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ABSTRACT

D uring developm ent of the zebrafish apoptosis occurs in a 
predicable stage specific manner. This programmed cell death (PCD) can be 
m anipulated w ith staurosporine to induce PCD and the caspase inhibitor, 
zVADfmk to reduce developmental PCD, staurosporine induced PCD and 
ectopic PCD in mutants.

Rohon Beard cells were studied as a population of neurons which is 
completely remove by PCD during development. They provide a relatively 
simple system to determine the mechanisms triggering cell death. Results 
suggest that death can occur due to a combination of extrinsic factors and 
intrinsic factors.

The hair cells in the neuromasts of the lateral line were found to 
undergo PCD and dividing support cells produced hair cells to replace 
them. This death could be inhibited with zVADfmk and induced with hair 
specific toxins. The rate of division of the support cells changed to match 
the num ber of hair cells needed to be replaced. This indicated a feedback 
system between the hair and support cells. Members of the family of Eph 
receptors and their ligands were found to be differentially expressed in the 
hair and support cells although their role is not yet known.

A pilot genetic screen was carried out to attem pt to elucidate 
m utants involved in the central cell death machinery, m utants involved 
w ith  the death of specific populations of cells and m utants on the 
staurosporine-induced PCD pathway. Although no valuable m utants were 
found the project illustrated the potential of screens to elucidate novel 
m utations concerned with PCD.

These studies have shown the possibilities of using the zebrafish to 
answer the many unresolved questions of the role of PCD in development 
and the mechanisms by which it is orchestrated.
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1. General Introduction

CHAPTER ONE

General Introduction

The aim of this thesis is to use the developing zebrafish as a model 
for determining the mechanism of program m ed cell death (PCD) and for 
understand ing  the role of PCD during developm ent. The pattern  of 
norm al developm ental cell death is described along w ith experiments 
using drugs to manipulate this cell death. Effective drugs are then used as 
tools to study the effect of changing the am ount of cell death in the 
developing zebrafish and thus investigate the importance of PCD during 
development. Two cell populations undergoing cell death are considered 
in detail as examples of roles of PCD during developm ent and also to 
investigate how cell death is triggered. Finally a genetic screen is described 
in an attem pt to elucidate mutants involved in cell death pathways.

The general introduction has been divided into three parts; to 
introduce the zebrafish as a developm ental model, to give a general 
overview of program m ed cell death and the animal models that have 
been used to study this process, and to describe briefly the aims and main 
conclusions of the thesis. In add ition  to this, there are specific 
introductions found at the beginning of the four experimental chapters to 
describe the background to the experiments within the chapter.

I. Zebrafish as a developmental model.

1.1.1. History.

Zebrafish are small, tropical freshwater teleosts. They are a member 
of the family Cyprinidae which originated from the Ganges basin in India. 
The generic name is Danio rerio, designated at the 1993 zebrafish meeting 
at Cold Spring H arbour Laboratory. Older literature cites Br achy danio  
rerio. The developmental stages have been described by various groups 
(Roosen-Runge, 1938, Hisaoka and Battle, 1958, Kimmel, et ah, 1995) 
how ever the stages (Fig.1.1), tim ing and term inology referred to will 
m ainly rely on the detailed analysis by (Kimmel, et ah, 1995). Zebrafish 
were first used genetically by George Streisinger in Oregon (Streisinger et
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1. General Introduction

Fig. 1.1. Nom arski images of stages of developm ent of the zebrafish 
embryo. 90% epiboly (9hr) (A), 8-somite (13hr) (B), 15-somite (16.5hr) arrow 
indicates Kupffer's vesicle (C). 20-somite (19hr), arrow indicates the otic 
vesicle (D), Prim-5 (24hr). The brain  is p rom inen tly  scu lp tu red . 
Melanogenesis has begun, but is not yet evident at this low magnification 
(E). Prim-25 (36hr) (F), high-pec (42hr) (G). Scale bars=250|LiM.
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1. General Introduction

al., 1981) who was searching for a way to apply systematic mutagenesis 
protocols, as performed in C.elegans and Drosophila, to vertebrates.

1.1.2. W hy Zebrafish?

A  combination of two traits make zebrafish a favoured vertebrate 
model system. Zebrafish system allows the sim ultaneous application of 
both experimental embryology and extensive genetic analysis while the 
classical m odel organism s lend them selves to either sophisticated  
embryological m anipulations (frog and chicken) or targeted m utational 
analysis (mouse) (Driever et al, 1994).

Zebrafish eggs are fertilized externally and embryos are relatively 
large and completely transparent, allowing the ability to follow the fates of 
dye injected cells in norm al developm ent and in cell transplantation 
experiments. Because the embryo is clear, events such as cell movements 
during gastrulation, the formation of the brain and the beating heart can 
be observed. Deviations from normal development can be analyzed easily 
in the living embryo.

Zebrafish are small (3-4cm long) fish which reach sexual m aturity at 
about 3 months. Females lay hundreds of eggs, a feature that greatly 
facilitates genetic analysis. As zebrafish are small, inexpensive to maintain 
and can be bred in large numbers, it is possible to carry out genetic screens 
for mutations that effect embryogenesis (Eisen, 1996).

1.1.3. Mutagenesis.

The ability to isolate genetic m utations in the zebrafish is 
advantageous in the understand ing  of developm ental m echanism s. 
Recessive lethal m utations have been generated by treatm ent w ith UV, 
gamma-rays, ethyl nitrosourea (ENU) (Grunwald and Streisinger, 1992, 
Grunwald and Streisinger, 1991) or are spontaneous and found within the 
population. Large scale ENU mutagenesis diploid screens in the zebrafish 
(Mullins et al, 1994) have been carried out in Tubingen, Germany and 
Boston, USA resulting in about 1500 m utations defining over 400 genes 
(reviewed in Granato and Nusslein-Volhard, 1996).

17



1. General Introduction

Alternatively it is possible to search for recessive m utations in a 
single generation screen by inducing haploid development or gynogenetic 
diploid development. This method is quicker than the diploid screen as 
there is no need to raise the FI families to genetic m aturity. H aploid 
embryos develop the basic structure of the body but have defects and die 
around the fourth day of development. They can be used to screen for 
m utations affecting the body plan, but not for detailed screens, due to 
accumulated abnormalities in later developmental program m es (Driever, 
1994).

The identification of m utations is only the beginning of our 
u n d ers tan d in g  of the functional im portance of the genes du ring  
developm ent of the fish. Additional inform ation can be gained from 
characterizing the molecular nature of the disrupted genes by cloning. 
The m ethods used to clone m utated genes rely on the zebrafish genetic 
linkage map that is currently being created (Postlethwait et a l , 1994). The 
two main approaches for the cloning of m utated genes are candidate gene 
testing and positional cloning. In the candidate gene approach, the map 
location of a m utation is compared with the map location of cloned genes 
that are expressed in or near tissues phenotypically altered by the 
m utation. Extensive sharing of chromosome segments between zebrafish 
and hum ans enables the use of comparative gene m apping to suggest 
candidates for zebrafish m utations. Reciprocally, the phenotype of a 
zebrafish m utant can suggest functions of a hum an gene. Molecular and 
phenotypical characterization of zebrafish m utations that disrupt a gene 
w ith  hum an counterparts m ight provide an efficient way to assign 
functions to hum an genes known only by sequences that are identified by 
the hum an genome project. However the candidate gene approach for 
cloning m utations is limited by the num ber of genes for which sequences 
are available. Until most vertebrate genes are sequenced researchers will 
often have to em ploy positional cloning m ethods. This approach 
identifies a DNA sequence located near the m utation , and then  
sequentially isolates overlapping DNA fragments until the gene of interest 
is reached (Postlethwait and Talbot, 1997).

Germ line transm ission of transgenic DNA in the fish has been 
reported (Culp, et a l ,  1991) although m utations targeted to a particular

18



1. General Introduction

gene are not possible at present. The function of genes can be determined 
using RNA injections, either antisense, full length, or dom inant negative 
forms.

II. Developmental Programmed Cell Death.

1.2.1. History.

Program m ed Cell Death (PCD) is a critical process involved in 
development and in the daily maintenance of the fully formed organism. 
The first documented account of such a process dates back to 1842 when 
Carl Vogt described the death of notochordal and cartilaginous cells during 
developm ent (Clarke et a l ,  1995). In 1885 the morphological changes of 
dying cells were thoroughly described by Flemming. Studies of embryonic 
developm ent in the first half of the 20th century also concluded that cell 
death is not, as it had long been assumed, invariably bad for an organism, 
but in fact is necessary. The restricted notion of cell death as a degenerative 
phenom enon produced by injury was a concept that evolved early in the 
history of cellular pathology (Virchow, 1858). This idea survived due to 
two major factors; the western cultural notion that death is destructive 
and because many of the early PCD studies were w ritten in German, a 
language few scientists were fluent in. By the 1950's developm ental 
biologists had shown that multicellular creatures obtain their final form 
by predictably eliminating selected cells by PCD. For example, to delete the 
tail of a tadpole during its transformation into a frog (Yaoita, 1997).

The importance of PCD to the daily maintenance of the fully 
formed organism was documented by Kerr, Wylie and Currie (Kerr et a l ,  
1972). These authors suggested that PCD, unlike necrosis, requires the cell 
to expend energy toward its own demise. They adopted the Greek word 
apoptosis  which means "dropping off" referring to petals and leaves 
falling off plants as opposed to necrosis which means "to die". They also 
proposed that inappropriate initiation or inhibition of PCD to cells that are 
abnorm al, m isplaced, nonfunctional or potentially  dangerous to the 
organism  could contribute to m any diseases. Their observations w ent 
largely unnoticed for more than a decade until some of the molecules that 
carry out the process were identified. The observation that the core 
molecular machinery involved in PCD appears to be relatively simple in 
general structure and highly conserved through evolution in all tissues of
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1. General Introduction

all organisms led to a rapid increase in laboratories studying cell death, 
w ith the potential of being able to use this knowledge to understand and 
potentially treat m any influential diseases. W ith this came the increased 
interest of program m ed cell death in development w ith advances in the 
understanding of cell death through developmental genetics and the use 
of PCD inhibitors in in vivo models to manipulate PCD (Sanders, 1995).

1.2.2. Morphological changes of PCD.

In contrast to the swelling of a necrotic cell that leads to eventual 
membrane rupture and dissolution of organelles, an apoptotic cell rapidly 
and inconspicuously condenses into various sized m em brane bound 
fragments that are phagocytosed by neighbouring tissue cells w ithout any 
associated inflammation. Characteristically, apoptosis affects single cells 
rather than groups of cells and the morphological changes have been 
studied  extensively. Electron microscopy studies have shown that the 
early stages of apoptosis are characterized by compaction of the nuclear 
chromatin which aggregates in dense masses along the inner walls of the 
nuclear envelope (Searle, 1975). Cytoplasmic shrinkage leads to crowding 
of the organelles and loss of contact with neighbouring cells, concomitant 
w ith the loss of specialized surface elements such as microvilli and cell
cell junctions. The nuclear outline often becomes convoluted prior to 
dissolution of the nucleus into discrete fragments that scatter throughout 
the cell. Time lapse studies have revealed that these changes are 
accompanied by surface convolutions that separate and seal off from one 
another to produce membrane bound apoptotic bodies. The bodies are 
dispersed throughout the intercellular spaces of the tissue and rapidly 
phagocytosed and degraded by neighbouring cells (Table 1.1).

1.2.3. Biochemical changes associated with PCD.

The most prominent biochemical change associated with PCD is the 
fragmentation of the genome into 180-200bp oligomers resulting in a DNA 
ladder (Wyllie et al., 1997). This degradation occurs in 2 steps, w ith the 
appearance of large (300kb and 50kb) fragments preceding the production 
of the small internucleosomal fragments.

Many cellular proteins have been shown to be either cleaved or 
degraded during apoptosis. One of these is the enzyme poly(ADP-ribose)
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1. General Introduction

APOPTOSIS NECROSIS
Morphologic Criteria

Deletion of single cells Death of cell groups

Membrane blebbing, but no loss of integrity Loss of membrane integrity

Cell shrink, ultimately forming apoptotic Cells swell and lyse

bodies Significant inflammatory response

No inflammatory response Phagocytosis by macrophages

Phagocytosis by adjacent normal cells and Lysosomal leakage

some macrophages Clumpy, ill-defin aggregation of chromatin

Lysosomes intact

Compaction of chromatin into uniformly

dense masses

Biochemical Criteria

Induced by physiological stimuli Evoked by nonphysiological disturbances

Tightly regulated process with synthetic and Loss of regulation of ion homeostasis

activation steps No requirement for energy

Requires energy No requirements for protein or nucleic acid

Requires macromolar synthesis synthesis

De novo gene transcription N o new gene transcription

Nonrandom oligonucleosomal length Random digestion of DNA

fragmentation of DNA

Table 1.1. Differential characteristics of apoptosis and necrosis.
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/

polymerase (PARP). Poly(ADP) ribose is generated in response to DNA 
damage and is thought to reorganize chromatin at the lesion site. Because 
of its association with DNA repair, cleavage of PARP has been speculated 
to be necessary for DNA fragmentation to occur (Kaufmann et al., 1993). 
However PARP m utant mice show no detectable defects in apoptosis and 
recent studies have shown that inhibition of PARP cleavage does not 
interfere with DNA fragmentation (Takahashi et al., 1997).

Another biochemical change involves phosphatidylserine (PS). PS 
is norm ally restricted to the inner leaflet of the m em brane bilayer in 
healthy cells but becomes externalized to the surface of membrane blebs of 
cells destined to die (Schlegel et al., 1993). This externalisation allows the 
early recognition and phagocytosis of apoptotic lym phocytes in the 
thymus, thus avoiding inflammation and damage of these tissues.

