998: Lawson sI a|.,200?) and Angl in the zebratlsh (Pham et ul.,

2001). ln Xertoltus. ectopic expression experiments have denionstrated that this diffusible

Vegf can act as a chemoattractilnt for migrating angioblasts that form the l'uture DA and

PCV (Cleaver and Klieg, 1998). In the zebraflsh, l,egl'is expressed by the ventro-medial

region ol'the somites and the hypochord (Liang et u1.,2001: Lawson et u|.,2002). Both

domains are closely associated rvith the developing axial vasculature. In addition,

morpholino-rnediated knock-down of the Vegf signal in the zebrafish has revealed an

angiogenic role for tlris signal in axial vessel assembly (NaseviciLrs et u\.,2000).

Furthermore, signalling ti'om the notochord, or indeed the hypochord, is required tbr vegf'

exprcssion in the somites. as revealed by a lack of somitic l'dgl'expression in the n// and.flh

notochord mutants (Liang et u1.,2001). This signal is nrost likely Shh (Lawson et al.,

2002). Lawson believes that the somitic domain of veg,f expression, which is dependent

urpon Shh uctivity. is required fbr arterial identity within the DA. However, this function

may also lre mediated via Vegf in the hypochord, which is also dependent upon functional

Shh and is imrnediately.iuxtaposed tt'r the DA.

In summary. signals from the hypochord and undertying gut endoderm, two

structLlres that sandwich the cleveloping DA and PCV, rcspectively, are believed to provide

il source of signals that participate in axial blood vessel assernbly.
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Relevance of the zebrafish in vascular development,

disease and therapy

The processes of physiological and pathological angiogenesis arc tightly legulated

by a range of pro- and anti-angiogenic factors (discussed earlier). A number of diseases can

result from imbalances in these processes. As reviewed earlier, these processes inch-rde the

migration, differentiation ancl prolif'eration of endothelial cells. reorganisation of ECM and

the rnechanical proce.ss of vessel tube assembly. Sorne angiogenesis-dependent diseases can

be controlled in animal models through the induction or inhibition of new vessel formation.

Such conditions include wound healing, inflammatory diseases. ischemic heart and

peripheral vascular disease, myocardial infarction, diabetic retinopathy and carncer

(Battegay, 199-5). Rapid advances in molecular genetics, molecular probes and imaging

technology has provided a framework in which to study physiological and pathological

angiogenic processes in cletail never seen betore, providing new ancl exciting therapeutic

possibilities (Battegay, 1995; Ferrara and Alitalo, 1999: Carmeliet and Jain,2000). A

number of angiogenic factors have been tested in animal model systenls, such as bFGF,

FGF-5, VEGF itncl tlre angiopoictins (Ferrara and Alitalo, 1999). Of these molecules,

VEGF has been the most extensively tested angiogenic re-rulator. Not surprisingly, the

molrse and rat have been the rnodel systerns of choice to date. However, recently, the

characterisation of a nunrber of zebraflsh mutant models of known humatn disorders ha.s

provided support for the use of this developnrental model in unravelling the genetics behind

human disorders (Table l.l ). One such example is represented by the zebrafish mLrtant

yiolet beauregurtle, that lacks a tunctional Alk-l receptor. These n'lutelnt embryos display

defects in vascular developrnent and rnay represent a zebrafish rnodel of the human

autosomal dominant disorder, HHTZ. that lesults from the disruption of the human

lrcrnrcrlogue. ACVRLI. These zebrafish werc the result of chernical mutagenesis screens.
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Mutation Gene aff'ected lluman disorder Rel'erence

suilIentes 6-aminolevulinate

synthase (ALAS2)

Congenital

sideroblastic anemia

(Brrrwnlie et ul., 1998)

.v"QUe fiI Uroporphyinogen

decarboxylase

(UROD)

Porphyria (Wang et al.,l998a)

r,ir1fhntlel Unidentilied globin Thalassemia type

disorder

(Chan et ul., 1997)

slrt ttttt ,| Brachycardia (Baker at u[.,1997)

ttrucuIu Ferrochelatase Erythropoietic

protoporphyria

(Childs et u\.,2000)

gridlock BHLH transcription

factor

Coarctation of the

aoila

(Weinstein et al.,

1995; Zhong et ul.,

2000)

Violet

betturegurtle

Activin receptor-like

kinase I (TGF-F type

I receptor)

Hereditary

haemorrhagic

telangiectasia type 2

(Roman et ul.,20OZ)

tlctuble bubble 'j Autosomal doruinant

polycystic kidney

disorder (ADPKD)

(Drummond,2000)

t.nte-e\ed-

pinheud
EGF-CFC lerctor Holoprosencephaly (Zhang aI u1., 1998)

r Adaptctl lrom Vogcl and Wcrinstcin.2(XX).

Table 1.1 Zebrafish mutants which represent models of human diseases.

A recently conducted Tubingen 2000 ENU mutagenesis screen has revealed

approximately 750 nrutants, representing 150 different genes that are required for normal

vascular development in the zebrafish (Gerritsen et u|.,2001). This torward genetics

approach is in contrast to the traditional reverse genetics used in the ntouse to inrctivate a

-qene by gene targeting via homologous recombirlation.

Tlre well documented advanta-ues that the zebrafish ol'fers as it rnodel system makes

it an ide-al candidate in which to test potential therapeutic agents in zebratish rnodels of
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human disorders (Vogel and Weinstein, 2000). New mutagenesis screens in the fish are

being designed to target specific developmental events. These new generation scrcens can

eruploy the use of promoter/enhancer-rcporter transgenic lines. For exarnple, transgenic

zebrafish lines have been generarcd using an endothelial-specific tie2 promoter/enhancer-

green fluorescent protein (GFP) repofier, allowing the visualisation of the vasculature in

embryos and adults at the single-cell level (Motoike et ai., 2000). A similar endothelial-

specific .flil:enhunced GFP (EGFP) line has been established (Roman et ul., 2002). A

recent pilot haploid mr-rtagenesis screen in this line (of approximately 500 genomes)

generated I I potential vuscular nlLltants (8. Weinstein, personal conmunication). In brief,

haploid embryos fi'oni F, t'emales werc scored under fluorescent illumination at 1.5 dpf tbr

vessel def-ects. Using this approach, defects in both vasculogenic and angiogenic events

have been detected. Such prornoter-reporter transgenic Iines have also been used to

characterise mutants generated tiom traditional landom morphology mutagenesis screens.

To highlight the ef'tbctiveness of such am approach, the r,bg mutant (generated from such a

traditional screen), when crossed with zebrafish harbouring a ,l'lil:ECFP transgene,

revealed that a disruption to the aik-l locLrs, the gene undellying the rnutation, resulted in

elevated numbers of endothelial cells in the cranial vasculature (Roman et a|..2002). In

another similar example, the rnosaic nature of transient transgene expression was utilised to

highlight individual endothelial cells by injecting obd mutant embryos with a tie2:EGFP

expression cassette (Childs et il|., 2002). The ubd zebraiish mutant is characterised by

det'ective intersegmental vessel tbm-ration (Childs et ul..?0OZ). Ernploying thi.s technique,

individuul angioblasts destined to contribute to the intersegmental vasculature werc tracked

throughout their migration f}om the lateral plate mesoderm. The obtl gene product was

demonstrated to be critical for the normal migration of endothelial cells that are fated to the

intersegmental blood vessels (Childs et u|.,2002). The use of such traursgenic lines enables

both patent and fornring blood vessels to be observed during development, as well as

rnigrating angioblasts. This is an advantage not shared by conventional microangiography
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which only highlights patent endothelial tubes connected to a functional circulatory

network.

Othel techniques that the zebrafish offers as a developmental system include the

transient inactivation of selected genetic targets using morpholino antisense technology

(Ekker,2000; Nasevicius et u\.,2000: Nasevicir-rs and Ekker,2000; Ekker and Larson,

2001t. In adclition, the usc of Gal4-UAS binary transgenesis has been demonstruted in the

zebratlsh (Scheer and Camnos-Ortega, 1999; Scheer et u\.,2001), enatrling a greater control

of ti.ssue-specific misexpression of -qenes of interest. Furthermore, transgenic zebrafish

irrcorporating an inducible lt.rp70 promoter allows for precise temporal control of fbrced

gene expression (Halloran s/ ul.,20OO Scheer et u1.,2001). Indeed, by urtilising hsp7}:Gal4

and UAS;Iuttchlu transgenic lines, temporal ectopic activation of the Notch pathway was

demonstrated to repress venous cell fate. This was detected by analysing expression of the

endothelial rnarker'.//t4, which becomes restricted to venous blood vessels by the 30 somite

stage of development (Lawson et o1.,2001).

A relatively new technique that holds gt'eat potential lbr the zeblafish is the

implcmentation of chemical genetic approaches. The advarltages that the zeblafish otTers as

a model system positions it as an icleal candidate systern in which to use this technique,

nraking the z-ebrafish a potential model tbr drug target identiflcation and a prescreen nrodel

fbr drug evaluation. This approach enables the precise temporal and dosage control of gene

activity allowing tbr accurate functional blockage initiation and termination. Surch a

chernical genetic approach has already been used to explore angiogenic signalling in the

zebrafish emblyt'r, in puticurlar signalling through the VEGF receptors (Chan et a|.,2002).

ln summaly. the biology and -{enetics of the zebraflsh make this systenr extremely

attractive, both tor the lurther investigation of vascular development. and fbr the discovery

of novel therapeutic tffgets to trcat cardiovascular disorders.
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II.

1.8

Radar and the TGF-B superfamily

Radar is a member of the GDF5, 6, 7 subgroup of the

TGF-B superfamily

The TGF-p sr.rperf arnily of secrc-ted growth factols can be loosely divided into three

groups: the TGF-ps. the activins and the BMPs (Kingsley, 1994; Hild et al.,2000; von

Bubnotf and Cho. 2001). Members of the TGF-B superfamily shure a conserved structure.

lnitially, a pre-pro-protein is synthesised containing an amino-terminal signal sequence and

a cartroxy-terminal pro-domain of variable size. A tnature carboxy-terntinal domain is then

cleaved at a dibasic RXXR recognition site. Hetero- or homoclimers courprising these

nratrrre-dornains then si-tnal to activate downstream signalling carscades (Kingsley, 1994).

The pro-cinmain is poorly conserved between diff'erent fiunily members but ofien well

conserved for a particular menrber isolated t}om divergent organisrns. This amino-terminal

domain can vary greatly in both length and sequence but appears to be necessary fbr normal

synthesis and secretion of TGF-p tirmily members (Gray and Mason. 1990; Hammorrds et

ul., l99l). In contrast. the rnuture donrain is more highly conscrvc-d, containing seven,

almost invariantly conserved. cysteine residues. Mernbers of the TGF-p larnily of

signalling molecules. of which there are rnore than -30 in rnammals (Miyazono et a/.. 2001),

have heen founct in a wide variety of rriulticelluliu anirnals ancl have been characterised as

being involved in many essential processes throughout developrnent (Kin-gsley, 1994; Hild

et u|.,2000; Massa-{ue et u\.,2000;Miyazono et u\.,2001; Padgett at u|.,2001).

TGF-P signals are transducecl across the cell membritne by twc'r serine/threonine

kinase receptors. known as type I and type il rcceptors (Kingsley, 1994). Both these types

o1' receptors contain serine/threonine kinase dornains in their intracellular portions and

reside on the cell sur'face in a numberof oligomelic arrangements (Miyazono et u|.,2001).

For example, type II homodinlers, type I hontodirners and type l/tl hetelodirners. A
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sunrmary of the phenotypes fbllowing the targeted inactivation of some of these receptors

ale shown in Table 1.2. The general rnodel tbr TGF-p signalling involves the binding of a

hetero- or hornodimer to the type I and type II receptor chains, lollowed by a possible

leceptor conformational change. The type I receptors are then phosphorylated and

subsequently activated by type II receptor kinases. Type I receptor kinases can then

transmit the signal through the cytoplasrn by phosphorylating Smad proteins (Miyazono er

ul., ?OOl). These Srnad proteins then transmit the signal into the nucleus where they

assernble complexes that directlV re_qLllelte gene expression.

Table 1.2 Mouse phenotypes following targeted inactivation of genes encodlng

type I and type ll TGF-p receptors.

On the basis of amino acid sinrilarity within the rnature domain. a number of

subgroups exist within the TGF-B superlamily, one o[these groups comprises the Gtlf1,6

Receptor Phenotype Reference

Type I

ALK- I Vascular abnornralities charactelised hy scl'crc lusron

ol'capillary plcxcs ancl hype'rdilation ol'large vcsse ls.
(Oh er c/.. 2000)

ALK-Z/ActRI
Homozygous nlutants we'rr,' snralleil than controls.

Mutants lirrnrcd an ahnorrnally thickcncd prinritivc

strcuk and wclc irlrcstcd arounll thc latc streak stauc.

(Mishina et dl., 1999)

ALK-3/BMPRIA
Honlozygotc cruhryos smallcr thtn wild t-vpe sihlings

and lirckcd rrrcsodcrnr lirrrnation.
(Mishina et ul.. 1995)

ALK-s/TGF-BRr Die duc to vuscular dcl'ccts in thc' yolk sac. (Lirrsson et a1.,2001)

Type II

TGF-BRII
Die at rnid-ucstation duc lo dcl-ects in volk sac

vascu logcncsis tnd hacrrtatopoicsis.
(Oshima et ul., 1996)

ActRIl
Mutant nricc dcvclopccl into aclults with a rcducccl

reprocluctivc pcrlillnrlncc and a lcduction ol'thcir

lirlliclc-stimulatins hnrnronc.

(Mutzuk eI u|.,1995)

BMPRII
Failcd to lilrnr an organiscd stlucturc and lackc-d

mc'sttderrn.
(Beppu et u\.,2000)



50

and 7 genes. Homologous genes for this group have been identified in the zebrafish, as well

us in other organisms (Chang et u\..1994: Rissi et u|,,1995; Bruneau ct al., 1997: Brunean

and Rosit. 1997: Wolfman r,/ til., lL)97: Morotome et ul., 1998; Chang and Hemmati-

Brivanlou. | 999) ( Figure 1.9 ). In the zebrafish. tburr genes have been isolated that belong to

lhe Gdf5,6. 7 subgroup. They have been named contuct. nttlur, tl\,*,,,r,, rnd gtllT (Rissi cr

ul., 1995: Bruneau et ol., 1997; Bruneau and Rosa, 1997; Davidson eI ul., 1999). Syntenic

relationships between the human, mollse and zebrafish Gdf5,6, 7 subgroup of genes

suggest thal contut'r is the zebrafish orthologue of mammalizrn GDFS/GI,|S, rudar and

dys,,,ro are orthologues of mammalian GDF6/Gdt6 and zebrallsl't gdlT is the ortholo-eue of

rnarrrmali:rn GDFTlGdtZ (Davidson et ul.. 1999). Tbe Gtll6 orthologues, radur and dyrunto.

are believed to have been -{enerated lbllowin_e a genorne duplication event in teleosts, from

a sirrgle ancestral gene (Postlethwait et al., 1998; Davidson ul ul., 1999). These zebrafish

orthologues display restricted expression patterns during enbryonic development

(surnmarised in Table 1.3). Transcripts for c'orttttc't are detected in the pharyngeal arches

and the pectoral fin buds of the z.ebrafish embryo (Bruneau et ul., lL)97) while dyrlrr,rurt

expressed in the postel'ior neural plate and the ventral region of the neural tube (Bruneau

and Rosa, 1997). Zebrafislr 74elJ7 expression inclurdes dorsal and ventral re-eions of the

developing head, pronephric ducts and the DA. Of all the menrbers of thezebrafish Gtlf|.6,

7 strtrgroup, rador exhibits the most clynamic expression pattern, both spatially and

temporal ly, throu ghout zebraf i sh embryonic development.
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Figure 1.9 Phylogenetic relationship between members of the Gdfs,6, Tsubgroup

of the TGF-p superfamily of signalling molecules. The genes encoding members of

the mammalian and zebrafish Gdf5, 6, Z subgroup can be grouped into three

orthology groups: Gdf1, GdfO and Gdf7. (Hs) Homo sapiens (black), (8f) Bos

taurus (dark blue), (Mm) Mus musculus (green), (Dr) Danio rerio (red), (Dm)

Drosophila melanogasfer (light blue). Adapted from Davidson ef a/., 1999.
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Gene
Expression domains

Reference
Mammalian Zebrafish

Gdf5/c'otttut't Tooth gernr, clcveloping

cartilugc. dcvcloping

.joints. kiclncy. hruin and

placcnla.

Pharyngcal archcs and

pcctoral lln buds.

(Chang et al.. 1991',

lJruncuu t:t uL.. 1997',

Wolllnan et d.,1997'.
M()r'otonrc cl rrl,. I99tt)

G d f6/ ru d u r'/d \r r u rr t r t Tootlr gcrrn. tlcvclopint:

cartilagc. dcvcloping
joints. kiclncy. l'rlain and

plilccntil.

dynamo'. ncural platc

and vcrrlral ncuml tuhc.

rcrlar': nculocpi tlrcl i um.

dorsal l'in. rool' plate.

hypochord. gut

cndoclernr itnd tuil

rncsenchynrc.

(Clrang u ul.,1994
llissi ct ai.. | 995:

Bruncau and Rosa. 1997:

Wtrf llnan et al.. 1997:

Mor<rlonrc et al.. 1998)

GtllT/stlJ7
-l'txtllt gcrrtt. dcvc loping

joints. kidne'v. brain and

rnusclc.

Dttrsll and vcntrll hcild.

pronc'phric ducts ancl

clorsal aorttr.

(Wof linan et al., 1997

Mototcttnc t/ rrl.. |99tl

Davidson et ul.. 19991

Table 1.3 Expression domains of the Gdfs,6, 7 subgroup of genes during

mammalian and zebrafish development.

1.9 Expression of radar during zebrafish embryonic

development

During early enlbryogenesis, transcripts t'or radur are detected in a temporally and

spatially clynamic pattern (Figure l.l0). Initially. a maternal rudor transcript is detected in a

ubicpritor"rs pattern throughout the early cleavage stage embryo that persists until the

bfastr"rla stage. At this point. rudur cxpression is no longer detected until the end of

gastrr"rlation when zygotically derived transcripts are detected in two rows of cells flanking

the neural plate (Rissi et ul., 1995: Goutel et al.,2000). This zygotic expression is first

detected at 9oo/o epiboly (9.5 hpt', late -{astrula stage) in the lateral lining of the neural plate

region. This expression donrain then expands both caudally and rostrally, lining the entire



Figure 1.10 Embryonic expression of radar detected by in sifu hybridisation. (A)

Dorsal posterior view of double in situ hybridisation staining for radar (purple) and

krox-Z1 (blue) in a 12 hpf embryo. Krox-21 staining landmarks the developing

rhombomeres (small arrow in A). Expression of radar is detected as bilateral

stripes in the lateral plate mesoderm (LPM) and in the ectoderm above the neural

keel which splits into lateral stripes caudally (arrow heads in A). (B) Dorsal anterior

view of the same embryo displaying radar expression in putative neural crest cells

(arrowheads) and krox-2?-expressing rhombomeres (small arrow). (C) Lateral view

of a 24 hpf embryo displaying the location of radartranscripts throughout the entire

embryo. (D) Lateral view of the trunk of a 24 hpf stage embryo (anterior to left)

displaying radar expression in the hypochord (H) and primitive gut endoderm

(PGE). (E) Lateral view of the tail of a 24 hpf stage embryo (anterior to left)

showing radar expression in the posterior hypochord and the ventral tail

mesenchyme (VTM) (F) Transverse section through the trunk of a 24 hpf stage

embryo stained for radar expression. Transcripts are detected in the developing

dorsal fin (DF), roof plate of the neural tube (RP), hypochord and the PGE. Small

arrow and arrowhead denotes the DA and PCV, respectively. NT = Neural tube, N

= Notochord. Adapted from Davidson, 1998.
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neural rcgion of the I I hpf stage embryo (Rissi et u1.,1995). By the 6 sornite srage ( l2 hpf)

an entirely new domain of rotlrtr expression is activated in the lateral plate mesoderpr

(Davidson, 1998) (Figure l.l0A). Illterestingly, this region of expression was not reported

in the initial paper characterising nulur expression (Ri.ssi et ul.,l995). In l2 somite (15

hpf) stage embryos, ratlar-expressin-9 cells are cletected in putative neural crest cells

surrounding the tbrebrain and midbrain and as bilateral stripes in the trunk (Davidson,

1998)' Transcripts ate also cletectecl ar this stage in the po.sterior encloderrn as well as a

narrow band ol'ecloderniail cells along the neural keel. In l8 somite- 1lg hpf') stage emblyos,

additional sites of rurtur expression include the posterior aspect of the cleveloping eye and

caudal neul'al tube. Furthern'lore, rtulur-expressing cells of the hypochord can be seen

detaching fl'om the underlying rudar-expressing posterior endoclerm (Davidson, l99g). By

24 hpf , strong expression is present in the posterior retina. the neuroepithelium of the

developing brain" while exprcssion in the trunk and tail include the developing dorsal fin,
the roof plate of the neural tube, the hypochord, the PGE and the vTM (Figure l.lOC, D, E

and F).

This dynamic pattern of expression suggests the potential involvement of the radar

gene prodttct in et number of developmental events throurghout zebrafish development,

inclucling haematt'rpoiesis, vasculogenesis/angiogenesis as well as neural, hypochord and

dorsal tin development.

1.10 Radar functions in early dorsal/ventral specification and

as a maintenance factor for dorsal neuroectodermal cells

Characterisation of a zebraflsh deletion nrutant spanning the ruilur locus rcvealed a

tirnction for the rdur gene procluct as a maintenance l-actor tbr dorsal neuroectoderm cell.s

(Delot ctul'' 1999). Inbrief,thesentutantslackedtheclorsal expres.sionclomainof adorsal

neural tube marker' rr,.l'-rC, ancl displayecl an associated loss of ide"ntity arnd cleath of cells in
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the dorsal neural tube, a domain where rurdur transcripts are fbund. In this deletion mlrtant,

tr27'4 cM region encompassing the rrulur locus was deleted tiom the short arnr of linkage

group l6 (Lcl6). In reciprocal experiments, fbrced expression of a full-length rudat.

transcript resulted in an expansion ot'nts.xC expression in its typical expression domains.

Theretbre, no ectopic rrl.t-rC expression was observed. This would suggest that Radar may

regulate the expression of trr.s-rC, but requires the presence of other spatially-r.estricted

regulators' Alternatively' Radar may be involved in the maintenance of cells that normally

express msrC. Given that the cleletion mutant displayed cell death in this region, the later

explanation appeal's rnost likely (Delot et ul., lggg). other phenotypes exhibited by this

t'ttditr'-spatnning deletion nlutant incluclecl a recluced anterior-posterigr axis and a reductiorr

of head stnlctures. It was postulatecl that this reduced arxis was clue to apparent cell death in

tlie dorsal part of the brain. most notably posterior to the developing eyes. and in the tail

rcgion (Delot et ul-, 1999). Mutant embryos failed to develop beyond 4g hpf and their

phenotypes were ti-uhtly linked to the deletion. The large narure of this deletion ancl the

inability of the researchers to el'l'ect a re.scue, by injection of full-length rcrdtu. into mutant

entbryos, made tlte interpretation of this cell death phenorype in the brain and tail diffic'lt
(Delot et ul.' 1999). Further insight into functional roles tor Radar during embry6nic

development have focussed on a materniil rurtlartranscript that is believed to be involved in

early ventral specilicatiolt through an Alk-6-related signalling mechanisnr. Furthermore,

this ventralising activity is thought to be depenclenr on a lunctional Bmp2/4 pathway

(Goutel et d1..2000).

All oi the functional work on Radar to clate has lbcu.ssed on its early or neural

exprcssion domains. However, nothing is known regarding the function of the Radar signal

from the sites that intimately flank the developing axial vasculature ancl haematopoietic

compartnents of the zebrafish emhryo. Functional analysis of nrdur'.r or.thologues in other

developmental systems is lirnitecl. In the rat. ectopic GDF6 signalling can induce tendon

arrd ligaurent lbrmation (Wollinan et ul.,1997). while in otherrelated st.clies, GDF6 has

been demonstrated to enhance tendon healing (Aspenberg and Forslund, l9g9).
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Irr. Objectives of research

Assentbly of the embryonic vasculature remains poorly understoocl. There is an

increasing amount of data enrerging that supports roles lor non-endothelial tissues. that

border vascular events. in the tbrntation of patent endothelial tubes. Two such tissues

include the hypochold and PGE. At the commencemenr of the research presented in this

thesis, the ernbryonic exptession pattern for the BMP. rudur,had been characterised by rn

'sirrr hybric{isation analysis (Rissi et ul.,1995; Davidson, l99g). However, no lunction had

been ascrihed to the signalling protein encoded by these transcripts. The spatio-temporal

expression pattern of rudur suggestecl that the encocled signalling molecule may pafiicipate

in vascular andlor haematopctietic events fbr the fbllowing reasons: l) tral.scripts were

located in an unidentified population of lateral mesodermal cells, an embryonic domain

where early progenitors of the vascular and haematopoietic lineage.s first arise; 2) during

later segmentation stages of vertebrate clevelopment, nulur was strongly expressed by the

hypochord and PGE; and 3) in the developing tail br-rd, transcripts for- radurwere located in

the VTM. whcre a number of genes intplicated in vascular and blood developnient are

expressed.

To lunctionally characterise a potential vascular/haematopoietic role for the Radar

signal, we took advantage of the benefits that the zebrafish embryo offers as a

developmental model systent. In particular, the ability to regulate the expression of rctclar

using a transgenesis approach and a reciprocal loss-of'-fu'ction approach.

Chapter Three describes the use of double whole r"nount in;situ hybridisation in an

attempt to fulther characterise rrttlar expression relative to vascular and haematopoietic

compartn-lents. Chapter Four explores the use of transient fbrced expression of rctdttrtluring

embryonic development as a nleans to provide lunctional insight into Radar. signalling.

Chapter Five describes efforts to generate a zebrafish transgenic line carrying an inclucible

copy of the rudur gene to facilitate the temporarl control of ectopic xttlttrdelivery. Finally,
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Chapter 2

Materials and Methods

2.1 Materials

2,1.I Bacterial growth media

Zl,l.1 Liquid rnedia

Luria-Bertani (LB) nredium was prepared according to Sambrook et al.,l9gg. LB

medium contained IVo (wlul bacto-tryptsne (Difcol,Q,SVo (w/v) bacto-yeast extract (Difeo)

and 85.5 mM sodium chloride, pH adjusted to 7.0.

SOB medium conrain ed 2Vo (w/v) bacto-rryprone (Difco ), 0.5Vq (w/v) bacto_yeast

(Difco), l0 mM magnesiurn chloride 5-hydrate,2.5 mM potassium chloride and g.5 mM

.sodium chloride.

2.1.1.2 Solid media

LB agar plates were composed of LB mediurn containing l.SVo (wlv) bacto-agar

(Difco) an'd supplemented with the appropriate selective antibiotic when required. plates

were stored at 4"C until required.
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2.1.1.3 Antibiotics

stock soluti'ns of ampicitin (Roche Molecurar Biochemicars) and kanamycin

(Sigma) were prepared at concentrations of 25 and l0 mg/rll, respectively. Antibiotic stock

solt"ttions were filtel' sterilised (0.22 ;,rrn, Millipore) and stored at -20"C. Working

concentreltions tbr liquid and solid rnedia were 100 and 30 pg/ml for ampicillin and

kanamycin, respectively.

2.1.2 Bacterial strains

DH5u (Clonetech) was storecl in LB with l57o (v/v) glycerol ar -70'C. The DH5cr

strain was enrployed to propagate DNA plasmid vectors.

2.1.3 Buffers and solutions

All buffers and solutions used, and their contents, are listed in Table 2.1. Unless

otherwise stated, butfers and solutions were sterilised either by autoclaving or filtration and

prcpared according to manufhctluer's instructions or as described in Sarnbrook er al.. 19g9.

Buffer/Solution Components/Comments

Acridine orange (AO)

staining solution
5 pg/ml (w/v) acridine orange dissolved in I X E3 mediunr

Aniline blue solution B
lVo (wlv) aniline blue, 0.5clo (w/v) orange G arrd gVo (vlv)

glacial acetic acid ir: sterile distillecl warer

Antibocly Solution

l :5000/l :2000 dilution of anti-DlG/anri-FLU Fab fiagments

(Boehringer Mannheirn) in MABT buft-er containing l0Zo

(v/v) lamb serum and2o/o (w/v) Boehringer Mannheim



blocking leagent

Azocarmine solution A
lvo (w/v) azocarmine B 0.25 and r% (v/v) gtaciar acetic acid

in sterile distilled warer

Blockins stock
loo/o (w/v) Boehringer. Mannheirn blocking reagent in MAB

buffer (autoclaved and stored at -20"C)

Danieau butfer

58 mM sodium chloride,0.T mM potassium chloride,0.4 rnM

magnesium sulphate,0.6 mM calciunr nitrate and 0.5 rnM

HEPES. ad.justed to pH 7.6

Deoxynucleotide

(dNTP) stock ( l0 nrM)

l0 rnM deoxyadenosine 5'-triphosphare (dATp), l0 mM

cleoxycytidine 5'-triphosphate (dCTp). l0 mM

deoxyguanosine 5'-triphosphate (dGTp), I 0 rnM

deoxythymidine 5'-triph.sphare (drrp) ancr r0 rnM Tris-Hcr

(pH 7.5)

DNase buffer ( lOX)
500 mM potassium chlo.ide. 25 mM magnesiunl chloride and

200 rnM Tlis-HCl (pH 8.3)

DNA extraction buft'er

l0 mM Tris-HCl (pH 8.2), l0 mM EDTA,200 mM sodium

chlolide, 0.5o/o (w/v) SDS and 200 pg/nrl pronase (Roche

MolecLrlar B iochemicals )

DNA loading buff'er

(6X1

0.?5Vo (w/v) bromophenol blue, 0.252o (w/v) xylene cvanol

FF arrd 30o/o (.v/v) glycerol

E3 medium (50X)
16.5 mM calcium chloride, r6.5 mM ma-enesium sulphate, g.5

nM potassium chloride and 250 mM sodiunt chloride

Fast Red staining

solution

2 
'rl Fast Red staining buffer supplemented with I Fast Red

tablet (Boehringer Mannheim): undissolvecl particles removed

by filtration (0.45 trrm, Gelman Science.s)

Injection dye 1l0X)
| .?5 a/c' ( w/v ) tet rante t hy I - rhodarni nc -de x tran ancl

potassiun-r chloride



MAB btrfl'er supplemented with O.la/o (v/v) Tween_20

Maleic acid buff'er

(MAB)

100 rnM nraleic acid and 150 mM sodiurm chloride, acliusted to

pH 7.5 with 5 N sodiurn hydroxide

NBT/BCIP sraining

solution

NBT/BCIP sraining bufler supplenrented with 225 pglrnl NBT

(Boehringer Mannheim) and 175 prg/ml BCIP (Boehringer

Mannheim)

Paraformaldehyde

solution (PFA)

4Vo (w/v) parafbrmaldehycle in pBS buff'er, warmed into

solution and stored at -20"C

PBS buffer supplemented with 0.lVo (v/v) Tween_20

PCR bulfer ( l0X)
100 mM Tris-HCl (pH 8.3), 500 mM potassium chloride and

l5 mM magnesium chloride 6-hydrate

Phosphate trr,r f'fered

saline (PBS)(l0X)

| .5 M sodium chloride. 100 mM socliunr hyclrogen

orthophosphate and 40 nrM potassium dihydro_een

orthophosphate, adjusted to pH 7.2

PTU stock ( l00X)
O.3Vo (w/v) l-phenyl-2-rhiourea (pTU) clissolved in tX E3

mediunr and stored at 4"C

RNA extraction bLrt'fer

0. I M B-me.captoethanol, 4 M guanicliniunr isothiocyanate,

O.5Vc (w/v) N-lauroylsarcosine and 25 ntM sodiurn citrate, pH

7.0

SSC buffer (20X)
3 M sodium chloride and 300 nrM sodium citnrte. adiusted to

pH 7.0

SSCT buff'ers (2X and

0.2x)

20X SSC buff'er diluted ro 2X and 0.2X ancl supplernenred

with 0. |%, 1y1y1Tween-?O

Staining buf fer (firr Fast

Red)
100 mM Tris-HCl (pH S.2)

Staining br-rffer (for

NBT/BCIP)

50 mM magnesium chloride 6-hydrate. 100 nrM sodium

chloride, 100 mM Tris-HCl (pH 9.5) ancl0.lVo (v/v) Tween_



T4 DNA ligasc. buffbr

( r0x)

l0 niM dATP, O.OZo/c (w/v) BSA, 100 mM DTT. 100 rnM

magnesium ch.loride 6-hydrate and 500 mM Tris-HCl (pH 7.5)

TA bufter ( l0X)

5 mM DTT, 100 mM magnesium acetate, 750 mM potassium

acetate, 330 mM Tris-acetate (pH 7.g) and 40 mM spermidine-

HCI

TAE buff'er (50X) 2 M Tris-acetic acid (pH 8.0) ancl50 mM EDTA

l5 rnM calcium chloride, 55 mM manganese (ll) chlorirje, l0

mM PIPES and 250 rnM potassium chloricle. prior to the

addition of manganese chloricle the pH wa.s acl.iusted to 6.7.

The nranganese chloride was then aclded and the buffer filter

sterilised (0.45 prnr, Gelman Sciences)

TE bufter l0 nrM Tris-HCl (pH 8.0) and I mM EDTA

Whole ntout'lt itt,situ

blocking solution

2Vc (w/v) Boehringer Mannheim blockin_q reagent, lTTo (v/v)

lanrb serum and 0.lVa (vlv) Tween-Z0 in MAB buffer

Whole mount in situ

hybridisation buffc-r

50Va (v/v) fonnamide,5X SSC buffer. O.lo/o (v/v)Tween_20,

0.5 mg/ml yeasr rRNA (Sigma) ancl 50 pg/ml heparin (Sigma)

Whole liloLlnt in:;itu

pre-hytrridisari orr buf f'er
50o/c (v/v) lbrmamide, 5X SSC bulfer, O.lo/o (v/v) Tween_20

Table 2.1 Buffers and solutions and their respective contents.
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2.1.4 Chemicals

All chenricals used in tliis wolk were analytical gracle and suppliect by Roche

Molecular Biochemicals, BDH Laboratory Supplies, Signra. GibcoBRL. Rieclal-de Haen.

Bochringer Mannheim or Aldrich.

2.1.5 Enzymes

2.1.5.t Restriction endonucleases

Restriction endonucrease.s werc obtained from GiboBRL.

Roche Molecular Biochertricals.

2.I.5.2 Other enzvmes

New England Biolabs or

Other enzyntes r_rsed in this work are listed in Table 2.2.

Manufacturer

Calf intestinal alkaline phosphatase (CIp) Roche Molecular B iochemicals

DNase I (RNase-lree) Roche Molecular Biochemicals

E. tztliDNA polynlerasc- I, largc" (Klenow) fragment Boehlinger Mannheirn

Expand High Fidelity pCR enzyme nrix Roche Molc.cLrlar B iochemicals

Roche Molecular Biochemicals

Boehringer Mannheim

GibcoBRL

SP6 RNA polymerase (Dlc-/Flu-labelling) Roche Molecular B iochemicals

SP6 RNA polymerase (synthetic transcripts)

Superscript II RNase H- reverse transcriptase GibcoBRL

T-3 RNA polynterase
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T4 DNA ligase New Ensland Biolabs

T7 RNA polymerase GibcoBRL

ftrr7 DNA polyrlerase Roche Molecular Biochemicals

Table 2.2 Enzymes and their sources.

2.1.6 Morpholino oligonucleotides

Morpholino oligonucleotides (nrorpholinos. MOs) were received as sterile salt-fi'ee

lyophilised solids (Gene Tools, LLC). The MO sequences and the genes they target are

.summarised in Table 2.3.

MO Target gene Sequence (5'to 3')

veof'-A MO veSfrr,: GTATC AAAT AJ\i\CAAC CAAG TTC AT

Negativc control MO No target C CTCTTACC TCAGTTACAAT TTATA

ocp MO 0cp GC CAAT fuU\C TC C AJVU\CAAC TCGA

rad-MO I nrclur GCGT fuUU\GGCGAC TGC TC TCAAGG

rad-M02 ratlar C C A AAGAGT NU\GTGGAGCC G TGTC

rad-MOl-mnr rutlur GCG T T AAAGc C GAC T C C TCT.cAAGG

Table 2.3 Summary of MO sequences and the genes they target. Nucleotides in

lowercase denote mispaired bases with respect to target sequence.
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2.1.7 Nucleic acid molecular size markers

The DNA molecular size standards used to estimate the size of DNA separated by

gel electrophoresis lre summarised in Table 2.4.

Marker Size range (bp) Source

100 bp DNA ladder 100 to 1.500 GibcoBRL

I kb DNA ladder 500 to 12,000 GibcoBRL

I kb plus DNA ladder 100 to 12,000 GibcoBRL

Table 2.4 DNA molecular size standards, their size ranges and sources.

2.f .8 Oligonucleotides and primers

Desalted oligonucleotides, obtained frorn Life Technologies. were resuspended in

sterile distilled \.vater to a concentration of 500 pmole/prl, according to the ntanufacturer's

instructions. und stored at -20'C. A sumrniu'v of the oligonr.rcleotides used irr this work is

provided in Table 2.5.