1.2.4. Mechanism of apoptosis .

Although the core cell death machinery appears relatively simple 
in structure and is highly conserved throughout evolution, a coherent 
picture of the regulation and function of these central molecules has yet to 
be determ ined. This is partly  due to the fact a diverse group of 
oncoproteins, tum our suppressor proteins, growth factors, and signaling 
pathways are able to induce apoptosis. Likewise similar types of molecules 
including oncoproteins, tum our suppressor proteins, cytokines and 
signaling pathways seem able to suppress PCD (Fig. 1.2).

Despite the w ide diversity and dissim ilarity of factors that can 
m odulate apoptosis, due to the basic apoptotic mechanism of PCD being 
highly conserved through evolution, all cells undergoing PCD seem to be 
disassembled in the same way. This includes the PCD observed in plant 
developm ent which genetic, biochemical and m orphological evidence 
suggests is the same as PCD seen in animals (Greenburg et al., 1996). 
G enetic screens in tw o developm en tal m odels, the nem atode  
Caenorhabditis elegans and the fruit fly Drosophila melangaster, have led 
to the isolation of genes that are specifically required for the induction of 
PCD (Ellis and Horvitz, 1986; Horvitz and Stellar 1993; Stellar et al, 1994) 
and shown that the core machinery has been conserved amongst worms, 
insects and vertebrates (Yuan et al., 1996). This cell death m achinery is 
present essentially in all cell at all times (Weil et al., 1996) bu t the
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Fig. 1.2. Apoptotic control pathways. Different cell death stimuli can trigger 
PCD by prim arily acting on a specific cellular target. Targets can be 
receptors present on the plasma membrane or can be found at vital parts of 
the cell, such as organelles (e.g. mitochondria or endoplasmic reticulum) 
or at the nucleus or at as yet unidentified sites. Specific members of the 
caspase family are activated to initiate a proteolytic cascade. FLICE/MACH 
is a protease recruited via F ADD after FAS/TNF receptor activation. 
Because of its nuclear localisation and high propensity to autoactivate 
Caspase-2 (N edd-2/IC H -l), this caspase m ight be specifically activated 
following nuclear insults. Proteolysis could be regulated at different levels: 
either at the level of the cell death signal integration by proteins of the i-2 
family or by endogenous caspase inhibitors acting as CrmA and p35 viral 
proteins.
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activation of the suicide program m e is regulated by the m any different 
and diverse signals that originate from both intracellular and extracellular 
environm ents (Vaux, 1994; Wyllie, 1995).

1.2.5. Programmed cell death in Caenorhabditis elegans.

M uch of w hat is know n about the m echanism s controlling  
program m ed cell death has been learned from genetic studies on the 
developm ent of the nem atode Caenorhabditis elegans. Am ong the 1090 
somatic cells generated during C.elegans herm aphrodite development, 131 
die (Sulston et ah, 1983). These deaths are reproducibly observed in every 
animal at specific developmental stages and positions. The invariability of 
the cell fate suggests that the determination and execution of cell death is 
genetically  program m ed in C .elegans. A  w ide variety of cell types 
including intestinal cells, epithelia cells, m uscle cells, neurons, and 
gonadal cells are programmed to die. Genetic studies have identified genes 
that define a pathway for programmed cell death in C. elegans.

Programmed cell death can easily be identified in living nematodes 
using N om arski differential interference contrast m icroscopy (Sulson, 
1977). The first sign of the impending death of a cell is a slight increase in 
its refractability. The nucleus of the dying cell becomes increasingly 
retractile until it resembles a flat button; this stage persists for 10-30 
m inutes. Subsequently the nucleus of the dying cell decreases in 
refractivity and gradually disappears. This process is completed in less 
than Ih r (Sulson, 1977; Sulson, 1983). In C.elegans 14 genes that effect all 
program m ed cell deaths have been identified. Genetic analysis has placed 
these genes into a developmental pathway of program m ed cell death (Fig. 
1.3). This process can be divided into four distinct steps: determ ination of 
cells undergoing program m ed cell death, execution of program m ed cell 
death, engulfment of dead cells by neighbouring cells and degradation of 
the engulfed cells (Miura et al, 1996).

The ced-1 an d ced - l  m utants have been useful for screening for 
other m utations that perturb the normal pattern of PCD since dying cells 
rem ain in the highest refractile stage for many hours as they have a defect 
in the engulfment stage (Ellis et al, 1986). Thus in ced-1 and ced-2 animals, 
cell deaths that occur over a wide range of developmental times can be 
observed at once. Of the genes discovered to be involved in cell death.
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Fig. 1.3. The genetic pathw ay for program m ed cell death in C.elegans  
Fourteen genes have been identified that affect PCD in C.elegans. The 
proposed regulatory interaction between adjacent genes in the pathw ay are 
indicated.
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1. General Introduction

three play crucial roles in regulating and executing the death sentence; two 
genes, ced-3 and ced 4 are required for programmed cell death to occur and 
a third gene, ced-9 prevents programmed cell death (Ellis et al, 1986).

Ced-3 m utations prevent the expression of all program m ed cell 
deaths that occur in herm aphrodites during embryonic developm ent as 
well as those that occur during postembryonic development. Programmed 
cell death is also blocked in ced-3 males, w ith one exception, the male- 
specific linker cell. Unlike most program m ed cell deaths in C.elegans the 
death of the linker cell requires the presence of another cell and could be 
term ed a "m urder" (Horvitz et ah, 1982). The program m e cell death 
survivors that were directly followed did not divide. In addition, there 
w as no gross proliferation of cell num ber in ced-3  m utants. These 
observations suggest that cell death in C.elegans does not function to 
term inate cell lineages by the elimination of stem or blast cells that would 
otherwise continue to divide (Ellis, 1986).

Some cell death survivors assumed a differentiated fate that was 
identifiable and functional, however others did not. For example w hen 
the cell deaths of two hermaphrodite-specific neurons (HSN) caused by the 
dom inant m utation of egl-1 are prevented by m utations in either ced-3 or 
ced-4, the surviving HSN neurons can differentiate into serotogenic 
m otor neurons, make synapses to the vulval muscles, and control egg- 
laying. These function as norm ally as the HSN neurons in wild type 
animals. Another example is the M4 motor neuron in the pharynx, which 
is essential for worms to feed. The sister of the M4 motor neuron in the 
w ild-type animals undergoes program m ed cell death. When the norm al 
M4 neuron is ablated by laser microbeam in ced-3 m utant animals, the 
surviving sister substitutes the function of the norm al M4 neuron (Avery 
et ah, 1987).

Despite the absence of programmed cell deaths and the presence of 
m any supernum erary cells, ced-3 m utants appear normal in morphology 
and behaviour. The only significant difference is in growth rate. The ced-3 
or ced-4 m utant animals reach sexual m aturity about 30% slower than 
w ild-type (Miura, 1993). Thus program m ed cell death may be used to 
increase energy efficiently in animals by rem oving unnecessary cells.
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Ced-4 was isolated as a suppressor of the egg-laying defect of the 
H SN -neuron deficient m utan t egl. The phenotype of ced-4  anim als 
appears identical with that of ced-3 mutants. However ced-4 complements 
ced-3 m utations and maps to a different linkage group showing they are 
different genes. In ced-4 animals as in ced-3 animals, cells that w ould 
normally die instead survive.

Normal programmed cell death in C.elegans is prevented by a gain- 
o f-function  in the ced-9 gene (Hengarten et a l ,  1994). As in ced-3;egl-l 
double m utants, the deaths of HSN neurons are prevented in egl-1 ;ced-9 
(gain-of-function) animals and egg-laying behaviour by these animals is 
normal. This suggests that prevention of HSN death by the ced-9 gain of 
fu n c tio n  m utation  generates functional surviving neurons. Loss-of- 
function m utations in ced-9 cause ectopic cell deaths that result in 
embryonic lethality and is suppressed by m utations in ced-3 or ced-4  
suggesting that that ced-9 normally suppresses the activity of ced-3 and 
ced-4 to prevent cell death.

In C.elegans the dead cells are quickly removed by engulfment cells. 
Six genes that are involved in phagocytosis for all programmed cell deaths 
in C.elegans have been identified (Ellis, 1991). M utations in any of these 
genes decrease the efficiency of engulfment and many dead cells persist as 
corpses for several hours or even days. The nuc-1 gene (nwdease deficient) 
has been identified as the gene responsible for the degradation of pyknotic 
DNA of dead cells and bacterial DNA on which C.elegans feeds. In nuc-1  
m utants, determ ination and initiation of program m ed cell death and 
engulfm ent of dying cells occur normally, while the pyknotic DNA of 
engulfed dead cells is not digested.

1.2.6. M am m alian homologues of C.elegans programmed cell death genes.

M ammalian homologues of the C.elegans program m ed cell death 
genes have been identified, indicating that the biological phenom enon of 
program m ed cell death has been conserved throughout evolution.

a) bcl-2

Cloning of ced-9 revealed that it is the structural and functional 
hom ologue of the m am m alian proto-oncogene bcl-2.. Ced-9  mRNA 
encodes a 280-amino acid protein that is 23% identical to the hum an bcl-2
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proto-oncogene product and overexpression of hum an bcl-2 gene in 
C.elegans suppresses normal programmed cell death as well as ectopic cell 
death of the ced-9 loss of function m utant (Hengartner and Horvitz, 1994; 
H engartner et a l ,  1994). The bcl-2 gene was first identified at the site of 
translocations common to many hum an follicular lym phom as, which 
resulted in overexpression of the bcl-2 gene (Tsujimoto, 1985). The 
oncogenetic ability of bcl-2 is attributed to its activities as a repressor of 
program m ed cell death .

Bcl-2 has been found to block cell death induced by a variety of 
m ethods and in many different cell types. For example, over expression of 
bcl-2 in interleukin (IL) 3-dependent haemopoietic cells has been shown to 
inhibit program m ed cell death following cytokine deprivation (Vaux et 
al., 1988). Bcl-2  can also prevent apoptosis in response to IL-4 and 
granulocyte-m acrophage colony-stim ulating factor (Nunez et al., 1990). 
Microinjection of a bcl-2 expression construct into nerve grow th factor- 
dependent sympathetic neurons, dorsal root ganglion (DRG) neurons and 
CNS derived brain neurotrophic factor or neurotrophin 3 dependent CNS 
derived sensory neurons inhibited cell death induced by rem oval of 
neurotrophic factors (Garcia et a l ,  1992). However some modes of cell 
death can still proceed in the presence of bcl-2 over expresson, such as the 
negative selection of T-cells that occurs in the thymus (Strasser et al., 1991).

There are num erous proteins that have been identified that share 
one or more of four conserved regions within the bcl-2 protein. Not all 
these proteins protect against cell death; some are pro-apoptotic (such as 
bax, bak and bid) and others perform both functions (Adams and Cory, 
1998).

To study the in vivo function of bcl-2, bcl-2 deficient mice were 
created by gene targeting in embryonic stem cells (Nakayama et ah, 1993). 
In contrast to the ced-9 loss-of-function m utation in C.elegans these mice 
complete embryonic development normally. However the m utant mice 
display growth retardation and early mortality after birth. Survival during 
development is due to alternative bcl-2 antiapoptotic proteins being active. 
At least two of the Bcl-2 homologues are thought to be primarily involved 
in development. Homologues to bcl-2 are widely expressed in embryonic 
tissues including nervous system and interdigital tissue of limb buds. In 
the m ouse embryo a bcl-2-\ike gene is highly expressed in the nervous
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system (proliferating neuroepithelial cells, postmitotic cells of the cortical 
plate, cerebellum , hippocam pus and spinal cord). The subplate is a 
transient layer of cortical plate that disappears after birth. A bcl-2 -like gene 
is highly expressed in the subplate neurons until postnatal day 3 and then 
its level decreases. Such a temporal pattern of expression is consistent with 
a role of the bcl-2 -like gene in the survival of subplate neurons (Merry et 
gf, 1994).

ii) the caspases

M olecular cloning of the C.elegans ced-3 gene revealed that its 
amino acid sequence was 29% hom ologous to the m am m alian IL-lfi- 
converting enzyme (ICE) (Cerretti et al., 1992; Yuan et al., 1993). A stretch 
of 115 residues is 43% identical betw een the Ced-3 and hum an ICE 
proteins. This region contains a conserved pentapeptide QACRG which 
surrounds a cysteine essential for ICE function. Homology suggested that 
the proapoptotic function of Ced-3 might depend on proteolytic activity. 
This was supported by the observation that transfection w ith  cDNA 
encoding active Ced-3/ICE-like protease (but not a catalytically inactive 
mutant) triggered apoptosis that could be at least partially prevented by the 
viral CrmA protein whose biological function is to inhibit caspases, 
limiting the host inflammatory response, thereby prom oting virus spread 
(Ray et al., 1992).

M ultiple homologues of this cysteine protease have since been 
identified and they are the central apoptotic machinery in the cell. These 
proteases have been renamed caspases' (for cysteine aspartases) to reflect 
their catalytic properties. They participate in a cascade that is triggered in 
response to proapoptotic signals and culminates in cleavage of a set of 
proteins resulting in the disassembly of the cell. All are synthesized as pro
enzymes which require cleavage at an Asp residue to form the activated 
enzyme. The m ature form of the protease is then also able to cleave 
proenzymes, suggesting a functional cascade is responsible for the ultimate 
destruction of the genome. Recognition of at least four amino acids NH2- 
terminal to the cleavage site is also a necessary requirem ent for efficient 
catalysis. The preferred tetrapeptide recognition motif differs significantly 
among caspases and explains the diversity of their biological functions. 
Their specificity is even more stringent: not all proteins that contain the 
optimal tetrapeptide sequence are cleaved, implying that tertiary structural
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elements m ay influence substrate recognition. Cleavage of proteins by 
caspases is also highly efficient. The strict specificity of caspases is 
consistent w ith the observation that apoptosis is not accompanied by 
random  protein  digestion; a select set of proteins is cleaved in a 
coordinated manner, usually at a single site, resulting in a loss or change 
of function (Thornberry and Lazebnik, 1998).

One role of caspases is to inactivate proteins that protect living cells 
from apoptosis. Caspase-3 is known to cleave bcl-2 converting it to a bax- 
like death effector which may further activate downstream  caspases and 
contribute to amplification of the caspase cascade (Cheng et a l ,  1997). 
Another example is the cleavage of DFF45 (Liu et a l ,  1997), an inhibitor of 
the nuclease responsible for DNA fragmentation, CAD (caspase-activated 
deoxyribosenuclease) which relieves inhibition of the DNAse w hich 
cleaves chrom atin. Caspases contribute to apoptosis through direct 
disassem bly of cell structures, as illustrated by the destruction of the 
nuclear lamina, a rigid structure that underlies the nuclear membrane and 
is involve in chrom atin organization (Orth et al., 1996). Caspases also 
destroy cell structures indirectly by cleaving several proteins involved in 
cytoskeleton regulation, resulting in deregulation of their activity and the 
breakdown of cellular scaffolding.

Caspase precursors are constitutively expressed in living cells and 
can be induced quickly, indicating that caspase regulation is complex and 
tightly controlled. Caspases are involved in a cascade: a proapoptotic signal 
culm inates in activation of an initiator caspase which activates effector 
caspases, resulting in cellular disassembly. Different initiator caspases 
mediate distinct sets of signals. For example, caspase-8 is associated with 
apoptosis involving death receptors (Ashkenazi et al., 1998). In contrast, 
caspase-9 is involved in death induced by cytotoxic agents (Thornberry and 
Lazebnik, 1998). This model explains how distinct apoptotic signals induce 
the same biochemical and morphological changes. Activation of initiator 
caspases requires binding to specific cofactors. Activation of procaspase-8 
requires association w ith its cofactor F ADD (Fas-associated protein with 
death domain) via the DD (death domain) (Koseki et al., 1998) (Fig.1.4.). In 
the nervous system there is the neurotrophin receptor p75/N TR  which 
contains a region of sequence homology w ith DDs which could activate 
caspases on ligand withdrawal. Procaspase-9 activation involves a complex
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Fig. 1.4. The apoptotic pathway initiated by Fas-FasL interaction. Binding of 
trim eric FasL to Fas causes clustering of Fas molecules in the plasm a 
m embrane, allowing interaction of their cytoplasmic death domains. Fas- 
associating protein with death domain (FADD) is recruited to this receptor 
complex via interaction of its own death domain with that of Fas. FADD 
also contains a death-effector dom ain w ith which it contacts a similar 
dom ain in caspase-8, causing autocatalytic activation of caspase-8. Caspase- 
8 can then activate other caspases to initiate the effector stage of apoptosis. 
Amplification loops are believed to act between caspase-10 and caspase-8 
and between caspase-6 and caspase-3 to accelerate the cascade. Activation of 
caspase-6 results in lamin proteolysis which is believed to facilitate nuclear 
collapse, while caspase-3 mediates activation of DNA fragmentation factor 
(DFF) which leads to DNA fragmentation.
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w ith  the cofactor APAF-1 through the CARD (caspase recru itm ent 
dom ain). A ctivation of caspase-9 also requires cytochrom e c and 
deoxyadenosine triphosphate, indicating that the caspase activation may 
require multiple cofactors. The cofactors could serve to bring two or more 
caspase precursors into close proxim ity, allowing for interm olecular 
autoproteolytic activation (Thornberry and Lazebnik, 1998).

To date 10 caspases have been identified in humans, indicating an 
accumulation of caspases during evolution (Thornberry, 1997). A num ber 
of reasons for the numerous caspases are possible. Different caspases might 
be required to respond to different stimuli or might function in specific 
subcellular compartments. Also caspases could be specific in substrate 
destruction or might be ordered in an apoptotic protease cascade. It has 
been demonstrated many times that certain caspases can activate others in 
vitro. Caspases might also be synthesized in a tissue specific manner. For 
example there is specific expression of caspase-3 in trigeminal ganglion 
and dorsal root ganglion (DRG) sensory neurons of m ouse embryos. 
Activation of caspase-3 is induced by a w ithdraw al of NGF, suggesting 
caspase-3 plays a role as a central mediator in apoptosis of these neurons 
(Musaka et al., 1997). Immunohistochemical analysis of in vivo patterns of 
expression of caspase-3 in hum an tissues showed it is selectively found in 
certain cell types (Krajewska et al., 1996). Caspase-3 targeted m utation in 
mice produce animals in which most apoptotic pathw ays were norm al 
w ith a selective defect in cell death occurring in the CNS (Kuida et al., 
1996) resulting in a substatially larger brain mass. In contrast mice lacking 
the gene for caspase-1  do not show any evidence of d isrupted  brain  
developm ent (Kuida et al., 1995). During am phibian m etam orphosis the 
caspase3 gene is up regulated by thyroid hormone which is known to 
induce metamorphosis and degeneration of the tail and gills (Yaoita, 1997). 
However the precise contribution of individual caspases is controversial. 
Both caspase-3 and caspase-1 activity has been implicated in staurosporine 
induced program m ed cell death (Krohn et a l ,  1998).

A Drosophila caspase, named Drosophila  caspase-1 (DrICE) 
has been identified and found to be structurally and biochemically similar 
to C.elegans CED-3 (Fraser et al, 1997). Another Drosophila caspase, Dcp-1 
has been found to be essential for developm ent (Song et a l ,  1997) and
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recently another Drosophila caspase, DREDD has been cloned (Chen et al., 
1998).

It m ust also be noted however that not all program m ed cell death 
pathw ays involve caspases. Mouse sperm  and chick erythrocytes have 
been found to die w ithout activating caspases (Weil et al., 1998). 
D ic to s te l iu m  also has a caspase independent program m ed cell death 
m echanism  (Olie et al., 1998). These death program m es may be forms of 
sim plified PCD and may serve to back-up the conventional caspase- 
dependent mechanism in some cell types.

iii) Apaf-1

Apaf-1 is the m am m alian hom ologue to CED-4. CED-4 is a 
nucleotide binding molecule that complexes w ith the zymogen form of 
death protease CED-3 , leading to its autoactivation and cell death. CED-9 
blocks death by complexing w ith CED-4 and attenuating its ability to 
prom ote CED-3 activation. An equivalent ternary complex was found to be 
present in mam m alian cells involving Apaf-1, the m am m alian protease 
caspase-9, and Bcl-XL, an anti-apoptotic member of the Bcl-2 family (Pan et 
al., 1998; Seshagiri et al., 1998). Binding of Apaf-1 to procaspase-9 is 
induced  by cytochrom e c. T ranslocation of cytochrom e c from  
m itochondria can be blocked by antiapoptotic members of the Bcl-2 family 
(Zou et al., 1997).

1.2.7. Programmed cell death in Drosophila.

M olecular genetic studies in the fruit fly Drosophila melanogaster 
hold promise for advancing knowledge about the precise mechanism of 
PCD. In Drosophila  as in vertebrates, PCD is under epigenetic control 
(Abrahams et al, 1993). The location of apoptotic cells changes dramatically 
over the course of embryogenesis. The overall pattern  of cell death is 
reproducible for any given developmental stage, however the num ber of 
neu rons in the D r o s o p h i la  nervous system  is no t genetically  
p redeterm ined  and m ay vary w idely depending  on environm ental 
circumstances (Zhou et al, 1995). The elimination of surplus cells by PCD is 
a major mechanism for determ ining appropriate neurons (Oppenheim, 
1991). Also the nervous system undergoes extensive rem odeling during 
metam orphosis to accommodate the physical and behavioural differences
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betw een  the larval and adu lt anim al. PCD is w idely  used  as a 
developm ental mechanism for remodeling the nervous system.

In Drosophila the induction of cell death is influenced by a num ber 
of d istinct signals including the steroid horm one ecdysone, cell-cell 
in teractions and the affect of differentiation in num erous m utants 
(Truman, 1984). How extrinsic signals regulate the onset of particular cells 
will be discussed first, and then recent work on genes that regulate many 
PCDs in Drosophila.

Insects such as Drosophila and M a n d u c a  undergo two major 
phases of development. Embryonic development transforms the egg into 
larva and m etam orphosis subsequently leads to the conversion of the 
larva into the m ature adult form. At m etam orphosis neurons and 
muscles are eliminated by PCD and once the adult has emerged another 
round of PCD eliminates any larval cells that were m aintained during 
m etam orphosis as well as m uscular structures required for the adult to 
emerge from the larvae. The early metamorphic cell death is controlled by 
a surge of the hormone ecdysone and it is the drop of ecdysone levels that 
induces a late wave of cell death (Truman, 1984). The D ro so p h ila  
ecdysone receptor (EcR) gene has been cloned and binding of ecdysone is 
dependent on heterodimerization of EcR (Koelle et a l ,  1991) with another 
steroid receptor superfam ily member encoded by the ultraspiracle gene 
(Thomas et a l ,  1993). Signalling through this heterodimerisation is able to 
trigger the PCD pathway in some cells.

There is significant cell death in the developing optic ganglia of 
wild type animals. The amount of cell death is increased dramatically in 
m utants that interfere w ith retinal developm ent (Steller et a l ,  1994). In 
animals which have compound eyes that are not connected with the optic 
ganglia, photoreceptor neurons degenerate within a few days, suggesting 
that retinal neurons m ust make contacts w ith their targets to survive. 
Factors that m ediate these trophic interactions in Drosophila  have not 
been isolated.

In D rosoph ila  cell-cell com m unication m ay act to p reven t or 
prom ote the death of specific cell types. For example survival of certain 
cells depends on dpp protein and this protein can be supplied as a 
diffusible factor by wild-type cells if cells with mutations in the dpp gene
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are cultured with wildtype. Cell death in fushi tarazu (ftz) m utants effects 
f t z  expressing cells as well as their neighbours suggesting local cell-cell 
interactions are necessary for survival (Magrassi, 1988). M any of the 
natu ra lly  occurring cell deaths in the developing retina require the 
product of the irregular chiam C-roughest (irreC-rst) gene. M utations in 
this gene lead to the survival of cells that fail to occupy appropriate 
positions in the developing ommatidia (Steller et ah, 1994; W hite et ah, 
1995).

In addition to signals from the extracellular environm ent, cell 
death in Drosophila  is also influenced by intracellular signals that act 
autonom ously within the dying cell. A genetic approach was taken to 
screen a large fraction of the D rosophila  genome for genes that are 
required for PCD (White et al. 1994; White et al., 1994). By examining the 
pattern  of apoptosis in embryos hom ozygous for previously identified 
chromosomal deletions, it was possible to survey approxim ately half of 
the entire Drosophila genome for functions involved in PCD. A single 
region on the third chromosome was found to be required for all cell 
deaths that norm ally occur in the D ro so p h ila  em bryo. Em bryos 
hom ozygous for Df(3L0H99), the smallest cell death defective deletion 
available in this interval, contained many extra cells. H99 m utants were 
not only deficient in norm al cell death but w ere also significantly 
protected against the induction of ectopic PCD by X-irradiation and against 
ectopic PCD that is otherwise seen in developm ental m utants. Such a 
global blockade of PCD indicates that this deletion removes a function that 
is required for the induction of apoptosis in response to many different 
signals (White et al., 1994). Molecular analysis of the H99 interval has 
revealed three genes whose products can induce cell death: rpr (White et 
al., 1996), h id  (G ruther et al., 1995) and g r im  (Chen et al., 1996). 
Overexpression of any single one of these genes induces extensive cell 
death even in the absence of the other two. In all three cases, the deaths 
seem to be caspase dependent since they are blocked by coexpression of 
baculovirus p35 (a broad spectrum caspase inhibitor). PCD first becomes 
apparent during Drosophila development at about 7hrs after egg laying. 
H ow ever it is possible to induce apoptosis at earlier times by DNA 
dam aging  agents (x-irradiation) or by overexpression of apoptotic 
activators such as rpr or grim. Since all these stimuli activate a caspase-
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dependent apoptotic programme, the caspases required for cell death m ust 
be present at all times at which death can be induced.

In the past two years three Drosophila melanogaster caspases have 
been cloned drICE (Fraser et a l,  1997), Dcp-1 (Song et a l ,  1997) and Dredd 
(Chen et a l ,  1998). As w ith all mammalian caspase transcripts to date, 
constitutive embryonic expression has been reported for dr ICE (Fraser et 
al., 1997) and for Drosophila caspase, Dcp-1 (Song et a l ,  1997). D rICE  and 
Dcp-1 are expressed ubiquitously at all stages where death can occur during 
developm ent and during the period before any detectable cell death is 
observed in the embryo, consistent with the notion that PCD can occur 
before developmental PCD is first observed. In contrast w ith Drosophila  
caspases, dr ICE  and D cp-1, pronounced elevation of dredd tra n sc rip ts  
occurs in norm al developm ent in preapoptotic cells and this unique 
regulation is tightly linked to apoptotic signaling by Reaper, Grim and Hid. 
Like drICE, Dredd has sequence similarity to caspase-8 and also to caspase- 
10. Caspase inhibitors prevent apoptosis but not the initial cleavage of 
Dredd (Chen et ah, 1998). This raises the possibility that the initial step in 
the processing of Dredd may occur through proteolytic components that 
are upstream  of caspase action, i.e. Dredd could function as an initiator 
caspase.

S im ilar to th is , the m am m alian  caspase , caspase  8 
(proFLICE/M ACHl) can be activated either via proteolytic processing by 
another protease or through the interaction of its N-term inus w ith the 
death-dom ain adaptor FADD/MORTl which occurs as part of the CD95- 
and TNE- killing pathways (Muzio, 1996). The cytokine tum our necrosis 
factor (TNE) and the cytotoxic T cell ligand effector CD95L/FasL/APO-lL 
are pow erful inducers of PCD which upon binding their specific target 
receptors induce a suicide response - the classic "cell killing" by TNE or 
cytotoxic T lymphocytes. There are few m olecules in the pathw ay 
connecting the basal cell suicide machine and the TN F/CD 95-derived 
inform ational signals that initiate it. Both TNE receptor-1 (TNERl) and 
CD95 share an intracellular "death domain" (DD) that plays a pivotal role 
in the abilities of these receptors to trigger apoptosis (Tartaglia et a l ,  1993). 
The DD's on TNFRl and CD95 promote more extensive oligom erization 
upon ligand binding to the receptors. W hereas CD95 directly recruits 
EADD/M ORTl, TNFRl binds TRADD, which then acts as an adaptor
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protein to recruit FADD/MORTl. FADD/MORTl seems to be the point of 
convergence between the CD95 and TNFRl death pathw ay. Consistent 
w ith this, a dominant-negative truncation m utant of FADD/M ORTl that 
lacks the N-terminal death effector domain (DED), blocks both CD95- and 
TNFRl-induced apoptosis. At its N-terminus, FLICE/M A CH /caspase 8 
possess regions which interact w ith FA DD/M ORTl, while at its C- 
term inus it possesses a region with strong homology to caspases including 
a large prodom ain and all known residues absolutely required for protease 
activity (Fig. 1.4.).