Primer name Gene Position Sequence (5'to 3')

EF la3DO eJ'l a 36 I -380 ATACC;C CCTCAlTACTC?TCC

EFla3UP e.fla 82-r0l AT C TA C A-AATG C G C.;TGGAAT

EGFP3'BclU EGFP 705-7 t5 GC CGC 1' AG ;" T'C TG TAC AC C T CG

EGFP5'Kpnl EGFP l- l8 AC C ;.TGCTACC C.\AGL]G CGAG

EGFPDO EGFP 123-146 - n 
^ 

I m^ l \ -mm,- 7, 
^/rnm^ 

n^aImnL_nrJnt (JM\- 1 a'-atlJLtu rLduL a ru

GFP:Gly-Asp EGFP-ntdur 767-791 -nf t a\ - | -f t--r-r t.la'a\t^l 
^l ^ -L IL1 f 5L.AUL !LU1\-L.IIULLUNUTrU

CFP:Pro-Ser EGFP-rudur 69-94 LL L L rrLLL .t I rru._\ Llr.LLUL._.UL 1 UnL
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PHSPTOUP
hsp70

promoter
C CG A.CAG AAGC GA.CT TGAC AA AG

RADBglll rudar 76-96 G CGCTAAGATCTCACAA.{A,GG

RADKpnl rrulur 67-87 CGATGG TACf-' GCAG C TGAC TG

RADSmal ruclar 439-459 GACATCCCCGGGCGATTTGCG

SP6RAD5' SP6 primer CCCAAGCTTGATTTAGGTGAC

Tran.s:Xmnl-EcoRV pBS-KS CC,TCATCATTGG ATATCGTTCTTCG GG

TRCHECKUP reulur 50-7 l GCAGTTTACCGTGTTCCCAGTC

TRCHECKDO EGFP 477-498 GAAGTTCACCTTGATGCCGTTC

Wnt5aDO tttttt-5u AC T TC C G G C GTG TTGG AG.\AT TC

Wnt5aUP wrtl-5a CAGTTCTCACGTCTGCTACTTGCA

ZKALK6LI ulk-6 1237-t259 AAATGGTTCCTGTTCAGCGTCTC

ZFALK6I.] I ulk-6 40-61 CTGCTCATTGGTCTTCTGGGAC

ZFANG I L ungl 960-98 I CACCTTTTTCGTCTCTTGTGCG

ZFANG I U tut,gl 7-26 TGGGGTTGCTTGTT'ICTGGC

t Pt'intcr sLlquences k) detcct thc ze bral'i.sh *'nr-5a gene were ohtainctl liorn Mcng et ut.. 1999.

Table 2.5 A summary of the origonucreotide primers
region of the cDNA or genomic clone from which the
underlined sequence for primer EGFP3'Bgill denotes
(Clontech).

used, together with the

sequence was derived.

pIRES-EGFP sequence

2.1.9 Plasmid vectors

Plasmid DNA vectors used for subcloning, synthetic transcript .synthesis,

overexpression analysis and riboprobe synthesis are surnrnarised in Table 2.6. These DNA

vectors were srorcd either in sterile distilled water or TE butter at _20.c.



Forced expression, in vitro

synthetic transcript synthesis

(Turner and Weintraub,

t994)

PCR subcloning Invitrogen

pBK-CMV Subcloning Stratagene

pIRES-EGFP Forced expression

pBluescript II SK- Subcloning Stratagene

pBluescripr ll KS- Subcloning Stratagene

pzHSPT0/4prom(clone

20)
Forced expression (l{alloran er al., 2000)

PCR subcloning

Table 2.6 Summary of plasmid DNA vectors used, together with their respective
functions.

2.1-lo whole mount in situ hybridisation temprates

Riboprobe templates. the restriction endonucleases used to linearise them and the

RNA polylllerases usecl to tratnscribe the antisense RNA digoxigenin (DlG)-ifluorescein

(FLU)-labelled probes are summrrisecl in Table 2.7.
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Gene/Marker
Restriction

endonuclease

RNA

polymerase
Source/Reference

rudttr Ecz.rRI T3 Crosier Laboratory

scl Sa/l T7 L.Zott

.flk-1 Snrrrl T7 (Liao et ul., l9L)7)

.ftit tt'rrRl T7 A. Sharrocks

urtg I Notl SP6

Synthesised in-house usin-e

primers ZFANGI U and

ZKANG I L

tic2 Ec'aRI T7 L. Zon

.fiE.,-glohin Kpttl and Xmul T7 L. Zon

ulk-6 Apal SP6

Synthesised in-house using

primers ZFALK6U I and

ZKALK6L I

Table 2.7 Whole mount in situ hybridisation markers used, shown together with

the restriction endonuclease used to linearise the template and the RNA

polymerase used to transcribe the antisense riboprobe.

2.I.ll Zebrafish stocks

Wild-type zebrafish (Duttio rerio) strains used in this work were sLrpplied by

Hollywood Fish Farnr (Auckland, New Zealandl and maintained within the in-hourse

clesigned Zebrafish Facility in the Fnculty of Medical and Health Sciences, The University

ol' Auckland, Auckland, New Zealand.
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2.1.12 Computeranalysis

Nucleotide sequences were analysed and assembled on Apple Macintosh computers

using MacVector 7.0 (Oxford Molecular) and AssemblyLIGN 1.0 (Oxford Molecular)

software appl ications.

)) Methods

2.2.1 Preparationoftransformation-competentDH5ccells

Approximately l0 to l2 DH5cr colonies, gl'own on LB agal plate.s, were used to

inoculate 250 ml clf SOB nredium in a ? L flask which was -qrown at room temperatllre in a

rotary incubator (lnnova 4230, New Brunswick Scientific) at 150 rprn until an A,,,o of 0.6

was reached. The liquid culture was then chilled on ice tor l0 minutes belbre the cells were

harvested by centrifirgation at 2,500 x g (4,000 rpm in a Sorvall RC26 Plus, SLA-1500

rotor) fbr l0 minLrtes at 4"C. The cell pellet was then rcsuspended in 80 ml of ice-cold TB

buffbr and chilled on ice fbr l0 minutes before being harvested again by centrifugation as

above. The cell pellet was then resuspended in 20 ml of ice-cold TB buffer and

dimethylsulphoxide (DMSO) added to a concentration of lVc. Following a tjnal incubation

otr ice fbr l0 minutes, the cells were dispersed into 200 pl aliquots in Nunc CryoTube vials

(Nunc), snap f'rnzen in liquid nitrogen and stored at -70'C.

2.2,2 Transformation of competent DH5u cells

A 100 pl aliquot of competent DH5cr cells was gently thawed on ice then

transl'erred to an ice-colcl l5 ml Falcon tube. B-mercaptoethanol was then added to give a

flnal concentration of 25 mM and the solution gently mixed and incubated on ice for l0
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minutes. Typically, I to 5 Fl of DNA solution containing tretween I to 50 ng of DNA was

added to the competent cells and incubated on ice for 30 nrinutes. Following this incubation

the cells were heat-shocked for 30 seconds at 42"C then incubated on ice for a further' 2

minutes. These transformed cells were then used to inoculate approximately 900 pl LB

medium ( I rnl final volume) and incubated at 37'C for I hour with gerrtle agitation on a

rotary shaker (lnnova 4230, New Brunswick Scientific) at 225 rpn. Cells were then plated

onto LB agur plates supplenrented with the appropriate selective antibiotic (100 prg/ml

arnpicillin and 30 pg/rnl kanamycin) and incubated overnight { l? to l6 hours) at 37'C.

2.2.3 Glycerol stocks

Bacterial cells and recombinant strains were stored as glycerol stocks at -70"C.

Overnight bacterial cultures grown with the appropriate selective antibiotic ( 100 prg/rnl

anrpicillin and 30 trrg/ml kanamycin) were supplemented with l5%o (vlv) glycerol and

stored at -70"C.

2.2.4 Isolation and purification of DNA

2.2.4.1 Small scale preparation of plasmid DNA from bacteria

Plasmid DNA was isolated li'om small scale (5 ml) bacterial cultures using the

QlAprep spin miniprep kit (QIAGEN) according to the manufacturer's instructions. In

brief.5 ml of LB medium supplemented with the appropliate antibiotic (100 pg/ml

ampicillin or 30 prg/ml kanamycin) was inoculated with a single recombinant bacterial

cofony and incubated at 37"C on a rotary shaker (lnnova 4230, New Brunswick Scientific)

overnight (12 to l6 hours). The bacterial cells were then harvestecl by centritugation at

5.000 rpm tbr 5 minutes (Eppendorf 5417C), resuspended and then lysed under alkaline

conditions. The QIAprep miniprep procedure is a modification of the alkaline lysis method
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(Birnboirn et ul.,1979). Chrcmosomal DNA and proteins arc renroved by precipitation and

subsequent centrihrgation at 14,000 rpm fbr l0 minutes (Eppendorf 5417C) before the

slrpernatant, containing the plasmid DNA, is passed through a QIAprep spin column

containin-{ a rnatrix to immobilise the plasrnid DNA and facilitate pr-rrification washes. The

plasmid DNA was then eluted fronr the spin column using approxirnately 50 trrl of sterile

distilled water or TE hufter and stored at -20"C. The concentration and yield of DNA was

deterrnined by spectrophotometry.

2.2.4.2 Large scale preparation of plasmid DNA from bacteria

Plasmid DNA was isolated f}om large scale (25 ml to 100 nrl) cultures using the

QIAGEN Plasmid Midi and Maxi kits (QIAGEN) according to the manuf-acturer's

instructions. The procedure is a modilication of the alkaline lysis method (Birnboim et ul.,

1979).In briet', a starter culture containing a single inoculated bacterial colony in 2 to 5 ml

of LB medium. supplemented with the appropriate selective antibiotic, was incubated for 8

hours at 37"C on a rotary shaker (lnnova 4230, New Brunswick Scientific). This starter

culture was then clilr.rted l/500 into 25 ml to lO0 rnl LB rnediurn containing selective

antibiotic ( 100 pg/ml ampicillin or 30 pg/ml kanamycin) and incubated overnight (12 to 16

hours) at 37'C on a rotary shaker (lnnova 4?30, New Brunswick Scientific). The

recombinant bacterial cells were then harvested by centrifugation at 6,000 x g for 15

minutes (Sorvall RC26 Plus, SLA-1500 rotor) befbre being resuspended in 4 to l0 rnl of

resuspension solution sr-rpplemented with RNase A (100 pg/ml). The hitctc'rial cells were

then lysed by the addition of 4 to l0 ml of lysis solution, gentle ugitation and incubation at

room temperaturc lbr 5 minurtes. Chilled neutralisation but'fer was then added (4 to l0 ml)

and the solution incubated in ice for 20 minutes before the chromosornal DNA and ploteins

were rernoved by centrifugation at 20,000 x g for 30 minutes at 4'C (Sorvall RC26 Plus,

SLA-1500 rotor). The plasrnid-containing supernatant was then removed and centrifuged

a-eain tbr l5 minutes to remove any residual precipitated material. This supernatant was



72

then applied to arn equilibrated-QlAcEN-tip 100 (Midi) or 500 (Maxi) column by gravity

flow to in-rmobilise the plasnid DNA. The column was washed and the DNA eluted with 5

to l5 ml of elution buffer. The plasmid DNA was removed by prc'cipitation using 0.7

volumes of isopropanol and centrifugation at 15.000 x g for 30 minutes at 4'C (Sorvall

RC26 Plr,rs, SLA-1500 rotor). The resr.rlting DNA pellet was washed with TOVa ethanol, air-

dried and resuspended in sterile distilled water or TE buffer and stored at -20'C. The

concentration and yield of DNA was determined by spectrophotometry.

2.2.4.3 Extraction of genomic DNA trom whole zebrafish embryos and caudal fin

clips

Extraction of genomic DNA was calried out essentially as described in (Meng et al.,

1999). Ernbryos and whole adults were first anaesthetised by prolonged incubation in lX

E3 mediurn supplemented with tricaine (16.8 rng tricaine (Sigma)/100 ml E3 medium).

Embryos, typically in batches of 100 embryos. were then homogenised in I ml lX DNA

extraction buff'er by sequential passage through l8-gauge then 22-gau-ee needles (Terumo)

connected to a 5 ml luer taper tip syringe (Terurmo). Once the embryos were completely

honrogenised in the extraction buffer, they were thoroughly vortexed and then incubated at

55"C with gentle agitation tbr 4 hoLrrs. During this incubation, the sarnrples were vigorously

vortexed evely hour to promote digestion.

When genomic DNA was to be isoluted from caudal fin clips of adult zebrafish. a

clean razor blade was used to rcmove the posterior-most 2/3rds of the caudal fln which was

then placed into 500 prl of lX DNA extraction buffer, vortexed, and incubated at 55'C as

above. Adult fish wene then placed into system water to recover betbre being introduced

back into the system. Following incubation, the sarnples were centrif-uged at 14,000 rpm for

[0 minutes at room temperaturc belbre two rounds of chlorotorm extraction. This involved

the addition of I volume of chloroform (BDH). a vigorous voftex. followed by

centril'ugation at 14,000 rpm tbr l0 minutes at room temperature (Eppendorf 5417C) and
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the subsequent removal of the upper aqueous phase containing the purilied genomic DNA.

The DNA was then precipitated by incubation in 1.5 volumes of 1007o ethanol overnight

( l2- l6 hours) at -20'C. Once precipitated. the mixture was centritlged at 14.000 rpm for 30

n'rinutes at 4'C (Beckman GS-l5R), washed with 70Va (v/v) ethanol, air-dried and

resuspended in 30 pl of lX TE buff'er (pH 8.0). The concentration of the genomic DNA

was determined by spectrophotometric measurement.

Purification of nucleic acids by phenoUchloroform extraction and ethanol

precipitation

Phenol/chlorofonn extraction was used for the removal of proteins from DNA or

RNA soh,rtions. Phenol equilibrated with Tris-HCl 1pH 8.0) or water was used for DNA or

RNA solutions, respectively. In brief', an equal volume of phenol rvas added to the nucleic

acid solution and thoroughly vortexed tor I rninute before the mixture was centrituged at

14,000 rpm fbr l0 minutes (Eppenclorf 5417C). The upper aqueous phase was then

vortexed with an eqr"ral volume of phenoform ( l: I phenol:chloroforrn) and centrifuged

again at 14,000 rpm fbr l0 minutes (Eppendorf 5417C). The upper aqueous phase was then

extracted a,eain with an equal volume of chlorofonn. Following this extraction, the nr"rcleic

acids in the upper phase were precipitated by the addition of 0.1 volumes of 3 M sodium

acetate (pH 5.2) and 2 volurnes of t007o ethanol. This mixture was incubated for 20

minutes at -20'C before centrif'ugation lbr 20 nrinutes at 14,000 rpm and 4'C (Beckman

CS-l5R). The DNA pellet was then washed with 70Vc, (v/v) ethanol, arir-dried and

resuspended in sterile distilled water or TE buffer and storcd at -20'C. The concentration of

DNA was determined by spectrophotometric measurcment.
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2.2,4.5 Purification of nucleic acids from PCR reactions and restriction

endonuclease digests

To purify and rentove unwanted proteins, salts, polymerases and oligonucleotides

fiom nucleic acids following PCR reactions and endonuclease digest reactions, the

QlAquick PCR puritication kit (QIAGEN) was used accorcling to the manufacturer's

instructions. In brief, the products fiom a PCR or digestion reaction were applied to a

QIAquick spin column to inrmobilise the amplification product or digestion product(s)

under centrifugation for I minute at 14,000 rprn (Eppendorf 5417C). The DNA was then

washed and eluted in 50 pl of'stelile distilled water or TE buffer under centrifugation at

14,000 rpm for I minute (Eppendorf 5417C) and stored at -20'C.

2.2.4.6 Purification of DNA from agarose gels

DNA was isolated and purifiecl fiom agarose gels using the GENECLEAN kit (BlO

l0l) according to the manutacturer's instructions. In brief, DNA was resolved on a low

melt argarose gel (Sigma) containing 0.5 prgiml ethidium bromide (lnvitrogen). The specific

DNA fragments of interest were then identified under fluorescence illurnination and

excised fiom the gel using a clean razor blade. These gel blocks were then placed into 1.5

nrl eppendorf tubes. Approximately 2.5 to 3 volumes of 6 M sodium iodide solution was

therr added and tlre rnixture incubated at 55'C for 5 minutes to promote melting of the

agurose gel slice. GLASSMILK rnatrix was then added; approximately 5 prl of

GLASSMILK per 5 gg of DNA. To facilitate binding of the DNA to the GLASSMILK

silica rnatrix, the mixture was vortexed and incubated on ice tbr 5 minutes with fiequent

rnixing. The silica matrix-bound DNA was then pelleted by centrifugation at 14.000 rpm

for 5 seconds (Eppendorf 5417C). The resulting pellet was washed several times. To elute

the DNA t}om the silica matrix, the pellet was resuspended in 5 prl of sterile distilled water

or TE buffer and incubated at 55"C tbr 3 minutes befbre centritugation at 14,000 rpm for 30
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seconds' The DNA-containing water or TE buffer was removed and stored at -20"C. This

elurtiorr step was repeated to elute any DNA not femoved fiom the GLASSMILK matrix

during the first elution step.

2.2.5 Analysis of DNA

2.2.5.1 Automated DNA sequencing

At-ttomated DNA sequencing was performed at the Centre for Gene Technology

(School of Biological Sciences, The University ol Auckland, Auckland, New Zealand), the

DNA Sequencing Facility (Faculty of Meclicine and Healrh Sciences, The University of

ALtckland' Auckland. New Zealand) or the Waikato DNA Sequencing Facility (University

of Waikato, Hamilton, New Zealand).

2.2.5.2 Separation of DNA by gel electrophoresis

DNA sanrples to be resolved on an agarose gel were cornbined with DNA loading

buft-er to give a lX final concentration. Electrophoresis gels were made from 0.5 ta l.5vo

(w/v) a-qarose (Sigma), lbr diagnostic gels, or low melt agarose (Sigma), for gel excision

and fragment pr'rrification, in I X TAE buffer containing 0.5 prg/rn.l ethidiurn bromide

(lnvitfogen). The concentration of agarose was clependent upon the size of the DNA

fiagments that were to be resolved on the gel. Small gels (8.4 cm x 6 cnr) for diagnostic

analysis werc cast usin-q the Horizontal 58 (GibcoBRL) electrophoresis apparatus. For low

melt gels (8 cm x 7 cm), the Easy-Cast (model No. BIA) electrophoresis sysrem (Owl

Scientific) was used. DNA was separated in the gels by electrophoresis in lX TAE buft'er

with 5 v/cm of applied volrage (Moclel 250 power. supply. GibcoBRL). Following

electrophoresis, the separated DNA was visualised under ultraviolet (uv) illumination and

documented using the Bio-Ratl Gel lmager (Bio-Rad) ancl associated imaging software.
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2.2.5,3 Quantification of nucleic acids

DNA and RNA samples were quantified by spectrophotometric rleasurement using

a CeneQuant RNA/DNA calculator (Pharmacia). Readings 'dt 260 nm and 280 nm were

taken from l00 pl DNA or RNA samples in a quartz cllvette. The ratio between the OD,*

(optical density) and OD,*,, was used to estimate the purity of the nucleic acid solutions.

Typically, pure RNA and DNA solutions have a ratio of 2.0 and 1.8, respectively.

2.2.6 Manipulation of DNA

2.2.6.1 Restriction endonuclease digests

Restriction endonuclease digests were performed in approxirnately l0 to 200 trrl

volumes containing a lX concentration of the specific digestion buffer lecornmended by

the enzyme manufacturer and 2 to 3 r.rnits of restriction enzyme per pg DNA. Reactions

were typically at -17"C fcrr 1 to 2 hours. When multiple digestions were perfbrmed, digests

were seqLrential with purification steps in-between each digest using the QIAcluick PCR

purification kit (QIAGEN). The success of endonuclease digestion was assessed by gel

electrophoresis.

2.2.6.2 Ligationreactions

For ligations, approxirnately 30 to 50 ng of ClP-treated linear vector DNA was

mixed with a 6-fold molar excess of insert DNA in lX T4 DNA ligase buffer supplemented

with I unit of T4 DNA ligase in a total volume of l0 pl. This mixture was incubated at

l6"C overnight 112 to I6 hours). Rapid ligation was performed using the Rapid DNA

Ligation Kit (Roche MolecLrlar Biochemicals) in accordance witlr the manufacturer's
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using the pGEM-T Easy Vector Systen

instructions. or pCR 2.1 (lnvitrogen).
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directly subcloned into the vectors pGEM-T,

(Promega) according to the manufacturer's

2,2.6.3 Dephosphorylation of5' phosphate groups

Linear vector DNA was dephosphorylated usin-e calf intestinal alkaline phosphatase

(CIPXRoche Moleculitr Biochemicals). Typically, tbllowing digestion and linearisation, I

to l0 pg of linear vector DNA was incubated tbr l5 minutes at 37'C in the presence of I

unit of CIP and lX TA buf'tbr. The CIP was then heat-inactivated by incubation for l0

minutes at 68"C.

Blunt-ending of 3' overhangs

E. r:oli DNA polymerase I, large (Klenow) fragment was used to bunt-end linear'

vector DNA resulting from endonuclease digestions that generated 3' overhangs.

Approximately I to l0 prg of linear DNA was incubated for l5 minutes at room temperaturc

in the presence of 33 prM dNTP and I r"rnit/pg DNA Klenow in lX TA butfer. The blunt-

ended DNA was then purified using the QlAquick PCR pulification kit TQIAGEN).

2.2.7 Site-directed mutagenesis

Site-directed mutagenesis was pelformed using the Transfbnner Site-Directed

Mutagenesis Kit (Clontech) accolding to manufactLu'er's instructions. [n brief, plasmid

DNA was denatured and the mLltagenic and selection prirners annealed following which the

mutant DNA was synthesised and gaps sealed using T4 DNA polymerase and T4 DNA
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ligase, respectively. The parental plasmid was then digested with the selection restriction

endonuclease and the hybrid mutated/parental plasmid transfonned to generate mutated and

parental plasrlids. Following a second round of digestion screening to linearise the parental

plasmid, the nutated plasmid was prefetentially translbnned. tndividual tlanstbrmants

were then screened to confirnr the presence of the desired nlutations by sequence analysis.

2.2.8 Polymerase chain reaction

2.2.8.1, Amplification of DNA

PCR amplifications were typically performed in 50 or 100 pl volumes using a

Robocycler Gradient 96 (Stratagene) thermocycler equipped with a hot top. Diagnostic

arnplilication reactions were performed in 50 pd volumes of lX PCR buff'er supplemented

with 2o/o (v/v) DMSO, 200 prM of each dNTP, I pM ol each primer. 2.5 units of Taq DNA

polymerase and the DNA template (typically, 50 ng fbr plasrlid DNA, 250 ng lbr genomic

DNA and 3 to 5 prl of first strand cDNA). Preparative amplification reactions were

performed using the Expand High Fidelity PCR System (Roche Molecular Biochemicals)

according to the manufacturer's instructions. In brief, reactions were performed in 100 pl

volumes of lX Expand High Fidelity PCR buffer, supplernented with l5 mM magnesium

chloride, 2.6 units of Expand High Fidelity PCR enzynre rnix, 200 prM of each dNTP, 300

nM of each oligclnucleotide primer and approxinrately 0.75 pg of template DNA.

2.2.8.2 Reverse-transcription polymerase chain reaction

To synthesise f irst strand cDNA,2.0 pg of purified total RNA was mixed with 500

ng ol otigo 1dT),.-,* primers (lnvitrogen) and diethyl pyrocarbonate (DEPc)-treated sterile

distilled water irl a total volume of l2 ul and incubated at 70"C fbr l0 rninutes. This was



79

fbllowed by a quick chill on ice for I minute, then the addition of lX Superscript II

reaction hufler (GibcoBRL). l0 rnM DTT and 500 pM of each dNTP in a total volume of

l9 pl fbllowed by an incubation tor 5 nrinutes at room temperature. Following this

incubation, 200 units of Superscript II RNase H- reverse transcriptase was added and the

nrixture incubated at 42"C fbr 2 hours followed by an incr"rbation at 70'C tbr 20 minutes to

inactivate the rcverse transcriptase. To clegrade the unwanted RNA template, I pl of RNase

H wits added and the mixture incubated at 37'C for 30 minutes fbllowed by inactivation at

70'C tbr 20 minurtes. Samples wel'e processed in parallel withor"rt the presence of reverse

transcriptase to serve as a control fbr the detection of genomic DNA contamination (RT

-ve). This first strand cDNA (3 to 5 prl) then served as a ternplate lor amplification

reacti ons us in g gene-spec: i fic ol i gon uc Ieot ide pri mers.

2.2.9 Isolation and purification of RNA from zebrafish embryos

Total RNA was extmcted from staged zeblatlsh embryos r-rsing a procedurc based

on the acid-phenol extraction method (Chomczynski and Sacchi, 1987). To prevent RNase

contamination, watc'r and solutions werc DEPC treated and aerosol barrier pipette tips r"rsed

(Boehrin-eer Mannheim). Emblyos were raised to the desired developmenttrl stage in lX E3

nredium at 28"C and then sacrificed by prolonged incubation in lX E3 medium

supplemented with tricaine (Sigma) (16.8 mg tricaine/100 ml E3 medium). Approxirnately

50 to 100 embryos were then transf'erred into 5 to l0 ml of RNA extraction buffer and

homogenised by sequential passage through l8-gauge then 22-gauge needles (Terumo)

connected to a 5 ml luer taper tip syringe (Terumo). Homogenised embryo extracts conld

then be stored at -20'C to await lurthcr processing. Thawed extracts were then rnixed with

0.1 volumes of 2M sodiunr acetate (pH 4.0), I volume of phenol (water-equilibrated) and

0.2 volurnes of chlorotorm with thorough vortexing between additions. This solution was

tlren incubated on ice fbr 15 minutes tretore centrifugation at 14.000 rpm for 20 n'rinutes at

4"C lBeckrnan GS- l5R). RNA within the upper aqueoLrs phase was then precipitated by the
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addition of an equal volume of isopropanol and incubation fbr 30 minutes at -20"C before

being pelleted by centrifhgation at 14,000 rpm for 20 minutes at 4'C (Beckrnan GS-l5R).

Thc RNA pellet was then washed in TOVa (v/v) ethanol. air-dried and resuspended in 100 pl

of lX DNase buffer containing approximately l0 units of RNase-fiee DNase [ (Boehringer

Mannheim). Incubation at 37'C lbr 15 minutes resulted in the digestion of any

conterminating DNA. RNA was then purified by phenol/chloroform extraction with the

addition of an equal volunre of phenolbrm ( l: I phenol:chlorofolm). The purified RNA was

ethanol precipitated, washed withTOVr ethanol, air-dried and resuspendecl in DEPC-treated

sterile distilled water and stored at -70'C.

2.2.10 Diethyl pyrocarbonate treatment

To contnrl and minimise RNase contamination of procedures involving RNA, such

as wlrclle nloLrnt in situ hybridisations, RNA isolation and synthetic capped transcript

synthesis, solutions and any associated glassware were DEPC treated to inactivate RNA

degrading RNases. Generally this involved the addition of 0.1Vo (v/v) DEPC (Sigma) to

sterile distilled water or solutions wlrich were then left overnight witlr gentle agitation

betbre being autoclaved.

2.2.11 Synthesis of digoxigenin- and fluorescein-labelled RNA probes

for whole mount in situ hvbridisation analvsis

For the synthesis of digoxigenin (DIG)- and fluorescein (FLU)-labelled riboprobes,

rea-qents supplicd by the DIG RNA Labelling Kit (Boehringer Mannheim) were used. To

prepare linear DNA ternplates, approxirnately 5 to l0 Fg of plasrnid DNA was linearised

using an appropriate restriction endonuclease. The digestion product was then purified by

phenol/chloroform extraction and ethanol precipitation betore being resuspended in

approximately l5 pl of sterile distilled DEPC-treated water. The success of the digest was
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determined through gel electrophoresis and the concentration of the linear template was

quantified by spectrophotometric measul€lnent. For the synthesis of DlG-labelled RNA

probes, the following reaction nrixture was incubated at 37'C for 2 hor:rs. lX RNA

polymerase transcliption buffer. approximately I to 2 prg of linear DNA template, lX DIG

labelling rnix (composed o[ I mM each of ATP, CTP and GTp, 6.5 mM UTp ancl 3.5 mM

DIG-ll-UTP)' 40 units of RNase inhibitor and approximarely 50 r-rnits of T3, T7 or Sp6

RNA polyrnerase in a final volume of 20 pl. For FlU-labetlecl RNA probe synthesis, the

sanle reaction mixture was generated except that a lX FLU labelling rnix (composed of I

mM each of ATP. CTP and GTP and 3.5 mM FLU- l2-UTP) was used instead of the DIG-

labelling mix. Following the 2 hour incubation, l0 units of DNase I (RNase-fiee) was

adcled to the reacticln mixture and further incr-rbated at 37"C tbr l0 minutes to digest the

DNA ternplate. The RNA probe was then precipitated in l\OVo ethanol containing 3.5 r1M

DEPC-treated EDTA (Sharlau) and 100 mM DEPC-treated LiCl lSigma) in a rotal volume

of f 00 pl fbr 30 minutes at -70'C befbre being splrn at 14,000 rpm for l5 minutes at 4'C

(Beckman GS-l5R). The resr-rlring pellet was then washed in70va (v/v) ethanol, air-clried at

room temperature and t'esuspended in 100 prl of DEPC-treated sterile water containing 40

units of RNase inhibitor. To confirm u successful transcription reaction, 5 pl of tlre RNA

probe wil.s l'ul] on a IVo (wlv) agarose gel containing 0.5 prg/rnl ethicliurn bromide

(Ittvitrogen). Tlre concentration of the riboprobe was quantified by spectrophotometric

measurentent befbre treing stored at _70'C.

2.2.12 Whole mount in sita hybridisation analysis

Staged embryos to be used in whole rnount in situ hybridisation analysis were hand

dechorionated rrsing watch-makers forceps. Alternatively, embryos were placed i1 a petri

dish containing 2 rng/rnl Pronase in IX E3 nredium. The sta-sed embryos were then gently

agitated r-rntil approximately 80%' of the embryos had losr their chorions at which point the

petri dish was flooded with lX E3 medium. The embryos were then transf'erred to a slass
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beaker and washed 3 to 4 times with 100 ml of lX E3 medir,rm by decanting to rcmove the

enlpty chorions. The embryos were subsequently fixecl itt it 4vo (w/v) pFA solution

overnight (12 to 16 hours) at 4"C, then rinsed twice in PBS and dehyclrated in l00zo

nrethanol for at leust 20 ntinutes at -20"C. Embryos could be stored it looo/o methanol at

-20"C until required for in .rirn hybridisation. The whole mount irr ;;it, hybridisation

protocol employed was based upon that described in Westerfield, 1993. Unless otherwise

stated, all washes and rinses were approxirnately 5 rnl in volume and all solutions were

DEPC-treated to minimise contamination with RNases. Embryos were rehydratecl by

secluential 5 tttittute room temper:.rtlrre washes in 50o/c'(v/v) nrethanol/pBS, 3OVo (vlv)

nrethanol/PBS and then two washes in PBS. The enrbryos were then fixed again in 4o/o

(w/v) PFA solrrtion lbr 20 minutes ancl washed twice in PBS fbr 5 minures at room

temperature. To pertneabilise embryos, they were incurbated at room temperature in pBST

br-rl'f'er supplemented with proteinase K. The concentration of proteinase K and the duration

of treatment is sumrnarised below (Tabte 2.g).

Table 2.8 Summary of proteinase K concentrations and treatment times for
different developmental stages.

Following the permeabilisation treatment. embryos were washecl twice in pBST

butl'er lbr 5 minutes at room temperilture then re-fixed in 4o/o (w/v) pFA solution for 20

minutes at room temperature. Atier this, ernbryos were rinsed twice in pBST. Embryos

Stage of

development (hpf)

Concentration of proteinase K Treatnrent duration

(minutes)

ll to l8

19 to 24

25 ro -36

37 to 72
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were transt-erred into I ml of pre-hybridisation solution and incubated at 55 to 65"C

(depending upon the particular riboprobe used) for 5 minutes before being incubated at the

sanle temperature for 4 hours in I rnl of hybridisation buffer fbl pre-hybridisation

treatment. Following pre-hybridisation, embryos were transferred into a riboprobe/

hybridisation buffer mixture. First. the DIG- or FlU-labelled riboprobes were denatured by

heating to 99'C fbr 5 minutes. then quickly chilled on ice befbre being added to I ml of

hybridisation bul'fer to give a final concentration of approxirnately I pr-e probe/ml

hybridisation buf'fer. Ernbryos were hybridised overnight (12 to l6 houls) at 55 to 65'C

then washed twice in a solution composed of 50o/o (v/v) tbrrnarnide and 2X SSCT buff'er for

30 minutes at 55 to 65'C. This was followed by a wash in 2X SSCT for l5 minutes at 55 to

6-5'C. two washes irr 0.2X SSCT for 30 minutes at 55 to 65"C and two fiulther washes in

MABT bulfer f or 5 minutes at room temperaturc.

Ernbryos werc translbrred into 0.5 ml blocking solution conrposed of MABT brrffer

solution containing lOVo (vlv) lamb serum and 27c (w/v) blocking reagent (Boehringer

Mannheim) tbr 2 hours at room temperature with gentle agitation on an orbital shaker

(Bellco Glass, lnc.). Embryos were then transferred into I ml ol antibody solution

(blocking solution supplemented with anti-DIG or anti-FLU Fab flragnrents (Boehringer

Mannheirn)) and incubated at 4'C overnight (12 to l6 hours). The antibodies were diluted

l:5000 and l:2000 fbr the anti-DIG and anti-FLU Fab fragments, respectively. Embryos

were then rinsed in MABT buffer containing lOVo (v/v) lamb serum at loom temperaturc

befbre being washed in the same solution tbr 25 minutes at roonl temperature. Embryos

were then transf-errecl into MABT lrr"rfter for 25 minute and 2 hour washes at room

temperatLrle.

For staining, embryos were wushed three times in staining butfer tbr 5 minutes at

room tempelature befbre being irrcubated at room temperature in I ml of staining butfer

supplenrented with 225 pg/ml 4-Nitroblue tetrazolium chloride (NBT) (Boehringer

Mannheim) and 175 pg/ml 5-Bromo-4-chloro-3-indoyl-phosphate (BCIP) (Boehringer'

Mannheim). Enrbryos were protected t}om light until the desired level of staining was
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achieved, as detected by light rnicroscopy. Once this level was attainecl, enrbryo.s were

washed twice in PBST fbr 5 minutes then fixed in 47c (w/v) PFA solurion overnight (12 to

l6 hours) at 4"C. Fixed embryos were then rinsecl three times in pBS befbre being

transfemed into 807o (v/v) glycerol/pBS fbr further analvsis.

2.2-13 Double whole mount in situ hybridisation analysis

For double whole mollnt in situ hybridisation experiments, essentially the protocol

described above for sin-ele gene expression analysis was used apart fiom the fbllowing

exceptions. Instead o1'a single riboplobe being hybridised, two probes were simultaneously

hybridised to the embryos. One RNA probe was DlG-labelled while the other was FLU-

labelled. Generally, the RNA probe clesigrred to detect transcripts of the les.s abundaptly

expressed gene was DlG-labelled while the probe that gave a stronger signal was FLU-

labelled. Following hybridisation, the probe,s were washecl off as clescribecl above and the

first antibody bound. Best results were obtained when the anri-DIG ( l:5000 dilution)

antibody was used first then alkaline phosphatase acriviry detecred using BCIp/NBT

substrates at the concenffations clescribed above. When an ideal level o1. staining was

achieved with these chronlogenic sttbstrates the reaction was stopped with three washes of

PB'I for 5 minutes, then fixation in 47o (wlv) PFA solution for 20 minures at room

temperatut'e. Entbryos were then washed three times in PBT fbr 5 minutes betbr.e

incubation at room temperature in 100 mM glycine (pH 2.2) containing 0. lfta (v/v) Tween-

20 tbr l5 nlinutes,4 times. This was followed by two rinses in MABT buft'er and then three

washes in MABT bul-fer for 5 minutes at room temperature. Embryos were then transferred

into blocking solution and the subsequent binding of the second, anti-FLU antibody

( l:2000 diltrtion) was perfbrmed. Anti-FLU labelled transcripts were detected using the

chromogetric substrate Fast Red (Boehringer Mannheim). Embryos to be stainecl using Fast

Red were equilibrated in staining buffer of 100 mM Tris-HCl (pH 8.2) supplemented with

o'lvc (v/t'l Tween-2O by three washes for 5 minutes ut room temperature. The Fast Red
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staining solution comprised one Fast Red tablet dissolvecl in 2 ml of the staining buff'er, any

undissolved particles wet'e removed by tiltration through a syringe filter. This staining

solutiott was made fresh ancl used within 30 rninutes of preparation. once the desired level

of stainin-e was achieved, enrbryos we-re processed as described above.

2.2.14 JB-A plastic embedding

Stainecl embryos .selected for sectioning were removed from B1Vo (v/v)

glycerol/PBS through a sequential wash in 30Vo (v/v) glycerol/PBS fbr I hour, then three

washes in PBS buff'er fbr 5 rninutes. Individual embryos were then placed ipto wells of a

Z4-well tissue culture plate (Falcon) containing almost polymerised molten l.ZVo (w/v)

agarose. Once the agarose containing the embryos had set, embryos were cuf out using a

clean razor blade and tashioned into a snrall cube (typically of dimensions, 3-4 mm x 3-4

mm x 3-4 rnm) to give the desiled sectioning plane. These agarose blocks were dehydrated

by seqtrential l0 minute washes in,257o (v/v) rnethanol/PBS, 50Vc (v/v) methanol/pBS,

Sovo (v/v) methanol/PBS followed by thlee washes in lo}?a methanol at room remperatLrre.