D redd could also be activated via proteolytic abscission of its 
inhibitory N-terminus by an upstream  protease, or by interaction via the 
N -term inus w ith activators analogous to FADD/M ORTl, and hence be 
analogous to caspase 8 (FLICE/M ACHl). There has been hom ology 
reported  betw een reaper and the death dom ains of CD95 and TNFRl 
(Goldstein et a l ,  1997). In this case reaper could be involved in recruiting 
D redd resulting in Dredd activation and apoptosis. Where m am m alian 
caspase 8 (FLICE/MACFIl) activity is regulated by the action of external 
ligands (CD95 or TNF), Drosophila Dredd regulation would seem to rely 
on reaper.

Since the overexpression of many caspases is sufficient to elicit 
apoptosis, the accumulation of dredd in cells specified for death from 
signaling by Reaper, Grim and Hid could overwhelm  the capacity of 
negative regulators such as lAPs (inhibitors of apoptosis), resulting in the 
initiation of the caspase cascade leading to cell death.

1.2.8. Relevance o f PCD during development.

A  cell that undergoes PCD in animal developm ent is usually  
degraded so rapidly (often disappearing in an hour or less) that even when 
there is large scale PCD, there are surprisingly few dead cells to be seen 
(Jacobson et al., 1997). This may help to explain w hy PCD w as 
understudied for so long. It also suggests that the extent of PCD in animal 
developm ent is still underestim ated. As it is not possible to m easure 
clearance tim es in m ost anim al tissues, quantify ing PCD rem ains 
unsolved.

i) Importance of PCD in animal development.
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M utant C.elegans which are deficient in PCD can have a normal life 
span, even though they have about 15% more cells than norm al and 
function less well than wild-type animals (Ellis et a l ,  1991). PCD-deficient 
flies, by contrast, die early in development (White et ah, 1996). Mice which 
have a targeted mutation in caspase-3 die before birth with a vast excess of 
cells in their CNS as a result of decreased PCD in neuroepithelial cells, 
although PCD in other organs seems to occur normally (Kuida et ah, 1996). 
It seems that with increasing complexity of animals, PCD becomes more 
vital.

ii) Functions of PCD in animal development

Five functions of PCD in animal development have been suggested 
(Jacobson et al, 1997); sculpting structures, controlling cell num bers, 
deleting redundant structures, elim inating abnorm al, m isplaced, non
functional or harm ful cells, producing differentiated cells w ithou t 
organelles. Each of these will be considered in turn.

PCD plays an essential role in sculpting parts of the body. In the 
form ation of digits in some higher vertebrates PCD is necessary to 
eliminate the cells between the developing digits (Kimura et ah, Shiota et 
ah, ). PCD is involved in hollowing out solid structures to create lumina. 
In early mouse embryos, for example, the preamniotic cavity is formed by 
the death of the ectodermal cells in the core of the developing embryo 
(Coucouvanis, 1995). PCD also occurs w herever ep ithelial sheets 
invaginate and pinch off to form tubes or vesicles as in the formation of 
the vertebrate neural tube or lens (Ishizaki, et ah, 1998).

In many organs cells are generated in excess and then eliminated by 
PCD to adjust their num bers. In the vertebrate nervous system  for 
example both neurons and oligodendrocytes are overproduced and then 
reduced by PCD to match their numbers to the num ber of target cells they 
innervate (Burek et ah, 1996; Oppenheim, 1991). Cell death may also have 
a role in size control; the size of an organism largely depends on how 
m any cells there are rather than cell size or am ount of extracellular 
matrix, and cell death is one component which controls the num ber of 
cells present (Raff, 1996). This happens during developm ent and also 
operates in adu lt organs. For example if hepatocyte proliferation is
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transien tly  stim ulated in adult rats by phénobarbital treatm ent, for 
example, increased PCD rapidly returns the liver to its normal size.

In the course of development, various structures are formed that 
are later removed by PCD. These include vestigial structures that were 
required in an ancestral descendant such as pronephric tubules which 
form functioning kidneys in fish and amphibian larvae but are not used 
in mammals and are eliminated by PCD. Structures that are needed at one 
stage of development but not later, such as the deletion of the tail when a 
tadpole transform s to a frog (Yaoita et a l ,  1997). Structures that are 
required in one sex but not the other are removed; the M ullerian duct 
forms the uterus and oviducts in female mammals but are not needed in 
males and are thought to be lost by PCD. In the developing chick limb, the 
in te rd ig ita l m esenchym e is m ain ta ined  for som e tim e in an 
undifferentiated state and then undergoes massive PCD. In this model 
TGF-beta bead implants into the interdigits before the time of onset of 
PCD, diverts the cells from the PCD program  to form ectopic cartilage 
(Ganan et al, 1996). Conversely BMPs accelerate death and cause digit 
bifurifcation if placed at the tip of a forming digit due to the formation of 
an ectopic area of death. FGF-2 antagonizes the death inducing effects of 
the BMP beads suggesting death is controlled by a balance of death and 
survival signals mediated by different growth factors.

PCD also functions as part of a quality-control process in animal 
d ev e lo p m en t, e lim ina ting  cells th a t are abnorm al, m isp laced , 
nonfunctional, or potentially dangerous to the organism. For example in 
the vertebrate immune system developing T and B lymphocytes that fail 
to produce potentially useful antigen specific receptors or produce self
reactive receptors that make the cells potentially dangerous are eliminated 
by PCD. If the DNA is sufficiently damaged in a cell the cell can activate its 
death pathway. This response serves as an anticancer mechanism and also 
helps prevent the birth of defective offspring.

The death program m e maybe involved in producing specialized 
differentiated cells w ithout organelles. For example skin kératinocytes die 
and form a layer of corpses on the surface of the skin, it is thought that 
PCD may be involved in these processes as morphologically the cell death 
is similar, however it has not been determined if this is so (Nataraj et al., 
1994). In the case of lens fibres which loose their nucleus and other
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organelles when they terminally differentiate, at least one member of the 
caspase family becomes activated (caspase-3). A peptide inhibitor of these 
proteases blocks the nucléation process, suggesting at least part of the 
machinery of PCD is involved in lens fibre differentiation (Ishizaki et al., 
1998).

There are also m any cell deaths that occur du ring  anim al 
developm ent where the function is unknown.

1.2.9. Developmental PCD does not occur un til  after the midhlastula  

transit ion .

In all organisms studied, developmental cell death has not been 
observed before the mid-blastula transition (MET). In fact blastomeres can 
survive w ithout extracellular signaling molecules: when cultured from 1 
cell up to 16 cell mouse embryos, they can survive and divide in the 
absence of exogeneous proteins or signaling m olecules even w hen 
cultured as isolated single cells (Diggers et a l ,  1996).

The midhlastula transition is characterized by cell-cycle lengthening 
and asynchrony, the acquisition of cell motility and the initiation of 
zygotic transcription (Newport et al, 1992). Prior to the MBT, embryonic 
developm ent is relatively simple, consisting of rapid  cycles of DNA 
synthesis and mitosis and is regulated by mRNAs and proteins stored in 
the egg prior to fertilization. At the MBT developm ent becomes more 
complex as zygotic transcription initiates, the cell-cycle lengthens, and cells 
differentiate and organize during gastrulation (Newport et al., 1992). One 
explanation for a lack of apoptosis until after the MBT is that cell cycle 
rem odeling is required, as has been proposed for other MBT events 
(Kimelman et ah, 1987). Prior to the MBT, embryonic cell cycles lack G 
phases, during which m any cell cycle checkpoints occur. Therefore, as 
these early  cycles occur w ith  a lack of checkpoints they occur 
independently of DNA content and mutations (Newport et ah, 1989). Thus 
MBT maybe the first checkpoint that monitors developmental progression 
in early embryos. It is likely that this check point monitors DNA content 
a n d /o r  damage since apoptosis is also induced by aphidicolin, an inhibitor 
of DNA polymerase alpha and gamma irradiation which damages DNA. 
This check point is controlled by large pools of m aternal RNAs. The 
concept of MBT as the first apoptotic check point is supported by the
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observation that death was never observed in these embryos before the 
MBT, although it cannot be excluded that this reflects the am ount of time 
required for an apoptotic program m e to be enacted. However prior to 
MBT, b lastom eres do show  sensitiv ity  to s tau rosporine  induced  
program m ed cell death suggesting that even they constitutively express all 
the proteins require to run the death programme (Weil et a l ,  1996).

It is likely that the apoptotic machinery is in place in early embryos 
b u t m aintained  inactive by a m aternally  encoded inhibitor. These 
inhibitors m ust be replaced by zygotic transcription after the MBT to 
prevent PCD activation. The potential for activating apoptotic signals 
soon after the MBT could serve to remove cells that have accumulated 
damage during the early cleavage cycles. Similarly cells that m igrate to 
inappropriate positions during gastrulation could then be elim inated by 
apoptosis due to their inability to receive or respond to signals from 
surrounding cells. In Xenopus pulses of lOOpg/ml cycloheximide before 
the MBT, completely blocked new transcription and the expression of an 
apoptotic inhibitor may have been com prom ised (Sible et al., 1997). 
Hydroxyurea treatment prior to MBT induces PCD in Xenopus embryos at 
the early gastrula transition (EOT) (Stack et al., 1997). This suggests that 
new zygotic transcription is required to suppress apoptosis at the EOT. One 
possibility is that hydroxyurea interferes w ith the synthesis of critical 
components that negatively regulate the apoptotic pathway.

Bcl-2, an inhibitor of apoptosis is expressed after the MBT (Cruz- 
Reyes, 1995) and has been shown to be sufficient to delay or block apoptosis 
induced by cycloheximide or alpha-amanitin. Therefore, transcription of 
bcl-2 could be the developm ental switch that determ ines continued 
developm ent versus apoptosis. The apoptotic program  is engaged by 
individual cells and provided there are few damaged cells their removal 
results in normal embryonic development.

1.2.10. Programmed Cell Death as a default mechanism.

Programmed cell death occurs in most animal tissues at some stage 
of their developm ent but the m olecular m echanism  by w hich it is 
executed is unknown. For some mammalian cells PCD seems to occur by 
default unless suppressed by signals from other cells. Such dependence on
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specific survival signals provides a simple way to eliminate m isplaced 
cells, for regulating cell numbers and, perhaps, for selecting the fittest cells.

Cell survival and cell death are subject to the same kinds of controls 
that operate on cell proliferation (Baserga et a l ,  1985). An extreme view is 
that, in higher animals at least, just as a cell seems to need signals from 
other cells in order to survive, in their absence the cell kills itself by 
activating an intrinsic suicide programme. This view is extreme because it 
implies that cells are program m ed to kill them selves unless they are 
continuously signaled by other cells not to do so, and because it suggests 
that this precarious state is shared by most cells in both developing and 
m ature higher animals.

At least some cells seem to operate in this way. The survival of 
m any developing vertebrate neurons depends on neurotrophic factors 
that are secreted by the target cells they innervate (Cowan et al., 1984). 
Dependence on signals from other cells for survival is not confined to 
neurons or to developing cells: in adult rats for example the survival of 
epithelial cells in the ventral prostrate depends on testosterone secreted by 
the testes whereas the survival of cells in the adrenal cortex depends on 
adrenocorticotropic hormone (ACTH) secreted by the pituitary (Wyllie et 
al., 1973). If testosterone or ACTH levels are experimentally decreased the 
respective cells die with the characteristic features of PCD.

The simplest way to test whether a cell depends on survival signals 
produced by other cells is to determine whether it can survive on its own 
in culture without added signaling molecules. It is important to test highly 
purified cells in order to avoid signaling betw een cell types: studying 
single cells is the ultimate test as it also excludes signaling between cells of 
the same type. It has been shown that fibroblasts isolated from developing 
or adult rat sciatic nerve, a mixture of cell types from normal or p53-null 
mouse embryos, an immortalized rat fibroblast cell line and a num ber of 
cancer cell lines all undergo PCD when cultured in the absence of serum 
or specific grow th factors (Ishizaki et al., 1995). All these cells can be 
rescued by serum  or specific grow th factors suggesting they need 
extracellular signals to avoid PCD.

There are advantages of having a cell's survival dependent on 
signals produced by other cells. One is that it could provide a simple
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mechanism for eliminating cells that end up in an abnormal location: as 
different vertebrate tissues would be expected to produce different sets of 
survival signals, a misplaced cell may be deprived of the specific signals 
required  for its survival (Raff, 1992). Nerve cells that project to an 
abnormal target that cannot provide the necessary neurotrophic factors for 
exam ple will be autom atically elim inated (Cowan et ah, 1984). A dult 
animals also need to be able to eliminate misplaced cells. When the skin is 
cut, for example, epidermal cells are displaced into the hypoderm is and 
subcutaneous tissues, where they could cause trouble if they survived and 
proliferated; dependence on tissue-specific survival signals could in 
principle eliminate the problem by ensuring that the displaced cells die. 
The sam e m echanism  m ay prevent cancer cells from  establishing 
métastasés.