The agarose trlocks were then leti at room temperature in loovo methanol overnight ( l2- l6

hours). These dehyclrated agarose blocks were transf'ened into 25 ml of catalysed JB-4 plus

solution A for 48 hours at 4'C (composed of 0.25 g JB-4 Plus catalysr dissolved, on ice, in

25 ml of JB-4 Plus solution A. Polysciences). Following intiltration, rhe agarose blocks

were transferred to embedding medium conlposecl of l5 nrl freshly made infiltration

solution supplemented with I rnl of JB-4 Plus solution B. Once this enrbedding solution

was made. it was kept on ice to rctard premature polymerisation. Agarose blocks were

orientated using watch-makers torceps irr 6 mm x 8 mm rnoulds (Histomold. Leica),

covered witlr entbeddin-e medittm ancl left to polymerise at room temperature. A cir.cular

microtome chuck (Leica) was pclsitioned onto the resin-filled mould prior to

polymerisation. Once set, the blocks were renovecl ancl any excess unpolymer.ised resin

retttoved by wiping with tissue paper before being mounted into a RM2l55 microtome
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(Leica)' Sections, typically 5 pm, were cut and transferrecl to glass slides which were left to

dry on a slide warmer, prior to histological procedures.

2.2.15 Cryosectioning

Embryos that were stained with the chromogenic substrate Fast Red (Boehringer

Mannheim) were cryosectioned because of the alcohol solubility ol' the Ferst Red stain

which prevented plastic resin sectioning. Selected ernbryos were transfeged fi.om lX pBT

into a 30o/o (wlv) sucrose solution in lX PBT by sequential passage through lOVc,20Vo and

3QVo (wlvl sucrose/lX PBT solutions. Once equilibrated, embryos were transf'erred into

Tissue-Tek O.C.T. 4583 Compound (Miles) and .stored fbr 2 to 3 days at 4"C unril

sectionecl using a Leica CM3059 cryostat. once cut. sections were imnrediately transferrecl

to polysine-coated glass slides (Biolab Scientific) and mounted in Cytoseal 60 (Stephens

Scientific).

2.2.16 Histology

JB-4 resin sections that had been dried on a slide warmer were initially stained for

2.5 hours at 45'C in Azocarmine solution A, then washed in sterile distilled water. To

remove the stain frorn the resin, slides were dipperJ in 50Vo (v/v) aniline alcohol befbre

being rinsed in tap wilter, then in sterile distilled water. Sections werc then stained for 5 to

6 minutes at 45"C in Aniline blue solution B then rinsed in tap water followed by a rinse in

sterile distilled water. Slides were dried on a slide warmer for I hour at 60"C then stained in

Gills III Haemotoxylin (BDH) fbr 35 minutes at room temperature. The stain was then

thoroughly rinsed off with tap water, then sterile clistilled water befbre being dried on a

slide wamrer fbr I hour at 60"C, mounted with PolyMount (Polysciences) then cl.ied again
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colours are summarised in Table 2.9.
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and their respective

'Iissue/Structure Colour

Nuclei Red

Erythrocytes Red

Muscle Orange (red and yellow)

Glia flbrils Red

Mucin Blue

Collagen and reticulunr Dark blue

Glomerula stronlil Dark bh-re

Clrrornophobes Colourless or light grey

Table 2.9 Tissue structures stained and their respective colours following
Azan/Haemotoxylin staining.

2.2.17 Synthesis of synthetic capped transcripts

Synthetic capped nrRNA was generated fbr fbrced expression analysis using the

mMesserge mMachine SP6 kit (Ambion) according to the manufacturer's instructions. In

briel" 5 tol0 Ug of DNA template (typically within the pCS2+ expression vector (Turner

and Weintr:.rub, 1994)) was linearised with the uppropriate restriction endonuclease. The

digestion product was tlten purified using the QlAquick PCR purificarion kir (elAGEN)

and resuspended in approximately l5 prl o1'DEPC-rreated sterile distilled water. The

concentration of the linearised DNA temple was deterrninecl by spectrophotometric

measurement. Approximately I prg was used for the mRNA .synthesis reaction. The

transcription reactioll was composed of I prg of linear DNA template, I X NTp/Cap rnix, I X

reaction but'fer,2 pl of SP6 enzyme mix ancl nuclease-free waterin u total volume of 20 ul.
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This mixture was then incubated for 2 hours at 37'C followed by a DNase rreatment,

involving the addition of 2 units of RNase-fi'ee DNase I ancl incubation tbr a f-urther l5

minutes at 37"C. The synthetic transcripts were then precipitated by the addition of 30 pl of

nuclease-fiee water and 25 pl of lithium chloride precipitation solution (7.5 M lithiurn

chloride, 50 mM EDTA) followed by incubation for'30 minutes ar -?0"C. The RNA was

then pelleted by centrifugation at 14,000 rpm fbr l5 minutes ar 4'C (Beckman GS-l_5R),

washed withT0o/o (v/v) ethanol, air-dried, resuspended in an appropriate volume of DEpC-

treated sterile distilled water and stored at -70"C. The concentration and yield of rnRNA

was determined by spectrophotometric measurement.

2.2.18 Microinjection

2.2.18.1 Preparation of DNA, RNA and antisense morpholino oligonucleotides for

microinjection

DNA was either injected as circular plasmid (for transient tbrced expression

analysis) or as a linear injection construct by liberating the exp;ession cassette fr-om vector

backbone with appropriate restriction endonuclease digesrion (for transgenesis). Digested

plasnrid DNA was rlrn on a lVo (wlv) low melting point agarose (Sigma) gel containing 0.5

pg/ml ethidiunr bromide (lnvitrogen) and the expression cas.sette excised and purified fiom

the agarose gel usin-e the GENECLEAN kir (Bio l0l) in accorclance with the

manufacturer's instructions. Plasmid DNA to be injected into zebrafish embryos was

pulified by phenol/cltlorofbrn extraction and ethanol prccipitation betbre being quantified

by spectrophotometric measurernent. DNA solurtions were typicalty diluted with sterile

distilled water to concentt'ations in the range 50 to 100 ng/trrt to facilitate injection doses in

the range 50 to 100 pg with a I nl iniection volume. The integrity of the plasmid or linear

DNA to be iniected was determined through gel electrophoresis, typically on a I vo (w/v)

agarose (Sigma) gel. DNA was injected with O.l25Va (w/v) tetramethyl_rhodamine_dextran
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(Sigma) supplemented with 100 mM KCI (Sigma). This dye served as an internal control

enabling the amottnt of injected DNA to be monitored in real-time, promoting injection

consi.stency from one embryo to the next. DNA solution.s were spun at 14,000 rpm fbr 5

nrinutes (Eppendtlrf 5417C) to pellet undi.ssolved particulate material immediatelv before

injection.

Synthetic capped transcripts to be injected werc diluted in DEpC-treared sterile

distilled water to concentrations in the range I to 50 ng/prl to f acilitate iniection doses in the

range l to 50 pg with a I nl injection volume. Quantity and quality of the synthetic nrRNA

was also determined by spectrophotometric measurement and gel electrophoresis analysis,

typicafly on a lvo (w/v) agarose (Sigma) gel. Immediately prior to injection, RNA solutions

were spLrn at l4'000 rpm tbr 5 rninutes at 4'C (Beckman GS-l5R) ro pellet any residual

particulate matelial.

MOs (Gene Tools. LLC), received as sterile salt-free lyophilisecl solids were

resuspended in sterile distilled water to a concentration of 50 mg/rnl and storecl as a stock

solution ilt -20"C. For injections, this stock solution was diluted to 3 to 6 mg/ml with lX
Danieau buffer (58 rnM NaCl (Sigrna), 0.7 mM KCI (Sigma), 0.4 nrM Mgso., (sigma).0.6

mM Ca(NOr): (Sigrna) and 0.5 mM HEPES pH 7.6 (Sigma)) and typically injected at a

volume ol 2 to 3 nl because of the greater viscosity of MO solutions at higher

concentrations.

2.2.18.2 Microinjection of early zebrafish embryos

Early zebrafish embryos (l- to 4-cell stage) were positioned in an injection tray as

described in Westertleld, 1993. In brief, approximately 8 borosilicate glass capillaries (l
mm O.D'. Clark Electromedical Insttuments) were placed within a large petri dish which

was then filled with molten l.5Vo (w/v) agarose in lX E3 medium to a thickness of I cm.

Once set. the agarose was inverted and the capillaries removed, crcating wells into which

embryos could be .securely immobilised and positioned fbr microinjection. Injection
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needles were fashioned from borosilicate glass capillaries (l mm O.D., Clar.k

Electromedical lnstruments) using a Flarning/Brown rnicropipette puller (Sutter Instrument

Co') and then ground to an angle of 45" using a Narishige nricrogrin<ler (model EG-40).

Injection needles were back filled, using an eppendorf Microloader, with approxima tely 2

to 3 pl of DNA. RNA or MO solutions that hacl been spun at 14,000 rpm in a

microcentt'ifurge (Eppendorf 5417C) to remove particulate material that may block the

injection needle. Loaded needles were then fastened into a Narishi-ee micromanipulator

connected to an MPPI-2 pressure injector (Applied Scientific Instrumentarion). To calibrate

individual needles prior to injection, clrops of the injection mixture were positioned over a

standard haemocytometer chamber (Fortuna, Gerrnany) to cletennine the volume of the

sphere, and subsequently the injection dose, basecl on its diameter. Typically DNA and

RNA solution.s were injected at a volume of lnl, and MO solutions at 2 to 3 nl. Embryos

were positioned animal pole upward in the injection tray and injection doses were targeted

into the individrral blastomeres or at the yolk/cytoplasm intert'ace. Injected embryos werc

then counted, removed lronr the injection tray and left to recover in lX E3 medium at 2g'C

to await tirrther analysis.

2.2.19 Microangiographic analysis

Microangiographic analysis of zebrafish ernbryos was pelformecl essentially as

described in Weinstein et al., (1995). Yellow-green Uuorescienatecl carboxylated latex

beads' obtained from Molecr.rlar Probes (Cat No. F8787). were cliluted l: I in 2Zo (wiv) BSA

(Sigma). This nrixture was then sonicated on ice using a Misonix sonicator equipped with a

microprobe fbr'25 minutes (-5 x 5 nrinute cycles) at maximum power. Following sonication,

the solution was centrituged at 14,000 rpm for 5 minutes (Eppendorf 541 7C) ro pellet any

particulate matelial that may block the microinjection needle.

Enbryos to he injected were collected, dechorionated (either nanLtally using watch-

makers forceps or via Pronase digestion) and incubated in lX E3 nrediunr until the desired
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developmental stage was reached. Embryos were then anaesthetised prior to injection by

incubation in lX E3 medium suppleruented with tricaine ( 16.8 mg tricaine (Sigma)/I00 ml

E3 medium). When tnict'oangiography was perfbrmed on embryos older than 24 hpl,,pTu-

treatment was employed to prevent pigmentation (as described in We.srerfield, 1993).

Holding pipettes and microinjection needles were fashionecl frorn borosilicate glass

capillaries ( I mnr O.D., Clark Electromeclical Instruments). Holding pipettes were

generated by partially nrelting one end of the capillary with a bunsen burner to give an

opening of approximately 0.2 mm. Iniection needles were generated by first pulling the

capillary using a Flaming/Brown micropipette puller (Sr,rtter Instrument Co.) and then

grinding the tip to approxinrately 45" using a microgrincler (Narishige, model EG-40).

Microiniection needles were back loaded using an eppendorf Microloader and secured into

a Narishige micromanipulator while the holding pipettes were secured into an eppeldorf

CellTram oil capillary holder. The CellTram wls under the control of an eppendorf

Transl'erMan lnicromanipulator robotic arm and injection pulses were supplied by an

eppendorf FemtoJet. Anaesthetised emblyos were positioned ventral side up, such that the

cardinal vein/sinus venosus was exposed. The bead suspension was injected into the sinus

venosLls using small pulses over the course of abor-rt I nrinute. Care was taken not to inject

too much dye initially as short episodes of carcliac anest were comrnon immediately

following the first iniection pulse. Once the heart began to beat norrnally. injection of small

doses of bead solution resumed. Fluorescence of the bead solution and the success of the

nricroan-eiography were monitorecl by switching between light and dark fields on a Leica

MZFLIil l'luorescent stel'eo microscope equipped with a GFP fllter set. Injected embryos

were immediately rcmoved fiom the tricaine-containing E3 mediunr and transferred into

f X E3 medium to recover fbr approximately 5 minutes befbre being embeddecl in ZVo (w/v)

rnethyl celluiose ( Sigrna) in I X E3 nredium for tluorcscence analysis and subsequent image

capture.
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2.2.20 Acridine orange staining

Emblyos were stained in Ao essentially as described in Fr"rrutani-Seiki, ( 1996).

Enrbryos to be stained were raised to the desired developmental stage in lX E3 medi.m at

28'C befbre being dechorionatecl either manually using watch-rnakers torceps, or

enzymatically by gentle agitation in lX E3 medium supplemented with 2 mg/ml pronase.

Ernbryos werc then incubated in 5 prg/rnl AO (Sigma) in lX E-J rnedium for,30 minutes at

room tenlperatul'e. During this treatment, the degree of staining was monitored under

f'luorescence microscopy using a Leica MZFLIil fluorescent stereo microscope equipped

with a GFP filter set. Once staining was complete, embryos were removed from the

staining solution and transl'erred into lX E3 medium by three 5 minute washes before beine

analysed for apoptotic cell death by f'luorescence microscopy.

2.2-21 PTU treatment of embryos to inhibit pigmentation

To inhibit pignrentation developing in embryos older than 24 hpf , a pTU treatmenr

wirs used as described in Westerfleld, (1993). AO.3Vo (w/v) stock solution of l_phenyl_2_

thiourea (PTU)(SiSma) in lX E3 mediurn was made and srored ar 4'C. pgst 24 hpf stage

embryos wele then transfened into a | : 100 rlitution of this stock solution in tX E3 medium

to inhibit pignrentation.

2-2.22 Heat-induction treatment for transgenic embryos

Hernizygous and homozygous transgenic embryos and their wild-type siblings were

harvested fiom individual matings and stored in lX E3 medium at 28"C in a plastic petri

dish until the desired developmental stage was rcached. The petri clish containing the

embryos was then placed within an incubator (Spin 'n' Stack, Thermo Hybaid) at

temperatures ranging tiom 38 to 40"C. The duration of rhe heat treatments varied flom I to
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6 hours. At the contpletion of the heat-induction treatnrent. embryos were placecl back at

28'C to l'ecover befbre being screenecl tor GFP expression (using a Leica MZFLIII
fluorescent stereo lnicroscope equippecl with a GFP filter set) and anv associated

deve lopmental det'ects thr oughout embryogenesis.

2.2.23 Photography and imaging

Inlages of manipulated ernbryos were captured using a Leica DC200 digital camera

connected to either a Leictt MZFLIII fluorescent stereo nricroscope eqnipped with a GFp

[ilter set (for rnicroangiography, GFP exprcssion and AO-staining), a Leica MzFLlilstereo

nricroscope (inraging rtf in situ hybridisations) or a Leitz DMR compound microscope

(Leica) (lirr mounted enrbryo sections).

2.2.24 Care and breeding of zebrafish stocks

Zebrafish used in this .study were maintainecl within an in-house clesigned zebratlsh

facility (Faculty ol'Medical ancl Health sciences, The university of Auckland, Auckland,

New Zealund). Embryos tiorn pair-wise breedings were harvested l5 to 30 minutes

{bllowing spawnings and incubated at 28'C in lX E3 medium for rhe tlrst 5 clays of

development. Fry were then transf'en'ed to the MaxHatchtno nurseLy where they were fed

paramecia until large enough to be housed within the rnain zebrafish system (MaxGrowrM).

Both systenls were designed around a recirculating water supply that was kept at a constant

28'C and pH 7.2 to 7.5. Particulate material was rernoved using particle filtration ancl

contaminating fauna through UV sterilisation. The MaxHatchrM nursery gsed 5 and 0.2 pm

polypropylene depth filters (Contamination Control) while the MaxGrowrN4 Modular

Holding Systern used 50 and 20 ;-rm pleated paper cartridge fihers (Contamination Conrrol).

Adult zebrafish were t-ed ZM}OO and 2M300 feeds (ZM Lrd.) and brine shrinrp (Br.ine

Shrimp Direct) twice daily and kept on a r4110 hor.rr light/clark cycle.
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Chapter 3

The intimate relationship between radar expression

and the ICM compartment

Introduction

spatial relationship between radar expression and the

zebrafish ICM compartment

The ICM is derived f'rom a population of lateral plate mesoderrn cells that express a

nuttrber of genes irnplicated in haematopoietic and vascular clevelopment (Long et al.,

1997; Gering et ul.. 1998: Thompson eI ul., l()98: Quinkertz et ul.;1999: Brown et al.,

2000; Kalev-Zylinska et ul.,?002). These cells migrate medially benearh the somites to

fbrm the ICM at the embryonic micllinc wherc they contribute to borh the haenratopoietic

and vascular linc'ages. Throughout their migration and the genesis of the tCM, these

huemangioblastic precursor cells, that are destined to form the ICM, are tightly bordered by

the hypochord and the posterior PGE, tissues that strongly express rutlttr. To characterise

the spatial relationship between rutlur expression cluring ernbryogenesis ancl the developing

ICM region' double whole mounl in situ hybridisation analysis was conductecl, using

nulur- and .rc'/-specific RNA probes. on zebrafish enrbryos of cliff'erent developlrental

stit-qes that spanned the genesis of the ICM. The .rc/ gene is expressed by haemangioblastic

cells within the lateral plate tnesoderm throughout their migration to fol.n the [CM, where

they difl'erentiate and beconrecommirred to trre bloocl lineage (Gering ct ul..l99g).

r.

3.1
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II. Results

3.2 Bxpression of radar in the posterior mesoderm is

intimatelv associated with that of sc/

Transcripts for rutlur are cletected transiently by rl .ritrr hybridisation as a pair of

bilateral stripes in the laterill mesoderm from l1.5 hpf (5 somite) until the l5 hpf (12

somite) stage (Figure 3,lA). To characterise this expression domain, in particular its

relaticrnshiP to .rc:/ expt'ession in the lateral plate mesoderm, double whole mount in situ

hybridisation analysis was conducted on 12.5 hpf (7 somite) stage embryos using DIG- and

FlU-labelled RNA probes specific for rudur and .rc'l transcripts, respectively. Embryos

were l'irst sl.ainecl lbr .sr'/ using Fast Red as a substrate, then for rutlur r"rsing BCIP/NBT.

Transcripts fbr both nulur and .sc'i appeared to overlap at the posterior-most extremities of

their mesodermal expression domilins (Figure 3.lB). Their expression patterns then becaure

distinct and separate nlore rostrally. Where raclur expression was clearly distinct from thitt

of .rc/. transcripts tor radur were located more laterally burt still bordered the entire

posterior.sr:/ expression donrain (Figure 3.lB and C;. Figure 3.lD displays a diagrammatic

representation of nulur expression in the posterior lateral mesodenn relative to that of sc/.

3.3 Expression of radar in the trunk and tail borders the

developing ICM compartment and co-localises with scl in

the posterior ICM region

Transcripts for rudur can bc'detected by whole mount itt .situ hybridisation in the

hypochord and the closely associated PGE frorn the time that the hypochord delaminates
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7 somite

Ci 7 somite

radar
sc/

Figure 3.1 Expression of radar and scl in the lateral mesoderm during early

segmentation. (A) Dorsal posterior view of a whole mount in situ hybrdbatbn

staining tor radar expression in a 7 somite stage embryo (anterior to top). (lnsert)

Posterior optical cross-section (posterior down) displaying mesodermal radar

expression relative to more dorsal ectodermal expression. Black arrows denote

bilateral stripes of lateral mesoderm radar expression and black arrowheads

denote radar expression in the ectoderm above the neural keel. (B) Dorsal

posterior view of a double whole mount in situ hybridisation staining for radar

(purple) and sc/ (red) in a 7 somite stage embryo. Red and purple anowheads

mark sc/ and radar expression, respectively. (G) Higher power view of embryo in

panel B. (D) Diagrammatic representation (dorsal posterior view) of radar and sc/

expression in the posterior compartment of a 7 somite stage embryo. Scale bars in

A, B and C represent 150 pm.

radar
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fiom the underlying endoderm at around the l6 hpf ( 14 sornite) stage (Davidson, 1998). tn

l8 hpf stage embryos, transcripts for rutlttr can be detected in the hypochord and PGE

while transcdpts lor .rc/ are sandwiched between these domains (Figure 3.2A). In the

posterior ICM compartment of the developing tail, transcripts lbr rutletr and .rc'/ appear to

co-localise, if only in a .subset of these cells (Figure 3.2A). Once the ICM has formed, an

overlapping of rutlur and .rc'/ expression is clearly detectable in the posterior ICM

compartment/VTM (Figure 3.28). TLansverse sections through this region display this co-

localisation. which appears to be most signiticant at the posterior extremities of these

expression domains (Figure 3.2C and D). and nrorc separate rostrally (Figure 3.28).ln the

developing trunk. a clear separation is evident between sr'/. expressed in the ICM, and

ratlur, expressed in the overlying hypochold and the underlying posterior gut endoderm

(Figure 3.28). This expression of rudar in the hypochord and PCE persists at least until the

36 hpf stage of development, albeit somewhat reduced (Figure 3.?F).

III. Summarv

The relationship between rudar expression and the ICM compartment was analysed

by double whole mount in situ hybridisation for rutlar and sc/ transcripts. Cornmencing

frcrnr the ll.5 hpf (5 sornite) stage until the l5 hpf (12 somite) stage, rutlur transcripts were

detected in a bilateral population of cells within the lateral mesoderm compartment of the

early embryo. This expression was tenrporally coincident with an adjacent domain of .sc/

expression in cells fated to contribute to both the haematopoietic and vascular lineages.

These paired bilateral expression domains, although not completely overlapping, closely

bordered each other within the mesoderm, with nrclur expression placed more lateral than

that of sc'i. ln later staged embryos (18 hpf to 24 hpt), radur and.rc/ expression was co-

localised within the VTM of the posterior ICM. This co-expression becanre separate more

rostrally, where sc/ transcripts within the ICM compartment were bordered by radur



Figure 3.2 Co-localised expression of radar and sc/ in the posterior ICM

compartment. Double whole mount in situ hybridisation staining of 1B and 24 hpf

stage embryos to detect radar (purple) and sc/ (red) transcripts in the posterior lcM

region. (A) Lateral view of double stained 1B hpf stage embryo (anterior to left)

displaying overlapping domains ol radar and sc/ expression in the posterior ICM

(bfack arrow). (B) Similar view of a 24 hpf stage embryo with coincident expression

in the posterior lcM region (black arrow). (c, D and E) Transverse sections taken

through the posterior trunk/tail region of a24 hpf stage embryo double stained for

radar(purple) and sc/ (red), black arrows indicate overlapping expression domains

while purple and red arrows denote exclusive radar and sc/ expression,

respectively. The sectioning planes are represented on panel B (F) Lateral view

(anterior to left) of a whole mount in situ hybridisation for radar expression in a 36

hpf stage embryo. Arrow and arrowhead denotes radar expression in the

hypochord and PGE, respectively. N = Notochord, NT = Neural tube. scale bars in

AIBIF and c/D/E represent 100 pm and 50 pm, respectively.
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Chapter 4

Forced radar expression during

embryonic development

Introduction

Insights into gene function by transient forced expression

The delivery of exogenous trilnscripts into zebraflsh embryos has become a standard

nrethocl tbr providing functional insight into gene function. The attributes that the zebrafish

offers as a developmental model system are highly suited to this technique. Not only do

zebrafish embryos develop ex-utero. enabling thern to be injectecl with foreign nucleic acids

at very early stages of development. they are also transparent, fircilitating the real-time

tracking of ectopic expression through reporter constructs.

In the zebrafish embryo there is no physicril boundary present betr,r,een the yolk and

the individual blastomercs up to the 8-c:ell stage. It is not until the next round of replication,

the l6-cell stage, that a ruembrane has tormed separating the yolk from a sub-grcltrp of

bfastomeres (Kimrne| t:t ul., 1995). This enables the iniection of lbreign, in vitro-

synthesised, capped transcripts or DNA expression cassettes, up until the 8-cell stage.

Exo-eenous nucleic acid can be expected to migrate into every blastomere via cytoplasmic

yolk streaming. regardless of wlrether it was directly iniected into an individual blastomere

or the yolk. Ectopic gene expression can be eftected through both RNA and DNA

injections into early zebralish enrbryos. Each approach possesses its own advantages and

disatdvantages. The early delivery of exogenous RNA transcript into embryos can result in a
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functional protein being synthesised along with rlaternal transcripts at an early stage in

development. Such an approach is of benefit if the gene is involved in very eau'ly

embryogenesis events, pre mid-blastula tlansition.

A rlaior recognised limitation ol' using RNA fbr lbrced getre expression is its

limited half-.life. RNAs have va'ied. but lirnited, stability and are susceptible to degradation

by RNase.s. Elements that determine the stability, localisation and translation elficiency of a

transcript arc predontinantly located in the untranslated regions (UTRs). Indeed, diff'erent

UTRs can result in substantial ditfelences in the efficiency of protein translation. [n

Xertopus enrbryos, the addition of a long polyA tail has been demonstrated to increase RNA

half-lit'e (Harland and Misher, 1988). This has lead to the deve.lopn'rent of transcription

vectors that incorporate UTR elements believed to conler increased stability to the

transcribed RNA. An example of such a vector is the pCS2 vector (Turrner and Weintraub,

1994) which contains the SV40 polyadenylation site, resulting in the synthesis of stable,

polyadenylated RNAs. This vector and its derivatives have been widely used to synthesise

stable transcript lbr delively into both Xenolras and zeblafish embryos. An upstream

promoter element can be engineered into these vectols and likewise injected to provide a

constant supply of t'reshly transcribed RNA throughout embryo-9enesis. This approach

circumvents the stability problems associated with RNA injections and unwanted side-

effects that can occur when injected RNA interferes with very early developmental

pfocesses.

The transcription of fbreign DNA begins with the commencement of zygotic

transcription at around the mid-blastula transition (Kane and Kirnmel, 1993). Injection of

plasnrid vectors can provide an additional element of control through the use of inducible

and tissue-specific promoter/enhancer elements. Depending on where and when ectopic

expression is desired, an enhancer element can be selected to guide misexpression. A

number of prornoter elements are beginning to be characterised fiorn the zebrafish,

providing an increasing ability to guide tissue-specif ic misexpression, examples include the

tr4rttu-l (Long et ul., lL)97) itnd -2 (Mc'ng et ul., 1997), tie-1 (Motoike el u|.,2000),fli|
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(Lawson t't ul..20O?), s/rlr (Muller et al.. 1999) and pu.r2./ (Picker et u|.,2002) regulatory

elements. Recently, the isolation and characterisation of the promoter fbr the zebrafish

h.rp70 gene has led to the establishment of a stable transgenic line in which the reporter

ECFP is driven by this heat-inducible elenrent. Heat-shock can then induce expression of

EGFP in the transgenic fish. Surch an inducible promoter will provide tenporal control for

overexpressing a gene of interest, allowing one to target specific events throughout

zebraflsh development (Halloran et (1.,2000). Alternatively, expression can be driven

using a ubiqr-ritous pronloter to et'fect non-specific overexpression. [n the zebrafish, an

example of a powerfbl promoter that can drive robust expression in most tissue types is the

cytomegalovinrs (CMV) promoter. Interestingly, some rcsearchers have reported that DNA

injections result in a higher degree of mosaicism when cornpared to RNA injections, due to

the plasmid DNA ditfusing less readily in the cytoplasm of injected embryos (Westerfield

et ttl., l9c)?).

In summary, the delivery of exogenor.rs RNAs or cDNAs into zeLrrafish embryos

provides a powertul technique to rapidly identity potential downstream targets in regulatory

cascades and thus provide valuable insight into gene function itt t,ivo.

II. Results

4.2 Transient overexpression of the Radar-encoding P2RAD

construct

The effect of torced xtdur overexpression during early zebrafish embryonic

devefoprnent was examined using er rudur encoding lusion cDNA construct comprising the

rnrlture domain of rudur fused, in-fiame, with the pro-domain of human BMP2. This was

rused instead of a tull-length Radar-encoding construct tbr two reasons. Firstly, an antibody

wtts availatble lbr the N-terminus region of hnman BMP2, allowing fbr the possibility to
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report the location of exogenoLrs protein by immunohistochemistry. Secondly, the human

BMP2 pro-domain has been reported to fircilitate the secretion and processing of a number

of TGF-p family members in vitro (Davidson, l99S). The P2RAD construct maintained the

predicted human BMP2 cleavage site lFigure 4.1). Cleava_qe at this site would release a

fttlf -fength Radar n"lature domain. To leport the location of ectopic nular expression in real-

time, the pCS2/EGFP reporter construct was coinjected along with radur encoding cDNA

(Fi-qnre 4.?A). The P2RAD construct was subcloned into the Ec'oR[ 'dnd Xbal sites of the

pCS2+ polylinker region to create the pCS2/P2RAD expression constrLrct. This cDNA

vector could he inject.ed as a circular plasmid, or zr linear constrLrct by releasing the

expression cilssette fiom the vector backbone by digestion with the restriction enzymes .Srrll

and .Ay'arl (Figure 4.28).

4.2.1 Forced radar expression results in ventralisation

Injection ol'pCS2/P2RAD encoding cDNA into l- to 2-cell stage zebrafish enrbryos

resulted in varying degrees of ventralisation (Figure 4.3). Injected embryos werc scored for

ventralisation following 24 hours development. For ease o1- scoring, the degree of

ventralisation was classified into the following phenotypic classes: V I embryos displayed

the mildest ventralisiltion. possessing a reduction of antelior head structures but

maintilining a notochord: V2 ernbryos were slightly mole ventralised and displayed a

reduced or absent notochord, expanded posterior somites and ICM region but rnaintained

major head structures: V3 embryos possessed little or no head structures, no notochord and

an expanded ICM region; V4 embryos were the most ventralised, lacking anterior

structures but maintaining some paraxial somitic mesoderrn. Injection of a full-length

Radar-encoding cDNA construct (also subcloned into pCS2+) resulted irr sinilar

ventralisation tFigure 4.38). A srnall population of P2RAD-injected embryos also

displayed det'ects in gastrulation and subsequently failed to torm a typical embryonic axis.

Injected embryos were grouped into either'nornral','Vl-V2','V3-V4'clr'gastrulation
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ATGGTGGCCGGGACCCGCTGTCTTCTACCGTTGClGC1IITCCCCAGGTCCTCCTGGGCGGC 6O
U V A G T R C IJ L A L I' L P Q V L I, G G

GCGGCTGGCCTCGTTCCGGAGCTGGGCCGCAGGAAGTTCGCGGCGGCGTCGTCGGGCCGC T2O
AAG IJ V P E L GRRK T AAA S S G R

CCCTCATCCCAGCCCTCTGACGAGGTCCTGAGCGAGTTCGAGTTGCGGCTGCTCAGCATG 180
P S S Q P S D E VI, S E T' E LRL L S M

TTCGGCCTGAAACAGAGACCCACCCCCAGCAGGGACGCCGIIGGTGCCCCCCTACATGCIA 240
F G L K Q R P T P S R D AVVP P Y MI,

GACCTGTATCGCAGGCACTCAGGTCAGCCGGGCTCACCCGCCCCAGACCACCGGTTGGAG 3OO
DLYRRHSGQPGSPAPDHRLE

AGGGCAGCCAGCCGAGCCAACACTGTGCGCAGCTTCCACCATGAAGAATCTTTGGAAGAA 360
RA A S R A N T V R S F' H II E E S L E E

CTACCAGAAACGAGTGGGAAAACAACCCGGAGATTC1PTCTTTAATTTAAGTTCTATCCCC 42O
LPETSGKTTRRFFFNLSSTP

ACGGAGGAGTTTATCACCTCAGCACAGCTTCAGGTTTTCCGAGAACAGATGCAAGATGCT 480
TEEFITSAELQVFREQMQDA

TTAGGAAACAATAGCAGTTTCCATCACCGAATTAATATTTATGAAATCATAAAACCTGCA 540
TGNNSSFHHRINIYEIIKPA

ACAGCCAACTCGAAATTCCCCGTGACCAGACTTTTGGACACCAGGTfGGTGAATCAGAAT 6OO
TANSKFPV?RLLDTRLVNON

GCAAGCAGGTGGGAAAGTTTTGATGTCACCCCCGCTGTGATGCGGTGGACTGCACAGGGA 660
A S R W E S F D V T P A V I.{R W T A O G

CACGCCAACCATGGATTCGTGGTGGAAGTGGCCCACTTGGAGGAGAAACAAGGTGTCTCC 720
H AN II G F VV E VA E L E E K Q GV S

AAGAGACATGTTAGGATAAGCAGGTCTTTGCACCAAGATGAACACAGCTGGTCACAGATA 780
KRHVRISRSLHQDEtsSWSQI

AGGCCATTGCTAGTAACTTTTGGCCATGATGGAAAAGGGCATCCTCTCCACAAAAGAGAA 840
RPLLVTFGHDGKGEPLEKRE

AAACGTACIIGCGCTTAJ|TIATICGGCACGGG]BAAACIGC'AIRoGICA.f,A.BAOITICqAAA'IECGAGA 9OO
K R TA L N II R B C X R EG K K S tr g R

TGIC.AGCAAA.IAGGCTCTICCACGIrC,AI,CInICAAAGAACTT@ATGGGUICGACAGGATCTIC 960

ls r K A L E v rr F K B L c w D D w r r

GCICCCCIGGAmACCAA@CIATCACTCCGAGG€CGTCIOCOACmCCCO(IOA6GnCC 1020
A P L D r E A w nlu a vlo F p r, R s

ctccTAclccccaccnAccaccccrTcrrtcecAccc:Rc,tTlerAclccAnccf,ccccBAc 1010
E L E P T t{ EA I I g T L uH I u D P tf

IGCICICCACCGAGCTG:ERGCGTCCCCTCAAA.ECTCAGCCCCIIACEGTATAC$CTACATA 1I4O
s r P P s ll v e r K L s p r s r L y r

GACICSGGGAACAACGIf,iCCACTTCTAACAGSACGA@AC,f,IFGCIRGGIAGAACAGICIGGC 12OO
D s c N r v v r K g r E D M v v E OIc

TIGCA@TAG

ln r

Figure 4.1 Human BMP2-radar (P2RAD) fusion overexpression construct. DNA

sequence and conceptual translation of the fusion construct encoding the pro-

domain of human BMP? (normal typeface) fused in-frame to the mature domain of

zebrafish radar (bold typeface) while maintaining the predicted R-X-X-R cleavage

site (underlined). The seven conserved cysteine residues characteristic of TGF-p

family members are boxed in red.
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(s.5 kb)
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pCS2/hsp70/EcFP
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pCS2/hsp70/P2RAD
(6.0 kb)
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* CMV enhancer/promoter

* hsp70 enhancer/promoter
+EGFP
r_------_}-- P2RAD

Figure 4.2 Expression constructs for radar overexpression analysis. (A) Plasmid

map of the constitutively expressed pCS2/EGFP expression vector. (B) Plasmid

map of the constitutively expressed pCS2/P2RAD expression vector. (C) Plasmid

map of the heat-shock-inducible pCS2/hsp70/EGFP expression vector. (D)

Plasmid map of the heat-shock-inducible pCS2lhspT0|P2RAD expression vector.



Figure 4.3 Forced radar expression results in ventralisation. (A) Lateral view of a

24 hpt wild-type embryo. (B) Similar view of a 24 hpf ventralised embryo, following

the injection of 75 pg pCS2/EGFP and pCS2/RAD (full-length radar clone) at the 1-

2 cell stage. White arrow denotes reduction of head structures, black arrow

denotes fused somites and black arrowhead denotes an expansion of the ICM

region. (C) Bright field image of a 24 hpt embryo following the injection of 75 pg

pCS2/EGFP at the 1-2 cell stage, panel D is the dark field image of C while panel

E is an overlay of panels C and D (F) Bright field image of a modestly ventralised

embryo at the 24 hpf stage following the injection of 75 pg pCS2/EGFP and

pCS2/P2RAD. Panel G is the dark field image of F while panel H is an overlay of

panels F and G. Arrow in F, G and H denotes expansion of posterior ICM region

with associated EGFP expression. (l) Bright field image of a severely ventralised

24 hpf embryo following the injection of 75 pg pCS2/EGFP and pCS2/P2RAD.

Panel J is the dark field image of I while panel K is an overlay of panels I and J.

Arrowhead in I denotes lack of anterior head structures, arrow in l, J and K

denotes expansion of posterior trunk region and associated EGFP expression.

Scale bars in A,B,C and I represent 200 pm.



Figure 4.3 Forced radar expression results in ventralisation. (A) Lateral view of a

24 hpf wild{ype embryo. (B) Similar view of a 24 hpf ventralised embryo, following

the injection of 75 pg pCS2/EGFP and pCS2/RAD (full-length radar clone) at the 1-

2 cell stage. White arrow denotes reduction of head structures, black arrow

denotes fused somites and black arrowhead denotes an expansion of the ICM

region. (G) Bright field image of a 24 hpf embryo following the injection of 75 pg

pCS2/EGFP at the '1-2 cell stage, panel D is the dark field image of G while panel

E is an overlay of panels C and D (F) Bright field image of a modestly ventralised

embryo at the 24 hpf stage following the injection of 75 pg pCS2/EGFP and

pCS2/P2RAD. Panel G is the dark field image of F while panel H is an overlay of

panels F and G. Arrow in F, G and H denotes expansion of posterior ICM region

with associated EGFP expression. (l) Bright field image of a severely ventralised

24 hp'f embryo following the injection of 75 pg pCS2/EGFP and pCS2/P2RAD.

Panel J is the dark field image of I while panel K is an overlay of panels I and J.

Arrowhead in I denotes lack of anterior head structures, arrow in l, J and K

denotes expansion of posterior trunk region and associated EGFP expression.

Scale bars in A,B,C and I represent 200 pm.
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defects' classes based on microscopic observation at 24 hpf. In experiments where the

pCS2/EGFP reportel construct was coinjected, enrbryos were also observed under

fluorcscence to detect EGFP expression levels.