Dependence on survival signals can also be useful in the control of 
cell num bers in higher animals, especially if cells are forced to compete 
w ith  one another for lim iting am ounts of such signals. Developing 
sympathetic neurons provide an informative example. They are produced 
in larger numbers than are needed and then apparently compete with one 
another for limiting amounts of nerve growth factor released by the target 
cells they innervate (Oppenheim, 1991). In this way the num ber of 
sym pathetic  neurons innervating  a popu la tion  of ta rge t cells is 
automatically adjusted to match the number of target cells.

It seems unlikely that such a simple and effective mechanism for 
controlling cell number is confined to neurons (Raff, 1992). In addition to 
providing a mechanism for matching the numbers of different types of 
cells in a tissue or organ, competition for survival signals would be a 
simple way to ensure that cell turnover in adult tissues is balanced so that 
the num ber of cells produced by division is exactly matched by the num ber 
that die: if a given level of survival factor supports a certain num ber of 
cells of a particular type, any increase of these cells above this num ber 
would stiffen the competition and thereby tend to cause enough cells to 
die to return the cell number to its original value: a fall in cell num ber 
would have the reverse effect. If hepatocyte proliferation is transiently 
stimulated in adult rats by phénobarbital treatment, for example, increased 
PCD rapidly returns the liver to its normal size.
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Cells have evolved to be very quickly disassem bled. Caspases 
participate in apoptosis interacting with over 40 different substrates. This 
leads to cutting off contact w ith surrounding cells, reorganizing the 
cytoskeleton, shutting down DNA replication and repair, in terrupting  
splicing, destroying DNA, disrupting the nuclear structure, inducing the 
cell to display signals that mark it for phagocytosis, and disintegrating the 
cell into apoptotic bodies (Thornberry and Lazebnik, 1998). This is a highly 
efficient executed operation suggesting cells have evolved to become 
quickly disassembled and that the notion that cells die by default seems 
not quite so radical.

To determine if all cells die by default much more work needs to be 
done. The molecular mechanisms of normal cell death need to be defined 
and also the survival factors for each cell type need to be determined along 
w ith the receptors for these factors, the intracellular signaling pathw ay 
activated by the receptors, how these pathways suppress cell death (is it 
always by suppressing cell suicide?) and how the amount of each factor is 
controlled.

1.2.11. The evolutionary origin o f programmed cell death.

To survive, cells from m ulticellular organism s depend on the 
constant repression of this suicide mechanism by signals from other cells. 
It has been assumed that such an altruistic form of cell survival regulation 
w ould have been counterselected in unicellular organisms. How ever a 
similar process of socially advantageous regulation of cell survival also 
operates in single-celled eukaryotes. PCD has now been described in four 
unicellular organisms that emerged between 2 and 1 billion years ago and 
belong to three diverging branches of the eukaryotic phylogenetic tree: the 
k inetoplasm id parasites trypanosoma cruzi (Ameisen et al., 1996) and 
trypanosoma brucei rhodensiense, (W elburn et al., 1996) w hich w ere 
among the first mitochondrial eukaryotes; the free living slime m ould, 
D ictyosyelium  discoideum ;  (Cornillon et al., 1994) and the free-living 
ciliate Tetrahymena thermophila (C ristensen et ah, 1995). U nicellular 
eukaryotic  PCD is sim ilar or identical to h igher organism  PCD. 
Environm ental stress (such as starving) and extracellular signals that 
activate the cyclic AMP pathw ay (which induce differentiation to a 
reversible G O /G l-arrest stage) also induce PCD in cells that rem ain 
undifferentiated and cycling (Ameisen et a l ,  1996; Christensen et a l ,  1995).
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In low density cultures of dividing protists, PCD is induced by default if 
cell d ifferen tiation  is not triggered  unless certain  environm ental 
conditions are provided. In the kinetoplastid parasites, PCD is also 
regulated by signals from their m ulticellular host (Ameisen et a l ,  1996, 
W elburn  et al., 1996). So like m ulticelular organism s surv ival of 
unicellular eukaryotes depends on the prevention of self-destruction by 
extracellular signals.

Evolution has favoured a system of cell destruction as PCD allows 
constant selection for the fittest cell in the colony, optimal adaptation of 
cell num bers to the environment and tight regulation of the cell cycle and 
cell differentiation. PCD may be particularly  useful w hen cells are 
interacting: in the trypanosomes, PCD may regulate the communication 
betw een  un ice llu lar and m ulticellu lar organism s that allow  the 
establishm ent of a stable host-parasite relation; and in the slime mold, 
PCD allows the induction of dead stalk cells that participate in the 
formation of a multicellular aggregated body.

Primitive forms of PCD occur in prokaryotes when plasmid or viral 
genomes compete with bacterial genomes in a bacterial colony and when 
bacteria from different species compete. This suggests a multistep scenario 
for the emergence of death genes during evolution: in prokaryotes there 
w as selection for killer genes encoding toxins used for offense in 
evolutionary arms races between different species and selection for genes 
encoding toxin antidotes for defensive purposes; and also selection for the 
induction of such genes in adverse environm ental conditions to allow 
control of death and survival in cells sharing the same genome, providing 
a selective advantage to the best-adapted offspring by preventing flawed 
offspring  from  com peting for resources. The hypothesis that the 
eukaryotic cell is a symbiont that arose from fusion of different bacteria 
species suggests that PCD may have evolved from a resolution of conflict 
between heterogeneous genomes within a cell, a process that subsequently 
led to enforced cooperation (Ameisen et a l, 1996).

Alternatively, as many of the effectors of the cell cycle and cell 
differentiation machinery can also be effectors of the self destruction of the 
cell in which they operate (including proto-oncogenes, tum our suppressor 
genes, cyclins and cyclin-dependent kinases) then the requirem ent for 
coupling cell survival to the prevention of self-destruction is as old as the
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origin of the cell. The evolution of PCD w ould share similarities to the 
evolution of genetic diversity. The inherent consequence of progression 
through the cell cycle implies that selective pressures regulate the cell cycle 
m achinery so that cell suicide is repressed. Such a scenario provides a 
sim ple mechanism for the selection of upstream  inducers of PCD that 
allow enhanced fitness of the colony through the rapid dismissal of an 
individual once a mistake has been made during the cell cycle (Ameisen et 
a/., 1996).

III. Aims of the thesis.

1.3.1. Summary o f main aims and results.

This thesis sets out to define the zebrafish as an organism in which 
to study mechanisms of programmed cell death. In order to do this it was 
first necessary to determ ine the pattern  of cell death  th roughou t 
developm ent and ascertain if it can be m anipulated in a predicable way 
using various drugs. To stain cells undergoing PCD, TUNEL or acrydine 
orange labeling was used. The overall pa ttern  of cell death  was 
reproducible for any given developmental stage. Apoptotic cells were first 
detected at 90% epipboly. Up to the 12 somites stage apoptotic cells were 
found random ly throughout the embryo. After that time dying cells 
gradually  became more concentrated in the brain and tail bud. The 
majority of cells were seen in the neuroectoderm but a few were also seen 
in the m esoderm al tissue, notocord and somites. From 19 hours post 
fertilization onwards PCD was regionalised in the eye, the otocyst, the 
cloacal opening, tail and spinal cord. At SOhpf there were still some 
apoptotic cells in the tail bud, but post SOhpf embryos had only a few dying 
cells in this area. From 5 days to 3 weeks cell death was observed in the 
epithelia, tail fin, neuromasts and ear.

To m anipulate cell death staurosporine and various potential 
inhibitors of PCD were tested. Staurosporine was able to induced PCD in 
all zebrafish cells and the most effective caspase inhibitor used, zVADfmk, 
was able to reduce this death. zVADfmk was able to reduce developmental 
cell death  and also ectopic cell death in the zebrafish m utant no tail. 
Peptide-specific fluorescent cleavage assays determined that caspase-3 is
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active in both zebrafish developm ental cell death and staurosporine- 
induced death.

Having determined that developmental cell death occurs in a stage 
specific m anner and that this death can be m anipulated in a predicable 
way, a genetic screen was employed to search for m utants involved in the 
developm ental cell death pathw ay and the staurosporine cell death 
pathw ay. A lthough the zebrafish is an ideal developm ental m odel to 
search for novel genes in this way, the screen undertaken for this thesis 
did not find any interesting mutations for this project due to num erous 
reasons discussed in chapter six.

To determine the role of PCD in developm ent and how that cell 
death is controlled, two populations of cells that undergo cell death in the 
zebrafish, Rohon Beard sensory neurons and hair cells of lateral line 
organs, were examined in detail.

Rohon Beard neurons are a whole population of cells that are 
removed by PCD during the development of the zebrafish. They provide a 
simple system to study the control of apoptosis in vivo. It was first 
necessary to determine the time course of death of the Rohon Beard cells 
during development. Rohon beard cells of the zebrafish were shown to be 
completely removed between 19hpf and 3.5 days pf. Over this time course 
TUNEL was used to count the number of Rohon beard cells undergoing 
PCD and showed that the majority of death takes place between 26-40 hpf 
Previous studies had shown that TrkCl is expressed in a proportion of the 
Rohon Beard cells. Our studies showed that cell death was only occurring 
in TrkCl negative cells suggesting a role for TrkCl ligand, NT-3 in the 
survival of Rohon Beard cells. There are also a small proportion of Rohon 
Beard neurons which do not express TrkCl and are not undergoing PCD. 
These could be cells in which TrkCl has just been down regulated and 
which will be the next cells to undergo PCD. The switching off of TrkCl 
could be due to an intrinsic mechanism or due to extrinsic factors such as 
the depletion of NT-3, or due to both. Experiments with a blocking anti- 
NT3 antibody on zebrafish cause the Rohon Beard neurons to die showing 
that the amount of NT-3 present is a factor determining the ability of the 
cells to survive.
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This study of PCD in the zebrafish has also revealed that hair cells 
of the developing neuromast lateral line organ in zebrafish are dying and 
being constantly replaced. The hair cell death was m anipulated using 
neom ycin sulphate to induce cell death and zVADfmk to reduce cell 
death. M arkers for proliferation show ed that support cells of the 
neurom ast divided to replace the dying hair cells. When the am ount of 
hair cell death was increased or decreased by the drugs, the proliferation 
rate also changed to attem pt to maintain the normal num ber of hair cells 
in the neurom asts. This result indicates that a feedback system exists 
betw een the hair cells and support cells which regulates support cell 
division rate.

1.3.2. Sum m ary o f main conclusions.

This project has shown that the developing zebrafish is a useful 
m odel for the study of program m ed cell death. Features of zebrafish 
developm ent make it an amenable model to study; the embryos are 
fertilized  and develop externally and the em bryos are large and 
transparent allowing the dying cells to be observed directly by Normaski 
optics or by the staining of cells undergoing PCD. Because the embryo is 
clear structures w ithin the embryo can easily be seen so it can be 
determ ined where cell death is occurring. Programmed cell death occurs 
in zebrafish in a stage-specific predicable manner. Zebrafish PCD can also 
be m anipulated with PCD inducers and inhibitors which means it can be 
used as a system to study the mechanisms of apoptosis.

The ability to isolate genetic mutations in the zebrafish may prove 
advantageous to the understanding of PCD mechanisms. The fact that 
zebrafish are small, inexpensive to maintain, can be bred in large num bers 
and reach sexual m aturity in 3 months means they are a temporally and 
financially efficient organism  on which to carry out genetic screens. 
A lthough there are many problems with looking for m utants involved in 
cell death pathways (chapter six) it would be possible to find interesting 
m utations involved in cell death pathways in this way. M utants which 
have specific cell death due to a m utation in a cell death pathway, could 
provide animal disease models which could then be treated w ith PCD 
inhibitors to test for recovery. PCD inhibitors could be used to rescue cells 
w hich undergo ectopic cell death in mutants. If the rescued cells can be
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characterized the role of the m utated gene product could be determined 
which may further the understanding of developmental biology.

During the developm ent of the zebrafish cell death  occurs in 
specific tissues. The role of this death can be determ ined by examining 
exactly where the death takes place and following the phenotype w hen 
this death is blocked by inhibitors. It is also possible to examine w hat 
orchestrates this cell death.

In this study two cell populations which undergo cell death have 
been studied in detail. Rohon Beard cells are a population of cells that are 
completely removed in 3.5 days. Their death seems to be dependent on the 
concentration of NT-3 present and also possibly on intrinsic mechanisms.

The hair cells in neuromasts were also determined to be dying and 
replaced in a cell turn  over manner. By m anipulating this death w ith 
drugs it was found that there is a feedback system between hair cells and 
su p p o rt cells to m aintain the correct num ber of hair cells in the 
neurom asts. In this system there are hair cells at various stages of 
differentiation and cells which are undergoing cell death  which are 
present at the same time. As the hair cells are very closely related to hair 
cells found in the m am m alian ear, this could be a useful m odel to 
discover a cure for hearing disorders - either by being able to prevent hair 
cell death, or by being able to trigger factors for support cells to differentiate 
into hair cells. Some of these factors could be elucidated by means of a 
genetic screen.

These studies have shown that there is clear potential in using the 
zebrafish to answer the many unresolved questions of the role of PCD in 
development and the mechanisms by which it is orchestrated.
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CHAPTER TWO

Materials and methods

2.1. Maintenance o f Zebrafish.

A  breeding colony of zebrafish (Danio rerio) were m aintained at 
28.5°C on a 14 hour l ig h t /10 hour dark cycle (W esterfield, 1995). All 
embryos used were collected by natural spawning and staged according to 
Kimmel et al., 1995. Embryos were generated from the w ild-type lines 
kcwt and *AB unless stated otherwise.

2.2. Detection o f apoptotic cell death.

2.2.1. Detection of apoptotic cell death using Terminal deoxynucleotidyl 
transferase nick end labelling (TUNEL).

The target of the TUNEL labelling method is the m ultitude of "OH 
DNA ends generated by DNA fragm entation in apoptosis. In contrast, 
norm al or proliferative nuclei do not stain w ith the kit. Residues of 
digoxygenin-nucleotide are catalytically added to the DNA by term inal 
deoxynucleotidyl transferase (Schmitz et al., 1991) an enzyme w hich 
catalyzes a tem plate independen t add ition  of deoxyribonucleotide 
triphosphate to the 3"OH ends of double or single-stranded DNA. The anti- 
digoxygenin antibody fragment carries a conjugated reporter enzyme to the 
reaction site. The reporter enzyme then catalytically generates an intense 
signal from chromogenic substrates.