Iniection of a 75 pg dose of pCS2/P2RAD alon-e with a similar dose of pCS2/EGFP

resulted in the majority of embryos adopting the most severe, 'V3-V4', levels of

ventralisation (50 + l4%c:5 experiments; n = 235) (Figure 4.4A). A signiticantly smaller

fi'action (ll + 6c/o; 5 experiments; n = 235) possessed the milder, 'Vl-V2', ventralised

phenotype while 14 + 60/o (5 experirnents; n = 235) appeared phenotypically nomral. The

remainder (25 + l3c/c: 5 experiments: rr = 235) displayed gastrulation det'ects that retarded

any further growth due to the lack of any recognisable body axis. Furthenrrore, only those

embryos that expressed EGFP developed a ventralised phenotype, all EGFP negative

coiniected embryos developed normally. A tight correlation existed between the degree of

this ventralisation and the intensity of EGFP expression, validating the reporting strategy.

ln general, only those embryos that possessed the most robLrst EGFP expression displayed

the highest levels of ventralisation (Figuue 4.3C to K).

To cletermine il'this Radar-induced ventralisation displayed a dose response, a runge

of concentratiorls of pCS2/P2RAD were injected (5 p9, 25 pg and 75 pg doses). ln this set

of experirnents, only those ernbryos that developed an embryonic axis were scored. A clear

dose response was observed. with the higher injection doses resulting in more embryos

displaying the severe classes of ventralisation and fewer phenotypically normal ernbryos

when comparecl to lower doses (Table 4.1). Almost all control embryos injected with

pCS2/EGFP alone (75-100 pg doses) developed normally and displayed no abnormal

developnrental def'ects (Table 4.1) (Figure 4.3C to E).



Figure 4.4 Graph representing phenotypic effects following the injection of P2RAD.

(A) Coinjection of the expression vectors pCS2/P2RAD with pCS2/EGFP (75 pg

each) into 1-2 cell stage embryos resulted in a gradation of ventralised phenotypes

(scored at 24 hpf). Only those embryos expressing the EGFP reporter construct

were characterised (n = 235;5 separate experiments), all EGFP negative embryos

were normal. For ease of scoring, the phenotypes were categorised into four

groups based on microscopic observation; Normal, embryos that appeared

phenotypically normal; V1-V2, moderately ventralised; V3-V4, moderately to

severely ventralised; Gastrulation defects, embryos that failed to complete normal

gastrulation movements. V1-V4 classification adapted from Kishimoto et al., 1997.

(B) Typical examples of classification groups.
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" Coinjectcd with u sinrilar dose of pCS2/EGFP.

' Two experinrents.
s Five cxperinrcnts.
'* Four expcriments.

Thc acconrpitnying crror rtprescnts thc averagc dil-l'crcncc bctween lhc averagc pcrccntagc and thc individual

cxperi mc-ntal pcrccntages.

Table 4.1 Phenotype frequencies in zebrafish embryos following forced radar

expression.

4.2.2 Analysis of vascular and blood development in Radar-ventralised

embryos

To analyse the el"fbct of ectopic rutlur expression on embryonic vascular

clevefopment and haematopoiesis, whole mount in situ hybridisation analysis was

conducted on pCS2/P2RAD-injected embryos (75 pg dose). To mark cells tated to the

endothelial and blood lineages,/lt-^1- and sc1-specific RNA probes \,vere used, rcspectively.

Injected embryos were analysed tbllowing l2 and24 hours of clevelopment.

Phenotype frequency at24hpf (Vo)

Injection dose (pg)

(pCS2/P2RAD) Normal

VI-V2 V3-V4

(mildly to (moderately

moclerately to severely

ventralised; r,entralised)

Total

Other embryo

number

5' 96+0 3+0 l+l 0 175

25'" 25x.4 36+5 39+ I 0 85

75s' l8t7 16+9 66+ 13 0 169

Control pCS2/BGFP

injection (pg)

75 - 100- 96+? 0 0 4 x.2 278
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Expression ol-.rc/ in l2 hpf injected embryos displayed a range of disruptions to

normal exprcssion. These included a shortening of the posterior bilateral stripes of ,lc/ in the

posterior lateral plate mesoderm (Figure 4.5C). apparent fusiorr of the anterior bilateral

exptession domains (Figure 4.5D) and a completely disrupted localisation ol'.scl transcript

in what was trelieved to be the posterior of the embryo (Figure 4.5E). These aberrant sc'/

expressicln patterns seenl to be associated with the abnormal gastrulation movements

observed tbllowing pCS2/P2RAD injections.

In older injec'ted embryos (24 hpf) that developed an embryonic axis, the only

cltanges to sc/ or.t'lk-l expression, that wele detected by in situ hybridisation, were changes

to dontains that typically express these genes, or delays in migration of their expression

domains. No ectopic expression was detected. The majority of Radar-ventralised embryos

possessed an expanded posterior expression compartment fbr both sc'i (Figure 4.5H) and

.llk-l (Figure 4.5J). Transverse sections thror:gh the caudal trunk of pCS2/P2RAD-injected

etnbryos revealed an inhibition or delay in the normal midline convergence of the lateral sc/

expression domains, a t'eature associated with the absence of a notochord (compare Figure

4.5F with G). Transverse sections through this region also revealed that the expansion of

.l'lk-l-expressing endothelial precursors in this caudal compartnrent clisrr.rpted the assembly

olthe caudal vasculature (compare Figure 4.5I with J).

4.3 An inducible system to provide temporal control of

ubiquito us radar overexpression

To provide a more controlled strategy fbr transient rndur misexpression, the

promoter of the zebrafish heat-inducible ltsp7} gene (Hallornn et c/., 2000) was employed

to drive inducible expression of the P2RAD construct. The zebrafish hsp70 promoter/

enhancer clement has been demonstrated to provide a reliable and robust means to

terrrporally control the expression of EGFP in a transgenic line harbouring an hsp7?-driven

EGFP reporter transgene (Halloran et al.,2000). Heating these transgenic embryos



Figure 4.5 Blood and vascular development in P2RAD-injected embryos. Whole

mount in situ hybridisation analysis to detect sc/ transcripts in P2RAD-injected

embryos (75 pg) at 12hpf (C, D and E) and 24 hpf (G and H) (A) Dorsal posterior

view of a wild-type 12 hpf embryo displaying sclexpressing bilateral stripes in the

lateral plate mesoderm. (B) Dorsal anterior view of a similar staged wild-type

embryo displaying anterior sclexpressing bilateral stripes. (C) Dorsal posterior

view of a P2RAD-injected embryo at 12 hpf displaying a slightly reduced posterior

sc/ expression domain. (D) A P2RAD-injected embryo displaying a disrupted

anterior sc/ expression pattern. (E) Dorsal posterior view of a P2RAD-injected

embryo showing disrupted organisation of sc/ transcripts. (F) Lateral view

(posterior to left) of sc/ expression in a 24 hpf wild{ype embryo, and associated

sections (u and B) (G) Similar view of sc/ expression in a 24 hpf P2RAD-|njected

embryo, displaying a lack of convergence of scfexpressing bilateral stripes and the

absence of a notochord. (H) Similar view of a 24 hpf P2RAD-injected embryo

displaying an expansion of sc/ expression in the posterior lCM. Red arrows in

sections highlight the location of sc/ transcripts. (l) Expression of flk-l in a 24 hpf

wild-type embryo and its associated transverse section through the caudal

vasculature displaying flk-7-expressing cells of the primitive caudal artery and

caudal vein (red arrow and arrowhead, respectively) (J) Expression of flk-1 in a 24

hpf embryo following the injection of P2RAD cDNA, and its associated transverse

section through the caudal vasculature displaying an expansion of flk-1-expressing

cells (red arrows). Black arrowhead denotes notochord. Scale bars in A and F

represent 250 pm.
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in a 37 to 40"C water bath fbr I hour resulted in faithtul EGFP expression thror.rghout the

embryonic tissues. Furthermore, an hsp7}:Gal4 transgenic activator line displays high

levels of Gall expression following 40"C heat-shocks of varying durations. Significant

levels of Cul4 transcript were detected by semi-quantitative RT-PCR fbllowing heat-shocks

lasting only,5 minutesi (Scheer et u|.,2002).

4.3.r Optimisation of induction parameters for the zebrafish hsp70

promoter/enhancer element

To evaluate the potential of the ltsp7} promoter/enhancer element to drive inducible

expression within zebrafish embryos, in our own hands, the EGFP reporter gene was

subcloned downstream of the h.rp70 promoter/enhancer element. This construct was then

injected into l- to 2-cell stage zebrafish embryos which were subsequently screened fbr

EGFP cxpression by tlurorescence microscopy, before, and fbllowing heat-induction

treatment. To generate the hsp70/EGFP construct. zr l.OZ kb ^llnal (blunt-cutter), Xltol

fiagment containing the complete EGFP coding region, along with the bovine growth

hormone polyA signal, was rcleased flom the pIRES-EGFP expression vector (Clonetech).

This was then directionally subcloned into the EcaRV (blunt-cutter) and X/ra[ sites of the

pzHSP7O/4prom (clone 20) plasmid polylinker region. The pzHSP70/4prom (clone 20)

plasnrid contains the zebraflsh ltsp7} promoter/enhancer element within a pBluescript SK-

vector backbone (Halloran et ul.,2000), Injection of a 50 pg dose of hsp70/EGFP into l- to

2-cell stage embryos (ru = 150; 2 experirnents) resulted in no detectable levels of EGFP

expressiort lollowing a I hour,38"C heat-shock treatment at the l0-12 hpf stage. lnjected

embryos were monitored under fluorescence for ECFP expression tor up to 20 hours

tbllowing indurction treatment. To overcome this lack of expression, the hsp70

promoter/enhancer element was subcloned into the pCS2+ expression vector already

containing the EGFP reporter gene (pCSZIEGFP) to create the expression vector

pCS2/hsp7O/EGFP (Fi-*ure 4.2C). The pCS2/hsp7O/EGFP vector was constructed by
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releasing a 1.5 kb sntul (blr.rnt-cr"rtter), Hintllll fragment containing the hs1t70

promoter/enhancer elenrent from pzHSP70/4prom (clone 20)' This was subcloned into the

Srr/l (blupt-encled), Hindlll linearisecl pCS2/EGFP expression vectof' Digestion of

pCS2/EGFP witlr sa/I and Hindlll resulted in the release of the pcs2/EGFP CMV

promoter allowing for its replacement with the hsp70 promoter/enhancer' The injection of

this expression construct did result in inducible expression of EGFP'

TotesttheefficiencyofthepCS2/hsp70/EGFPVectorduringzebrafish

ernbryogenesis, l- to 2-cell stage embryos were injected and induced at around the757o

epiboly stage (7.5-8.5 hpf) for I hor.rr at 38"C. Injected embryos were divided into two

groups, an induced group and a non-induced group. All enbryos were kept at 28"C unless

unclergoing a heat-induction treatment. Embryos were screened for EGFP expression under

flucrrescence before heat-incluction treatment, to cletect any leakage fronr the hsp70

promoter/enhancer, ald at 24 hpf-, fbllowing rhe heat treatment' lnjection of a 30 pg dose

resulted in no leaky expression (0 t 07o; 2 experiments; n = 157) (Figule 4'6)' However'

folfowing a I hour,38"C heat tl'eatment approximately l/3 (32x'7o/o:? experiments; rt =

157) (Figur e 4.6) of the induced pool displayed extremely weak mosaic EGFP expression'

No embryos in the non-induced group disptayed teaky EGFP expression' Injection of a

higher close (50 pg) resulted in l/10 (10 t 7s/c"2 experiments; rr = 139) of the induced

group expressing EGFP promiscuously before heat-incLrctiolr treatment. Following heat-

incluction, 7ll0 (70 + l6c/o',2 experiments; tl = 139) (Figurre 4'6) of the induced group

clisplayecl ver-y low-level mosaic expression in a similal nanner to those injected with the

lower, 30 pg, dose. At this higher dose leaky expression was also observed in the non-

induced gloup (6 + 60/0',2 experiments; r? = 139). Typically, EGFP expression was detected

L5-2 hours totlowing the end of the heat-induction treatment.
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Figure 4.6 The zebrafish hsp70 promoter can drive inducible expression during

embryogenesis. Graph representing the frequency of EGFP expressing embryos

following the injection of 30 pg (n = 157; 2 experiments) and 50 pg (n = 139; 2

experiments) doses of pCS2ihspTO/EGFP at the 1-2 cell stage. Embryos were

screened for EGFP expression prior to, and following, heat-induction treatment

(38"C for t hour) at the 7.5 to 8.5 hpf stage of development.
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4.3.2 Ubiquito us radar overexpression during late gastrulation

To examine the ef'fects of driving ubiquitous rudur overexpression during the late

gastrlrlil stages of embryonic clevelopment an inclucible rutlttr expression vector was

developed (pCS2/hsp70/P2RAD) (Figurre 4.2D). This expression vector encoded the

p2RAD fusion constrllct downstrealn of the hsp70 pronroter/enhancer element within the

pcs2+ vecror backbone. The pcS2ftrsp70/P2RAD vector was assembled in two steps' First

the creation of a pCS2/hsp70 vectol in which the CMV promoter was replaced by the hsp70

promoter/enhancer element. This was followed by the ligation of P2RAD into the polyliker

region ol'the pCS2/hsp70 vector to create pcs2/hsp70/P2RAD' The intermediate pcs2/

hsp70 vector wats generatecl by tlrsf releasing the CMV pfomoter lrom the pCSZ+ vector by

digesting with sd/l (blunt-ended) and Hindl1I restriction enzymes' Then ligating in a l '5 kb

SnraI, Hinttlll ttsp70 prgmoter/enhancer containing fragment isolated from the

pzHSPTo/4prom (clone 20) vector. Next, a 1.4 kb P2RAD containing clal'xbal fragment'

released from the pcSZlp2RAD expression vecror. was ligatecl into the corresponding

restriction sires of the pCS2/hsp70 vector to create the pcs2lhspTO/P2RAD inducible

expression vector. The pCS2/hsp70/P2RAD expression cassette could tre linearised by

digestion with sc.rrl and Noll restriction enzymes. This construct wtls coinjected into l- to

2-cell stage zebrafish enrbryos with the pcs2/hsp7o/EGFP inducible reporter construct'

Iniectecl embryos were again landomly divided into 2 equal groups, an induced and non-

indgcecl group. AII enbryos wele then screened tbr leaky EGFP expression under

flu.rescence microscopy prior to heat-inductign lreatment' and then monitoled for ilduced

EGFP expression and any phenotypes tbllowing induction'

Ernbryos coinjected wirh between 30 and 40 pg of pCSZ/hsp70/P2RAD and

pcS2/hsp70/EGFP were lett to recover tiom the injections at 28"C until around the 75 to

90alo epibory stage (g to 9 hpt) when rhey werc given a l honr heat treatment at 38'c. Prior

ro rhe hear treatment, approximately I t3 (32 t lTo;2 experiments: r? = I 54) of the injected

emtrryos displayecl leaky EGFP expression when observed under fluorescence microscopy'
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This leaky expression was very low and extremely mosaic. Following approximately l2

hours recovery at 28"C (24 hpt stage), both the induced and non-induced groups were

screened for EGFP expression and the presence of ventralised phenotypes.

When comparing phenotype tiequencies between the non-induced and induced

groups. a significant decrease in normal embryos aurd an associated sharp increase in those

displaying the most severe ventralisation (V3-V4) was observed (Figule 4.7).ln the non-

irrducecl group, 7O + 4%' (2 experiments; ,? = 154) displayed a normal phenotype at 24 hpf

while l8 t lOclo (2 u'xperiments; ,r = 154) were severely ventralised. However, only 19 +

ZVo (2 experiments; rr = 154) of those embryos that received the heat-shock appeared

normal at the same stage and 62 !9o/o (2 experimentst r? = 154) were severely ventralised.

Only a small increase in those embryos that displayed mild levels of ventralisation (V l-V2)

was observed tbllowing heat-induction treatment when compared to the non-induced group

(10 + 47o, non-induced group; 18 + 6c/o, induced group;2 experiments; /r = 154). This

increase in ventlalisation following heat-induction was also associated with an elevation in

EGFP expression levels. lnduced embryos displaying the most extreme levels of

ventralisation generally also possessed the greatest levels of EGFP expression. All embryos

that appeared normal expressed EGFP at extremely low levels or not at all, as detected by

fluorescence microscopy. No ventralisation was observed in wild-type or pCS2lhspT0/

EGFP-injected control ernbryos heated to 38'C for I hour.

III. Summarv

Forced rudar expression during early zebraf ish embryogenesis resulted in varying

degrees of ventralisation in a dose-dependent manner. Furthermore, coinjection of an EGFP

reporter construct demonstrated, in real-time, that elevated EGFP expression was tightly

con'elated with increased degrees of ventralisation. In general. early delivery of a Radar-

encoding cDNA constrLrct led to the expansion of ventral blood and vascular mesoderm.

This was detected by expanded domains ol sc/ and.flk-l expression in the posterior ICM
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Figure 4.7 Radar induces ventralisation during gastrulation, Graph representing

degrees of ventralisation (scored at 24 hpf) following the injection of a 30-40 pg

dose of pCS2/hsp7QiP2RAD at the 1 -2 cell stage (n = 154; 2 experiments) and

subsequent induction treatment (38'C for t hour) at the I to t hpf stage of

development. lnjected embryos that were not subjected to a heat treatment

provided a non-induced control group'
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compartment. This expansion was at the expense ol'morc dorsal rnesoderm such as tlre

notochord, which was often absent in raclar-injected embryos.

To temporally control ectopic ratlrtr expression, an inducible expression constnrct

driven by the zebrafish heat-shock promoter/enhancer, ltsp7}, wa.s employed. This

inducible expression systen'r was demonstrated to induce expression of an EGFP reporter

within in jected zebrafish embryos following a heat-shock treatment of between 38 to 40"C

fbr I lror"rr. When used to drive nttlctr expression, induction of ectopic radar during the

latter stages of gastrulation (75V0 epiboly) led to ventralisation. Unfortunately, leaky

prornoter activity, which resulted in ventralisation of non heat-treated injected embryos,

prevented the use ol this transicnt systenl to explore the tunction of radar following

gastrulation. This was because the downstrearn effects of ventralisation masked and

confused any interpretation of latter phenotypes. However, the potentill of the hsp70

promoter/enhancer to drive inducible expression was demonstrated in these transient

experinrents. Furthermore. previous experinrents have demonstrated that following the

stable inte-gration of the hsp70 promoter/enhancer into the zeblafislr genone. the promoter

displays faithful activity, with no detectable leaka_ee (Halloran et a|.,2000). This suggests

that a stable zebrafish line could be developed carrying an lt:;p70-driven ruelar transgene to

fitcilitate the temporal control of rudur ovetexpression. This would allow one to by-pass the

ventralising activity of Radar by indurcing expression fbllowing gastrulation, allowing tbr

functional dissection of latter domains of expression, in particulat' those that f'lank the trunk

vitsculaturc.
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Chapter 5

Generating an inducible radar transgenic line

I. Introduction

5.1 Transgenesis in the zebrafish

The develgprlent of transgepic organisms has providecl a valuable tool allowing the

cleveloprnental geneticist to dissect embryonic development in a number of model systems

(McMahon et ul.,l9ti5: Jaenisch, 1988; Rubin er ril..1988; Spiethet ul'.1988)' The use of

genn-line transformation allows for the ectopic misexpression of transgenes in whole

animals throughout embryonic development. The stable integration of exogenous DNA

sequences into the zebrafish can be used to address a number of important biological

questions in the following wuys: I ) to identify cis-acting regulatory elenrents by generating

stable transgenic lines expressing promoter/enhancer-driven repoftel genes; 2) pertbrm

capcliclate gene resclle o[ mutant phenotypes; 3) to study genetic regulatoly pathways; and

4) pr6vi{es a nteans of insertional mutagenesis, generating new mutations that can be elSily

iclentiliecl and s'bsequently cloned (Jowett et u1.,1999). Since the first transge.ic zebrafish

line wers generttecl through the nricroinjection of plasmid DNA into l- to 4-cell stage

embryos (str.rart et ul..lg88), a number of transgenic fish have been reported by employing

a number of transgenesis approaches. These techniqures include electroporation (Pclwers er

ul., 1992; Muller et ttl., 1993), rnicroprojectiles (Zelenin et ttl'' l99l) and retroviral-

nrediared infection (Lin ar ul.,1994:Linney et u\.,1999) (summarised in appendix 3' Table

43.l ).



120

Another recently described rnethod for generating transgenic zebratish is through

sperm nuclear transplantation (Jesuthasan et u|.,2002). Zebrafish sperm nuclei are pre-

incubatecl with DNA encoding the expression cassette/reporter construct, before being

injected directly into the eggs. Through this technique it is feasible to generate non-mosaic

transgenic zebrafish directly fiom microinjection. Furthermore, DNA introdurced into

zebrafish using this technique has been demonstrated to contribute to the germ-line,

resulting in transgenic F, progeny (Jesuthasan cI u|.,2002).

5.f .1 Transgenesis strategies

The injection of foreign plasmid DNA into early zebrafish embryos can result in

one of the following scenarios: l) it may be lost lrom the embryo; 2) it n-ray replicate and

be expressed in the iniected cell and subsequently in all of that cells descendants; 3) it may

integrate into the genomic DNA of the cell, generating a clone of transgenic somatic cells;

or 4) it rnay integrate into the chrornosomal DNA of a germ cell progenitor, generating a

subset of transgenic germ cells that can then pass on the transgene to subsequent

generattions (Jowett et ul., 1999). The method of choice fbr generating transgenic zebrafish

t'enrains microinjection (Sturart et ul., 1990; Culp et ul., lt)91; Westerfleld et ul., 1992:

Gibbs et ul., 1994: Amsteldam et ul., 1995: Amsterdam et al., 1996; Higashiiima et ul.,

1997: Long et ul., 1997:- Halloran et u\.,2000), although the efficiency tor germ-line

transmission is often qr"rite low. and transgenic founders are generally highly mosaic in the

germ-line. However, the benefits that the zebrafish otfers as a model system, in particular

its large clutch size and the ability to raise large numbers of injected embryos, easily

overcomes these problems resulting in a reliable method to generate transgenic zebrafish.

Transgenic zebraflsh have been generated through the injection ol both circular'

plasntid (Stuart et ul.. 1990) and linear DNA (Long et al., 1997). Therefore, the stable

integration and transnrission of loreign transgenic DNA seqlrences fl'om transgenic

fclunders, seems not to be heavily dependent upon whether plasmid vector sequence is
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present, or whether the DNA is circular or linear. Despite this, some researchers have

reported that the excision of vector sequence, especially that 5'or Llpstream of the

transgene, results in more etTicient integration (Higashijima et ul., 1997). In almost all

cases however, the transgene integrates in a highly random fashion, usually at a single

chromosomal location and in a tandem array of rnultiple copies (Jowett et ul., 1999).

Although transgenesis has been denronstrated successfully through the generation of

a number ol zebrafish transgenic lines, complications with the application of this

technology to the zebrafish do exist. The high gelm-line mosaicism in the founder

population following transgene microinjection is the predominant problem. It results in

only a srnall propoltion of F, that harboul the transgene, typically in the range of I to 20?o.

A recently characterised meganuclease-mediated transgenesis approach represents an

exception to this rule. This technique demonstrated highly eftlcient transgene integration

into injectecl zebraflsh embryos, apparently overcoming rnosaicisrn problerns (Thermes er

u\..20O2).In brief, a reporter construct flanked by two l-Sc'el meganuclease recognition

sites, when injected with the l-Sc'el enzyme, resulted in a transgenesis flequency of 30.5Vo.

Furthermcue, the genn-lines of most o1'these transgenic lounders were non-llosaic and

typically generatecl 504/o transgenic F, olfspring (Thennes et ul., 2002). As rnentioned

above. tlre large nuntbers of injected embryos that can be iniected and raised to maturity

can enslrre that, even with high mosaicism in the germ-line, a transgenic founder will nlost

likely be present. However, this still requires the relatively time-consuming identification

and isolation of these rare transgenic F,. This genotyping is otien through PCR analysis of

etnbryos re.sulting lrom an intercross between mature founder fish (F,,), and then an

outcross of each of these F,, fish (of a positive pair) to identity which founcler carries the

tfansgene.

An alternative to this PCR-based genotyping is through the use of a reporter such as

EGFP that can report, in real-time, the presence of the tlansgene in the F, progeny (Long at

ul.,1997:. Motoike et a|.,2000). This can be accomplished by generating a fusion construct

conrprising the transgene und EGFP. Not only will this facilitate the rapid detection and
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isolation of transgenic F,, it will also act as a valuable reporter, to highlight regions of

transgene expression in living embryos. A further complication experienced with trzrnsgenic

technology in the zebrafish is the lack of transgene expression in some transgenic lines

(Gibbs et ul., 1994: Long et ul., 1997; Halloran e/ a/., 2000). In a transgenic line that

carried a CMV promoter/enhancer-dliven luciferase transgene, a lack of expression was

lrelieved to be due to high levels of nrethylation of the transgene (Gibbs e t ul., 1994).

II. Results

5.2 Strategy for generating an inducible radar transgenic line

To generate an inducible transgenic line in which ectopic ratlur expression can be

tempor':tlly regulated, and in which promiscuous promoter activity can be morc tightly

controlled, we endeavoured to create an inducible transgene containing an EGFP-tagged

ratlur fusion construct downstream of the hsp70 promoter/enhancer elenrent

(pCS2/hsp70/EGFP-rdr). Fluorescence detection of EGFP expression could then be used as

a real-time, non-invasive means of monitoring the induction and location of exogenous

Radar. We have dernonstrated the ability of the hsp70 promoter/enhancer element to drive

inducible EGFP und radur overexpression irr vit,o in transient forced expression

experiments. However, the degree of leakage from the lrsp70 heat-inducible

promoter/enhancer cornplicated the analysis of these results. The stable integration of

Its1t7?-driven transgenes into the zebratlsh genome has resulted in stable, tightly regulated,

and taithful inducible expression of the transgene without any promiscuous, non-induced

feakage (Scheer and Camnos-Ortega, 1999; Halloran e, ul.,?000'). To reproduce this tight

regufation of tlie hsp70 promoter/enhancer we generated a transgenic zebrafish line

harbor-rring the pCS2/hsp70/EGFP-rdr transgene employing a traditional microinjection

strategy.
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5.2.1 Construction of a heat-inducible radar transgene

The pCS2/hsp70/EGFP-rdr transgene construct was designed such that EGFP was

located dowrrstream of the radur signal sequence within the pro-domain. This wolrld ensurc

that the tusion constnrct would still be targeted for secretion and that the EGFP would not

interfere with the Radar mature domain once it wars cleaved f}om its pro-domain. Once

construlcted, this lusion was inserted into the pCS2+ vectot'containing the ubiquitous CMV

promoter and injected into l- to 2-cell stage zebrafish embryos to ensLrre that the EGFP

explessed, and did not interf'ere with Radar function. Injected embryos were screened fbr

ventralisation and associated EGFP exprcssion to confirm the success of this transgene

design. Pending this conflrmation, the EGFP-rudttr fusion was subcloned into the pCS2+

expression vector containing the ltsp7} promoter/enhancer element and injected into

zebrafish embryos. These potential transgenic lounders were then raised to sexual matr.u'ity

and intercrossed to identity transgenic fbr,rnders that harboured the transgene in their germ-

line.

To generate the EGFP-rudrrr tusion, three sets of primers were used to amplify

thlee PCR products using the 'Expand High Fidelity PCR System' (Boehringer

Mannheim). One containing ruclur sequence 5' to the EGFP insertion point with an

en,qineered KpnI restriction site lusing primers SP6RAD5' and RADKpnI), another

ctrntaining EGFP-encodin-r sequence with flanking engineercd Kprtl and B.g/lI restriction

sites to tacilitate directional subcloning (using primers EGFP5'Kpnl and EGFP3'BglII),

and the last containingruclur sequence 3'to the EGFP integration site with an engineered

Bglll restriction site lusing prinels RADBgIII and RADSmaI) (Figure 5.1). The cycling

conditions consisted of an initial denaturation step for 3 minutes at 95"C. then 25 cycles of-,

I minute at 96"C,30 seconds at either 65"C (for EGFP primers EGFP5'KpnI and

ECFP3'Bglll) or 57"C (for radut" primers SP6RAD5', RADKnpI, RADBgIII and

RADSmal) and I minr.rte at 72"C. This was followed by an elongation step for 5 minutes at

72"C. The templates tor the PCR reactions were pCS2/EGFP (full-length EGFP cDNA



Figure 5.1 Subcloning strategy and assembly of the EGFP-radar fusion. Three

sets of primers were used to generate three amplification products, two encoding

radar sequence that flank the EGFP integration site (just downstream of the

putative signal sequence in the radar pro-domain) that have the engineered

restriction sites Kpnl and Bglll to facilitate the ligation of the EGFP-encoding PCR

product with similar engineered restriction sites. The ligation product of these three

fragments was integrated into the full-length radar cDNA and then into the PCS2+

expression vector containing the zebrafish hsp70 promoter/enhancer element.
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within pCS2+ vector), tor the arnplification of EGFP sequences, and pCS2/RAD (firll-

length ntdur cDNA clone within pCS2+ vector) lbr the amplification of nular sequences.

The resulting PCR products were subcloned into the pCR2.I TA cloning vector

(lnvitlogen) and sequenced. The ligation product of these three PCR fragments was therr

strbcloned into the Hincllll restriction site within the pCS2+ polylinkerregion and the Stral

restriction site within tlte rtulur pro-domain of either pCSZ/RAD (to create pCS2/EGFP-

rdr) or pCS2/hsp70/RAD (to create pCS2/hsp70/EGFP-rdr) expression vectors (Figure 5.1).

The vector pCS2/RAD encodes a full-length rudar cDNA clone driven by the constitutive

CMV promoter within the pCS2+ vector while pCS2/hsp70/RAD, also containing a full-

length rudur, possesses the hsp70 promoter/enhancer element.

To accomruodate the integratiorr o[ EGFP-encoding cDNA into the ruclar pro-

donrain. a couple of ulterations within the coding regions of rudur and EGFP were

necessary that translated into two amino ac:id sr,rbstitutions and one deletion (Figurre 5.2).

The changes to EGFP altered regions outside of the critical minimal domitin required for

EGFP tluorescence. identified through deletion analysis as armino acids 7 through to 229 of

the EGFP polypeptide (Li et ul., 1997). Two substitutions were necessary in the EGFP

coding region, a seline to proline conversion at amino acid position 28, and a lysine to

arginine conversion at position 264. ln addition to these changc-s, a leucine and tr

neighbouring isoleucine residue were deleted fiom amino acid positions 27 and 28 of the

Radar polypeptide.

1',l ', Ability of EG F P -radar fusion to elicit Radar-induced

ventralisation and associated EGFP reporter expression

To test if the EGFP-rudrrr fusion could elicit a Radar-induced ventralised

phenotype coupled with detectuble EGFP expression, the pCS2/EGFP-rdr expression

construct was injected into 1- to 2-cell stage zebratlsh embryos which were monitored

under l'luorescence and scored tbr ventralisation tbllowing 24 hours developrnent. Of the
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ATGGGTGCCTTGAGAGCAGTCGCCTTTTACGCGCTCTTCGTTTTCCTCTGGAGTTTACCGBGTTGCCAGTCAGCTGCG 78
MGALRAVAF YAL F VF LWS L P C C Q S AA

GTACCCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGECCACAAG 156
VPKG E ELFTGVVP I LVELDGDVNG H K

ITCAGCGTGTCCGGCGAGGSCGAGGGCCATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAG 234
FSVSGEGEGDATYGKLTLKTICTTGK

CTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATG 312
LPVPWPTLVTTLTYGVQC FSRY PDHM

AAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGC 390
KQHDFFKSAMPEGYVQERTIFFKDDG

AACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTC 468
NY K T R AE V K F' E G D T LV N R I E L K G I D F

AAGGAGGACGGCAACATCCTGGGGCACAAGCIGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAG 546
K E D G N I L G H K L E Y }I Y N S H N V Y I I.IA D K

CAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTAC 624
Q K I'.I G I K V I,1 P K I R H N T E D G S V Q L A D TI Y

CAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGC 7 O2

Q O II T P T G DG P V L L P D N H Y L S T Q S AL S

AAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGGC 780
K D P N E K R D H M V I, 1. E F V T A A C I T L G M G

GAGCTGTACAGATCTCAGAAAAGGAGCAAGGGTGCCAGGAGCGCGTTTGATGGACAA"AGGTCACATAAATTTCTTAAA 858
E L Y R S Q K R S K GA R S A F D G Q R S IT K F], K

GAGATTTTAGCATCATCACCGGGCGCGAGTCGTCGGGATGATTTTAAGGACCEGGTTGTGCCTCATGACTACATGATC 936
E I tA S S PGASRRDDFKDPVVP HDYMI

TCCATAIACAGGACTTACTCCGCCGCTGAGAAACTGGGGCTCAATGCGAGCTTTTTCCGCTCTTCAAAGTCTGCAAAC IO14
S T YRTY SAAEKLGLNAS FFRS SKSAN

ACCATAACGAGTTTCGTGGACAAGGGAAAAGACGATCTCACGCTCTCTCCTTTGCGAAGACAAACGTATCTGTTTGAT LO92
TITSFVDKGKDDLTI,SPLRRQTYLFD

GTTTCAAC"CTCTCAGACAAAGAGGAGCTGGTCGGTGCTGAATTAAGGATATTTCGCAAATCGCCCGGGGATGTCCAA 1 1 7 O

VSTLSDKEELVGAELRIFRKSPGDVQ
CCGTCCCCATCAGGCGTCTACAACCTTCATTTACTCTCATGTCGATCAGAGAGGCCACTGGCCTCCAGGTCCATTGAT L248
P S P S G V Y N I, g L L S C R S E R P LA S R S I D

CTTCAGGATTCCCGAAAAGCAGAATGGGAGGTTCTGGACGTTTGGGGGATTTTTAAACACAGGCACCAAGAGAATCAG I326
L Q D S R K A E V{ E V L D V W G I F X B R II Q E N Q

CTTTGTCTCCAGCTTAAGGTTACATATGGCAAATCTGACACTGAGATCGACCTAAAGCAACTTGGTTTCCACCGCCAC 1 4 O 4
LCLQLKVTYGKSDTEIDLKQLGFHRE

AGCCGGACGCAGCAAGAAAGAGCCATATTGGTGGTCTACACGCGGTCCAAGAAGAGAGAGAACTTGTTTAATGAGATG L482
S R T Q Q E R A I ], V V Y T R S K K R E N I, F N E M

AAAGAGAAX,ATTAAGTCTCGCGGAGATGATGATGAGGAGGAGAGCGCGCTGCAG?TTAAAGCGCGGCGCAG.ECGGAGA 1550
KE KI K S RG DDDE E E SALQFKARRRRR

ACTGCGCTTAA?AATCGGCACGGGAA.IAGGCATGGCAAAAAGTCCAAATCGAGATGCAGCAAAAAGGCTCTGCACGTC 1638
TA L N N R 11 G K R H G K K S ( S R C S K KAL B V

AACTTCAAAGAACTTGGATGGGACGACTGGATCATCGCTCCCCTGGATTACGAAGCCTATCACTGCGAGGGCGTGTGC I 7 1 6
N F K E L GTI D DW I I AP L D Y E AY H C E GV C

GACTTCCCGTTGAGGTCGCACCTAGAGCCGACCAACCACGCCATCATICAGACGCTCATGAACTCCATGGACCCCAAC L7 94
D F P L R S E L E P T N EA I I Q T I, MN S M D P N

AGCACTCCACCGAGCIGTTGCGTCCCCACAAAACTCAGCCCCATCAGTATACTGTACATAGACTCTGGGAACAACGTC L872
S T P P S C CVP T KIJ S P I S I L Y I D S GNNV

GTGTACAAACAGTACGAGGACATGGTGGTAGAACAGTGTGGCTGCAGGTAG T923
VYKQYEDMVVEQCGCR*

Figure 5.2 EGFP-radar fusion construct. DNA sequence and conceptual

translation of the EGFP-radar fusion. EGFP (green typeface) is integrated just

downstream of the putative radar signal sequence (underlined). The predicted

cleavage site is in bold text and the conserved cysteine residues are highlighted in

red.
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emhryos injected with a 150 pg dose of pCS2/EGFP-rdr,887o (n - 68) expressed EGFP

with varying, low levels of intensity. Furthermore, this EGFP expression was coupled with

ventralisation(287o; r = 68). All phenotypically nornal injected embryos (l2Vo: n = 68)

displayed no EGFP expression detectable bv t'luorescence microscopy, validating the

reliability of a coupled EGFP repofter.

A PCR indr"rced error was detected. following sequencing. within the EGFP-

encoding region of the EGFP-rudsr tusion construct resulting in an aspartic acid to glycine

conversion at rcsidue 260. Although this error was outside of the critical minimal domain

for EGFP fluorescence (Li et ul., 1997) it was corrected via site-dilected mutagenesis along

with the serine to proline conversion at residue 28, that was reqnired for the cloning

strategy. This was perfbrmed using the Transtbrmer Site-Directed Mutagenesis Kit

(Clontech) with tlre primers Trans:XmnI-EcoRV, GFP:Pro-Ser and GFP:Gly-Asp.

Following these changes, and sequencing conformation, the fusion construct was inje"^ted

again to ttscertttin if these two conversions enhanced the efficiency of the fursion to express

EGFP. Injection of the lusion with the incorporated changes made no si-eniflcant ditterence

to the expression levels of EGFP. detected under fluorescence (data not shown).