To determ ine the pattern  of PCD during the developm ent of the 
zebrafish, embryos were staged and collected from 50% epiboly to 24hrs 
w ith  intervals of an hour and from 24hrs to 48hrs w ith intervals of 2 
hours and term inal transferase dUTP nick end labelling (TUNEL) was 
used to determine the regions of cell death. The method of TUNEL used 
w as a m odification of the protocol suggested by the m anufacturer 
(ApopTag In situ Apoptosis Detection Kit - Peroxidase; Oncor Inc.).

E m bryos w ere  m an u a lly  d e ch o rio n a te d , fixed  in  4% 
paraform aldehyde overnight, washed in PBS and stored in m ethanol at
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-20°C. After rehydration in PBT (PBS, 0.1% Tween 20), embryos were 
permeabilized by digestion with 10|ig/m l proteinase K in PBS (20 mins for 
post 14 somite staged embryos, 10 mins for 3 to 14 somites; this process was 
om itted for embryos younger than 3s). The embryos were then postfixed 
for 20 minutes in 4% paraformaldehyde in PBS and washed 5x 5 minutes 
in PBT. Next, embryos were postfixed with precbilled (-20°C) ethanol: 
acetic acid 2:1, washed 3x 5 minutes in PBT and incubated for 1 hour at 
room tem perature in equilibration buffer (provided in the ApopTag In  
situ Apoptosis Detection Kit-peroxidase).

After incubation overnight at 37°C in working strength term inal 
deoxynucleotidyl transferase (TdT) enzym e, the DNA end labelling 
reaction using digoxigenin-labelled dUTP was stopped by w ashing in 
stop /w ash  buffer. Digoxigenin-tagged DNA was detected using sheep anti- 
digoxigenin alkaline phosphatase conjugated Fab fragments (Dig Nucleic 
Acid Detection Kit, Boehringer-Mannheim).

2.2.2. Quantification of cell death using nucleosome detection assay.

During apoptosis the breakdown of DNA into fragments releases 
mono- and oligonucleosomes into the cytoplasm, hours before plasma 
m em brane breakdown. This assay is based on a quantitative sandwich- 
enzym e-im m unoassay-principle using m ouse m onoclonal antibodies 
directed against DNA and histones respectively. This allows the specific 
determ ination of mono- and oligonucleosomes in the cytoplasmic fraction 
of cell lysates.

DNA fragm entation was quantified by m easuring the am ount of 
cytosolic oligonucleosome-bound DNA by using a sandwich assay ELISA 
kit (Boehringer Mannheim), according to the manufacturer's instructions. 
Aliquots of the cytosolic fraction (13,000 x g supernatant) of 25 embryos 
were added to microtitreplate anti-histone coated wells. Detection was via 
a HRP-congugated secondary anti-DNA antibody, substrate ABTS. From 
absorbance values, the percentage of fragm entation in com parison to 
controls was calculated (Leist et a l ,  1994; Frade et al.,1996). Significance 
levels were determined by a paired t test.

54



2. Materials and methods

2.2.3. Detection of cell death using acrydine orange.

Apoptotic cells can be detected by using the DNA vital dye, acrydine 
orange (AO), known to stain only cells undergoing programmed cell death 
(Abrams et al., 1993; Graham et al., 1993; Wolf and Ready, 1991).

Embryos were incubated for 15-20 m inutes in S pg/m l acrydine 
orange. The embryos were then anaesthetized and observed under a 
microscope. The specimens were then washed 2 times for 1 m inute in 
PBT. Fluorescence was then observed imm ediately using a rhodam ine 
filter set producing a signal specific for apoptotic cell death.

2.3 Detection of proliferating cells.

2.3.1. Labelling proliferating cells with Bromodeoxynucleotidyl dUTP.

Embryos were treated w ith lOmM BrdU (which incorporates into 
the dividing cells) for 1 hour and then washed w ith fish w ater and 
incubated  for 30 m inutes at 28.5°C. After they w ere fixed in 4% 
paraform aldehyde over night at 4°C.

Embryos were then washed in PBT and put in methanol for 1 hour 
at -20°C. Embryos were rehydrated w ith 5 m inutes washes of 75% 
MetOH:25%PBS, 50% MetOH:50% PBS, 25% MetOH: 75% PBS followed by 
4 washes in PBT (Ix PBS, 0.1% Tween-20). Embryos older than 100% 
epiboly (10 hpf) were treated with 10|ig/m l proteinase K at 20°C for 20 
m inutes, rinsed twice in 2m g/m l glycine and four times in PBT and 
refixed in 4% PEA, Ix PBS for 20 m inutes at room tem perature. After 
refixation embryos were washed in H 20  three times and the 2N HCl. 
Embryos were then incubated with 2N HCl for 1 hour, then w ith blocking 
solution (10% goat serum in PBS) for 1 hour and after with anti-BrdU 1:200 
in 1% goat serum PBS over night at 4°C.

Embryos were washed for 1 hour in PBT and then incubated in anti
m ouse IgG 1:200 1% goat serum PBS for two hours at room temperature. 
Embryos were then washed in PBT for 1 hour. For detection, embryos were
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incubated for 20 minutes in DAB then 6% H 202 was added and the colour 
reaction was monitored.

2.3.2. Pulse chasing with BrdU.

Embryos were treated with BrdU for 15 minutes and then washed 
several times with fish water. They were then allowed to develop at 28.5°C 
for up to 8 hours. At hourly intervals a proportion of fish were fixed in 4% 
paraformaldehyde and BrdU was detected by antibody as above.

2.3.3. Labelling proliferating cells with anti-PH3.

At the G 2/M  transition  in m itosis, histone 3 (H3) becom es 
phosphorylated (P) for a short amount of time (Hendzel et a l ,  1997). PH3 
antibody labelling therefore, can be used as a marker for mitotic cells and 
has been shown to label dividing cells in vivo (Wei and Allis, 1998).

Standard procedures were used for antibody labelling embryos 
ranging from 12 somites to 48hrs (Wilson et al.; 1990). For prim ary 
incubations, anti-phosphorylated histone 3 (anti-PH3) antibody (Louis 
M alhadavian, King's College London, unpublished) was diluted 1:1000. 
Embryos were fixed in 4% paraformaldehyde in PBS for 4 hours, washed in 
PBS (phosphate buffer O.IM, pH 7.2) and preincubated for 3 hours in PBS 
3% goat serum  containing 0.1% Triton-X (Sigma) followed by overnight 
incubation in the PH3 antibody. This was followed by washing in PBT for 
over an hour and incubation overnight in HRP-congugated goat antirabbit 
IgG diluted in PBS 1% goat serum containing 0.1% Triton-X (Sigma) at 
4°C. Embryos were washed as before and bound antibody was detected 
using diaminobenzidine (DAB) as the chromogen.

2.3.4. Double labelling cells with BrdU and anti-PH3.

M ethod to label w ith BrdU was applied first, followed by the 
method to label anti-PH3.
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2.4. Adm inistering drugs to zebrafish.

2.4.1. Staurosporine.

24 hour staged em bryos were exposed to stau rosporine  in 
concentrations of O.OlpM to IpM in fish water for 2 hours. Embryos were 
then washed 3x in PBS and fixed in 4% paraformaldehyde in PBS. TUNEL 
w as used to detect the am ount of cell death in staurosporine treated 
embryos. Eor experiments w ith potential PCD inhibitors, staurosporine 
was used at a concentration of lOfxM in fish water.

2.4.2. Caspase inhibitors.

To ensure penetration  of the caspase inhibitors, zVAD-fmk 
(benzyloxycarbonyl Val-Ala-Asp (0-m ethyl) fluoromethyl ketone), Boc- 
Asp-fmk (Z-Asp-fluoromethylketone) , YVAD-cmk (Acetyl-Tyr-Val-Ala- 
Asp chloromethylketone) (obtained from Enzyme Systems, Dublin, CA) 
and DEVDprodrugELL157 (X-Asp-Glu-Val-Asp-prodrug) (obtained from 
Eisai Laboratories Lmt.), the following m ethod was used: 90% epiboly 
staged fish were dechorionated using a dilute solution of pronase 
lOOpg/ml in PBT. The embryos were gently agitated for 5-10 minutes and 
then washed thoroughly with PBS. The embryos were then left to develop 
in the presence of concentrations of 0|iM to lOOOjiM in fish water until the 
embryos reached the 26 hour stage of development, and therefore being 
exposed to the caspase inhibitor for. Control peptide for zVADfmk is 
chemically similar cathepsin B inhibitor zFA-fmk (benzyloxycarbonyl-Phe- 
Ala (O-methyl) fluorom ethyl ketone), obtained from Enzyme Systems 
Products (Dublin, CA, U.S.A) was administered to the embryos as above. 
TUNEL was used to detect the amount of cell death resulting after the use 
of the caspase inhibitors. For other experiments zVADfmk was used at a 
concentration of 300)iM.

2.4.3. SB203580 (potential anti-apoptotic drug).

Embryos (24hpf) were exposed to SB203580 at concentrations of 
lOpM to lOOOpM in fish water for 2 hours, or exposed to cycloheximide at 
concentrations of l|iM  and lOpM for 30 minutes. Embryos were then
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w ashed in PBS and fixed in 4% paraform aldehyde in PBS. TUNEL was 
used to detect the amount of cell death.

2.5. A M C  assay to detect caspase activity.

After 2 hour exposure to staurosporine or absence of drugs, embryos 
w ere washed and lysed in Triton x-100 buffer (0.5% Triton X-100, 2mM 
EDTA, ImM  PMSF) for 30 minutes on ice. Cell lysates were added w ith 
0.5ml of buffer (lOOmM HEPES-KOH pH 7.5, 10% sucrose, lOmM DTT and
0.1% CHAPS) containing lOOjxM Ac-DEVD-AMC (Acetyl-Asp-Glu-Val- 
Asp-AMC) or Ac-YVAD-AMC (Acetyl-Tyr-Val-Ala-Asp-AMC) caspase 
substrates and then incubated for 2 hours at 37°C. Levels of enzyme 
-catalyzed release of AMC (7-amino-4-methlycoumarin) was m easured 
w ith a cytofluor 4000 fluorescent plate reader at an emission wave length 
of 460nm.

2.6. In situ hybridisation.

2.6.1. Synthesis of antisense riboprobes for in situ hybridisation.

Templates for synthesis of antisense riboprobes were generated by 
linearising the clone at the 3' end with an appropriate restriction enzyme. 
Restriction enzyme digests were carried out in volumes between 20-80|il 
using an appropriate Ix enzyme buffer and 2-5 units of enzyme (Promega) 
per Ipg DNA. Enzyme digests were carried out at 37°C and checked on 0.8- 
1.2% agarose TBE gel by electrophoresis. Purification of DNA was carried 
out by Ix phenolichloroform extraction, Ix chloroform extraction followed 
by precipitation. DNA was precipitated with 0.1 volume 3M NaAc with 2.5 
volumes of 100% EtOH at -20°C for 30 minutes, microfuged for 15 minutes 
and the DNA pellet washed in 70% EtOH, air dried and resuspended in 
TE(10mM Tris-HCl, pH 8.0, ImM EDTA). Ipg of the linear DNA was used 
in the in vitro transcription reaction to synthesis antisense RNA labelled 
w ith digoxgenin-2-UTP. A 20pl reaction was set up in Ix transcription 
buffer (200mM Tris-HCl pH  7.5, 30mM MgC12, lOmM spermidine, 50mM 
NaCl), lOmM DTT, NTP-digoxigenin mix (ImM ATP, CTP, GTP, 0.65mM 
UTP, 0.35mM UTP-digoxigenin), 40 units RNasin, 10 units T 3/T7/SP6 
RNA polymerase. Transcription mix was incubated at 37°C for 2 hours 
before adding  1 unit of DNase to remove the tem plate. The DNase
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reaction was stopped by addition of 1ml 0.5mM EDTA, pH8.0. The RNA 
was precipitated with 0.5 volumes 7.5% EtOH and air dried. The RNA 
pellet was resuspended in 20ml low TE, 80|l l 1 prehybrisation mix (50% 
form am ide, 5x SSC, 50 m g /m l heparin, 500|ig/m l torula RNA, 9.2 mM 
citric acid 0.1% Tween-20) and used at 1 in 200.

2.7.2. Single whole-mount in situ hybridisation.

Single whole -mount in situ hybridisation protocol was based on 
th a t of Thisse et al (1993). Em bryos w ere fixed in  4% PEA 
(paraformaldehyde in Ix PBS, pH 7.4) overnight at 4°C. Embryos younger 
than 20-somite stage (19hpf) were anaesthetised with 0.02% tricaine in fish 
tank w ater and dechorionated before fixation. Otherwise dechorionation 
was carried out after fixation. The embryos were rinsed in PBS, 50% PBS: 
50% MetOH and stored in 100% MetOH at -20°C.

Em bryos w ere rehydra ted  w ith  5 m inutes w ashes of 75% 
MetOH:25%PBS, 50% MetOH:50% PBS, 25% MetOH: 75% PBS followed by 
4 washes in PBT (Ix PBS, 0.1% Tween-20), before prehybridsation (50% 
form aldehyde, 5x SSC, 50 heparin, 500|ig/m l torula RNA, 9.2 mM citric 
acid, 0.1% Tween-20) at 65“C for 2-3 hours. Embryos older than 100% 
epiboly (10 hpf) were treated with lO pg/m l proteinase K at 20°C for 20 
minutes, rinsed twice in PBT and refixed in 4% PEA, Ix PBS for 20 minutes 
at room temperature. After refixation embryos were washed 5 times for 5 
m inutes in PBT before prehybridisation. The riboprobes were added and 
hybridised overnight at 65°C.