5.2.3 Microinjection-basedtransgenesisstrategy

To generate an inducible ratlur transgenic line, microiniection was selected as the

delivery method of choice due to the sirnplicity and reported success of this technique

(Stuart et al., 1990; Culp c,l ul., l99l; Westerfield et al., 1992: Gibbs et al., 1994:

Amsterdarn er al., 1995; Amsterdanr er ul.. 1996; Higashijima et el., 1997; Long et ul.,

lc)97.. Halloran et u|.,2000). The pCS2/hsp70/EGFP-rdr transgene construct was injected

into l- to 2-cell stage zebrafish embryos that were subsequently raised to sexual maturity

urd intercrossed. Cenornic DNA was isolated fiom enrbryos from each o1 these crosses and

prinrers spanning the hsp70-EGFP domain used to detect the presence of the transgene by

PCR arnplification. Primers for the u,nt-Sa gene (WntSaUP and WntSaDO) were also used,



128

serving as an internal control tbr PCR efficiency and genomic DNA quality. Once a

positive founder pair was identified, each F,, parent was outcrossed to a wild-type strain and

the resultin-e embryos genotyped via PCR again to identify which F,, parent was the germ-

line trarnsgenic tounder. This fish was outcrossed again and the resulting fry raised to sexual

maturity. Genotyping these F, t'ish through PCR arnpliflcation of genomic DNA isolated

lrom caudal fin clips identifled hemizygous transgenic F, that should pass on the transgene

in a Mendelian lashion to subsequent generations (Figure 5.3).

5.3 Creating a heat-inducible radar transgenic line

The pCS2/hsp70/EGFP-rdr inducible expression construct was linearised with Notl

and.lpzl lestriction enzymes (Figure 5.1) and injected into 991 l- to 2-cell stage zebrafish

embryos (5 separate experiments) at doses ranging fronr 50 to 100 pg. DNA was injected

with 0.1?5o/o tetramethyl-rhodamine-dextran (Sigrna) in 100 mM KCI (Sigma). This dye

served ars an internal control enablin-e the arnount of nricroinjected DNA to be monitored,

prcrrnoting injection consistency tiom ernbryo to embryo (Meng et al., 1999). Injected

embryos were counted and leli to recover at 28"C until approximately 5 dpf when they

were introduced into the zebrafish nursery until they grew large enough to be contained in

the rnain zebratish systen. Once sexually mature (5-7 months of age), founder pairs were

intercrossed and genomic DNA was isolated tiom 30-32 hpf stage embryos to serve as a

template for PCR-based detection of the transgene. The prinrers used for transgene

detection (PHSP7OUP and EGFPDO) were expected to give a PCR product of

approxinrately 930 Lrp spanning ti'om lhe hsp70 promoter/enhancer into the EGFP-encoding

region of the trtnsgene (Fi_eure 5.4A). The internal control primers to detect lhe wnt-Sa

gene (WntSaUP and WntSaDO) were expected to give a product size of 387 bp. As a

positive control. 30 hpf genomic DNA isolated fiom wild-type embryos rvas spiked with

approximately I0 fg of the pCS2/hsp70/EGFP-rdr plasmid. The cycling conditions were. an

initial denaturation step lbr 5 rninutes at 94'C, then 35 cycles of, I minute at 94'C, 45



Figure 5.3 Transgenesis strategy for generating an inducible radar transgenic line.

Embryos are injected with the linear hsp7?-driven EGFP-radar expression cassette

and raised to sexual maturity. Founder pairs are interbred and genomic DNA

isolated from the resulting progeny for PCR-based genotyping. Founders of a

positive pair are then individually outcrossed with wild{ype and the progeny

genotyped again to identify the transgenic founder. This transgenic founder is

again outcrossed and the Fr progeny raised to sexual maturity. Genomic DNA

isolated from caudal fin clips from individual Fr fish is then genotyped to identify

hemizygous transgenic Fr. F2 progeny, generated from an outcross involving

transgenic Fr, should display Mendelian inheritance of the transgene.
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Figure 5.4 Primer design for genotyping and RT-PCR analysis and genotyping

strategy. (A) Primers spanning the hsp70 promoter/enhancer element and EGFP-

encoding sequence (PHSP70UP and EGFPDO) were employed for PCR-based

genotyping of putative transgenics. Primers spanning the radar signal sequence

and EGFP-encoding sequence (TRCHECKUP and TRCHECKDO) were employed

to detect transgene transcript in RT-PCR analysis. (B) Strategy for genotyping

putative transgenic fish. lndividual founder pairs are interbred and the progeny

genotyped for the presence of the transgene, a negative result from this

genotyping analysis is only acknowledged when more than approximately 75 good

quality embryos result from the mating. lf less than 75 embryos result from the

spawn and the PCR result is negative, these founders are recycled to be screened

again. Furthermore, because of a male sex bias experienced with zebrafish, all

transgene-negative females are recycled to provide mating partners for untested

male founders.
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seconds at 66"C and 1.5 minutes at72'C, To address the potential of encountering severe

mosaicism within the founder population, a genotyping strategy was designed to ensurc that

any fish that produced low numbers of ernblyos, that were negative lor the transgene, were

re-crossed until sufficient numbers of embryos were obtained to be confldent in the

negative result (Figure 5.48). We fcrund that the production of low numbers of poor quality

embryos is a problem otien encountered with initial spawnings tiom zebraflsh. The

transmission of it transgene to the F, generation has been reported as being within the range

of 2 to 907o (Meng et ul., 1999), taking this into zrccount, the lower limit for the number of

embryos required lrom an intelcross between F,, fish, to be confldent in a negative result,

was 75. Theretbre. any spawnings that gave less than 75 good quality embryos, that were

negative for the tlansgene, were placed into il separate tank to recovef before being crossed

again. Another feuture that was reqr.rired to be built into the genotyping strategy was the

recycling of founder fentales that wele negative lor the transgene because of a strong sex

bias towards male zebratish (Figure 5.48). This rneant that transgene-negative f'emale

tbrlnder fish were crossed again with unscreened founder males until the entire founder

popurlation had been genotyped.

ln total, 349 crosses were performed with fbunder fish, of which 212 gave rise to

embryos (6lVo). These crosses generated 17,600 embryos, an average of around 85 good

quality embryos per successful mating. [n total, approximately 330 of tlre original 991

injected embryos survived to sexual maturity and constituted the F,, lbunder population.

From the 212 crosses that gave rise to embryos, 3 resulted in emhryos harbouring the

transgene. Outcrossing each of the tbunders, of each positive pair, to wild-type and

genotyping the embryos ftom these spawns confirmed the presence of the transgene in the

germ-line of three founder rnales,56,85 and 318. Founder rnale 56 died befbre the

transgene could be secured in the F, generertion. Male.s 85 and 318 were then outcrossed to

wild-type f-emales and the resr"rlting embryos grown to sexual maturity. In order to

determine the degree of nrosaicism with which tbunder males 85 and 318 passed on their

transgenes and to identily F, otfspring hemizygous tbr the transgene, genornic DNA was
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isolated from caudal fin clips and PCR analysis conducted to detennine the presence of the

transgene. Cycling conditions were the same as mentioned previor"rsly. To monitor the

quality of the extracted genomic DNA and the success of the PCR reaction, the internal

control prinrers, WntSaUP and Wnt5aDO, were once again used to amplify the r,r,nt-5n

gene, From l55 individual 85F, fish tested.2 hemizygous trangenics were identified, males

85F,No.62 (Figure 5.5A) and 85F,No.85 lFigure 5.5B). A similarly high degree of

mosaicism was experienced when genotyping the offspring from tbunder male 318, fiom

133 individual 318F, fish genotyped, only I was identified as possessing the transgene,

rnale 3l8F,No.l l9 (Figure 5.5C).

To deterntine if transgenic males 85F,No.62 and 85F,No.85 were hemizygous for

the transgene ancl subsequently could pass the transgene on to their progeny with the

expected 507o Mendelian ratio (when outcrossed to a wild-type female). Both males were

outcrossed and genomic DNA isolated from 24 individual 30-32 hpf stage F, embryos to be

genotyped by PCR. Males 85F,No.62 and 85F,No.85 passed the transgene on ro 58Vc'

(14/24) ttnd 38%, (9/24) of their progeny fiom an outcross to a wild-type t-emale,

respectively. The remainder of the F, embryos from these two sets of oLrtcrosses were

raised to sexual maturity and genotyped to identify sexually mature hernizygous transgenic

F, I'ish. It was irnportant to identify henrizygous transgenic F, to facilitate generating

homozygotes. Frorn the sexually mature F, fish generated from an outcross with nrale

85F,No.62, 5 were identified as possessing the transgene fiom 9 that were genotyped

(56%), males 85F,No.62F,No.1,4,7 and 9 and female 85F,No.62F,No,8 (Figure 5.5D).

Similarly, from an outcross with male 85F,No.85, 5 were identified as possessing the

transgene fiom S that were genotyped (630/o), males 85F,No.85F,No.1,2,3 and 6 and

f'emale 85F,No.85F.No.8 (Figure 5.5E).
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Figure 5.5 Genotyping by PCR. Positive PCR result for males 85FrNo.62 (A) and

85F1No.BS (B) from founder male 85. (C) Positive PCR result for male

318F1No.119 from founder male 318. (D) Positive PCR results for Fz fish

(85F1No.62F2No.1,4,7,8 and 9) from 85FrNo.62 male. (E) Positive PCR results

tor Fz fish (B5FrNo.85FzNo.1,2,3,6 and 8) from 85FrNo.85 male.
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5.3.1 Transgene is expressed in an inducible manner

To determirte if the heat-indr-rcible transgene, hsp70:EGFP-rudar, was expressed

within the transgenic lines descendent fi'onr founder male 85, RT-PCR analysis was

cottducted on heat-treated F, progeny fiom an outcross between wild-type I'emales and

transgenic males 85F,No.62 and 85F,No.85. Furthermore, to determine the degree of

regr.rlatory conrol from the hsp70 promoter/enhancer, a similar analysis was conducted on

non-induced sibling embryos.

'Iratnsgenic males 85F,No.62 and 85F,No.85 were crossed with wild-type t'ernales

and their progeny given a2hour/4}'C heat-induction treatment at the l0-12 somite stage

(14-15 hpl). Following this treatment, the embryos were left to recover at 28"C and

randonrly divided into 4 groups, t = 0, 2, 4 and 6. Each group consisted of 50 ernbryos.

hnrnediately tbllowing the heat-shock treatment, total RNA was extracted from the

embryos of group t = 0, and likewise tbllowing 2, 4 intd 6 hor"rr intervals fbr groups, r = 2,4

and 6, respectively. First strand cDNA was then synthesised from total RNA using oligo

(dT) prirners emd reverse transcriptase. To detect the transgene from these cDNA pools,

prinrers spanning the EGFP-rudar fusion were used, TRCHECKUP and TRCHECKDO

(Figure 5.4A). These primers were expected to yield a 524bp PCR product. As an internal

control, prinrers specitic for ef'l -a (EFl a3UP and EFI a3DO) were expected to give a 299

bp atnplilication product. Furthermore, to detect any genomic contamination within the

extracted RNA, reverse transcriptase negative samples were also amplified. The cycling

conditions were, I minute ut 94'C, I minute at 60"C and 1.5 minutes at 72"C for 30 cycles.

One-fifth of the PCR product was resolved on a l7o agarose gel (Figure 5.6).

Lnmediately lbllowing the induction treatment, Iar-qe amounts of transcript fbr the

transgene were detected fiorn both lines 85F,No.62 (Figure 5.6,{) and 85F,No.85 (Figure

5.68). Interestingly, the le vel of transcript detected declined rapidly. sug-qestin-q a decline in

expression and a lapid rate of transcript degradation lbllowing the heat treatment. Also of

significant interest was the detection of transgene transcript in non-induced embryos. This



Figure 5.6 RT-PCR analysis of transgene expressiolr in transgenic e-mbryos. Time

course of transgene expression in Fz embryos from males 85FrNo.62 (A),

85FrNo.8'5 (B) and in wild-type emb,ryos (G) following heat treatment (40"C lor 2

hou:rs) at the 10 to 12 somite stage (14 to 15 hpf). Embryos not subjected ts a

heat-induction tre,atmeht provided a non-induced control. The time course ranged

from 0 hsurs (immediately,'following the eonclusion of the heat treaftment) to 6

hours. RT -ve r.efers to samples processed without reverse transofiptase.
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suggests promiscuous, leaky expression of the h.sp70:EGFP-rudar transgene tiom the

Itsp7} promoter/enhancer under non-stressed conditions. All reverse transcripterse negative

samples were negative tbr the transgene, as were similarly heat-treated wild-type embryos

(Figure 5.6C).

To determine whether this leaky expression irom the h,rp70 promoter/enhancer

could be elirninated, transgenic embryos resulting fi'orn the same outcrosses as described

etbove were kept at approximately 22"C or the typical 28'C. Total RNA was then extracted

ti'om I00 24 hpf stage ernbryos for RT-PCR analysis. The cDNA synthesis and cycling

conditions were identical to those described above. Significant amounts of transcript were

cletected fi'om both the 22"C and 28"C incubation groups. This demonstrated that leaky

expression occurrecl t}om the plogeny of both transgenic nrales 85F,No.62 and 85F,No.85

when rnised at the typical 28"C and at the lower 22"C temperatures (Figure 5.7).

5.3.2 Transgenic embryos develop circulatory defects

To determine if this ectopic EGFP-rctdar expression intert-ered with normal

embryonic development and led to any detectable EGFP expression, tri.rnsgenic embryos

were sub.iected to a range of induction treatments at variours developmental stages.

Induction temperatures ranged from 38 to 40"C over periods ranging from l to 6 hours.

Multiple inductions were also conducted on the same embryos, separated by a rest period.

Transgenic embryos were induced before, during, and afier gastrulation. Induction

experiments typically consisted of randomly dividing transgenic siblings into 2 groups, an

induced grollp ernd a non-induced group. In addition, wild-type embryos were likewise

divided into similar -qrolrps and subjected to identical treatments. Gloups were of equal

size, typically 75 to 100 embryos.

To determine if induction prior to. or during, gErstrLrlation could induce

ventralisation similar to that observed following forced ratlur overexpression, henizygous

transgenic enrbryos were subjected to induction treatments as early as the 8- to l6-cell and
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Figure 5.7 RT-PCR analysis of leaky promoter activity at lower temperatures. RT-

PCR analysis to detect transgene expression in non-induced F2 embryos from

males 85FrNo.62 (line 62) and 85FrNo.85 (line 85) raised at 28"C and 22'C. RT

-ve refers to samples processed without reverse transcriptase.
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32- to 64-cell stages for periods ranging from 2 to 6 hours. Hemizygor,rs embryos werc the

progeny resirlting from an outcross involving either males 85F,No.62 or 85F,No.85. Hence,

l/? of these F, embryos were hemizygous for the transgene while the rcmainder were wild-

type. No consistent phenotype resulted from these induction experirnents. In addition,

ernlrryos were particularly sensitive to heat-induction prior to gastrulation rnovenrents.

Wild-type embryos subjected to long (6 hours) or very early (8- to l6-cell stage) induction

treatments resulted in a wide variety of embryonic defects making the analysis of

transgene-related emblyonic defects inconclusive. No ventralised embryos resulted from

these indirction experinrents and no EGFP expression was detected by fluorescence

rnicroscopy. Post gustrulation-stage embryos (17-16 sornites/15-17 hpt) were more tolerant

of the heat-induction treatments. However, no consistent phenotype was obselved and no

EGFP expression detected fbllowing induction.

When the progeny from two hemizygous transgenic parents (85F,No,85FrNo.6 and

85F,No.85F.No.8) were observed thronghout development, a highly specific and

reproducible phenotype was observed, despite the lack of any heat-induction treatments.

Enrbryos generated fronr such a cross, expected to give ?SVo wikJ-type, 50To hernizygous

and 25o/c homozygous genotypes, were indistinguishable from one another during the first

1.5 days of development (Figure 5.8A). All developed normally and initiated a typical

prinritive circulatiorr. However, by 2 days development approxirnately 25o/o (23 t?Vo; rt =

1.179; 6 separate experiments) lacked circulation throughout the developing tlunk and

head. In such embryos blood cells were either restricted to passage between the atrium and

ventricle (Figure 5.8D, F and H) of the heart or pooled in the vicinity the anterior

hypochord (Figure 5.8D insert) or the developing tail. By 3 days development the

pericardium became oedematous (Figure 5.8H) and circulation was still absent throughout

the entire embryo. Following 5 days development, seve,re pericardial and yolk sac oedemas

continued to develop (Figure 5.88) until death, at around day 7 to 8, due to substantial

necrosis throughout the entire e mbryo. All other sibling embryos (77 x. 2o/o: rz = 1,179; 6

.separate experiments) displayed a typical developmental program. Interestingly. this



Figure 5.8 Progeny from hemizygous transgenic parents display defects in

circulation. (A) Morphologically normal looking 24 hpf stage embryos generated

from hemizygous transgenic parents. (B) Progeny from the same parents following

124 hours development. A subgroup of embryos displayed pericardial and yolk

oedemas (denoted by arrow and arrowhead, respectively) associated with a

complete lack of circulation. (C) Lateral view of a wildtype 50 hpf stage embryo,

arrow denotes developing heart. (D) Similar lateral view of a 50 hpf stage putative

homozygous transgenic embryo displaying a lack of trunk circulation and an

accumulation of blood in the developing atrium and ventricle (arrow). lnsert

displays a similar embryo at the 74 hpf stage displaying blood pooling in the vicinity

of the anterior hypochord (arrow). (E) Close-up of a normal looking 50 hpf stage

embryo generated from hemizygous transgenic parents displaying a

morphologically normal heart (arrow). (F) Similar close-up view of embryo in panel

D displaying an accumulation of blood in the developing heart (arrow). (G) Close-

up of a normal looking 74 hpf stage embryo generated from hemizygous transgenic

parents displaying a morphologically normal heart (arrow). (H) Similar view of a

putative homozygous transgenic sibling that lacks circulation and possesses

pericardial oedema (small arrow) and an accumulation of blood in the developing

heart. Large arrow and arrowhead denotes atrium and ventricle, respectively. (l)

PCR genotyping to detect transgene from 12 randomly selected embryos

demonstrating the lack of circulation phenotype. Scale bars in A/B and

ClDlElFlGlH represent 1 mm and 250 pm, respectively.
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phenotype presented itself with essentially the same tiequency regardless of whether the

embryos received an induction treatment ( 1.5 hor"rrs/40"C at the shield stage) or not (23 +

l%o; tt = 359;2 experiments compared to 24 x.2q/o: n = 820;4 experiments in heat-treated

and non-heat-treated embryos, respectively). To determine if this phenotype was linked to

the presence of the transgene, genomic DNA was isolated from l2 individual 4 dpf

embryos possessing this hck of circulation phenotype and genotyped by PCR. PCR

conditions were identical to those used previously for amplification of the transgene using

the primers PHSPTOUP and EGFPDO. All 12 embryos were demonstrated to carry the

transgene in their genomes (Figure 5.81). At no stage was EGFP expression detected fiom

either induced or non-induced embryos genemted frorn hemizygous transgenic parents.

IIL Summarv

We endeavoured to generate an inducible radur transgenic line to facilitate the

stt-tdy of Radar function liorn the hypochord and PGE. An EGFP-tagged Radar-encoding

cDNA consrllct wars engineered downstream of the zebrafish heat-inducible hsp70

protnoter/enhancer element. This CGFP-rudur fusion construct, when driven by the

constitutive CMV pronloter. was demonstrated to induce EGFP-coupled ventralisation

when transiently overexpressed in early zebrafish embryos.

Of 991 l- to 2-cell stage zebrafish embryos injected with the linearised

pCS2/hsp70/EGFP-rdr transgene, 330 survived to sexual rnaturity to constitute the F.

tbunder population. From 2l2 individual intercrosses within this fbunder pool, 3 sexually

matul'e tish capable of transmitting the transgene within their germ-lines were identified

thlough a PCR-based screening strategy. These were fbunder males,56,85 and 318.

Transgenic F, wele genelated fi'orn for-rnders 85 and 318 from an outcross with wild-type

l'ernales, but not fiom founder male 56.

From l55 individual 85F, fish, 2 transgenic F, fish were identified, males

85F,No.62 and 85F,No.85. Similarly, from l33 individual 318F, fish genotyped, I
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transgenic F, fish was identified, male 3l8F,No.l19. Outcrosses with wild-type f'emales fbr

both rnales 85F,No.62 and 85F,No.85 gave an avemge 487o transmission rate (n = 48) to

the F, generation (expected Mendelian ratio, 50olo), confirming their hemizygous genotype.

The ability of the transgenic zebrafish to induce transgene expression fbllowing heat

treatment was assayed by RT-PCR analysis following a 2 hour heat-induction treatment at

40'C. Hemizygous transgenic F, embryos generated from an outcross from both males

85F,No.62 and 85F,No.8,5 displayed elevated transgene transcript levels fbllowing heat-

induction, followed by rapid transcript degradation over the time course analysed (0 to 6

hours post induction). However, signillcant levels of expression was also detected from

both transgenic lines under non-stressed conditions. Raising transgenic embryos at lower

temperatures (22"C) failed to eliminate this leaky plomoter activity.

Multiple indr.rction experiments involvin_e tran.sgenic henrizygotes heated at val'ious

developmental stages and using dif'ferent induction treatment times and temperatltres, failed

to elicit any consistent phenotype that was linked with the presence of the hsp70:EGFP-

nulur transgene. However, approximately ?5Vo of induced and non-incluced embryos,

generated from hemizygous parents, developed a highly specific and reproducible

phenotype. Surch embryos were characterised by a complete absence of blood flow

following 1.5 days development. Furrthermore, this phenotype was dernonstrated to be

linked with the presence of the hsp70:EGFP-radsr transgene.
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6.1

Chapter 0

Generating a Radar loss-of-function model

r. Introduction

Morpholino antisense technology

The zebrafish has provided the developmental biologist and geneticist with an

excellent model system fbr studying the genetics of vertebrate development. However, until

recently, there was a limited potential to conduct targeted loss-of--firnction studies similar to

tlrclse loutinely r-rsed in the Inouse. With the ease ol'linding novel genes 1rom the zebrafish,

a knock-out techno.logy was needed to relate genes to function. In the zebrafish, the

injection of dor.ninant negative constructs has been extensively used to provide insight into

gene function. This approach requires the engineering of specitic muttrtions into the gene of

interest to abolish the tr-rnction of the encoded protein and to inhibit the function of

simultaneously expressed endogenous protein. This technolo-ey, however. is not applicable

lo all -genes and tencls to be rnost eff'ective for ploteins that assemlrle into functional

multimers. such as [eceptor complexes (Lagna and Hemnati-Brivanlou, 1998).

Furthermore, sllbstantial knowledge of protein structLlre is required to design an effective

mutation that will result in an inactive protein. Another alternative explored in the zebrafish

is the use of double-stranded RNA. This method provides a sequence-dependent means to

leduce gc-ne firnction ir rir,'o and relies on the clor-rble-stranded RNA bein-e homologours to

the -9ene of interest. RNAi ha-s been uscd succe.sst'ully to clisable gene tunction in a number

of developnrent systems (Kuwabara eI a/.,2000: Fjose' et u1..,2001; Maine tt e|..2001).

However, its use in the zebrafish has senerated mixed results. Some researchers have had
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success in specifically inhibiting gene function (Wargelius ct al., 1999: Li et u|.,2000)

while others have reported the non-specific down regulation of transcripts following the

injection of dor"rble-stranded RNA (Oates et u|.,2000; Zb:,rc et ul.,2OOl).

Recently, the use oI morpholino phosphorodianridate oligonr-rcleotides

(morpholinos; MOs) hzrs ploved successful in specifically inhibiting targeted genetic loci in

a nuntber of developmental systems (Table 6.I), inctuding the zebrafish (Table 6.2). MOs

are synthetic DNA analogues that possess a nelltral-charged backbone and a n-rorpholine

ring instead of the typical ribose su-qar moiety (Ekker and Larson, 2001 ).

Table 6.1 Morpholino-mediated gene knock-down in different model systems,

adapted from Ekker and Larson, 2001.

This rnodification cont'ers an increased stability against nuclease degradation. MOs

have a very high affinity fbr RNA, acting a.s etficient antisense reagents. This new, eflicient

and most importantly secluence-specific loss-of-tunction technolo-uy is providing zebrafish

developnrental biologists with a nleans to conduct knock-out style experiments in the fish.

Developmental model

system
Delivery method

Eff'ective

duration
(h)

Developmental

temperature
('c)

Reference

X. lueyis (Frog) Microin jection <26 t5-22
(Heasman

et a\.,2000)

G. sullus (Chicken) Electroporation 24 JI
(Kos et n/.

200r)

D. rerio (Zebrafish) Microinjection 50+ ?2-29

(Nasevicir"rs

and Ekker,

2000)

S. ptrpuratus (Sea

urchin )

Microinjection Itt+ l3-2?
(Howiu'd et

ut..2O0l)

D. nte luno gcsrer (Fruit

fiYl
Microiniection 8+ r8-29

(Ekker and

Larson,

2001)
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Mutant Reference

rto lctil, chorclin, one-eyetl-pinlrcacl, nocre and sparse
(Nasevicius and Ekker,

2000)

cvclolts (Karlen et u|.,2001)

brn 1t2/sv, i rl and bm p7/s ruti I ho us e (lnrai ct a1.,2001)

st1ttittt, rnte-eved-ltin|rcutl ttnd no taiI (Feldrnan et a1.,2001)

e rtdothelin l/sucker (Miller et u|..2001)

colourless (Drftton et a1.,2001)

sruiri,,vn il lto u se, s onritab un, m irili n, .s ilbe rbl ick and pipe tui I (Lele crr n/., 2001)

lo.tt-u-.litt (Bauer at u1.,2001)

Table 6.2 Morpholino-mediated phenocopies of known zebrafish mutants.

6.1.1 Mechanism of action

MOs injected into early stage zcbralish embryos (l- to l6-cell stage (Nasevicius

ancl Ekker. 2000)) act via an RNase H-independent mechanism to inhibit translation by

binding to specific complementary regions of mRNAs. The efficiency of morpholino-

mediated knock-down is highly dependent upon where the MO is desigrred to bind the

transcript. MOs must be designed against the leader sequence or nearby bases to effect

translation inhihition (Figure 6.1) (Etct<er and Lalson,2001). The binding of the modified

oligonucleotide to these sequences sterically prevents the 40S ribosomal subunit from

identifying the start codon and subsequently recruiting the 605 subunit tor translation

initiation (Figure 6.lA and B) (Ekker and Larson,200l). MOs, being DNA unalogues, ale

ideally suited to targeted irt t,ivo translation inhibition because of theirsuperior resistance to

etrzymatic degradation. This results in enhanced stability throughout embryonic



Figure 6.1 Mechanism sf morpholino'mediated inhibition of tl'anslation. (A)

Diagrammatic representation of normal translation of a transcript. The 40S

ribosomal subunit reads the 5' leader sequence to identify the start codon, it then

recruits the 605 ribosomal sub,unit and translation initiates. (B) MOs bind to their

complementary target sequence near the start codon of the transcripf preventing

the 40S subunit from identiffing the start codon, resulting in translation inhibition.

(C) tnhibition efficiency of MOs plotted against their target site on the transcript,

MOs become less eflicient at specificallyrinhibiting translation of a target gene

when they are designed to target sequence 3' to the start codon, Adapted ftom

Heasman et a1.,2A,A2.
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development. allowing fbr the possibility to target genes that may not be expressed until

organogenesis stages. The duration of effectiveness is likely to be gene-specific and rely on

the individual transcription and translation characteristics of a given gene. However. at least

in the zebrafish. MOs appeitr to provide efflcient and specific translation inhibition at least

ttntil the hatching stage (approximately a8 hpt) (Nasevicius and Ekker, 2000; Dutton et a1,.,

2001) and in some cases beyond (van der Sar er a|.,2002).

6.1.2 Mistargeting and non-specific side-effects of morpholino

oligonucleotides

Although the use of MOs to target and specitically inactivate gene function has

been widely reported in the zebratish and Xenopilr, many researchers have also reported on

the unexpected and presumably non-specific phenotypes resulting frorn MO injections,

particularly at higher MO doses (Ekker and Larson,2001;Heasman et ul.,20O?). These

tunexpected phenotypes include neural degeneration (Nasevicius and Ekker', 2000; Braat ct

al.,2OO | ; Karlen et u\..2001 ; Lele er a/., 2001) and epiboly defects (hnai et c/., 2001). The

reason why sorne MOs appear to produce non-specific developmental def'ects when

injected at high concentrations is uot understood. This requires stringent controls to be

inrplemented to delineate defects specific to a clown regulation of the gene function of

iltterest. Sonre researchers hypothesise that the high incidence of neural degeneration

det'ects associated with high dose MO use is a result of promiscr:ous mistargeting of MOs

to genes required lbr neurnl cell survival (Ekker and Larson,200l). This would result in the

undesired simultaneous inactivation of the target gene and the neural survival gene that

shares sulTicient sequence homology with the MO to eft'ect binding. Interestingly, neural

degeneration was one of the most common defects observed from the zebrafish

lnutagenesis scrcens, sLlggestin-q the existence of many genes whose functions are required

lor neural cell suruival (Funrtani-Seiki er ul.. 19961.
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6.1.3 Specificitycontrols

The use of MO technology to gain insight into gene function requires the

incorporation of strin-{ent controls. These controls beconre even more significant when

functional studies on completely novel genes are carried out. When r,rsing MOs to eff'ect

targeted knock-down of a specific gene function, a number of phenotypes carn result. Some

embryos may display a phenotype that is completely specific to the down regulation of only

the targeted genetic loci, or, a combination of non-specific and specitic phenotypes.

Alternatively, a completely non-specific phenotype may result, or no phenotype at all.

Indeed, not all genes are critical fbr early developmental processes. [t is crurcial that this

signal-to-noise ratio is determined and contrr:lled in order to retrieve valurable information

trom knock-down experiments. This can be achieved by implementing one or more of the

lbllowing specificity controls (reviewed in Ekker and Larson, 2001 and Heasman et ul.,

2OO2): l) Western analysis to confilrn successful polypeptide down regulation; 2)

complementary phenotypes fbllowing the injection of independent non-overlapping MOs

targeting the same transcript: 3) simultaneous targeting, using 2 non-overlapping MOs that

target the same transcript, resulting in a synergistically enhanced el'ficacy with an

associatted reduction in non-specific rnistargeting defects; 4) rescue experiments using

synthetic transcripts that are devoid of the MO target sequence; and 5) the use of a

tnismatch control MO that ditfbrs frorn the targeting MO by a series of mispaired bases.

6.1.4 Other limitations

Despite the advantages that MO technology offers the developmental biologist,

there are limitations to its use. A clear example of this is the inferior penetrernce of MOs

designed to target the one-e.v-ed-pinhead (oep) transcript. Nasevicius and Ekker reported

tlrat a MO specifically designed to target oep, when injected into zebrafish embryos,

elicited the oep phenotype in only half of the injected embryos (Nasevicius and Ekker,
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2000). Furthernrorc, the efficacy of some MOs may be strain dependent, as demonstrated

by iur oep-t$geting MO that does not function in a wild-type strain of zebrafish fl'om Japan

(Nasevicius and Ekker, 2000). The researchers slrggest that this may be a result of

polymorphisms that al€ present in the targeted sequence.

II. Results

6.2 Using morpholino oligonucleotides to phenocopy the one-

eyed-pinhead mutant, a technical control

To deterrnine the ability of morpholino-technology to phenocopy a characterised

zebraflsh mutant, a MO designed to target oep transcripts was injected into l- to 4-cell

stage zebrafish embryos. The zebrafish oep gene encodes a maternally and zygotically

exprcssed EGF-related ligand that possesses a functional signal sequence and is membrane-

bound. It is these properties that are disrupted in the oel2 mutant alleles oep"t' and oep"'tru

(Zhang et ul., 1998). The oep phenotype is recognisable by the tail bud stage of

development (10 hpf). The def'ects include a reduced body axis and the absence of a

precholdal plate. By the 24 hpf stage, the eye vesicles are fused (cyclopia) and the anterior

parr of the tbrebrain is reduced, while in the trunk, the notochord is slightly undulating and

the yotk tube thicker and shorter. In addition, the body axis of oep nutants is curved down

and there is no detectable floor plate or hatching gland (Hamnrerschmidt et ul.. 1996).

These disruptions to normal ernbryonic development are due to defects in endodernr,

prechordal plate, and ventral neuroectoderm patterning and tbrmation (Zhang et ttl.,l998).
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6.2.1 An oep-targeting morpholino can phenocopy the oep nrutant

The oep-tzvgeting MO (oep MO) was a 25-mer oligonucleotide designed to target

within the 5' UTR of the oep transcript from nucleotide position -8 to -32 (Figure 6.2A).

lnjection of a 6 ng dose of oep MO into l- to 4-cell stage embryos (n = 140) resulted in no

observable phettotype tbllowing 24 hours development. A l2 ng dose was then injected

irrto l- to 4-cell stage zebral'ish embryos. Thesc'ernbryos were lefi to recover and scored tbr

any disruptions to normal development at 24 hpf. Based on the original description of the

oap tnutant rnorphology (Hamrnerschmidt et ul., 1996), injected embryos were scored for

the following defects, fused eyes (cyclopia), undulating notochord, extended somites,

shorter and thicker yolk tube and curled tail. In addition to these defects, another phenotype

was observed in oep MO-injected embryos at the 24 hpi stage that had not been described

in the odl, tnutant. This was a complete absence of eye development. This det'ect was also

scored, ts a non-specillc phenotype. The most common phenotype class (67%; r = 165)

possessed all the ocp defects except for cyclopia, instead there was a complete absence of

eye development and other anterior head structures (Figure 6.2C and D). This is most likely

due to non-specific targeting of another gene involved in eye developnrent. Approximately

l/10'h (9Vo'. n = 165) of injected embryos possessed cyclopia (Figure 6.2E and F), along

rvith alrnost all of the other det'ects characteristic of tbe oep mutant. A sirnilar frequency of

oep MO-injected embryos (87o'. n = 165) appeared phenotypically normal under

microscopic observation at 24 hpf.

Other studies involving morpholino-mediated targeting of oep transcripts has

revealed that this non-specific, arbsent eyes, phenotype is common with high-end doses of

MO (Nasevicius and Ekker, 2000: Feldrnan et u\.,2001). Furthennore, researchers reported

inefflcierrt penetrance of the oe1r MO-induced phenotype using a MO of the same sequence

as the one used in our study (Nasevicius and Ekker, 2000). ln addition, it has been reported

that the early delivery of oep-targeting MOs into a Japanese strain of wild-type fish failed

to elicit any phenotype (Nasevicius and Ekker, 2000). This may rcsult fi'om polymorphisms



Figure 6.2 Injection of oep-targeting MOs into zebrafish embryos phenocopies the

one-eyed-pinhead mutant phenotype. (A) Partial cDNA sequence and conceptual

transfation of oep displaying the location of the oep MO target sequence within the

5' UTR domain (underlined). The 5' UTR domain is highlighted in bold text.

Genbank accession number = AF041440. (B) Wild-type 24 hpf stage zebrafish

embryo (anterior to left). (C) 24 hpf stage zebrafish embryo (anterior up) following

the injection of oep MO (12 ng approx.) displaying a lack of anterior head

structures (arrow) and a disrupted notochord (arrowhead). (D) Dorsal anterior view

(anterior down) of embryo in panel C, showing a lack of eye development (arrow).

(E) Lateral view of an oep MO-injected embryo (anterior up) possessing a single

fused eye (arrow) and a disrupted notochord (arrowhead). (F) Dorsal anterior view

(anterior to left) of embryo in panel E, displaying a single fused eye (arrow). Scale

bars in B, C and D represent 250 Pm.
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in the 5'UTR to which the oli-eo was designed to bind. Although the oep mutant may not

represerlt the most ideal candidate mutant to phenocopy using MO technology, the injection

of ()d/r-tar'-qeting MOs did phenocopy the rle/, ntlrtilnt and highlighted some interestillg

considerations. Most important was the need to identify and characterise non-specific

phenotypes throurgh employin-e a number ol'carcfully designed specificity controls.

6.3 Generating a Radar-specific loss-of-function model using

morpholino technology

For loss-of-f'unction analyses. a rutlur deletion mutant, rdrD', has been previously

generat"ed to ilssess Radar's role in dorsal neuroectodenn cells where it may function as a

nraintenance tactor (Delot et ul..1999). Although the deletion spannin-e the radur locus was

large, encompassing2T.l cM of LG l6 (Delot et ul., 1999). ancl may have abrogated other

genes essential in embryogenesis. we used the description of the mutant to initially

lrenclrnrark the specificity of the rutlur-targeting MOs. In brief', the rzlrJ'r phenotype was

described as possessing a shortened axis iurd a reduction of head structures, presumably us

a result of cell death in this region. particularly posterior to the eyes. Apoptosis, as detected

by acridine orange (AO) staining, was reported in the head, dorserl neural tube and tail

(Delot el ul., 1999). Fur-thermore. the rrlrr)r mutant embryos die around 2 dpf, precluding

identification of any phenotype that rnay not rnanifest until later in developrnent.

6.3.1 Early delivery of radar-targeting morpholino oligonucleotides

phenocopies the rdrDr neurodegenerative defects

Two non-overlapping antisense MOs (rad-MOl and rad-MO2) were designed to

target the 5'region of the nrdur trunscript (Figure 6.3). These MOs were then delivered via

micloinjection into l- to 4-cell stage zebrafish embryos that were monitored tor
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10 20 30 40 50 60
ATCTCGC@TGTCCGCGCTCGTCAAACAAACACAAACCEAAAAGACC@CTTCACTGTGA

ra{l-Mo2
70 80

rad-Mol
110 L2090 100

GACACGGCTCCAC TTTAC TCTTTGGAGGATAGf,AACACCATGGGTGC C TTGAGAGCAGTC
MGALRAV

130 140 150 160 r70 r.8 0
GCC TTTTAC GCGCTCTTCGITETCCTCTGGAGTTTACC GTGTTGCCAGTCAGCTGCGCTA
AFYALFVFLWSLPCCOSAAL

190 200 2r0 220 230 240
ATATCGCAGAAAAGGAGCAAGGGTGCCAGGAGCGCGTTTGATGGACAAAGGTCACATAAA
TSOKRSKGARSAFDGORSHK

250 250 270 280 290 300
TTTCTTAAAGAGATTTTAGCATCATCACCGGGCGCGAGTCGTCGGGATGATTTTAAGGAC
FLKEILASSPGASRRDDFKD

3L0 320 330 340 3s0 350
CCGGTTGTGCCTCATGACTACATGAlCTCCATATACAGGACTTACTCCGCCGCTGAGAAA
P VVP E D Y !{ T S I Y R T Y S AAE K

370 380 390 400 410 420
CTGGGGCTCAATGC GAGCTTTTTCCGCTCTTCAAAGTC TGCAAACACCATAACGAGTTTC
LGLNASFFRSSKSANTITSF

430 440 450 460 470 480
GTGGACAAGGGAAAAGACGATCTCACGCTCTCTCCTTTGCGAAGACAAACGTATCTGTTT
V D K G K D D L T L S P L R R O T Y L F

Figure 6.3 Partial cDNA sequence and conceptual translation ol radar highlighting

morpholino oligo target sites. Two non-overlapping MOs (rad-MO1 and rad-MO2)

have been designed to target radar transcripts just downstream of the start codon

(rad-MO1, red) and within the 5'UTR (rad-Mo2, green). The predicted signal

peptide is underlined and the 5' UTR is in bold typeface.
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developmental defects throughout embryogenesis. Similar phenotypes resulting frorn the

injection of both rad-MOI and rad-MO2 provides a reliable test of speciticity of the gene

knock-down mechanism (Ekker, 2000). We present here the data using rad-MOl.

When 12 ng of rad-MOl was injected into l-4 cell-stage embryos, a number of

developmental abnormalities were observed at the l8 somite stage of developrnent. An

expansive cellular opacity symptomatic of cell death was easily detectable in nrorphant

embryos. In particular, neurill degeneration rccurnulated rapidly in the conrse of

developmental stages analysed (18, 20, 22 and 24 somites) (Figure 6.4). By 24 hpf

(approxirnately 3l somites), a large proportion of embryos (947o) displayed this distinct

neurodegenerative phenotype (Table 6.3). These radar morphants displayed a modest

developnrental rctardation, a charactelistic feature of zebrafish neural degenerative mutants

(Fnrutarri-Seiki el al., 1996). Injection of rad-MO2 resulted in similar developmental

def'ects suggesting that these def'ects were due to a reduction in the rrulur gene product. AO

stairring was perlbrnred on the nulur morphants to ascertain if the cell death observed in the

head, tailbud and dorsal neural tube was due to apoptosis or necrosis (Figure 6.4). AO is a

vital dye that has been reported to selectively label apoptotic cells, thus differentiating

apoptotic from necrotic cell death (Abrams et ul., 1993; Furutani-Seiki er ul., 1996).

Following 30 minutes of staining, substantial apoptotic arctivity was detected in the eyes,

head and a narrow clorsal population of cells extending the length of the neurzrl tube (Figure

6.48, F, J and N). Occasionally, apoptotic cells were also detected in the developing tailbud

(Figr-rre 6.48 and F). In uninjected controls, linrited apoptotic activity was detected

sporadically in varying locations throughout the developing embryo (Figure 6.4D, H, L and

P).



Figure 6.4 Injection of rad-MOs results in a specific pattern of apoptotic cell death.

The vital dye acridine orange (AO) was used to selectively stain apoptotic cell

death in radar morphant (A,B,E,F,|,J,M and N; injected with 12 ng rad-MO1) and

wild-type (C,D,G,H,K,L,O and P) embryos at 18 somite (A-D), 20 somite (E-H),22

somite (l-L) and 24 somite (M-P) stages. Panels B,D,F,H,J,L,N and P are the AO-

stained embryos of A,C,E,G,l,K,M and O, respectively, viewed under fluorescence.

Although cell death was visible under Nomarski optics, AO staining allowed a more

precise localisation. Radar morphant embryos exhibited apoptotic cell death

throughout the developing head, in regions of the forebrain, midbrain and hindbrain

(small arrow heads in B, F and J), and occasionally in the developing tail bud

(large arrow in B and F). Apoptotic activity was also detected in the developing eye

of radar morphant embryos (small arrows in B, F and J). Perhaps the most striking

observation was a row of apoptotic cells extending the length of the dorsal neural

tube (large arrow head in B, F, J and N). Radar morphant embryos often displayed

a modest developmental retardation (compare A with C, E with G and M with O).

Scale bars in A and M represent 100 pm.
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Injection doses

Neurodegenerative phenotype @ l2 ng t"d-M

24hpf P2RAD mRNA"

(%,) (Vo)

Low-Normal 6+ | 32+ll

Moderate 39+4 56+5

Severe 55+4 7+2

Ventralised 0 4+3

Gastrulation def'ecl 0 l+l

Totalembryo number 213 190

o Rcprcscnts results cornpiled lionr two scparatc cxpcrintcnts. 'fhc phcnoty;le pcrccnltges lionr caclr

cxpcrintc'nt wcl'c averagccl and cntcrccl into the above table. Thc accrlnrpirnyin,u crror rcpresents the averagc

dill'ercncc betrvcen the avcragc pcrccntagc and the individual experinrcntal pcrcentoges.

Tabfe 6.3 Rescue of radar morphant neurodegenerative phenotype.

6.3.1.1 RNA rescue of radar morphant neurodegenerative phenotype

To further demonstrate that the phenotype observed was Radar-specific, the dose of

the MO was varied, arnd a phenotype rescue was conducted. Injection of 8 ng of MO

reduced the affected phenotype {i'equency by half and resulted in less severe celh.rlar

apoptosis, indicative of a dose response (data not shown). To el't'ect rescue, in vitro

transcribed P2RAD transcripts were injected along with rudar targeting MOs. P2RAD

ctrcocles a human BMPZ pro-domain. rut{ur mature dornain fusion construct that is devoid

ol'the rad-MO I target sequence. This was necessary to ensurc that rudar-targeting MOs did

not bind to, and sequester, the injected transcripts, and that the rescue strategy operated by

actual lestoration of functional amounts of Radu' protein. Injection of capped P2RAD

mRNA induced ventralisation (data not shown) indicative of functional Radar.
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Unfortunately, tlris ventralisation ef-tect prevented optimal doses of rRNA to effect

complete rescue. Nevertheless, the partial rescue achieved was still very informative. A

range of itmounts of P2RAD mRNA (5 pg to 25 pg/ernbryo) was coinjected with l2 ng rad-

MOI to rescue the neural degeneration. Coinjection of 12 ng rad-MOl with P2RAD

mRNA higher than 5 pg resulted in the majority of injected embryos ventralising, hence

preventing rescue arralysis. However, when rescue was attempted with 5 pg of P2RAD

transcript, only 4o/o of the injected embryos appeared ventralised. When these embryos

were scored tol neural degeneration tollowing 24 hours development, there was ir

significant 8-fbld decrease in embryos displaying severe cell death. together with a 5-fold

inclease in those embryos that appeared phenotypically normal (Table 6.3).

Other phenotypes, following the injection of high doses of rad-MOl, included

undulatiorts of viu'ying degrees in the notochord (2OVo: n = 139). Eye development was also

notably disrupted due to cellular cle_generation just posterior to the developing eye. This

resulted in significantly reduced eyes at later stages of development (data not shown).

Radar morphants display specific circulatory defects following 2

days development

Following 50 hours development. embryos injected with moderate to low doses of

rudur-r'drgeting MOs (6 and 8 ng doses) demonstrated significant and severe circulatory

def'ects. The vast rnajority of these embryos displayed no aberant embryogenesis prior to

the detection of these circnlatory defects, appearing nrorphologically normal. The most

severely atfected embryos demonstrated a complete absence of axial circulation throughout

the trunk, ofien despite a normal anterior circr"ritry that supplied blood, in a simple loop,

over the yolk, throurgh the heart and into the developing head. No circulating blood cells

were observed in the DA, PCV, CA, CV and the intersegmental vessels. A more subtle

class of phenotype was also present in which intersegmental circulation was absent and

blood wits observed to leak out of the axial vasculature at apparently random locations
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throughout the trunk. Under light microscope, blood cells could be clearly seen leaking

frorn the trunk vasculature and ofien moving dorsally and pooling in extravascular tissues

in the dorso-lateral extrernities of the trunk. The early delivery of both rad-MOl and rad-

MO2 resulted in these clisluptions to normal circulation. To observe these defects in detail,

microangiography was perforrned by injecting fluorescently-labelled latex beads into the

cardinal t,ein or sinus venosus (Figure 6.5) of anaesthetised 50 hpf stage rad-MOl-injected

embrvos.

6.3.2.1 Classification and nricroangiographic description of Radar-specific

circulatorv defects

For ease of scoring, the circulatory defects were characterised using two distinct

criteria: classifying the pattern of circurlation in the rnain axial vessels of the [runk, the DA

and PCV, and noting the presence or absence of intersegmental circulation (Table 6.4).

Based on this criteria, rad-MOl-injected embryos displaying circulatory defects were

classitied into one of three phenotypic classes, class I, II ol III. In class I morphants, blood

passed down the DA but returned rostrally via the PCV prematurely at random locations

along the yolk extension (Figure 6.6C, D, E and F). This short-circuiting resulted in an

absence of blood circulation in the CA and CV plexu.s as well as in the posterior extremities

of the DA and PCV. Microangiographic analysis of this class of morphant revealed typical

anterior circuitry (Figure 6.6C and E) with the injected fluorescent dye restricted to and

highlighting the major and minor head vessels as well as the CCV and heiut. At the location

of the axial short-circuit, extensive haemorrhaging was observed under light microscopy.

This verifled the leakage o1'the tluorescent dye out of the trunk vasculature (Figure 6-6C,

D, E and F).
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Figure 6.5 Microangiographic analysis of zebrafish embryos. An anaesthetised

embryo is held ventral side up by a holding pipette while fluorescently-labelled

latex beads are injected into the sinus venosus (ust posterior to the heart). These

beads are then restricted to, and highlight, the developing vascular circuitry

(denoted by superimposed green arrows). Scale bar represents 250 pm.
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Figure 6.6 Msualisation of Radar-sB-eciftc circulation defects by mieroangiography.

(A) Normal runk circulation in a 50 hpf wild-type embryo (anterior to teft). (B)

Normal caudal circulation in the tai! of a 50 hpf wild-type embryo (anterior to left).

(CJ) Disrupted circulation observed in 50 hpf radar morphant embryos (injected

with I ng rad.MOl). Panels D, F and H are the higher power views of embryos G,

E and G, respectively, Embryos C/E and G represent morphants with class I and ll

circulatory defects, respectively. Red arrows denote haentorrhages. Red

arrowhead in G denotes cranial haemorrhage, DLAV = Dorsal longitudinal

anastornotic vesSel, DA = Dorsal ao,rta, CCV = Commoh cardinal vein, PCV =

Posterior cardinal vein, Se = Intersegmental vessel, CA = Caudal Ortery, CV =

Caudal vein. Seale bars in A and B represent 200 pm.
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'Two expcrinrcnts.
"'Ihrce experimcnts.
\'Nornral axial circulation'rcf'ers to typical bluocl llow through the nrain lrunk vessels (DA.CA.CV and

PCV ), c'xc I usi vc o l' i nterse-{nrcntal c ircu lati on.

fhc: phenotype perccntagcs li'ont etch cxpelinrcnt were averaged and entcrcd into the above tahle. The

acconrpanying error rr'prescnts the avcragc dil'l'clcncc hetwecn thc average pcrcentage ancl tlrc individual

cxpcri rrrernttl pcrccntagcs.

Tabfe 6.4 Frequencies of radar morphant circulation defects.

In class II rnorphants, blood cells were observed to accumulate in the trunk or

pulsate lrack and lblth with the heart beat (Figure 6.6G and H). In such embryos, no distinct

DA or PCV was detected through microangiographic analysis (Figure 6.6G and H). The

class III embryos possessed the most extreme circulatory defect, lacking circulation in the

trunk altogether, olten despite circulation through the head and around the yolk in a simple

rudimentary network. The class II and III phenotypes were only observed in a handful of

injected embryos.

Injection doses

Circulation phenotype

at 50 hpf

6 ng rad-

MOI'

(%)

8 ng rad-

MOl.

(vo)

8 ng rad-

MOl-mm

("/a)

8 ng negative

control MOj

(o/o)

N<rrnral axial circulationr 55 + 9 27 x.8 99 + I I00 * 0

Class I 4?+7 67 + 8 0 0

Class ll l+l l+0 l+l 0

Clms III 2+l 5+l 0 0

No intersegmental
40+6 80+8 l-rl

circulation
0

Total embryo number 148 273 n0 90
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A reproducible dose-dependent etfect of rad-MOl injection was observed (Table

6.4). Injection ol'8 ng of rad-MOl resulted in more embryos possessing the various classes

of circulatory phenotypes when conrpared with injection of 6 ng, At the 6 and 8 ng doses,

the class I circulatory phenotype was the most conllnon abnormality, accounting for nrore

rhan 9OVc of embryos al'fected by a circulatory defect (Table 6.4). Injection of 6 ng rad-

MOI resulted in 42Vo possessing the class I phenotype, compared tc't 677ti when injected

with the higher (8 ng) dose (Table 6.4). The majority of these morphants had a normal

circulation at 30 hpf (80 + ?Vo; rt = 198; 8 ng dose; 2 separate experiments) and looked

ntorphologically normal until the circulation defects occurred. This increase in rnorphant

embryos displaying leaky citculation tollowing an elevation in MO dosage was

complemented by a decrease in the number of injected embryos that possessed typical axial

circulation through the DA, PCV, CA and CV plexus,

Interestingly. the vasculature posterior to sites of circulatory short-circuiting were

often highlighted by the fluorescent dye, suggesting that caudal vasculature was present

(Figure 6.6E. F and I). In such embryos, sections of the DA (Figure 6.6E) and CA (Figure

6.6I) posterior to the site of short-circuiting and haemorrhaging were ol'ten visiLrle through

tnicroangiographic detection. In addition, sorne raclar morphants displayed typical DA,

CA, CV and PCV circr.rlation despite the presence of haemorrhaging along the trunk

(Figure 6.6J). In all phenotypic classes, blood was often seen pooling at various locations,

including the head (Figure 6.6C). In these cases, blood was observed to take divergent

paths throughout the embryo to bypass the apparent obstruction. A significant nurnber of

enrbryos, (40Vo with 6 ng dose and 80o/o with 8 ng dose) possessed no intersegmental

circulation following 50 hours development, irrespective of the phenotype class to which

they were assigned (compare Figure 6.64 and B with C, D, G, H, I nnd J) (Table 6.4).
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6.3.2.2 Specificitycontrols

As mentioned previonsly, the early delivery of both rad-MOl and rad-MO2 into

zebrafish embryos lesulted in vascular leakage from the axial vessels. Similar phenotypes

resulting liom non-overlapping MOs designed to target a single transcript is a good

nreasure of target specificity. However, to further evaluate the specificity of this rutlar

morphant circulatctry phenotype we ernployed a number ol'other controls including a

mismatch and negative control MO (Table 6.4), as well as attempting to rescue the leakage

plrenotype through the iniection of radar transcripts and a nulur encoding DNA constrLlct

(Table 6.5).

Embryos injected with 8 ng of eitheranegative control MO (reported to possess no

farget specificity) or a 4-base mismatch control MO (r'ad-MO[-mm, a 4-base mismatch

control oligo of rad-MOl) elicited no abnormal developmental def'ects when analysed by

light rnicroscopy at 50 hpf (Table 6.4). To effect rescue of the circulation det'ects, both

P2RAD nrRNA and cDNA was injected along with rdur-targeting MOs (rad-Mol).

Transcripts encoded by P2RAD are devoid of the rad-MO target sequence. Only a partial

rescue was obtained using this strategy because of the well documented early ventralising

activity of rutlur that masked the detection of any rescue of the later vascular defect.

lniection of 8 ng rad-MO I with 2 pg P2RAD rnRNA increased the ftequency of normal

embryos by 2-fbld (?77o to 49Vo), which correlated with a decrease in the proportion of

class I morphants (67Vo to 457o) (Table 6.5). Delivery of l0 pg P2RAD rnRNA further

clecrcased this phenotype class (2OVo), however, this was not rcflected in the proportion of

nornral enrbryos rescued; instead a representation of severely ventralised embryos (23o/o)

was produced by this treatment (Table 6.5). In an attempt to circumvent this interfering

ventralisation, P2RAD cDNA was used. However, similar results were obtained with 10,

30 and 50 pg doses (Table 6.5).
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Injection doses
Circulation

phenotype at 50

hpf

tt ng rad-

MOt'
8 ng rad-

MOI +2pg
P2RAD

nrRNA'
(%,\

t3 ng rad-

MOI + l0
pg P2RAD

mRNA
(E( |

8 ng racl-

MOI + l0
pg P2RAD

cDNA'

lul )

ll ng rad-

MOI + 30

pg P2RAD

cDNA'
(('/('\

8 ng rad-

MOI + -50

pg P2RAt)

cDNA'
((il")('l )

Norrnal axial

circulation'*
77 x8

49+6 56 4l+12 42+15 26+5

(s l ) (73) (41 ) (48) (671

45+8 20 59t12 43x.18 13+6
Classl 67*8

(47) (26) (s9) (4e) (33)

2+2 0 0 2+7 0
Classll I +0

(2) (0) (0) (?) (0)

0 I 0 l+l 0
ClasslII 5+ I

(0) (l) (0) (l) (0)

Ventralised
0 4+6 23 0 12x,6 6l +5

(v3-v4)

No intersegmental
80+8 55+6 45 60+l ND ND

circulation

Total enrbryo
273 240 l 19 201 205 147

nunrber

t Twrl cxperiments.
'Thrce cxgrerinrcnts.
N'Nolnral uxial circulation'rel'ers to typical hlootl llow thlough thc nrain trunk vcsscls (DA.CA.CV ancl

PCV ). cxc I usive ot' intcrsegrnental circu lation.

Tltc phenotypc perccntages litnt cach cx;rcrirncnt were averagecl and cntcred into thc abovc table. Thc

accontpanying errol rLrprcsenls thc avcragc dil'l'crencc hetwcen the avcragc pcrccntagc and thc incliviclual

cx pcri nrcntal pc.rcentagcs.

( ) C()rrectcd values whcn scvcrc venlralisation (V3-V4) phenotypc rvas crxcludcd l'ronr the calculation ol'
'rescucd' lieclucncies.

Table 6.5 Partial rescue of radar morphant circulation defects.
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To normalise the data sets against ventralisation, embryos displaying this phenotype

wete excluded fi'om the calculation, resulting in a corrected value fbr resclre (Table 6.5).

Severely ventralised embryos (V3 and V4) possessing extremely disrupted trunk

vitsculature as a downstrearn eft'ect of ventralisation, in particular the absence of a

notochord, were separated from the cohort with nomral circulation and notochord at 24 hpf .

These remaining embryos were then scored for vascular def-ects at 50 hpf. Using this

correction strategy, a dose dependent rescue was evident usirrg P2RAD mRNA and cDNA

(Table 6.5). Early delivery of 8 ng rad-MOl with the highest doses of P2RAD nRNA and

cDNA (10 pg and 50 pg, respectively), increased the proportion of embryos displaying

nornral axial circulation ti'ont 21Vo (8 ng rad-MOl alone) to 73Va and 677o, rcspectively.

6.3.2.3 Radar-specific defects occur following the initiation of a normal circulation

Prior to vascular leakage, circulation in rutlar morphant embryos was normal. This

was clearly evident under light microscope, whole mount irt.ritu hybridisation for the blood

cell-specific rnarker.f 8.,-globin and by microangiographic analysis (Figule 6.7A and B).

.fiE,- globin expression in rutlar morphants during the initiatir:n of circulation

(approximately 2-5 hpf) revealed a typical pattern, rvith blood cells restricted to and

highlighting a normal rudimentary vzrscular network. Blood cells were observed in the axial

vasculature (DA. PCV, CA and CV plexus) as well as the anterior blood vessels, including

the anterior extremities of the PCV, the left and right LDA ancl the CCV (Figure 6.7A).

Microangiographic analysis of these embryos confirmed this normal circulation throughout

the developing trunk and tail (Figure 6.78). Although leakage was most evident at the 50

hpf stage, its inception was oflen observed as early as 35 hpf (Figure 6.7C and D). During

this period, blood cells travelled thror.rghor-rt the length of the embryo in a typical fashion

apart from minor leakages that occurred fiom the axial vasculature at random locations

af ong the trunk (Figurc 6.lC). Blood cells that escaped from the vessels could be observed

moving dorsally past the notochord, contributing to the genesis of a haemorrhage (Figure



Figure 6.7 The progression of vascular leaks from radar morphants that initiate

normal circulation at25 hpf. (A) Whole mount in situ hybridisation analysis for BE3-

globin expression in 25 hpf radar morphant embryos. Large black arrows and

arrowheads in A denote blood cells in the common cardinal vein and the anterior

cardinal vein, respectively. Small black arrows in A denote blood cells in the left

and right lateral dorsal aorta. (B) Microangiographic analysis of a 25 hpf radar

morphant embryo displaying typical circulation through the trunk and tail (anterior

to left). (G) Lateral view of a 35 hpf radar morphant embryo (anterior to left)

displaying the genesis of a vascular leak. Red arrows denote direction of blood

flow. (D) A higher power view of embryo in panel C. Red arrowheads denote blood

cells just dorsal to the notochord that have leaked from the DA. (E) Cross-section

of a 50 hpf wild{ype embryo (dorsal to top). (F) Magnification of section in panel E

showing axial vasculature (DA and PCV). (G) Magnification of section in panel E

showing dorso-lateral trunk region. (H) Cross-section of a 50 hpf radar morphant

embryo (dorsal to top) at the location of an axial haemorrhage, displaying ectopic

blood cells and physical destruction of axial vasculature (DA and PCV). (l)

Magnification of section in panel H showing blood cells pooling lateral to the

notochord. (J) Magnification of section in panel H showing blood cells pooling in

dorso-lateral regions of the trunk. White arrows denote pronephric ducts. DA =

Dorsal aorta, PCV = Posterior cardinal vein, CA = Caudal artery, CV = Caudal

vein, NT = Neural tube, N = Notochord, RBC = Red blood cells. Scale bars in A, B,

C, E and F/G represent200 prm,250 pm, 100 pm,50 pm and 20 pm, respectively,
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6.7D). As development proceeded and blood pressure increased, this haemorrhage grew

and progressively restricted axial circulation until a blockage formed that completely

inhibited caudal blood fLow. This resulted in a short-circuiting of circulation, clearly

evident by 50 hpf. tbrcing the blocld to return prematurely to the heart via the PCV.

Cross-sections throLlgh the trr"rnk of 50 hpf stage r(rdur morphant embryos at sites of

axial short-circuits revealed extensive leakage of blood cells from the axial vasculature

(Figure 6.7H, I and J). Cross-sections through the trunk of 50 hpt wild-type ernbryos

displayed blood cells restricted to the DA and PCV (Figure 6.7E and F). Occasionally,

blood cells were rlso present in the intersegmental vessels that flank the notochord and

neural tube, and in the dorsal longitr-rdinal anastomotic vessels that flank the dorsal legion

of the neural tube (data not shown). Rutlur morphant embryo cross-sections revealed that

haetnorrhaging resulted in extensive physical damage to the DA and PCV (Figure 6.7H).

Blood cells wor.rld often travel dorsally, past the notochord and neural tube (Figure 6.71),

where they would pool in extravascular locations (Figure 6.7J). The movement of blood

seemed to follow a path of least resistance" passing between tissue bourndaries rather than

through the somitic tissue.

6.3.2.4 Radar morphants display typical initiation of vascular patterning and

haematopoiesis

To determine if vascular pattelning was affected in the rutlur morphant background,

irt situ hybridisation analysis of -eenes known to be involved in early mamrnaliun vascnlar

patterning was conducted. These genes included the endothelially-expressed.flft-1 and.lIil,

which encode a receptor tyrosine kinase (Liao et al., 1997) and transcription factor

(Thonrpson et ul., 1998), respectively, as well as the endothelially-expressed receptor

tyrosine kinase tie2 (Lyons et ul., 1998) and its ligand cngl (Pham et d|.,2001), whose

expression highlights the fish hypochord.
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lnterestingly, each of these genes displayed a typical expression pattern in 24 to 2l

hpf stage rutlur morphant entbryos (Figure 6.8). In the rutlur rnorphant. cngl expression

highlighted a morphologically nornral looking hypochord in the trunk (Figure 6.8D) while

the endothelial-specilic markers.flk-1 (Figure 6.88),.l7il (Figure 6.8F) and tie2 (Figure

6.8H), labelled typical vascular circuitry throughout the trunk. This denronstrated that, in

nulur morphants, angioblasts migrated to the embryonic rnidline and assembled into a

rnorpholo-qically normal DA and PCV. Fulthennore, .ll.k-l and.l//1 expression highlighted

tlte genesis of phenotypically normal intersegmental vasculature (Figure 6.88 and F).

To deterniine if haernatopoiesis was affected in ratlar morphant embryos, whole

rnount irt situ hyblidisation analysis was conducted using the blood cell-specitic marker

-138,-p4lobitt..lJE.,-globrir expression was normal within the ruclur morphant background, with

.\trong expression restricted to blood cells throughout the entire ICM comparrtment (Figure

6.8J). Furthermore, these.fE,-glohin-expressing cells were demonstrated to contribute to an

initially normal circulzrtion in the early n-rorphant embryo (Figure 6.1A).

6.4 Similarities and differences between the targeted knock-

down of Radar and Vegf-A in the zebrafish

Of all the vasculogenic and angiogenic regulators known, perhaps the most

cornpelling evidence supports the critical recluilement fbr the PDGF family member VEGF

in this process. Studies in a number of model systems have denronstrarcd this molecule to

be involved in a number of key events during the establishment of the vascular system

(Dlakc'and Little, 1995: Flamme- ?t ul., 1995: Carmeliet et ul., 1996; Ferraraet al., 1996:

Cleaver and Krieg, 1998; Schmidt et ul., 1998; Carmeliet el al.. 1999b: Nasevicius et al.,

2000). Targeted knock-down of the vegf:A gene product in the zebrafish highlighted its role

in the establishrnent of a functional axial vascular circuit (Nasevicir-rs et a|..2000). The

vegl-A morphant possessed vascular defects langing fiom the complete absence of any

patent blood vessels throughout the trunk, to a more sr-rbtle phenotype. in which blood
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circulated in a typical tashion throughclut the major trunk vessels. the DA and PCV, but

was reduced or absent in the minol axial vessels (Nasevicius er a/., 2000). Interestingly,

these morphant embryos revealed that Vegt-A is not required for the initial establishment

of axial vascular patterning. Whole mount h situ hybridisation analysis ot.llk-l- and.flil-

expressing angioblasts showed that these endothelial precursor cells migrated to the

enrbryonic midline and contributed to a rudimentary DA and PCV (Nasevicius et ctl.,

2000). However, consistent with the lack of microangiographic detection, the genesis of the

intersegmental vessels does appear to be dependent upon functional Vcgf'-A, as revealed by

a deflciency in.llk-l and.flil expression in these vessels.

This ve,ql:A morphant possessed deficiencies that were somewhat reminiscent of

those observed in rhe ratlar morphant. To further characterise the ucg/'-A morphant and

explore any potential interaction between these two molecules or their rcspective signalling

cascades, we generated a vagf:A morphant loss-of-function model and analysed its

circulatory clef'ects through microangiography. Furthermore. we conducted synergy

experiments to determine if the targeted knock-down of Radar and Vegf-A had an

enhanced et'tect on axial vascular development, suppolting a potential interaction between

their signalling pathways.

6.4.1 Early delivery of vegf-A-targeting morpholino oligonucleotides

disrupts vascular development

A r,,cgf:/-lurgeting MO (of the same sequence as that used by Nasevicius et ul.\ wns

injected into early, I - to 4-cell stage, zebrafish embryos that we re subsequently observed

throughout early embryogenesis under light microscope fbr developmental deficiencies.

The MO was dc'signed to target the flrst 25 bases of the predicted signal peptide of the

vtRl'ro: isotorm (Nasevicius et u1.,2000) (Figure 6.9A). lnjection of 6 and 9 ng doses

resulted in substantial circulatory def'ects clearly evident tbllowing 2 days development

(Figure 6.9). In the most extrcme class of phenotype observed, pericardial oedema was



Figure 6.9 Phenotypes following the targeted inactivation of Vegf-A signalling. (A)

Partiaf annotated sequence of the zebrafish veghas gene displaying the vegf-A MO

target site (underlined nucleotides). The putative signal peptide is underlined and

the 5' UTR region is highlighted in bold typeface. Sequence adapted from Liang ef

al,, 1998. (B) Lateral view (anterior to left) of a 50 hpf wild-type embryo. (C-F)

Phenotypes observed in 50 hpf embryos following the injection of a 6 ng dose of

vegf-A MO. (C) Vegf-A MO-injected embryo displaying pericardial oedema (arrow)

and an accumulation of blood around the anterior hypochord (arrowhead).

Haemorrhaging was also observed in vegf-A MO-injected embryos in the head

(arrows in D) and the trunk (arrow in E). (F) Lateral view of the tail of a vegf-A MO-

injected embryo (anterior to left) displaying an accumulation of blood in the

developing tail region (arrow). Scale bars in BIEIF and D represent 250 pm and

200 pm, respectively.
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significant, as was pooling of blood cells in the vicinity of the anterior hypochord and the

developing tail region (Figure 6.9C and F). In vegl-A morphants that possessed these

phenotypes, no axial circulation was evident under light microscope, despite a beating heart

and a typical anterior vascular circuit carrying blood throughout the developing head.

Although most evident at the 50 hpf stage of development due to the accumulation of

poolecl blood, the lack of trunk circulation was detectable at the 30 hpl'stage, with such

morphant embryos never establishing any axial blood flow. Of those embryos injected with

6 and 9 ng doses of veg.f'-A MO, 14 + 3Vo (2 experiments; ,r = ?24) and 20 + lc/<,(2

experiments: n = 208) failed to initiate any axial circulation through the trunk. Of the

remainder of ernbryos that dicl initiate and maintain axial cilculation, many lacked or

demonstrated reduced blood flow through the minor trunk vessel.s, the intersegmental

vessels. Interestingly, a very srnall subgroup of yesl'-A morphant embryos exhibited

cerebral and axial haemorrhages, detected as blood pools under light microscope (Figure

6.9D and E).

6.4.1.I Microangiographic analysis of Vegf-A-specific circulatory defects

To confirrn and turther characterise the circulatory defects observed following the

targeted knock-down of Vegf-A. microangiography was performed on 50 hpf ernbryos that

htrd received a 9 ng dose of regl'-4 MO. In embryos that completely lacked any trunk

circulation, the injected fluorescent dye did not highlight the DA and PCV (Figure 6.10C).

At rnost, only the anterior extremities of the DA and PCV were highlighted (Figure 6.10D).

This was in contrast to the nonnal blood flow within the developing head circuitry,

including the central artery (CrA), the PHBC. the basilar artery (BA) and the ventral aorta

(VA) (Figure 6.10C). This lack of caudal circulation down the DA resulted in the

accurnulittion 01'blood cells in the anterior tnrnk, in the vicinity of the anterior hypochord,

clearly observable under light microscope. Furthermore, blood cells were strandecl in the

developing tail. Microangiography also confirmed the lack of. or reduction in,



Figure 5.10 Targeted knock-down of Vegf-A signalling results in specific circulatory

defects as revealed by microangiography (A) Microangiogram of axial circulation

throughout the trunk of a 50 hpf wild-type zebrafish embryo (anterior to left). (B)

Microangiogram of circulation throughout the tail of a 50 hpf stage wild-type

zebrafish embryo (anterior to left). (C-H) Microangiograms of 50 hpf zebrafish

embryos, that have received a 9 ng dose of vegf-A MO, displaying varying degrees

of perturbed axial circulation (all lateral views, anterior to left). (C) The most severe

phenotype resulted in the complete loss of axial circulation while cranial circulation

was unaffected. (D) Axial vasculature was sometimes highlighted (DA and PCV),

however it did not extend the length of the trunk. (E-H) Less severe phenotypes

included a reduction in intersegmental circulation (asterix in E), vascular leaks

(arrowhead in F) and a lack of PCV circulation (G and H). Whole mount in situ

hybridisation staining to detect flk-1 transcripts in 27 hpf wild-type (l) and vegf-A

MO-injected (J) embryos. (J) vegf MO-injected embryos often displayed an

absence of intersegmental flk-1 staining. DA = Dorsal aorta, PCV = Posterior

cardinal vein, Se = Intersegmental vessels, CA = Caudal artery, CV = Caudal vein,

CtA = Central artery, PHBC = Primordial hindbrain channel, VA = Ventral aorta,

CCV = Common cardinal vein, BA = Basilar artery. Scale bars in A/B and I

represent 200 pm and 250 pm, respectively.
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intersegmental blood low (Figure 6.10E to H). In those t'egf'-A morphant embryos that

demonstrated the most subtle phenotype, only a slight reduction in circr.rlation through the

intersegmental vessels was detected (Figure 6.10E). In such enrbryos, gaps were commonly

observecl in an apparent randorn tashion, with some intersegmental vessels capable of

carrying blood cell.s while others could not (Figure 6.108). tn slightly more severe

motphants, there was a complete absence of circulation through these minor trunk vessels

(Figure 6. l0F, G and H). Some of these embryos also lacked rostral blood flow through the

PCV, with the iniected fluorescent beads only highlighting the DA and CA vasculature of

the trunk (Figure 6.10G and H). The hae'morrhages that were observed under light

rnicrcrscope in t,eS1f-A morphants were also confirmed through microangiographic analysis,

with the injectecl treads escaping fror.n the axial vasculature (Figure 6.10F).

The lack of blood tlow through the intersegmental vessels was supported by whole

mount in situ hybridisation analysis for the endothelial-specific marker flk-l within the

vegf'-A rnorphant background. ln vegf-A morphants, .l'lk-l-expressing cells constituted the

DA, CA, CV and PCV (albeit reduced) but not the intersegmental vessels (Figure 6.10J).

6.4.2 Cumulative action of Radar and Vegf-A knock-down on axial

vascular development

To explore a potential interaction between Radar and Vegt'-A in the establishment

of functional blood vessels in the trunk, synergy experiments were pertormed. This

required the coinjection ot' sub-optimal doses of radur- trnd vd,ql'-A-turgeting MOs.

Coinjected embryos were then monitored at 30 hpf for vascular clefects which were

compared to those elicited by single injections of each MO alone.

Sub-optimal doses were determined as being 6 ng for both MOs. A 6 ng dose of

rad-MOl and yc.ql:A MO resulted in only l4 + lo/c, (2 experiments; rt = 149) and 14 t 3Vo (2

experiments: l = 224'1 of iniected enrbryos that lacked trunk circulation at 30 hpf (Figure

6. I | ). However, when 6 ng doses of both MOs were coinjected, 96 + ZVo (2 experirnents; ,r
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= 315) of iniected embryos lacked circulation through the trunk (Figure 6.ll). Interestingly,

alnrost all of these etrrbryos possessed an enhanced version of the extreme vegl-A morphant

phenotype, characterised by a lack of trunk circulation, pericardial oedenta (conrpaue Figure

6.128 with C) and the accumulation of blood in the vicinity of the anterior hypochord and

developin-e tail (cornpare Fi_sure 6.128 with C and E). The only rnorphologically noticeable

dif terence between the severe vegf-A and le€f'-A lrudar molphants was a minor inhibition in

eye developntent in the double knock-downs, a f-eature of some ntdur molphants (Figure

6. r2C),

6.5 Alk-6 as a candidate target of Radar signalling

The early ventralising activity of Radar has been proposed to ilct through an Alk-

6/BMPR-related rnechanism (Goutel et u\.,2000). This is based on the inhibition of Radar-

induced bmp2b expression in the zebrafish blastula by injecting il tl'uncated version of the

Alk-6 receptor (Goutel et u1.,2000). The only previous description of ulk-6 expression in

tlre zebrafish trurnk was as somitic expression (Nikaido et ul., 1999). To visualise the

expression pattern of ulk-6 in the trunk of zebrafish embryos. in particular its proxinrity to

rudur expressed by the hypochord and PGE, a PCR product was generated frorn t 24 hpf

zebrafish cDNA library that served as a templerte fbr antisense riboprobe synthesis.

6.5.1 Expression of alk-6 in 24 hpf stage zebrafish embryos

To generate a tirst strand 24 hpf cDNA libraly, total RNA was extracted fronr

approximately 100 24 hpf stiige zebrafish embryos and first strand cDNA generated using

oligo (dT) primers uncl reverse transcriptase. The cDNA was then arnplified using the

pritners ZFALK6U I and ZKALK6LI. These primers were designed to generate a l.22 kb

arnplification ploduct that spanned from bases +40 to +1259 (Genbank accession number

48020758). The cycling conditions were I minute at 94'C. I minute at 55'C and 1.5
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Figure 6.12 Cumulative effects following the coinjection of vegf-A- and radar-

targeting MOs. (A) lateral view (anterior to left) of a 50 hpf wild-type embryo. (B)

Lateral view of a 50 hpf embryo injected with a 6 ng dose ol vegf-A MO displaying

a lack of trunk circulation, pericardial oedema (arrow) and an accumulation of

blood at the anterior hypochord (arrowhead). (C) Lateral view of a 50 hpf embryo

that has received a 6 ng dose of vegf-A MO and a 6 ng dose of rad-MO1 displaying

a similar lack of circulation, pericardial oedema (black arrow) and a more severe

anterior hypochord blood pool (black arrowhead). White arrow in C denotes

aberrant eye development. Panels D and E are the higher power lateral views of

the cranio-trunk regions of embryos in panels A and G, respectively. Scale bars in

A and D represent 250 pm and 200 pm, respectively.
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minutes Lrt72"C tbr 30 cycles. The PCR product was then resolved on a l7o agarose low

melt gel and isolated using the GENECLEAN kit (Bio l0l) in accordance with the

manut'acturer's instructions. The partial a/k-6 cDNA was then ligated into the pGEM-T

rapid ligation vector (Promega) before being orientated through restriction digest analysis.