Post hybridisation washes were carried out at 65°C. Embryos were 
rinsed in prehybridisation mix, followed by 15 m inute washes from 75% 
prehybridisation mix: 25% 2x SSC, to 50% prehybridisation mix: 50% 2x 
SSC, to 25% prehybridisation mix: 75% 2x SSC to 100% 2x SSC. This was 
followed by washing twice in 0.2x SSC for 30 minutes.

Embryos were w ashed into antibody block solution at room  
tem perature. 5 minute washes were carried out from 75% 0.2x SSC:25% 
PBT to 50% 0.2%x SSC:50% PBT to 25% 0.2x SSC:75%PBT to 100% PBT. 
Embryos were blocked (2% Sheep serum, 2 m g /m l BSA in PBT) for 1-3 
hours. The em bryos w ere incubated in an ti-d igoxigenin-alkaline
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phosphatase Fab fragments (1 in 2000) at room tem perature for 2 hours or 
overnight at 4°C.

The antibody was washed off for 8 times for 15 m inutes at room 
tem perature. The embryos were equilibrated 3 times for 5 m inutes in the 
developing buffer (O.IM Tris pH  9.5, 50mM MgC12, O.IM NaCl, 0.1% 
Tween-20). To the developing buffer BCIP-NTP (175 ^ig/ml, 5-Bromo-4- 
chloro-3-indolyl-phosphate and 225 p g /m l, 4-Nitro blue tétrazolium  
chloride) chromogenic substrates were added and development occurred 
in the dark to give a purple colour. The colour reaction was stopped by 
rinsing 3 times in PBT and refixing. For photography embryos were cleared 
in 100% MetOH rehydrated through PBT into 50% or 70% glycerol in PBS.

2.7. Detection o f Rohon Beard neurons.

2.7.1. Labelling Rohon Beard neurons with HNK-1 antibody.

Rohon Beard neurons were detected by labelling w ith HNK-1 
antibody. HNK-1 antibody labels all primary nerve pathways, but the types 
of neurons can be distinguished as the time of onset and intensity of 
im m unolabelling vary specifically according to cell type. Rohon Beard 
neurons and trigeminal ganglion sensory neurons are the first neurons to 
be expressed. They can be distinguished apart as Rohon Beard neurons 
have large somata averaging 13pM in diam eter and are located in a 
continuous dorsolateral colomn in the dorsal third of the spinal cord, 
while trigem inal sensory neurons are bipolar neurons located on both 
sides of the head, between the developing eye and octic vesicle.

Standard procedures were used for antibody labelling embryos 
ranging from 12 somites to 48hrs (Wilson et al.; 1990). For prim ary 
incubations, monoclonal HNK-1 antibody (Sigma) was diluted 1:1000. 
Embryos were fixed in 4% paraformaldehyde in PBS for 4 hours, washed in 
PBS (phosphate buffer O.IM, pH 7.2) and preincubated for 3 hours in PBS 
3% goat serum containing 0.1% Triton-X (Sigma) followed by overnight 
incubation in the monoclonal HNK-1 antibody. This was followed by 
w ashing in PBT for over an hour and incubation overnight in HRP- 
conjugated  goat antim ouse IgM d ilu ted  in PBS 1% goat serum
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containing 0.1% Triton-X (Sigma). Embryos were washed as before and 
bound  antibody was detected using diam inobenzidine (DAB) as the 
ch rom ogen  w ashed  w ith  PBT and fixed over n ig h t in  4% 
paraformaldehyde.

2.7.2. Double labelling cells with HNK-1 antibody and TUNEL.

Double labelling cells with HNK-1 and TUNEL involved first HNK- 
1 antibody staining followed by TUNEL using the methods sequentially as 
described above. 5 embryos treated with 300|LlM zVADfmk and 5 untreated 
embryos were double labelled with HNK-1 and TUNEL and HNK-1 and 
HNK-1/TUNEL positive cells were counted.

2.7.3. Double labelling cells with HNK-1 antibody and TrkCl mRNA probe.

Embryos for double labelling with HNK-1 and TrkCl were first 
stained w ith HNK-1 antibody and then labelled w ith antisense TrkCl 
mRNA by in situ hybridisation. Procedure for the antibody labelling was 
the same as above (2.6.2.) with the exception that every block and PBT 
w ash stage also contained Ip l/m l RNAsin and 500pM /m l torula RNA. 
procedure for in situ hybridisation then was carried out as below (2.7.2).

2.7.4. Triple labelling cells with HNK-1 antibody, TrkCl mRNA probe and 
TUNEL.

Embryos for triple labelling with HNK-1 antibody, TrkCl mRNA 
probe and TUNEL were first doubled labelled with HNK-1 antibody and 
m RNA probe as above (2.6.3.). After fixing over n igh t in 4% 
paraform aldehyde the TUNEL protocol was carried out as above omitting 
the ethanol/acetic acid post fix stage.

2.8. In vitro culture of trunk explants o f a zebrafish embryo.

Embryos were grown to 16 somites in fish water. They were dechorionated 
w ith forceps and placed in a petri dish of Ringers solution (116mM NaCl, 
2.9 mM KCl, 1.8 mM CaC12, 5mM Hepes, pH 7.2). With the forceps the yolk 
was removed, after, if required, the skin was removed and finally the head 
w as cut off. Next the explant was placed into grow th m edium  (L-15
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(Sigma) 0.3 m g /m l glutamine (Imp.labs), 50U /m l (Imp. Labs), 0.05 m g/m l 
streptom ycin (Imp. Labs) 0.8 mM CaCI2, 3% fetal calf serum (Gibco), and 
orientated ventral down. Most of the m edium  is then rem oved using a 
very fine glass pasteur pipette and a drop of agarose which has been kept 
m elted at 35°C is added onto the explant. W hen set another drop of 
agarose is added and after, growth medium. Explants were then incubated 
at 28°C.

2.9. A dm inistering  anti-Neurotrophin-3 to explants.

Embryos staged at 16 somites were dissected into an explant and 
culture on agar in a cell culture medium. Each explant was put in a well 
and exposed to a range of concentrations of anti-NT3 from 200ng/m l to 0.5 
ng /m l. At 20 somites the explants were removed, washed in PBT and fixed 
overnight in 4% paraform aldehyde at 4°C. Detection for cell death was 
carried out using TUNEL (see above).

2.10. Detection of hair cells o f the lateral line organs.

Hair cells in the surface neuromast organs of the lateral line systems 
in fish and amphibians are specifically labeled when the intact animal is 
im m ersed  in a so lu tion  of vital fluorescent dye DASPEI (2-(4- 
d im ethylam inostyryl)-N -ethyl pyrid in ium  iodide ,M olecular Probes 
Oregon (Whitfield et al 1996).

It is not known why the hair cells are selectively labeled by DASPEI 
bu t it is possibly due to a transmembrane potential as m itochondria are 
also specifically stained by this dye (Bereiter-Hahn J, 1976).

Larvae were immersed in ImM  DASPEI in w ater for 20 mins, 
anaesthetized  w ith  MESAP and m ounted in a depression slide for 
observation using a Leitz filter block.

2.11. Phalloidin staining.

Embryos were fixed in 4% form aldehyde in phosphate buffered 
saline (PBS) at 4°C for 2 hours. After fixing they were rinsed in PBS 
containing up to 2% Triton X-100 (Sigma) to perm eabilise the tissue:

62



2. Materials and methods

embryos up to 24 hours old required only 0.5% Triton, 1 to 2-day embryos, 
1% triton, and older embryos, 1.5-2% Triton. Embryos were stained in 
FITC-labelled phalloidin (Sigma) at 2.5 p g /m l in PBS at 4°C for 2 hours, 
rinsed in several changes of PBS over 2 hours and viewed on an MRC 600 
scanning confocal microscope (Biorad). Images were printed using Adobe 
Photoshop. Counts of stained hair bundles w ere m ade either from 
projected 2-D images of a series of optical sections spanning the sensory 
region or from 3-D images created from stereo-pairs of such projected 
images, using the standard software provided with microscope.

2.12. Scanning Electron Microscopy.

Specimens were fixed in half-strength Karnovsky's fixative (2% 
paraformaldehyde, 1.25% glutaraldehyde, 0.25% calcium chloride in 0.1 M 
cacodylate buffer) over night, post fixed in osmium tetroxide for 20mins 
and then dehydrated through a graded series of alcohols. Embryos were 
then critical point dried before sputter coating and viewing.

2.13. Cartilage staining.

Larvae were fixed in 95% ethanol/ 5% TCA overnight and washed 
twice in distilled water. Larvae were then stained with 0.1% Alcion blue 
(AB) in acid-alcohol (1% HCl in 70% ethanol) overnight and the next day. 
The embryos were then left overnight in acid-alcohol overnight and then 
dehydrated 2x 1 hour in 100% ethanol. Embryos were stored this way at 
-70C.

2.14. Photography and microscopy.

For the observation of live embryos the embryos were anaesthetized 
with 0.02% tricane (3-amino benzoic acidethylester) in fish tank water and 
manually dechorionated with no.5 watchmakers's forceps.

Embryos stained after antibody, in situ hybridisation or term inal 
deoxynucleotidyl transferase reactions were fixed in 4% paraformaldehyde 
in PBS for 1 hour at room temperature, washed in PBT and then cleared 
successively in 30%, 50% then 70% glycerol in PBS. Specimens were
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examined using a compound microscope equipped w ith Normaski optics 
and photographed using EXTAR 25 film.

2.15. Genetic screen.

2.15.1. Mutagenesis.

The screen was designed as a two-generation breeding screen with 
analysis of m utant phenotypes in F3 embryos. A dult male fish were 
m utagenized with 3 mM ENU by placing them into an aqueous solution 
for three 1 hour periods within 1 week. 3 weeks after the ENU treatment, 
males were crossed to w ildtype females at weekly intervals and the 
progeny originating from m utagenizing pre-meiotic germ cells obtained 
were raised (El family).

2.15.2. Screening procedure.

For screening about 15 pairs of fish per family were set up for laying 
in the evening and about one family was screened each week. The 
following morning eggs from successful matings were collected using a tea 
strainer and placed into labelled petri dishes. Parents from successful 
m atings were kept until the final evaluation of the family screened after 
which only the parents of useful mutants found were kept. At 24 hpf the 
embryos were screened for morphological defects. Ten embryos collected 
from each pair of fish were stained with TUNEL to detect apoptotic death 
and another ten were subjected to lOmM staurosporine for an hour and 
then processed with TUNEL to detect resistance to staurosporine induced 
death.
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CHAPTER THREE

Using the zebrafish as a model to test anti-apoptotic drugs and the 
potential of these drugs to further the understanding of PCD during 

development.

In order to define the zebrafish as an organism in which to study 
m echanisms controlling PCD it was necessary to describe the cell death 
pattern  during development and show that it can be m anipulated in a 
predictable way. Various drugs were tested to induce and inhibit PCD. Here 
it is established that staurosporine induces PCD in the zebrafish, and the 
caspase inhibitor zVADfmk significantly prevents staurosporine-induced 
program m ed cell death, developm ental cell death and also ectopic cell 
death in a zebrafish mutant. These results show that the zebrafish can be 
used as a model to examine the roles of PCD during development. In 
addition, in this chapter detailed studies of tail fin are described to explain 
why cell death occurs in this region.

Introduction

3.1.1. Staurosporine induced induction of PCD.

Staurosporine is a bacterial alkaloid that is a broad spectrum protein 
kinase inhibitor which blocks m any of the protein kinases involved in 
intracellular signalling cascades. As cells are m aintained viable due to 
surv ival factors, blocking survival factor signalling induces PCD. 
S taurosporine has been show n to induce PCD in all of the m any 
m am m alian cell types that have been tested (Bertrand et al., 1994; Koh et 
al., 1995). It has been shown to induce apoptosis in a num ber of cell lines 
from various origins such as tumours (Bertrand et al., 1994) neurons (Koh 
et a l ,  1995) embryonic neurons (Wiesner et ah, 1996) and blastom eres 
(Weil et al., 1996). Staurosporine-induced PCD is initiated regardless of 
d ifferentiation and cell cycle phase (Swe et al., 1996) suggesting the 
presence of a common inducible suicide pathway.

Staurosporine induced death has been a useful m odel for studying 
some of the features of the basic core machinery of PCD. For example one 
of the conclusions draw n from the staurosporine model is that nucleated
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m am m alian cells constitutively express all the proteins required to 
undergo PCD (Weil et al., 1996). Another conclusion draw n from the 
staurosporine model is that PCD does not require a cell to have a nucleus 
and is therefore controlled from the cytoplasm; anucleated cytoplasts were 
show n to die w ith the same kinetics and morphological features when 
treated with staurosporine as did the parent cells. The fact that zVADfmk, 
a cell permeable irreversible tripeptide inhibitor of some of the caspase 
family, suppresses staurosporine induced cell death in a wide variety of 
mammalian cell types, (including anucleated cytoplasts) and that caspase-3 
becomes activated in staurosporine induced PCD and bcl-2 inhibits this 
activation provides strong evidence that these are bona fide  examples of 
PCD (Jacobson et al., 1996).

Further study will be needed to find the precise m echanisms by 
which staurosporine induces PCD. Since staurosporine inhibits m ultiple 
protein kinases such as protein kinase C, C a2+/calm odulin-dependent 
kinase II and tyrosine kinases (Yanagihara et ah, 1991), inhibition of one or 
several of these kinases is a plausible candidate for triggering apoptosis. 
The ability of high potassium to rescue neurons exposed to staurosporine 
is consistent w ith the observation of elevating Ca2+ concentrations can 
block certain forms of apoptosis (Collins et ah, 1993) and provides evidence 
C a2 + /ca lm o d u lin  dependen t kinase II m ay be involved in one 
staurosporine-induced PCD pathway.