Once the orientation of thc clone rvithin the vector wa.s established, it was linearised (using

the restriction enzyme Apul) and employed as a template tbr riboprobe synthesis using SP6

RNA polyrnerase (Promega). Whole moullt irt .sittr hybridisation analysis was then

conducted on 24 hpf wild-type zebrafish ernbryos.

Transcripts for ulk-6 were located throughout the 24 hpf stage zebrafish embryo, in

the cerebellurn, otic vesicle (Figure 6.13A) and throughout the somites in a caudal to rostral

expression gradient (Figure 6.l3A', B and C).

III. Summary

A Radar-specific loss-of-function model was generated by the early delivery of

nukrr-targeting MOs into zebrafish embryos. The specificity of this knock-down model

was conl'irmed by ernploying the tbllowing controls: l) the use of two non-overlapping

MOs to target radur transcripts; 2) phenotype rescue using Radar-encoding capped

synthetic transcripts and cDNAs: 3) a 4-base rnismatch control MO; and 4) a negative

control MO.

The rudur morphant phenocopied neurcldegenerative aspects of the rtlr"t rudar

deletion mutant. Apoptotic activity was observed in the developing head, a clorsal

population of cells in the neural tube, and in the developing tail bud of l8 to 24 somite-

sttge radu' morphant embryos.

Microangioglaphic analysis of 2 dpf rudur morphants revealed extensive vascular

leakage from the txial blood vessels. Circulation commenced normally in rutlur rnorphants

with blood cells passing through the DA and PCV and the caudal vasculature (CA and CV

plexus). The onset of vascular leakage was first detected at around 3-5 hpf', from which
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Figure 6.,|3 Expression of alk-6 in 24 hpf stage zebrafish embryos. (A) Lateral

view of a whole mount in situ hybridisation staining tor alk-6 expression in a 24 hpt

wild-$pe embryo. Transcripts are detected throughout the trunk in the somites

(large arrow), in the otic vesicle (arrowhead) and in the cerebellum (small arrow).

(B) Higher power view of the trunk region of embryo in panel A, showing alk-6

expression in the trunk somites. (C) Dorsal view of panel B demonstrating somitic

alk-6 expression (arrows) either side of the medially located notochord and neural

tube. Scale bars in A and B represent 250 pm.
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point haernorrhages developed and grew to eventually block circulation to the caudal

extrernities of the zebrafish trunk. In such rdar morphants, circulating blood cells short-

circuited tiom the DA to the underlying PCV in the trunk and returned prematLlrely to the

heart. Radar-depleted embryos demonstrated typical expression of .llk- l ,.1'lil , tie2 and ungl

by whole mount in situ hybridisation analysis, revealing a normal looking primitive

vascular morphology.

Ruclar nrorphants displayed typical expression of the blood cell-specific gene./.18,-

globilt. Morphants possessed blood cells in a typical pattern, restricted to and highlighting

the ICM compartment of pre-circulation embryos. Furthermore, in post-circulation ruclur

nrorphants, these./.18,-globin-expressing cells were demonstrated to contribute to an initially

typical cilculation in the anterior (LDA, CCV and ACV) and posterior (DA, PCV. CA and

CV plexus) blood vessels.

To conrpare and contrast phenotypes resulting fionr the knock-down o1- Radar and

Vegf-A signalling, a ve gl'-A-t'drgeting MO was used to generate a zebrafish Vegf'-A loss-ol'-

fnnction rnodel. The early delivery of yeglrA MOs into zebrafish embryos resulted in

vascular deficiencies characterised by a conlplete lack of trunk circulation, as detected by

microangiography, following 2 days development. In a more subtle phenotype. axial

circulation within the ma.jor trunk vessels (DR and PCV) was normal despite a graded

reduction in circulation thlough the rninor trunk intersegmental vessels. Whole mount in

.rilrr ltybridisation analysis of the vascular endothelial rnarker.flt-l, within Vegf-A-depleted

embryos, demonstrated a lack of expre ssion in the intersegmental vasculature.

Coinjection of sub-optimal doses of both radar- and ve54f'-A-targeting MOs into

zebrafish embryos resulted in a synergistic disruption to axial vascular development.

Coinjected emblyos displayed a significant increase in the most severe class of veg/'-A

morphant phenotype, typified by an accurnulation of blood cells in the vicinity of the

anterior hypochord, developin-e tail and a cornplete lack of trunk circulation.
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Whole' rilount itr .sittt hytrridisation analysis lbr the type I BMP receptor. ulk-6/bntpr-

/D was concluctecl on rvild-type 24 hpf enrbryos. Transcripts lbr rrlft-6 were detected

itnteriorly. in the ccrebellurtr and otic vcsicle ancl throughout the trunk in the somites.
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Chapter 7

Discussion

I. The Radar signal is well positioned, both spatially

and temporally, to influence vascular events

during zebrafish embryogenesis

7.1 Mesodermal radar -expressing cells border early

progenitors of the ICM compartment

In the early zebratish enrbryo, the lateral mesodernr of the developing trunk and tail

gives rise to three diff'erent types of tissues, the haematopoietic, vascular and pronephric

lineages (Gering et ul., 1998; Davidson and Zon,2000: Horsfield et a1.,2002). The spatial

location of these progenitors within the lateral mesoderm is tightly legulated, rvith cells

destined to contribute to both the haernatopoietic and vascular lineages, termed the

haemangioblast, restricted to more medial regions of the lateral rnesoderm. Transcripts for

nulur were detected, by whole mount in situ hybridisation. within the lateral plate

mesoderm compartment. This domain of expression commenced tiom the 5 somite ( I I.5

hpf; stage and persisted until the l2 somite (15 hpf) stage of development. This transient

rudur expression was demonstrated to be mesodermal, occupying a more ventro-lateral

position relative to a nei-uhbouring domain of rattar expression in the more dorso-nredial

ectoclerm. Althor"rgh rudur expression within this mesodermal compartment was too weak
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to tre detected by cross-sectioning, optical cross-sections were adequate to position these

bilateral stripes of radar-expressing cells within the mesoderm.

Dourble whole nlount in situ hybridisation analysis demonstrated that this posterior

mescrdermal rutlur expression wils more lateral than that for the haematopoietic/vasculu

gene, .sc:/. Apart from some superficial overlap of expression at the posterior-nost

extremities. radur expression was clearly more lateral compared to sc/ (Figure 7.lA).

However, rutlur closely bordered the entire posterior mesodermal expression domain of ,rcl.

The .sc'/ -tene is expressed by progenitors of the zebrafish ICM compartment (Gering et al.,

1998) along with a number of other genes clitical forblood and/or vascular development,

including gata- I (Long et ul., 1997 ), guta-2 (Thompson et ttl.. 1998),.llt4 (Thompson et al.,

f 998),.llil (Brown et al.,2000). c-nryfi (Thompson et ul., 199t3), run.r] (Kalev-Zylinska er

ul..?002) . BE-globin (Amemiyzr et u|.,1998), hhe.r (Liao et u1.,2000b),//c-1 (Thompson er

a/.. 1998) and lnto2 (Thompson e l u1.,1998).

The function that Radar performs from this mesodermal compartment is unclear.

Altlrough rudur expression within this region is only transient and does not significantly

overlap with expression domains of genes that highlight ICM progenitors, it does encode a

si-gnalling protein that is likely to intluence neighbor"rring cells in a paracrine fashion.

lndcecl, many BMPs are believed to tunction by establishing activity gradients that can

regulate activity based upon the position of a cell within the gradient and that cells

threshold for the particulal signal. In the Xenopus and zebrafish gastrula, a ventral to dorsal

gradient of BMP activity is believed to specify cell fate (Piccolo et al., 1996; Jones et al.,

1998; Myers et u1.,2002; Wagner and Mullins, 2002). By studying convergence and

extension movements in dorsalised and ventralised zebrafish mutants, a model has been

cleveloped in which high BMP activity can specify ventrerl regions of the early embryo that

possess restricted convergence and extension movements. This is in contrast to more lateral

embryonic domains that receive limited BMP activity resulting in the specification of

regions that possess elevated levels of convergence and extension (Myers et al.,20OZ).



Figure 7.1 Diagrammatic representations of radar expression domains throughout

early embryogenesis relative to sites of active vascular development. (A)

Diagrammatic representation of a cross-section through the posterior region of a 6

somite (12 hpfl stage embryo, radar-expressing posterior lateral mesoderm is

highlighted in red. (B) Diagrammatic representation of a cross-section through the

posterior region of a 14 somite (16 hpf) stage embryo, radar-expressing endoderm

is highlighted in pink. (C) Diagrammatic representation of a cross-section through

the trunk of a 26 somite (22 hpf) stage embryo. Expression of radar in the PGE and

hypochord is highlighted in pink. D = Dorsal, V = Ventral.
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Alternatively, rutlur expressed tiom this mesodennal region may act in an autocrine

tashion on the same cells that secrete the sigrral. Given the more lateral position of raclur

relative to sc/, it is possible that these cells represent pronephric mesoderm that are destined

to contribute to the zebrafish kidney (Cering et ul., 1998: Horsfield el ul., 20O2). We

believe that sutch an aLrtocrine activity is unlikely given that targeted knock-down of the

Radar signal did not result in impailed pronephric development. ln radar morphants,

transverse sections thror.rgh the developing trunk revealed morphologically normal looking

pronephric ducts tbllowing 2 days developmenl. (data not shown). However, the possibility

still exists that Radar may perfbrm a non-essential or redundant role in these lateral

mesoderrnal cells.

7.2 Expression of radar during segmentation stages shadows

the formation of the axial vasculature

From the 9 somite stage of development the hypochord exists as a distinct dorso-

medial population of endodermal cells in the developing trunk of the zebrafish. Around the

l5 to l6 sornite stage this population of cells delarninates tiom the underlyin_e PGE and

rnigrates dorsally, along with the notochord, as a singe cell layer (Eriksson and Lofberg,

2000). It is this nrigration that creates a gap to which haematopoietic and vascular

precursors converge, eventually coalescing to fbrm the ICM compartnlent. Within the ICM,

the haematopoietic and vascular lineages are specified to establish a functional axial

vasculal circuit canying primitive blood cells throughout the trunk.

Both the hypochord and the PGE stlongly express radur durin-e this migration of

ICM progenitors and the subsequent differentiation of the blood and vascular lineages

(Figure 7.lB and C). Double whole mount in situ hybridisation analysis af rutlar and.scl

expression in zebrafish emLrryos during somitogenesis clearly displayed .rc/-expressing

ICM progenitor cells sandwiched dorsally and ventrally between domains of ratlar

expression. This expression of nulur in the hypochord and _qut endoderm continued during
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the differentiation and assembly of the DA and PCV, respectively. Although somewhat

reduced, expression persisted in these tissues until the 36 hpf stage (latest time point

tested), spanning both vasculogenic and angiogenic events. This intimate relationship

between vascular developrnent and domains of rutktr expression was not restricted to the

trunk. The developin-e tail also possessed rtular expression that bordered the specification

ernd formation ol the caudal circuitry, the CA and CV plexus. Expression of raclar in the

posterior hypochord is irnmediately dorsal to the developing CA, while expression in the

posterior ICM/VTM region is intimately associated with the CV honeycornb-like plexus.

Doubf e whole mount in situ hybridisation analysis of ratlur and .rr:/ within the posterior

ICM cornpartment revealed that both are co-localised within a subset of cells in this region.

These cells rnay represent posterior ICM angioblasts destined to fbrm the CA and/or CV

pfexus. This pattern of rudur expression throughout the ventral trunk and tail closely

borders the fbnnation of all of the maior axial blood vessels, the DA, CA, CV and PCV

(Figure 7.2A and B).

A nurnber of lines of evidence implicate both the hypochord and the PGE in the

construction of a llnctional axial vascular circuit. The hypochord has been demonstrated to

express ar number of genes including vcg.l'(in XenoStus and zebraflsh) and ungl (in

zet"rrafish), two potent modulators of axial vascular development (Cleaver and Klieg, 1998;

Eriksson and Lofberg,2000; Pham et a1.,2001; Lawson et a1..2002). Tissue ablation

experinrents rn Xenopas, and reciprocal gain-of-function studies, have revealed that the

genesis of the hypochord is dependent upon signals secreted from the intnrediately dorsal

notochord (Cleaver et u|.,2000). In the zebrafish midline mutants.floating lrcacl (fllt), squint

(sr/t) and rto tuil (ntl), that lack a completely functional notochord and subsequently a

functional hypochord, although angioblasts expressing the ETS-domain transcription factor'

.flil and the leceptor tyrosine kinase.flk-l migrate to the midline, a typical DA does not

fbrnr (Fouquet (,I u|., 1997: Sumoy et ul., l997; Brown et al.,2000). Similar analysis of the

orta-e.u-ed-pinlteutl Qtep\ zebraflsh mutant, that lacks posterior endoderm, demonstrated that

.signals fiom this region are not required for angioblast specification but aue essential for the
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Figure 7.2 Diagrammatic representation of the intimate relationship between radar

expression and axial blood vessels throughout the trunk of the zebrafish embryo.

(A) Lateral view of a 25 hpf stage zebrafish embryo displaying the axial vasculature

(DA, CA, CV and PCV) relative to radar expression in the hypochord, PGE and

VTM. (B) Lateral view of the trunk (anterior to left) of a flil:EGFPtransgenic

zebrafish, displaying EGFP-expressing endothelial cells of the DA, PCV and

intersegmental vessels along with superimposed radar-expressing domains

(overlying hypochord and underlying gut endoderm). Se = lntersegmental vessels,

DA = Dorsal aorta, PCV = Posterior cardinal vein. Graphics for B adapted from

Weinstein.2002.
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assembly of a typical PCV (Brown et aI., 2000). Endodenn ablation experiments in

Xenopus confirm this endothelial assembly f'unction. In endoderm-depleted embryos, serial

sections throughout the trunk revealed that angioblasts assembled into dense cord-like

aggregates but failed to form tubular blood vessels (Vokes and Klieg, 2002).

Taken together these studies highlight a role fbr the zebrafish hypochord and PGE

in the formation of a functional DA and PCV, respectively. The signalling BMP radar

repl€sents an example of a gene expressed by both of these tissues. Given the intimate

relationship between rtuktr expression in the hypochord, endoderm and VTM and the

developing trunk and tail vasculature, axial endothelial cells that constitute the DA, CA,

CV and PCV represent an ideal, and likely, target of Radar activity. Another gene

expressed in both of these domains is rrcuropilin-1, a cell-surface receptor required for

Ve g f-dependent angioge nesi s (Lee e t u L, 2002).

It is interesting to note that the hypochord is a structure exclusive to fishes and

amphibians (Lofberg and Collazo, 1997). [t is not clear rvhether an equivalent structlu€

exists in the embryos of other vertebrates. If such il structure does not exists in other

vertebrates, what tissue plays an analogous role in organising the assembly of the DA? It is

quite possible that completely ditferent tissue types function in the assembly of the axial

vasculature in different organisms. In amniote embryos, a structure similar to the

epibranchial groove in Arnphioxus is present at the midline and nray participate in the

fornration of the ernbryonic DA (Cleaver and Krieg, 1998). However, the functional

cclnservation displayed by a number of gene product.s duling the assembly of the embryonic

vasculature (reviewed in Chapter l), in a number of organisms, would suggest that the

signals and mechanisms underlying these processes are highly conserved.
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fI. An early ventralising activity for the radar gene

product

7.3 Transient forced expression analysis confirms an early

ventralising activity for the Radar signal

Transient overexpression analysis of radar confirmed an early ventralising activity

for this pleiotropic gene. Embryos injected with varying doses of a Radar-encoding

constitutive expression cassette displayed a dose-dependent commitment of dorsal

mesoderm to more ventral fates. To visualise the dose-dependency of this Radar-induced

ventralisation phenotype, in real-time, an EGFP construct driven by the same constitutive

promoter was coinjected with radar. Only EGFP-expressing embryos became ventralised

and there was a tight correlation between the degree of expression and the severity of the

ventralisation phenotype, validating the reporting strategy. Embryos with low level EGFP

expression only exhibited a modest ventralisation, characterised by a slight reduction in

anterior head structures, a reduction in notochord mesoderm and a slight expansion of the

posterior ICM compartment (a ventral mesoderm derivative). In contrast, those coinjected

embryos that demonstrated expansive EGFP expression lacked a notochord and possessed

fused somites, a complete lack of anterior head structures and a significant expansion of the

haematopoietic/vasculogenic compartment. Early delivery of a heat-inducible Radar-

encoding constmct into zebrafish embryos demonstrated that this ventralising activity could

still be induced during gastrulation movements. This is consistent with previous reports

regarding radar's ventralising activity (Goutel et a1.,2000). It has been suggested that a

maternal radar transcript is involved in this regulation of early ventral patterning through

an Alk-6/BMP receptor-related mechanism during gastrulation (Goutel et a1.,2000). This

activity appears to be specific given that similar ectopic expression of radar's closest
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relative dynamo, both of which are gene duplicates of murine Gdf6 (Davidson et al., 1999),

does not induce such a ventralised phenotype (Goutel et a1.,2000).

Interestingly, morpholino-mediated depletion of the Radar signal did not result in

dorsalisation. This suggests that although Radar may possess a ventralising activity when

overexpressed, the endogenous levels of Radar are not required for the formation and

patterning of ventral mesoderm. In support of this, a radar deletion mutant, rdPt, that

possesses a 27.4 cM deletion encompassing the radar locus, is not characterised as

possessing a dorsalised phenotype (Delot et al.,1999). Alternatively, redundancy may exist

between radar andoneormoreof thecloselyrelatedgenes, bmp2b,4or7,allof which

similarly result in ventralisation when ectopically expressed (Neave et al., 1997; Goutel ef

a1.,200O; Schmid et a1.,2000).The overiding masking effects of radar's early ventralising

activity prevented any insightful conclusions to be drawn from these transient forced

expression experiments regzu'ding a function for radar expressed in the hypochord and

PGE.

To circumvent this early activity, a transgenic line, carrying an inducible EGFP-

tagged radar transgene, was generated to facilitate the temporal control of ectopic radar

delivery. Transient experiments demonstrated the ability of the hsp70 promoter/enhancer

element to drive heat-inducible expression of both EGFP and P2RAD in the zebrafish

embryo. Generating a transgenic line carrying a stably integrated hsp70:radar transgene

would facilitate forced radar expression following gastrulation, thereby bypassing Radar's

ventralising activity. Such an analysis would provide insight into the function(s) Radar

performs during somitogenesis, in particular, those functions transduced from sites that

flank the developing axial vasculature.
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IIT. A late angiogenic role for the radar gene product

7.4 Transgenic zebrafish carrying an inducible copy of the

radar gene develop a phenotype consistent with an

angiogenic role for the Radar signal

Transgenic embryos were generated by microinjection of an EGFP-tagged, hsp70

pronoter-driven, radar expression cassette. Three founder fish were identified that were

capable of transmitting the transgene through their germ-line to their progeny (founders 56,

85 and 318). These three fish represented approximately l7o of injected embryos that

survived to sexual maturity and were screened. This frequency is in accordance with that

reported in a previous microinjection-based transgenesis study that employed the zebrafish

hsp70 promoter (Halloran et a1.,2000). The genomes of 2 of these 3 fish were secured

within F, populations. RT-PCR analysis confirmed that the transgene was expressed by

both of the F, lines generated from transgenic founder 85. The transgene was robustly

expressed immediately following heat-induction treatment, after which transcripts were

rapidly degraded by in vivo RNases. There was severe mosaicism in the germ-line of both

transgenic founders 85 and 318, which transmitted the transgene to approximately 1.3 and

0.87o of their progeny, respectively.

Severe germ-line mosaicism is a well documented problem with microinjection-

based transgenesis in the zebrafish (Bayer and Campos-Ortega, 1992; Lin et al., 1994;

Gaiano et al., 1996; Long et a|.,1997; Jowett et aI.,1999; Meng et al.,1999; Halloran er

al.,2OOO). Interestingly, leakage from the hsp70 promoter continued even after being stably

integrated within the zebrafish genorne. Furthermore, this promiscuous promoter activity

could not be controlled by raising the fish at lower temperatures. This was not expected

given the tight regulatory control demonstrated by this promoter when used to generate an

lzsp7}:EGFP ransgenic line (Halloran et aL,2000). The transgenic F, fish that were
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generated were demonstrated to be hemizygous by the Mendelian inheritance that the

transgene displayed in their progeny from an outcross, as assayed for by PCR-based

genotyping. In total, 48Vo (n = 48) carried the transgene in their genome, the expected

Mendelian ratio was 507o.

Heat-induction treatments performed on hemizygous transgenics failed to elicit any

aberrant phenotype or EGFP expression. This was interesting given that the transgene had

the potential to induce EGFP expression and ventralisation in early zebrafish embryos, as

demonstrated by a transient analysis of the transgeno. This would suggest that the EGFP

can fold properly when expressed, and that the incorporation of the EGFP tag into the pro-

domain of Radar did not interfere with Radar function. However, it was noted that a high

dose of the transgene (150 pg/embryo) was required to elicit ventralisation during this

transient analysis. This may suggest that these modifications could have slightly reduced

Radar activity.

When the progeny from two hemizygous transgenic fish (generated from F, line 85,

from founder 85) were observed throughout early development, approximately 23 t 2Vo (n

= 1,179: 6 separate experiments) demonstrated a highly specific and reproducible

phenotype. Embryos from such a cross would be expected to contain 25Vo wild-type, 5O7o

hemizygous and 25Vo homozygous genotypes, assuming Mendelian inheritance. It was

interesting that hemizygous embryos from F, line 62 (from founder 85) failed to produce

this phenotype in their offspring. This may be a result of epigenetic DNA methylation of

the transgene leading to a silencing of expression (Collas, 1998; Attwood et a|.,2002).

Given that the hemizygotes from previous experiments failed to develop any defects, we

assume the 23 *.ZVo to represent homozygous transgenic embryos. Indeed, l2 randomly

selected embryos that displayed the phenotype were genofyped by PCR and characterised

as carrying the transgene. Hence, the phenotype was strongly linked with the presence of

the transgene. Embryos that possessed the phenotype were indistinguishable from their

putative hemizygous and wild-type siblings during early development. It was not until

approximately 1.5 dpf that the putative homozygotes displayed laboured circulation
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through their axial vasculature. This circulation became progressively restricted until, at 2

dpf, no blood cells were observed to travel throughout the trunk, and the developing head.

These embryos then became progressively oedematous in the pericardium and yolk sac.

Blood cells were often visible in the beating heart, but with restricted movement only

between the heart chambers. Other embryos that possessed this lack of whole-body

circulation possessed blood pools in the anterior region of the hypochord and the

developing tail. Given that these embryos initially demonstrated a normal primitive

circulation, one would assume that they possess a typical vasculogenic program. At 1.5 dpf,

when the circulatory defect is first detectable, the trunk vasculature is undergoing

angiogenic remodelling (Isogai et a1.,2001;Childs et a1.,2002). This would imply that the

defect responsible for the aberrant circulation is due to an interference with the angiogenic

program. Further research is required to pinpoint exactly how this ectopic Radar signal

elicits this phenotype. Interestingly, this defect was observed in approximately 25Vo of

induced and non-induced sibling embryos. This suggests that the phenotype is due to

leakage of radar expression from the hsp70 promoter rather than an induction of

expression. Sporadic constitutive expression of the hsp70 gene has been reported in

zebrafish under non-stress conditions (Blechinger et al.,2OO2), suggesting that the hsp70

promoter may possess a basal activity. However, this contradicts the tight regulatory

control previously reported for this promoter in a zebrafish system (Halloran et a1.,2000).

One question that is raised by this leaky promoter-driven phenotype is, why was no

ventralisation induced? A possible explanation may lie in the fact that Radar is a BMP

signalling molecule. Many BMPs are known to signal by the establishment of an activity

gradient, and hence the activity is dependent upon the dosage of the signal (Barth et aI.,

1999;Hild et a1.,2000). The leaky radar expression in these putative homozygous embryos

may be below the threshold required to induce ventralisation but adequate to elicit the later

circulation defect. Indeed, such a view is supported by the lack of any phenotype observed

from the hemizygous transgenics, that demonstrated transgene expression via RT-PCR and

would theoretically possess half of the expression levels demonstrated by the homozygotes.
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Radar is required for the establishment of axial vascular

integrity in the zebrafish

Morpholino-mediated Radar knock-down experiments highlighted a critical role for

the Radar signal is establishing the integrity of the major axial vessels, the DA and PCV,

during zebrafish embryogenesis. Interestingly, this was despite an apparcntly normal

looking early haematopoietic and vascular program. To visualise circulatory defects we

employed microangiography and observed that the vascular integrity throughout the

developing trunk was compromised in 50 hpf embryos that been injected with radar-

targeting MOs. The outstanding defect in Radar-depleted embryos was the inability to

sustain blood flow in the trunk following the commencement of a normal circulation. To

analyse the developing vasculature in the radar morphant background, whole mount in situ

hybridisation analysis was conducted to detect the expression of genes known to be

involved during the assembly of vertebrate blood vessels. These genes included the

endothelial-specific/ft-1 (Liao et al., 1997),flil (Brown et a1.,2000) and tie2 (Lyons et al.,

1998), as well as angl (Pham et a1.,2001), expressed by the hypochord. Targeted

disruptions to these genes in the mouse have demonstrated critical roles for each in the

assembly of a mature, functional vascular system. Mice engineered to be deficient in

functional Flk-l die due to a complete lack of vascular structures and haematopoietic

precumorsi this suggests a role in endothelial and haematopoietic cell development, perhaps

at the level of the haemangioblast (Shalaby et al., 1995). Angl-deficient mice also die due

to det-ective vascular development. However, in these mice a primary vascular system does

form but is not remodelled by angiogenic events, specifically the recruitment of

periendothelial support cells (Suri er al., 1996). Not surprisingly, a similar phenotype

results from inactivation of the Angl receptor, Tie2 (Sato et al., 1995). Targeted

inactivation of the transcription factor Fli I results in impaired haematopoiesis and

haemorrhaging from the DA (Spyropoulos er al.,2000).In radar morphant embryos the

expression patterns of each of these genes was unaltered, suggesting that the initial
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establishment of vascular patterning is unperturbed. Indeed, the endothelial-specific

markers/k -l andflil highlighted a morphologically nbrmal looking DA, PCV, CA and CV

plexus as well as the intersegmental blood vessels. These typical expression patterns,

highlighting a normal looking primitive vascular system, would be expected given that

Radar-depleted embryos initiate a normal circulation.

While vascular instability of the major axial vessels was obvious when detected by

microangiography, only absence or a reduction in intersegmental circulation was noted in

the majority of morphants. This perturbed blood flow through these minor trunk vessels

may not be due to a specific role for Radar in their angiogenic modelling. When leakage

occurred towa.rds the anterior region of the trunk, no blood travelled caudally through the

DA. As it is this circulation that t'eeds the intersegmental vasculature, it is possible that the

absence of intersegmental blood flow is an indirect effect of insufficient circulation through

the DA.

It is interesting that although transcripts for radar are detected by in situ

hybridisation as early as l2 hpf at sites that border vascular events, a loss-of-function

circulatory phenotype was not observed until approximately 1.5 days development. A

potential explanation for this may be functional redundancy between Radar and other

related TGF-p superfamily members such as Dynamo/Gdf6b, which is also expressed by

the hypochord during zebrafish somitogenesis (Bruneau and Rosa, 1997). Phylogenetic

analysis of the TGF-p superfamily suggests that both radar and dynamo represent

orthologues of murine Gdf6, generated from a genome duplication event that occurred

during zebrafish evolution (Davidson et al., 1999). Hence, it is plausible that Dynamo may

compensate for aspects of Radar function in its absence. Alternatively, and more likely,

Radar may function early to induce gene products required to establish endothelial stability,

but the phenotype arising from the absence of these proteins does not manifest until later in

development. For example, the structural integrity of the axial vasculature may only be

compromised in response to an increase in blood pressure and its associated fluid shear

stress that occurs during the early larval stage. Fluid shear stress is believed to play a role in
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influencing genetic pathways that control endothelial morphogenesis and function during

embryonic development (Wilson et al., 1993; Ohno et al., 1995; Resnick and Gimbrone,

1995; Wilson et a1.,1995; Owens et a1.,1996; Reusch et a1.,1996; Skalak and Price, 1996;

Resnick et a1.,1997; Hungerford and Little, 1999).

This phenomenon of early expression and late effect is not uncommon with regards

to blood vessel development. For example, much like radar, neuropilin-1 is expressed early

in the lateral mesoderm, then later in the PGE, hypochord and posterior ICM compartment

(Lee et al., 2002). However, Neuropilin-l function does not seem to be required until

angiogenic sprouting of the intersegmental blood vessels (Lee et al., 2002). It is quite

possible that genetic programs that govern later developmental events are initiated quite

early during embryogenesis.

Radar is not the first example of a TGF-p superfamily member believed to function

in embryonic vascular assembly. TGF-pl possesses a number of functions relating to

vascular development, including the regulation of VSMC differentiation (Grainger et al.,

1998) and the modulation of endothelial-mural cell interactions (Dickson et al., 1995;

Carmeliet, 2000). Further evidence for the involvement of the TGF-p signalling cascade in

vascular development comes from targeted inactivation of the genes encoding TGF-BRU

(Oshima er al., 1996), endoglin (Li et al., 1999), Alk-l (Oh et a1.,2000; Urness et al.,

2000) and the intracellular signalling molecule Smad5 (Chang et al., 1999). The

outstanding defect demonstrated by each of these mutants relates to the recruitment and/or

differentiation of VSMCs during vascular development, despite normal differentiation of

endothelial cells and normal early vasculogenic events. These phenotypes are reminiscent

of those displayed by Radar-depleted embryos, suggesting that Radar may signal through a

pathway common to one, or more, of the zebrafish orthologues of the aforementioned

genes.

If Radar does function in the recruitment of periendothelial support cells (such as

VSMCs) then one would expect a complementary phenotype from the transgenic radar

knock-in model. It would seem that the knock-in phenotype is due to a vascular
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maturation/angiogenic defect as circulation commences normally. This complements the

Radar knock-down phenotype. Hence, both phenotypes are likely to be due to an

interference in the same vascular developmental event. If this event is the recruitment of

VSMCs, the knock-in phenotype could be explained by an over-recruitment of VSMCs

around the vasculature which may lead to a progressive constriction of trunk blood flow,

However, a similar scenario in another model system has not been documented.

Despite the fact that a number of genes believed to be involved in angiogenic

maturation of the vertebrate vasculature have yet to be characterised in the zebrafish,

genetic screens in this model system have revealed a number of vascular integrity mutants.

These mutants are characterised by the genesis of localised haemorrhages following the

initiation of circulation (Stainier et al., 1996). Such integrity mutants include bubble head

@Bm, kaky heart (leh), mush for brains QnJb), migrane (miil (Stainier et aI., 1996) and

gridlock (S/O (Weinstein ef al., 1995; Zhong et a1.,2000). The shared vascular phenotypes

between these mutants and the radar morphant may represent shared signalling pathways

necessary during vascular development.

In summary, Radar signalling appears to be essential for establishing the integriry of

the zebrafish axial vasculature. It appears most feasible that this activity is via Radar

signalling from the hypochord, PGE and VTM due to the intimate spatio-temporal

relationship between these expression domains and the developing trunk vasculature. In

addition, a number of studies have implicated these tissues in the assembly of a functional

vascular system in the zebrafish and Xenopas trunk (Lofberg and Collazo, 1997; Brown et

a1.,2000; Cleaver et a1.,2000; Eriksson and Lofberg, 2000; Pham et a1.,2001; Vokes and

Krieg, 2002). It is noted though, that the early radar expression in the lateral mesoderm

could possibly play a part in this role. Indeed, a subset of VSMCs are believed to

differentiate from an, as yet, unidentified population of mesodermal cells (Hungerford and

Little, 1999). However, given the lack of any published VSMC marker in the zebrafish, an

analysis of their differentiation and development within the radar morphant background

was not possible.
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Could Radar function in a laminar shear stress-induced

signalling cascade?

In the early embryo, the initial primitive vascular circuit is established via

vasculogenesis in the absence of any blood flow and associated blood pressure. However,

subsequent angiogenic remodelling of this primary vascular network and further

vascularisation of the developing embryo via angiogenic sprouting, splitting and elongation

is established in the presence of blood flow and pressure (Hungerford and Little, 1999).

The relationship between this haemodynamic stress and the assembly of a multilayered

mature vascular system has lead to a model by which changes in haemodynamics within

the developing vasculature play a role in the maturation of vessel wall cells (Wilson et al.,

1993: Ohno et al., 1995; Resnick and Gimbrone, 1995; Wilson et a|.,1995; Owens et al.,

1996; Reusch et al., 1996 Skalak and Price, 1996; Resnick et al., 1997: Hungerford and

Little, 1999). Probably the most interesting aspect of the radar morphant phenotype, and

indeed the knock-in phenotype, was that the circulatory defect was observed following the

commencement of circulation. Indeed, blood flowed throughout the primitive vascular

circuitry for a number of hours before any evidence of a circulatory defect was detected.

This raises the possibility that the radar gene product may participate in a regulatory

cascade that is involved in establishing and/or maintaining haemodynamic-dependent

maturation of the axial blood vessels in the zebrafish.

The VSMC represents a good example of how changes in the local

microenvironment, such as an increase in mechanical strain, can influence genetic

programs and ultimately cell phenotype. The smooth muscle cell is not terminally

differentiated and can undergo significant changes in phenotype in response to changes in

the local microenvironment (Owens et al., 1996).It is these cues that typically govern its

differentiation and maturation. An in vlrro study investigating the effects of cyclic

mechanical strain on rat aortic smooth muscle cells, cultured on silicone elastomer plates,

demonstrated that the application of mechanical stress lead to a substantial increase in the
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expression of smooth muscle myosin heavy chain isoforms SM-l and SM-2 (Reusch et al.,

1996). This mechanical stress-induced gene expression was also found to be matrix

dependent. The authors suggest that these different matrix-dependent responses are

transduced through different types of mechanoreceptors that are specific to different

populations of VSMC. [n related studies, neonatal rat VSMCs, examined following the

application of mechanical strain, demonstrated an increase in PDGF protein and mRNA

levels (Wilson et aL.,1993).

Precedent does exist for the involvement of a TGF-p superfamily member in shear

stress-induced gene regulation. Transcription and production of radar's relative TGF-PI

has been demonstrated to increase following mechanical stress (Ohno et al., 1995). The

exposure of large populations of bovine aortic endothelial cells to steady laminar shear

stress resulted in an increased production of biologically active TGF-p1. A tight correlation

was observed between the intensity of the laminar shear stress and TGF-pl mRNA

expression (Ohno et al., 1995). Furthermore, inhibiting endothelial K* channels was

demonstrated to abrogate this shear stress-induced production of active TGF-B l,

implicating changes in K* ion cuments in the TGF-F I signalling mechanotransduction

pathway (Ohno et al., 1995). This involvement of ion flux in transducing the laminar shear

stress signal has also been shown in whole-cell patch-clamp studies on single arterial

endothelial cells exposed to shear stress (Olesen et a1.,1988). [n such studies, a K* selective

ionic current was demonstrated to be proportional to applied shear stress resulting in shear

stress-activated hyperpolarisation of the endothelium (Olesen et ul., 1988). Targeted

inactivation of TGF-p I in the mouse results in the assembly of fragile blood vessels

(Dickson et al., 1995). Not surprisingly, mice engineered to be deficient in the TGF-p1

receptor, TGF-pRII, which is expressed by VSMCs, demonstrate a similar vascular defect.

This would suggest that fluid shear stress can lead to the differentiation and/or recruitment

of periendothelial support cells and the establishment of vascular integrity. These results

support a highly dynamic model in which the vasculature can modulate changes it requires

to maintain its function based on cues from its microenvironment.
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From the initiation of circulation, endothelial cells that constitute the embryonic

vasculature are constantly exposed to fluid shear stress derived from circulating blood.

During embryonic development significant changes in this fluid shear stress occur as the

vasculature matures and can support elevated blood pressures. It is therefore likely that

vascular maturation is dependent upon, in part, signalling cascades initiated by changes in

fluid shear stress. This has lead to a general model by which flow-induced vascular

remodelling and maturation is mediated by shear stress-induced expression of endothelium-

derived autocrine and paracrine molecules. Although it is not clear whether such a

mechanisms exists in the zebrafish, the vascular leakage defect that occurs following a

reduction in Radar signalling raises the intriguing possibility that Radar may participate in

such a shear stress-induced mechanism. The vascular leaks observed in radar morphant

embryos strongly correlated with an increase in blood flow during zebrafish development.

However, how Radar could function within such a network is unclear. The expression of

radar is clearly not dependent upon fluid shear stress. Indeed, expression levels, as detected

by whole mount in situ hybridisation analysis, were reduced in later stages of development

when blood flow increased and vascular leaks first became evident. However, Radar may

be involved in a complex pathway initiated by an endothelium-derived regulatory molecule

whose expression is dependent upon fluid shear stress. Further research is required to

determine if this is the case, and whether such a mechanism exists in the fish leading to the

recruitment and/or differentiation of periendothelial support cells, such as VSMCs, to

establish vascular integrity.

7.7 Does the Radar signal interact with Vegf?

The PDGF family member VEGF represents perhaps the most snrdied modulator of

vascular development. Initially, VEGF was isolated and characterised for its ability to

induce vascular leak and permeability, as well as its proliferative effects on vascular

endothelial cells (Ferrara, 1999). More recent evidence demonstrates a critical
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developmental role for VEGF in the assembly of functional vascular endothelial tubes and

for arterial-specific gene expression (Drake and Little, 1995; Flamme et al., 1995;

Carmeliet et al., 1996; Ferrara et a1.,1996; Cleaver and Krieg, 1998; Schmidt et a1.,1998;

Carmeliet et al.,l999b; Nasevicius et a1.,2000; Lawson et al.,2A0D. Different isoforms of

VEGF are believed to function in different vasculogenic/angiogenic processes. The more

diffusible splice variants are believed to act at some distance to attract vascular endothelial

precursors (Cleaver and Krieg, 1998). In contrast, non-diffusible isoforms function more

locally in the assembly of these angioblast aggregates into patent endothelial tubes. In the

developing zebrafish embryo, transcripts encoding two vegf isoforms (vegf,r, andvegf,or)

are detected by whole mount in situ hybridisation in the ventro-medial somite region (Liang

et a1.,1998; Liang et al.,2001). Another study has demonstrated a further domain of axial

expression in the hypochord (Lawson et a1.,2002). This places the Vegf signal in close

proximity to that of Radar from the hypochord and PGE. Moreover, targeted knock-down

of Vegf-A in the zebrafish using MO technology generated a Vegf loss-of-ftrnction model

with similarities to the radar morphant described here (Nasevicius et a1.,2000). This uegF

A morphant demonstrated a critical role for vegf rcs in the assembly of functional axial blood

vessels, the DA and PCV, as well as in angiogenic sprouting of the minor intersegmental

blood vessels (Nasevicius et a|.,2000).To study a potential relationship between Radar and

Vegf we generated our own vegf morphant to comp:ue and contrast their respective knock-

down phenotypes.

The most striking similarity between the radar and vegf-A morphant phenotypes

was that, in both backgrounds, angioblasts migrated to the midline of the embryo and

aggregated into a typical DA and PCV. This suggests that both signals are not necessary for

the initial establishment of axial vascular patterning and primary vasculogenic events, but

are critical for the subsequent assembly of these medially located angioblasts into

functional blood vessels. This was consistent with the previously characterised vegf-A

morphant phenotype (Nasevicius et a|.,2000). A significant difference between the two

morphants was that intersegmental vasculature failed to develop, as detected by whole
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mount in situ hybridisation analysis for flk-1, in embryos depleted of the Vegf-A signal.

However, these vessels typically formed, as detected by the same marker, in the radar

morphant background. This would suggest that vegf-A, but not radar is essential for the

formation of the intersegmental vasculature.

Both the radar and vegf-A morphants displayed significant vascular defects

following 2 days development. However, these defects in vascular development possessed

similarities and differences in the extent to which they affected normal circulation. In the

radar morphant, the circulatory defects, as detected through microangiography, appeared to

be a result of fragile axial vasculature that was prone to vascular leakage when subjected to

elevations in blood flow. In the vegf-A morphant embryos, there was a gradation in the

severity of the vascular phenotype. The most severe morphants never possessed circulation

throughout the developing trunk while other morphants possessed more subtle circulation

defects, lacking circulation in all, or a subset of, intersegmental blood vessels. The vascular

defects appeared to be quite specific for the axial blood vessels with both morphants

typically possessing a normal anterior vascular circuit, facilitating blood flow through the

CCV, over the yolk, into the heart and subsequently into the developing head. This is not so

surprising given that it is the axial expression domains of both genes that borders vascular

devefopment throughout the trunk. Transverse sections through the more severe vegf-A

morphants revealed that tubular axial blood vessels did not form, suggesting a function for

Vegf-A in their assembly (Nasevicius et a\.,2000).

Microangiography of the vegf-A morphant embryos also demonstrated a very small

population that exhibited cranial and axial haemorrhaging, a phenotype not described in the

previously characterised vegf-A morphant (Nasevicius et a|.,2000). The microangiograms

displayed by the severe vegf-A morphants was supported by the accumulation of blood cells

in the tail and anterior hypochord regions as well as substantial pericardial oedema,

phenotypes typical of disrupted trunk circulation. The foremost similarity between the two

morphant circulatory phenotypes was restricted to the developing intersegmental

vascularure. Both morphants displayed limited flow through these minor trunk vessels to
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varying degrees, suggesting a potential role for each in their angiogenic development.

However, in radar morphants, the lack of intersegmental blood flow was most likely due to

insufficient circulation through the DA, which feeds the intersegmental vessels. Such a

view is supported by the in situ hybridisation analysis that confirmed the initial formation

of these minor trunk vessels in radar morphant embryos. In contrast, embryos with

depleted Vegf-A signalling lacked endothelial-specific flk- I expression in their

intersegmental vasculature, suggesting that they do not form. These embryos also possessed

a functional DA. Taken together, these results suggest that Vegf-A, but not Radar, is

essential for the normal angiogenic assembly of the intersegmental vasculature. The fact

that ratlar morphants possess intersegmentalflk-l expression while vegf-A morphants do

not could also be intelpreted as meaning that, at least in the context of intersegmental blood

vessel development, a reduction in Radar signalling has no direct effect on that of Vegf-A,

suggesting that they do not participate in the same signalling pathway for this function.

To further examine a potential interaction between Radar and Vegf-A during

vascular development, both signals were simultaneously reduced during embryogenesis.

This was performed using sub-optimal doses of each MO that, when injected alone, elicit

only mild defects to normal axial vessel development. In doing such an analysis, a

synergistic effect on vascular development would provide support for a model in which

both signals participate in the same or parallel pathways involved in DA and PCV

assembly. Injection of these sub-optimal doses independently resulted in l4%o (for both

radar- and vegf-A-targeting MOs) of injected embryos lacking trunk circulation through the

DA, PCV, CA and CV plexus. However, when injected simultaneously, 967o possessed the

same circulatory defect, the majority of which phenocopied the severe vascular defects

demonstrated by vegf-A morphants. These defects were characterised by an accumulation of

blood in the developing tail and anterior hypochord regions, pericardial oedema and a

complete absence of axial circulation. This suggests that both molecules participate either

in the same, or parallel pathways, to establish functional trunk vasculature in the zebrafish.

Given that Radar does not appear to directly regulate Vegf-A activity during intersegmental
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vessel development, and the differences in the morphant phenotypes described above, it

would seem more plausible that these molecules signal through parallel pathways. Perhaps

with Vegf-A functioning in the assembly of endothelial tubes on which Radar acts to

establish structural integrity. Although the synergistic effect of the double knock-down

would slrggest that, at some level, cross-talk between these two pathways occurs. If such a

relationship does exist then it may explain why the double knock-downs possessed the

severe vegf-A morphant phenotype, as the integrity function of Radar can only act upon an

already assembled blood vessel.

A recently characterised second vegf-A locus, referred to as vegf-Ab, has been

knocked-down in the zebrafish using MO technology. These embryos possess an identical

phenotype to the Radar loss-of-function model, demonstrating normal DA and PCV

circulation and morphology up until 2 to 3 days development, at which point blood cells

begin to extravasate (Nathan Bahary, personal communication). In addition, these Vegf-

Ab-depleted embryos possess typical vascular patterning and haematopoiesis, as detected

by whole mount in situ hybridisation analysis of endothelial- and haematopoietic-specific

markers. These strikingly similar phenotypes may be indicative of a shared signalling

pathway in establishing vascular integrity of the DA and PCV.

A possible mechanism by which Radar and Vegf interact during vascular

development may be through the receptor Neuropilin-1. This interaction may be via Radar

indirectly regulating neuropilin-l expression. Neuropilin-l has been demonstrated to bind a

human VEGFr6i isoform and is believed to regulate angiogenic events through a Vegf-

dependent pathway (Lee et a1.,20O2). A number of lines of evidence support this potential

scenario: l) targeted knock-down of Neuropilin-l in the zebrafish results in circulation

defects including short-circuited axial blood flow and a lack of circulation in the

intersegmental vessels despite normal patterning of these vessels (Lee et a1.,2O02) (similar

to Radar-depleted embryos);2) transcripts for neuropilin-I are located in the lateral

mesoderm and later in the hypochord, PGE and tail angioblasts (all domains of radar

expression) (Lee et a1.,2002): and 3) a double knock-down of Vegf and Neuropilin-1 (Lee
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et al.,20OZ) exhibits an identical phenotype to that displayed by the Vegf/Radar double

knock-down characterised in this study. Further research is required to explore such a

relationship, in particular, examining neuropilin-I expression in Radar-depleted embryos.

In summary, it appears that Radar does interact with Vegf-mediated assembly of the

zebrafish DA and PCV at some level, although it is clear that both molecules also

participate in mutually exclusive aspects of vascular development, such as intersegmental

vessel assembly. Vegf-A may pruticipate more in the assembly of functional DA and PCV

endothelial tubes while Radar and Vegf-Ab act to establish and,/or maintain their integrity,

perhaps via the recruitment of periendothelial support cells. Vascular development and

angiogenic remodelling of the DA, PCV and intersegmental vasculature is clearly a

complex and dynamic event, likely to involve the activities of a number of pleiotropic gene

products. Indeed, the Vegf signal has been demonstrated to be invloved in events ranging

from angiogenic growth of the intersegmental vessels and assembly of endothelial tubes to

the specification of arterial identity in the zebrafish (Nasevicius et a|.,2000; Liang et al.,

2001; Lawson et al.,2OO2). Exactly how the Radar signal interacts with the various Vegf

molecules is unclear. However, their expression domains, along with the double knock-

down analysis described above, strongly supports an interaction at some level.

7.8 A model for Radar-mediated establishment of axial

vascular integrity

Much of our understanding regarding the cues that modulate angioblast migration,

differentiation and vessel assembly in the zebrafish has developed through the investigation

of vasculogenic and angiogenic events within zebrafish mutants. From the characterisation

of the midline mutants J'lh, ntl and sqf, we know that signals derived tiom the notochord

mediate the assembly of angioblastic aggregates at the midline into the DA (Sumoy et al.,

1997: Brown et a1.,2000), and that this function, in part, is likely to be transduced through

the hypochord (Lofberg and Collazo, 1997;Cleaver and Krieg, 1998; Cleaver et a1.,2000;
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Eriksson and Lofberg,2000; Pham et a1.,2001). In addition, analysis of the oep mutant

suggests that signals derived from the underlying posterior endoderm modulate the

assembly of the immediately dorsal PCV (Brown et a1.,2000). In related studies, analysis

of the sonic hedgehog mutant sonic-you (syn) suggests that the assembly-signal emanating

from the medial notochord and underlying endoderm may be sonic hedgehog (Brown et al.,

2000). These and other results, including the morpholino-mediated Vegf-A loss-of-function

phenotype (Nasevicius et a1.,2000), has lead to a model by which Shh signalling from the

notochord may mediate its vascular activities directly, via an intermediate signal generated

by the hypochord, or via Vegf secreted from the ventro-medial somites and/or hypochord

(Roman and Weinstein, 2000; Lawson et a1.,2002). However, before Radar can be placed

within such a cascade, a candidate target needs to be identified as well as a potential

regulator of Radar activity. Shh appears to be the best candidate for an upstream regulator

of Radar activity. Transcripts for shh are located in the notochord, immediately dorsal to

the developing hypochord, and in the endoderm (Krauss et a1.,1993; Strahle et a1.,1996).

Embryos deficient for Shh activity fail to form both the DA and PCV (Brown et a1.,2000),

suggesting its involvement in the genesis of each. The most compelling evidence for an

inductive relationship between Shh and Radar is provided by forced expression

experiments. In such experiments, transient overexpression of sftft during early zebrafish

development has been demonstrated to induce ectopic radar expression, as detected by

whole mount in situ hybridisation (M.Flores, personal communication).

Two potential candidate targets for the Radar signal are, Alk-l and Alk-6. Alk-1, a

TGF-B type I receptor, is endothelially expressed in the zebrafish. Transcripts are located

throughout the trunk in both DA and PCV endothelial cells (Roman et a1.,2O02). A

zebrafish mutant that expresses a defective alk-l allele, violet beauregarde (vbg), possesses

an interesting phenotype with respect to that displayed in Radar-depleted embryos. The vbg

mutant is characterised as possessing an increase in endothelial cell number in cranial

vessels, pericardial oedema and an absence of axial circulation (Roman et a1.,2002). Most

significantly, vbg embryos were indistinguishable from wild-type sibling embryos until
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around 1.5 dpf when blood flow was reported to increase significantly. This is coincident

with the initiation of the Radar-specific vascular defects observed in the radar morphant.

However, if this integrity establishment function of Radar is mediated by this BMP rype I

receptor, why is no vascular leakage observed in the trunk? This may be explained by the

fact that the vbg mutant embryos also possessed extremely dilated cranial vessels that

carried the entire embryonic blood flow, precluding an increase in shear stress in the trunk

vasculature to test its integrity.

It has been suggested that the vbg mutant represents a zebrafish model for the

human autosomal dominant disorder, HHT2, that results from a disruption at the human

activin receptor-like kinase I locus (ACVRLI) (Berg et al., 1997: Roman et a1.,2002').

HHT2 is characterised by vascular malformations that can result in severe nosebleeds,

mucocutaneous telangiectases, gastrointestinal haemorrhages and severe vascular

malformations in the lung and brain (Guttmacher et al., 1995). A second locus, also

responsible for the genetically heterogenous HHT disease (HHTI), has been identified as

encoding endoglin, the TGF-B-binding auxiliary protein (Bourdeau et a1.,2000). The

involvement of two genetic loci explains, in part, the phenotypic heterogeneity of HHT,

such as the age of onset, severity of the disease and the organs affected. The authors

concede that the vbg mutant does not possess any haemorrhages, a characteristic feature of

our Radar loss-of-function model. This raises the intriguing possibility that the radar

morphant, if it does indeed signal through the Alk-l receptor, may represent a functional

rnodel of HHT2.

AIk-6, also a TGF-p type I receptor, has been demonstrated to participate during

Radar's early ventralising activity (Goutel et a\.,2000). Radar-induced bmp2b expression

was shown to be blocked by a truncated version of the Alk-6 receptor, suggesting that this

receptor can bind, and transduce, the Radar signal (Goutel et al., 2000). During

somitogenesis and the assembly of the axial vasculature, transcripts for alk-6 are located

throughout the trunk in the developing somitic tissue, within likely range of the Radar

signal produced by the hypochord and PGE (Nikaido et al., 1999). Assuming that Radar
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modulates its activity through this receptor, the signal would be transduced via the somites,

the major site of vegf'expression in the zebrafish (Liang et a|.,1998; Liang et a1.,2001).

How Radar signalling confers vascular integrity during vascular development may

be via the recruitment of periendothelial support cells, specifically smooth muscle cells. A

number of mice knock-out models that demonstrate fragile vasculature that are prone to

leakage, fail to properly recruit periendothelial support cells that provide structural integrity

to the endothelial tubes (Soriano, 1994: Suri ef al., 1996 Lindahl et al., 1997). However,

little is known regarding periendothelial cell development in the zebrafish. No characterised

genes with expression restricted to these cell populations have been published to date,

preventing an analysis of their differentiation and development within Radar-depleted

embryos.

Further research is required to dissect the precise mechanism underlying the Radar-

dependent establishment of vascular integrity. It would appear that this process is related to

angiogenic remodelling of the primitive vasculature. Angiogenic remodelling involves a

number of integrated and highly regulated steps, requiring the input from a number of

pleiotropic signals. Angiogenesis can be divided into two phases (Pepper, 1997): l)

activation, involving increased vascular permeability, basement membrane degradation,

cell migration, matrix invasion, cell division and lumen formation; and 2) resolution,

involving cessation of cell migration and cell division, basement membrane reconstitution

and junctional complex maturation. Interference in a number of these events could result in

Ioss of vascular integrity. From the 24 somite stage, the zebrafish intersegmental

vasculature begins to sprout from the DA, as evident by flk-l labelling (Fouquet et al.,

1997). Therefore, from the commencement of circulation the DA is an area of intense

angiogenic remodelling in the zebrafish. Indeed, individual endothelial cells, transiently

expressing a tie2 promoter/enhancer-driven EGFP construct, have been observed to

migrate, in real-time, from the DA to constitute the intersegmental vasculature and DLAV

(Childs et aI., 20OZ). Zebrafish notochord mutants, such as flh, lack this organised

angiogenesis of the intersegmental vasculature. This suggests that notochord and/or
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hypochord signals participate in their sprouting from the DA (Brown et al., 2000).

lntersegmental vasculature clearly formed in the absence of Radar signalling, as evident by

whole mount in situ hybridisation analysis with endothelial-specific markers. Hence, Radar

does not participate in the migration of angioblasts destined to form the intersegmental

vasculature. However, such an analysis does not eliminate a potential role in events such as

lumen formation, basement membrane reconstitution and junctional complex maturation,

all of which contribute to vessel integrity. This could highlight an alternative mechanism

explaining the extravasation of blood cells from the DA in the Radar-depleted background.

In summary, we propose a model by which Shh-induced Radar, secreted from the

hypochord and endoderm, elicits its vascular integrity function either via somitic-Alk-6, or

directly on the developing axial vasculature via endothelial-Alk-l (Figure 7.3). Regardless

of which path the Radar signal takes to effect its function on the blood vessels, it remains

close to domains of vegf expression in the hypochord and developing somites (Figure 7.3).

This intimate relationship, in conjunction with the double knock-down results, supports an

interaction between these two signals in establishing functional endothelial tubes.

The zebrafish is an ideally suited model in which to investigate vasculogenic and

angiogenic events that lead to the assembly of a functional vascular system. Although

vasculogenic and angiogenic functions for genes in the zebrafish are just beginning to be

unravelled, the genome sequencing initiative, along with MO technology will greatly

accelerate the cloning and functional analysis of novel genes involved in these events.

Greater insight into these pathways will expand our understanding of vascular

development, and in doing so provide a stronger framework in which to develop potential

therapeutic strategies.
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Figure 7.3 A model for Radar-mediated establishment of vascular integrity

throughout the zebrafish trunk. Diagrammatic representation of a cross-section

through the zebrafish trunk. The Shh-induced hypochord and endoderm Radar

signal may mediate the establishment of vascular integrity, potentially via the

recruitment of periendothelial support cells, by: 1) signalling directly to endothelial

cells of the DA and PCV where the signal is transduced by the endothelially-

expressed BMP type I receptor, Alk-1; or 2) Radar mediates its integrity function

via the BMP type I receptor Alk-6, located in the developing somites. Furthermore,

Radar may interact with Vegf signalling from the somites and/or hypochord.
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IV. Future research

7.9 Mechanism of Radar-dependent establishment of

vascular integrity

The precise mechanism by which the Radar signal establishes vascular integrity of

the axial blood vessels remains unknown. To investigate a possible role for the VSMC in

this integrity function a gene whose expression is restricted to this cell type is required.

Although the isolation of such a gene was beyond the scope of this project, the future

isolation of such a gene may provide insight regarding perturbed VSMC migration and/or

differentiation in the Radar-depleted background. Such an example of a gene is the smooth

muscle-specific sm22a, whose expression is reported to be localised to periendothelial

regions of the developing zebrafish embryo (this expression was reported as a personal

communication by Pham et a1.,2001).

Although it appears likely that Radar does not regulate Vegf-dependent angiogenic

formation of the intersegmental blood vessels, whether it co-operates with other Vegf

activities remains unknown. The combined knock-down of both signals suggests that an

interaction occurs at some level. To further investigate the relationship between Radar and

Vegf signalling on vascular development, the expression of vagf should be analysed in the

absence of Radar function, and vice versa. For example, analysing vegf expression in the

Radar-depleted background will help to identify if any of the axial domains of vegf

expression are dependent upon Radar activity. One of the vascular events that Vegf is

believed to mediate is the specification of arterial identity of the DA (Lawson el a1.,2002).

Whether part of the radar morphant phenotype is due to an interference in this process

could be examined by analysing arterial- and venous-specific markers in the Radar knock-

down model. Examples of such markers include the venous-specific gene flt4 and arterial-

specific genes ephrin-B2a, notch| and deltaC (Smithers et a1.,2000; Lawson et a1.,2002).
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Furthermore, examinrng neuropilin-l expression in the radar morphant background may

reveal whether the Radar signal interacts with the Vegf pathway via modulating neuropilin-

,/ expression. Further support for this scenario could result from simultaneous targeting of

Radar and Neuropilin-l activity using MOs.

Recently, the engineering of a transgenic zebrafish line in which the angioblastic

lineage is labelled with EGFP under control of the zebrafish tie2 promoter/enhancer

element has enabled real-time observation of blood vessel formation (Motoike et aL.,2000).

A similzu line has also been described u.sing the/i/ promoter/enhancer element (Roman et

a1.,2002). Vascular rnorphogenesis, from angioblast migration and ICM formation to

tubulogenesis of the DA and PCV, and subsequent angiogenic sprouting of the

intersegmental vasculature have been described at the single-cell level (Motoike et al.,

2000; Childs et a1.,2002). An analysis of the Radar-specific vascular defects in this context

may reveal insight into Radar's integrity function. This would require the early delivery of

radar-targeting MOs into tie2 or flil:EGFP transgenic embryos and analysis of the

vascular architecture throughout embryogenesis. Such an approach has the advantage over

microangiography in that both patent and forming blood vessels are highlighted, as well as

migrating angioblasts.

Currently, a number of mutagenesis screens are underway in the zebrafish with the

specific aim of identifying genes required for vascular development. Once the genes

underlying the resulting vascular mutations have been identified and functionally

characterised, a more complete picture regarding vertebrate vascular development will

emerge. This will provide a dynamic working model for vertebrate vessel assembly in

which the role of the Radar signal will become progressively clearer.
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Further characterisation of inducible radar transgenic

line

To further characterise the inducible radar transgenic line a genomic Southern

analysis should be conducted to determine how many copies of the transgene have

integrated into the genome. Genomic DNA isolated from wild-type and transgenic

zebrafish should be isolated, digested with an appropriate restriction endonuclease(s)

(BumHl and PsrI will release the 1.5 kb hsp70 promoter/enhancer element from the

transgene) and probed. Bands representing a wild-type gene and the transgene can then be

identified and their respective intensities compared to determine the copy number of the

transgene. To visualise ectopic rctdar expressed within the transgenic embryos, whole

mount in situ hybridisation using an antisense RNA probe to detect EGFP could be

employed. Alternatively, the EGFP peptide can be detected by immunostaining using an

alkaline phosphatase-conj ugated anti-EGFP antibody (Clontech).

To investigate and confirm the circulatory defect observed in the transgenic line as

being specific to elevated levels of ectopic radar, a phenotype rescue could be attempted

using radar-targeting MOs. Early delivery of these MOs will act to deplete both wild+ype

Radar and Radar translated from transgenic transcripts, resulting in the dose-dependent

restoration of wild-type levels of the Radar signal. Such an experiment will help

differentiate the phenotype as being specific to elevated levels of the Radar signal and not

due to the integration, and potential interference, of the transgene into a locus whose

expression is required for angiogenic events. Whole mount in situ hybridisation analysis,

using a battery of markers to highlight the expression of genes required for vascular

development, will facilitate the functional dissection of the defect displayed by the

transgenic embryos. Such genes would include flk-1, tiel,tie2, fliI, angl,vegf and

neuropilin-,|. Furthermore, microangiography conducted on transgenic embryos will

facilitate a more detailed description of this perturbed axial circulation phenotype. In

addition, observation of this circulation defect within an endothelial-specific
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promoter/enhancer reporter background (such as the tie2 or flil:EGFP lines) may also shed

light on the mechanism underlying the defect.

Further characterisation of the 318 line should also be undertaken to try and

reproduce the lack of circulation phenotype in homozygous embryos. This will require the

genotyping of sexually mature F, hemizygous fish that can be crossed to generate the

homozygotes. Such experiments will help classify the defect as being specific to the radar

transgene.

Although the hemizygous transgenic embryos failed to generate any phenotypes

following whole animal heat-induction treatments, studies involving an hsp70:EGFP

transgenic line have demonstrated efficient and robust transgene expression following a

laser-mediated induction treatment (Halloran et a|.,2000). Using this elegant technique to

induce .rema3aL expression within individual muscle fibres of an hsp70:semalal

transgenic embryo, motor axons were demonstrated to be retarded, confirming the repulsive

activity of Sema3al for growth cones (Halloran et a1.,2000). By focussing a sublethal laser

microbeam onto specific populations of cells, forced expression of radar could be

controlled both spatially and temporally with exquisite precision. This would enable the

function of Radar to be studied at the single-cell level. This high resolution gain-of-

function analysis may reveal subtle eff'ects of temporally- and spatially-restricted radar

overexpression during vascular development. An alternative to this laser induction

technique is the use of photo-mediated gene activation employing caged RNA or DNA. By

using the caging agent 6-bromo-4-diazomethyl-7-hydroxycoumarin (Bhc-diazo), which is

highly stable in the zebrafish embryo, overexpression can be temporally and spatially

controlled with a similar high degree of accuracy. In brief, Bhc-caged synthetic transcripts,

injected into early stage zebrafish embryos, are exposed to long wavelength UV light (350

to 365 nm) to promote photolysis, liberating the mRNA for translation (Ando et a1.,2001).
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Appendix 1

Gene products implicated in blood

vessel development

A list of genes implicated during embryonic vascular development along with their

mammalian and zebrafish expression domains is provided in Table Al.l.

Gene
Embryonic expression

Reference
Mouse Zebrafish

Receptors:

VEGFRl/Flrl Endothelial cells (Fong et a/., 1 995)

VEGFR2/FIKl Endothelial cells Endothelial cells (Liao et al.,1997)

VECFR3/Flt4 Venous endothelium Endothelial cells
(Thompson el a/.,

l 998)

Tie I Endothelial cells Endothelial cells (Lyons et al.,1998)

Tie2 Endothelial cells Endothelial cells (Lyons et al.,1998)

Notchl Endothelial cells Somitic mesoderm
(Westin and Lardelli
1997)

PDGFR-B VSMC/pericytes (Lindahl et al.,1998)

TGF-pRrr VSMC/pericytes (Oshima er al.,1996\

EphB4 Venous endothelium Venous endothelium (Zhonget a1.,2001)

Binding

proteins:

neuropilin-l Endothelial cells Endothelial cells Q*e et a1.,2002)

endoglin Endothelial cells (Jonker et a1.,20O2)

Ligands:
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PDGF-B Endothelial cells (Lindahl et al.,1998')

TGF-Bt Endothelial cells (Dickson et al.,1995)

Jagged- I EndotheliaI cells (Loomes et al.,1999)

ephrin-82 Arterial endothelium Arterial endothelium (Zhong et al.,20Ol)

endothelin-l Artery endothelium Arch parax ial mesoderrn (Miller et a|.,2000)

VEGF Endoderm, somites Endoderm, somites (Liang et al.,20Ol)

angiopoietin- | Mesenchyme Mesenchyme, hypochord (Pham et al.,2OOl)

angiopoietin-2 Mesenchvme Mesenchyme, pronephric cells (Pham et al.,2OO1)

Transcription

factors:

sct Endothel ial/blood precursors EndotheliaUblood precursors (Liao et a/., 1998)

Flit Endothelium Endothelium (Brown et a1.,2000)

Ets- l Endothelium (Lelievre et al.,2O0l)

Her Endothelium Endothelium (Liao et a/., 2000b)

gridlock Arterial endothelium (Zhong et al.,20OO)

Smad5 Mesenchyme, somites Early ubiquitous expression (Hild ercl., 1999)

e Where an entry for the expression domain of a given gene has not been made, either that gene has not

been isolated from that organism, or its expression profile has not yet been characterised.

Table A1.1 Key molecules involved in vasculogenesis and angiogenesis, together

with their embryonic expression domains in the mouse and zebrafish.

A list of knock-out phenotypes following the targeted inactivation of loci required

for normal blood vessel development is provided in Table A1.2.
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Targeted gene Phenotype Reference

VEGF
Heterozygote embryonic lethal between day El I and

El2. Del'ects in embryonic vasculogenesis and

angiogenesis.

(Carmeliet et al., 1996:

Ferrara et aI.,1996)

FltI
Embryonic lethal between day E8.5 and E9.5. Grossly

abnormal vasculature resulting from disrupted

organisation ofendothelial cells into vascular tubes.

(Fong et a1.,1995)

Flt4
Embryonic lethal by day 89.5 due to disorganised

vasculature displaying large lumens.
(Taipale et a1.,1999)

Ftkl
Embryonic lethal between day E8.5 and E9.5. Almost

conrplete lack of vascular structures.
(Shalaby et a1.,1995)

TieI
Fai I ure to establish structural integrity ol' vasculature

resulting in localised haemorrhages.
(Sato er al.,1995)

Tie2
Display defects including dilated vasculature, absence

ofcapillary sprouts and a disrupted vascular network.
(Sato er al.,1995)

AngI
Lethal by day 812.5 with det'ects in vascular complexity
and angiogenic remodelling.

(Suri er aI.,1996)

ephrin-82
Defects in angiogenesis of both the arteries and veins in

the capillary networks of the head and yolk sac.
(Wang et a1.,1998b)

rGF-p|
Die at midgestation exhibiting defects in vascular

development of the placenta and yolk sac and an

absence of circulating red blood cells.

(Larsson et a|.,2001)

rGF-pRrr Die at midgestation due to def'ects in yolk sac

vasculogenesis and haematopoiesis.
(Oshima et a1.,1996)

Smad5
Lethal between day 89.5 and El l.5 displaying disrupted

yolk sac vasculogenesis.
(Chang et a1.,1999)

PDGF.B Mice die perinaully due to severe haemorrhaging. (Leveen et al.,1994)
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PDGFR-p Embryonic lethal with severe haemonhaging. (Soriano, 1994)

Jagged-I
Embryonic lethal due Lo severe haemorrhages and

exhibit defects in angiogenic remodeiling of the

embryonic and yolk sac vasculature.

(Xue et al.,1999)

NotchI Severe defects in angiogenic vascular remodelling. (Krebs et al.,2000)

endoglin
Lethal by day El 1.5 due to vascular defects including

poor vascular smooth muscle development and arrested

endothelial remodel ling.

(Li et a1.,1999)

VE-cadherirt
Lethal by day E9.5 to El0 due to a lack of assembly and

angiogenic re modelling o[ the vasculature.

(Carmeliet et al.,
1999a)

neuropilin-I
Impairment of neural vascularisation and disorganised

volk sac vasculature.
(Kawasaki et a1.,1999)

FIiI
Lethal by day E 12.5, displaying haemorrhaging tiom
the dorsal aorta to the lumen of the neural tube and

ventricles of the brain.

(Spyropoulos et al.,
2000)

Tabfe 41.2 A compilation of knock-out phenotypes in the mouse of genes

involved in vasculogenesis and angiogenesis.
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Appendix 2

Zebrafish vascular nomenclature

A list of zebrafish vascular nomenclature along with their abbreviations is provided

in Table A2.1.

Abbreviation Full name of vessel

AAI Mandibular arch

ACeV Anterior (rostral) cerebral vein

ACV Anterior (rostral) cardinal vein

AMA Anterior (rostral) mesenteric artery

BA Basilar arterv

BCA Basal communicating artery

CA Caudal arterv

CaDI Caudal division of the internal carotid arterv

CCV Common cardinal vein

CrDI Cranial division of the internal carotid arterv

CtA Central artery

CV Caudal vein

DA Dorsal aorta

DCV Dorsal ciliarv vein

DLAV Dorsal longitudinal anastomotic vessel

DLV Dorsal longitudinal vein

H Heart



219

IOC Inner optic circle

LDA Lateral dorsal aorta

MCeV Middle cerebral vein

MsV Mesencephalic vein

MtA Metencephalic artery

NCA Nasal ciliary artery

OV Optic vein

P Pronephric glomus

PAV Parachordal vessel

PCeV Posterior (caudal) cerebral vein

PCV Posterior (caudal) cardinal vein

PHBC Primordial hindbrain channel

PHS Primarv head sinus

PICA Primitive internal carotid arterv

PMBC Primordial midbrain channel

PPrA Primitive prosencephalic artery

PrA Prosencephalic artery

Se Intersegmental vessel

SIA Supraintestinal artery

SIV Subintestinal vein

VA Ventral aorta

VTA Vertebral arterv

o Adapted from Isogai et al.,200l .

Table A2.1 Zebrafish vascular nomenclature.



220

Appendix 3

Transgenesis strategies in the zebrafish

A list of transgenesis strategies and their success rates in generating germ-line

transgenic founders is provided in Table ,\3.1.

Deliverv method

Germ line
transmission

efficiencyl%o lerm-
line transgenic

founders

Construct/expression

cassette
Reference

Microinjection 30.s a-actm promoter-

driven GFP flanked bv

I-SceI recognition

sites

(Thermes ar al.

2OO2)

21 u-actitt

promoter/enhancer-

driven GFP

(Higashijima er

al.,1997)

t7 RSV LTR driven lacZ
(Culp et al.,l99l)

t6 Pa-actin promoter-

driven EGFP flanked

with AAV-ITRs

(Hsiao et al.,

2001)

l6 krtS promoter-driven

EGFP

(Gong et al.,

2002)

2.1 hsp70 heat shock

promoter-driven

EGFP

(Halloran et al.,

2000)

t.3 gata-l promoter-

driven GFP

(Long et aI.,

1997)

Retroviral infection l6 LacZ viral construct
(Lin et al., 1994)

10 Xenopus efl-a
promoter/enhancer-

driven EGFP

(Linney et al.,

1999)
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Electroporation ClvMEl promoter-

driven \ac,Zaad fircfly
lucifelase

(Muller et sI.,
1993)

Microprojectile

bombardment

Plasmtde contaiaing

beta-galaotosidase and

neon-rycin

pho-sphoransfcrase

s€nes

(Z€lenin et al,,

1991)

Spermnuclear

hansplantation

Xenopus qfl-u
promoter/enhaficer-

driv,enEGFP

(Jesuthasan et al.,

2002)

Direet DNA
delivery using tissue

ctrltr:re transfection

reage&ts,

CIvfff ptumoterdiiv.en

GFP andluaiftr,qse (Sussrnan et aL,

200r)

Table A3"1 Transgenesis strategies in the zebrafish.
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Appendix 4

Nucleotide sequences of PCR products for EGFP-

radar fusion construct

A4.L Amplification product from primers SP6RAD5' and

RADKpnI

AAGC TTGATTTAGGTGACAC TATAGAATACAAGCTACTTGTTCTTTTTGCAGGA

TCCCATCGATTCGAATTCGGCACGAGGCCGATC TCGCGCTGTCC GC GC TC GTCA

AAC A AACAC AJU\C C A'UU\ AGTC CGGCTTCACTGTGAGACACGGCTCCAC TTTAC

m^mrnma\/a l /r/- 1ml /1m l 1/'r l nn l m^iimriimm^ r F 7 nF^ nminffFfrmmmn nn^nrL L I J.\JLTf!LT\JfITA\JJ.fIA\-ALLf1'LLT\J\Jt\rLL I J.\JAUALTL}IbJ.L\J\-L -t J. L J-AL\JL\J

CTC TTCGTTTTCC TC TGGAGTTTACCGTGTTGCCAGTCAGCTGCGGTAC C

CAT A,\,\TTTC TT NU\GAGATTTTAGCATCATCACCGGGCGCGAGTCGTCGGGAT

GATTTTAAGGAC CCGGTTGTGC C TCATGAC TACATGATC TCCATATACAGGAC T

TAC TC C GC C GC TGAGru\'\C TGGGGC TCAATGC GAGC TTTTTC CGC TC TTC A'U\G

TCTGC A'U\CACCATAACGAGTTTCGTGGACAAGGG A'\'\J\GACGATCTCACGCTC

TC TCC TTTGCGAAGACAAAC GTATC TGTTTGATGTTTCAACTC TCTCAGAC A'\I\

GAGGAGC TGGTCGGTGC TG A ATTAAGGATATTTCGC NU\TCGCCCGGG

L4.2 Amplification product from primers RADBgIII and

RADSmal

AGATCTCAG AJUV\GGAGCAAGGG TGC CAGGAGCGC GTTTGATGGACAAAGGTCA

tr,4

108

r52

21"5

266

tr/4

108

1"62

21,6

ztv

J4+

5tz



A.4.3 Amptification product from primers EGFPS'KpnI and

EGFP3TgIII

GGTACCCAAGGGCGAGGAGCTGTTCAC CGGGGTGGTGCCCATCCTGGTCGAGCT

GGACGGC GACGT AI\J\CGGC CACAAGTTCAGCG TGTC C GGCGAGGGCGAGGGCGA

TGC CAC C TAC GGCAAGC TGACCC TGAAGTTCATCTGCACCACCGGCAAGCTGCC

CGTGCCC TGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAG

C C GC TAC CCC GACCACATGAAGCAGCACGAC TTC TTCAAGTC CGC CATGCC CGA

AGGC TACGTC CAGGAGCGCAC CATCTTC TTCAAGGACGACGGCAAC TACAAGAC

C CGC GC C GAGGTGAAGTTCGAGGGCGACAC C C TGGTGAAC CGCATCGAGC TGAA

GGGCATC GACTTCAAGGAGGAC GGCAACATC C TGGGGCACAAGC TGGAGTACAA

C TACAACAGC CACAACGTC TATATCATGGCCGACAAGCAGAAGAACGGCATCAA

GGTGAAC TTCAAGATC CGC CACAACATCGAGGACGGCAGCGTGCAGCTCGC CGA

C CAC TAC CAGCAGAACAC C C CCATCGGCGACGGC C CCGTGC TGCTGC CCGACAA

CCAC TACCTGAGCACCCAGTCCGCCCTGAGCAJ\,\GACCCCAACGAGAAGCGCGA

TCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGG

CGAGCTGTACAGATCT

Underlined sequences denote restriction endonuclease recognition sites, bold

sequence highlights pCS2+ vector sequence.

223

54

108

L62

2L6

270

324

378

432

486

540

594

648

702

7 1,8
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