3.1.2. Caspase inhibitors.

Several viruses including the pox-virus and baculovirus 
have evolved specialised gene products whose function appears to be to 
inhibit caspases. Expression of the genes encoding these viral caspase 
inhibitors provides an approach to inhibiting caspases in intact cells (Ray 
et ah, 1992). Two of these are CrmA (cytokine response modifier A) from 
cowpox virus and p35 from baculovirus. CrmA's biological function is to 
lim it the host inflamm atory response, thereby prom oting virus spread. 
CrmA potently inhibits caspases 1 and 8 but can also inhibit caspases 3 and 
6 at pM concentrations (Ray et ah, 1992).

The second viral caspase inhibitor p35 is a baculovirus protein 
whose principle function appears to be to block cells from undergoing an 
apoptotic response to viral infection (Bump et ah, 1995). After p35 binds to
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caspases it is cleaved at the sequence DQMD I G and the cleaved products 
very slowly dissociate from the caspases. M utation of the PI aspartate to 
glutamate or alanine renders the protein immune to caspase cleavage and 
ineffective as a death inhibitor. p35 has been shown to effectively inhibit 
caspases 1,2,3 and 4 in vitro. p35 is a more broad-spectrum  inhibitor of 
death pathw ays than CrmA, with no documented instances of apoptosis 
that are p35 resistant.

Peptide inhibitors have been designed to mimic known sequences 
of caspase substrates and have been show n to suppress apoptosis. 
ZVADfmk and BocAsp were the first general caspase inhibitors to be 
designed.

The first "specific" caspase 1 inhibitor was designed around the 
tetrapep tide  YVAD (based on the sequence YVHD cleaved in p ro 
interleukin-16). The same strategy has been applied to the PARP cleavage 
site DEVD in an attem pt to design tetrapeptide inhibitors selective for the 
pro-apoptotic caspases (Lazebnik et a l, 1994). Aldehyde derivatives of these 
peptides are reversible inhibitors, whereas chlorom ethyl, fluoromethyl 
and acetylmethyl ketones are irreversible inhibitors.

A recent study of inhibitor specificity showed that in vitro Ac- 
YVAD-aldehyde is a potent inhibitor of caspase 4 and caspase 1, but 
inhibits caspase 3 and 7 poorly. For their part, caspases 3 and 7 are potently 
inhibited by Ac-DEVD-CHO but this molecule is also a surprisingly 
effective inhibitor of caspases 1 and 4 (Table 3.1). A lthough some 
irreversible inhibitors like zVADdcb and acYVADchn2 are 10-200 fold 
m ore potent for the inhibition of caspases 1 and 4 than they are for 
caspases 3 and 7 this difference can be easily compensated for by either 
increasing the concentration of the inhibitor or prolonging the reaction 
time (Margolin et a l, 1997).

More recently a novel technique using a positional scanning 
substrate library determined that the true amino acid preference of ICE is 
actually WEHD, and the corresponding peptide aldehyde proved to be 
m uch more potent inhibitor of ICE than AC-YVAD-cho (Rano et al., 1997). 
This new  technique should prove useful in identify ing  the exact 
recognition sequences for other caspases and enable the construction of 
m ore specific peptide inhibitors. Not only will this help to identify
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Protease Alternative
names

Inhibitors Polypeptide
substrate

Caspasel ICE YVAD,DEVD,
WEHD

IAP,p35,crmA

Pro-IL-lfi

Caspase2 ICHl,Nedd2 IAP,p35
CaspaseS CPP32,Yama,

apopain
DEVD,crmA(?) PARP,DNA- 

PK,PKC,actin, 
Gas2,PAK2,pr 

ocaspase-6 
and 9, 

MDM2,70kDa 
U1 SnRNP

Caspase4 ICErel-
II,TX,ICH2

YVAD,DEVD Pro-ICE

Caspase5 ICErelIII,TY
Caspase6 Mch2 VEID Lamins A/C  

and B1
Caspase? Mch3, ICE- 

LAP3, 
CM Hl

DEVD, p35 PARP, C1/C2 
HnRNP

CaspaseS FLICE,
MACH,

Mch5

crmA Procaspases 
3,4,7,and 9

Caspase9 ICE-LAP6
Mch5

CaspaselO Mch4, FLICE DEVD Procaspases 3 
and 7

Table 3.1. The human caspase family, their inhibitors and their 
substrates.
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substrates for these proteases, bu t also facilitate in the u ltim ate 
deciphering of the final pathway that leads to cell death.

A family of TAP (inhibitors of apoptosis) are another fam ily 
regulating apoptosis, but precise targets of the lAPs in not known (Clem 
and Duckett, 1997). The first two TAP proteins were found in a genetic 
screen for genes able to rescue the p35 m utant phenotype in baculovirus. 
Cp-IAP and Op-IAP proteins were found which presum ably function by 
interacting w ith cellular components of the death pathw ay conserved 
between insects and mammals. Several hum an homologues of TAP have 
been found including NIAP which has a role in prom oting neuronal 
survival. lAP proteins may bind and inhibit a num ber of death effector 
proteins including certain caspases (Deveraux et al., 1997), Drosophila 
Reaper and TRAP2 (TNF receptor associated factor 2).

3.1.3. In vivo studies using caspase inhibitors.

Inhibitors of caspases are potential tools for studying  anim al 
development. They have been shown to arrest PCD of m otor neurons in 
vivo and in vitro (Milligan et al., 1995) and to prevent apoptosis of nNGF- 
deprived DRG neurons (Musaka et a l,  1997). zVADfmk suppresses PCD in 
the interdigital webs in developing mouse paws and blocks the removal 
of web tissue during  developm ent (Jacobson et al., 1996). In this 
experim ent forepaws were rem oved from E13.5 m ouse embryos and 
cultured. D uring this culture period PCD in the in terd ig ital spaces 
separated the developing digits as it does in vivo. T reatm ent w ith  
zVADfmk greatly inhibited this death and largely prevented the removal 
of the interdigital webs.

Caspase inhibitors have also been used to study program m ed cell 
death in chick neural tube closure (Weil et a l ,  1997). Chick neural tube 
PCD can be blocked by zVADfmk. Most PCD occurs at the 8 to 12 somite 
stages which is about the same time point when the neural tube begins to 
close (that starts around the 8 somite stage and is complete by the 11-12 
somite stage). Application of zVADfmk prevents this cell death in the 
neural tube which results in it being unable to close properly. It is possible 
that the "undead" cells saved by the inhibitors are abnorm al and so 
interfere w ith neural tube closure. It is also possible that PCD is required 
for neural tube closure; cell death could help in the rolling up and coming
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together of the neural folds, in the fusion of the folds or in the separation 
of the neural tube from the overlying epidermis.

More recently p35 has been used to prevent abnormal cell death in 
Drosophila m utants (Davidson and Heller, 1998). Retinal cell death in rdgc 

and ninaE/RH 27/+  flies occurs by apoptosis leaving the fly blind. N in a E  
equivalent in hum ans is retinitis pigmentosa which causes blindness. In 
Drosphila, the m utant flies expressing p35 showed a retention of visual 
function. These results show that with caspase inhibitors it is possible for 
cells that would ordinarily commit to apoptosis to still function, despite 
the physiological stress that normally triggers death.

3.1.4. Principles of the design of PCD inhibitors tested in the zebrafish.

1. Boc-Asp-fmk (BAF/Boc-Asp)

BAF/Boc-Asp is a very general caspase inhibitor w ith only the 
asparta te  residue com peting w ith the active site of the caspase for 
inhibition.

2. z-Val-Ala-Asp-fluoromethylketone (zVAD-fmk)

zVAD-fmk is another general more caspase inhibitor. It is a cell 
perm eable, irreversible tripeptide of ICE family proteases, z is a cap 
(benzyloxycarbonyl) preventing the degradation of VAD, aspartate is 
aspartic acid. The caspase family cleave their proteins after specific aspartic 
acids. zVAD is an active inhibitor. The fluorom ethylketone makes the 
reaction irreversible and enables the drug to penetrate the cell.

3. Acetyl-Tyr-Val-Ala-Asp-chloromethylketone (AcYVAD-cmk)

YVAD-cmk is more specific inhibitor, targeting on the inhibition if 
ICE proteases/caspase 1 and 4. ICE for example cleaves pro-IL-Ifi and is 
efficiently inhibited in vitro by Ac-YVAD-CHO (the sequence which 
closely resembles the pro-IL-IB clevage site YVHD).

4. Acetyl-Asp-Glu-Val-Asp-prodrug (DEVDprodrugELL157)
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DEVD based drugs are specific caspase inhibitors designed to target 
the caspases w hich cleave the nuclear enzym e poly-(ADP ribose) 
polym erase (PARP) at its DEVD site. Caspases 3 and 7 are efficiently 
inhibited in vitro by this tetrapeptide inhibitor.

DEVD-prodrug ELL157 is specific for these caspases. Prodrug is a 
group which enables the peptide to get onto the cell. Once penetrated 
esterases breakdown "prodrug" releasing active peptide. ELL157 stands for 
Eisai. Lab. Lmt.

5. SB203580

SB203580 is an inhibitor of classes of the p38 stress-activated protein 
kinases (SAPK/JNK) which have been defined as being involved in the 
signalling pathways that lead to apoptosis (Derijard et ah, 1994; Xia et ah, 
1995). SB203580, developed by John Lee, Peter Young and colleagues, 
specifically inhibits SAPK2a/b (p38/B) but has also been reported to inhibit 
SAPKl/JNK but with a lower potency (Cohen, 1997).

Stress activated protein kinases are activated by stimuli such as heat, 
osmotic shock, UV light, TNF, ceramide, cellular stress and reactive 
oxygen species (ROS). These cellular stresses can cause apoptosis and it is 
know n that SAPK/JNK proteins are involved in this (Chen et ah, 1996) 
and have been shown to activate caspases (Seimiya et ah, 1997). Activated 
stress activated protein kinases phosphorylate the c-jun transcriptional 
activation domain and increase the rate of transcription of the c-jun gene. 
(Bogoyevitch et ah, 1995, Derjard et ah, 1994).

If sympathetic neurons are deprived of NGF they die by apoptosis 
and it has been shown that during NGF deprivation c-jun becomes more 
phosphorylated, probably on its amino terminal transactivation domain 
(Bossy-Wetzel et ah, 1997). The increase in c-jun protein levels may be a 
result of increased transciption of the c-jun gene. The c-jun protein 
positively autoregulates its own expression and activity is regulated by 
phosphorylation. It has been speculated that NGF withdrawal leads to 
some form of cellular stress, perhaps an increase in ROS, which causes the 
activation of SAPK/JNK which in turn phosphorylates c-jun and results 
in cell death.
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c-jun phosphorylation might cause cell death  by activating the 
transcription of target genes whose protein products are either effectors or 
triggers of the cell death programme. To test this it has been shown that 
overexpressing a transactivation-defective c-jun dom inant negative 
m utant in neurons protected them against PCD (Bossy-Wetzel et a l ,  1997).

c-jun m ight be im portant in cell death because it activates genes 
involved in cell proliferation. Cell death that follows the w ithdraw al of 
NGF from postmitotic neurons may be the result of an abortive attem pt to 
reenter the cell cycle. According to this model, removal of NGF would lead 
to the activation of cyclin-dependent kinases of other proteins that drive 
cell cycle progression. In the context of a terminally differentiated neuron 
that has w ithdraw n from the cell cycle, such enzymes m ight function 
directly as cell death effector proteins; i.e components of the cell cycle 
m achinery would be employed in the cell death program. Alternatively 
the inappropriate  activation of such enzymes in postm itotic neurons 
m ight trigger the cell death program.

It has been show n that SB203580 suppresses (by 80-90%) the 
transcrip tion of c-jun  induced by UV radiation and that activation of 
SAPK2/p38 induces apoptosis (Xia et a l ,  1995). Therefore SB203580 is a 
potential PCD inhibitor.

3.1.5. The zebrafish mutant notail (brachyury) and cell death.

B rachyury  is an early expressed gene coding for a transcription 
factor. In all vertebrates b r a c h y u r y  is expressed th ro u g h o u t the 
presum ptive mesoderm, later being confined to the notochord and to 
posterior mesoderm (Wolpert et al, 1997).

The gene was recognised by virtue of its m utant. Mouse embryo 
m utan ts fail to form sufficient m esoderm  and lack all bu t the m ost 
anterior seven somites. The notochord does not differentiate, and the 
embryos die around day 10 post coitum (during m idneurulation probably 
due to the lack of an allantois).
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The zebrafish notait (n t l )  gene is the hom ologue of m ouse 
b rachyury  (Schulte-Merker, 1994). While ntl m utant embryos express 
mRNA, they show no protein product. Later, expression of mRNA in 
m utants, but not in wildtypes, is greatly reduced along the dorsal midline 
where the notochord normally forms. This suggests that the protein is 
required for m aintaining transcription of its own gene. N t l  m utan t 
embryos lack differentiated notocord and the most posterior 11-13 of their 
norm al 30 somites. M utant n tl  embryos die well after hatching and 
therefore relatively late in development. The high degree of similarity in 
pheno type betw een b ra ch yu ry  mouse m utants and n tl  fish m utants 
provides the strongest evidence that hom ologous genes can serve the 
same function in members of different vertebrate classes, even if they are 
evolutionary as separate as mammals and teleosts (Papaioannou., 1997).

The X en o p u s  hom ologue of brachyury  (XBra)  is switched on in 
presum ptive ectoderm treated with mesoderm -inducing factors such as 
actvin. The maintenance of XBra depends on the expression of a fibroblast 
grow th factor (eFGF) and Brachyury activates expression of eFGF. 
Overexpression of Brachyury in presum ptive ectoderm after injection of 
its mRNA causes formation of ventral mesoderm.

B ra ch yu ry  is one gene of an expanding T-box gene family. The 
region of conserved sequence is the T-box which corresponds largely to the 
region encoding the DNA-binding protein (Papaioannou, 1997). The 
sim ilarity of amino-acid sequence enables an estimate of evolutionary 
distance and the determ ination of when gene duplication events took 
place. Their roles as transcription factors are essential for specifying the 
differentiation of posterior and axial mesoderm  during gastrulation in 
mouse, zebrafish and Xenopus. Experiments m anipulating Xbra have been 
carried out to determine other possible roles of brachyury.

In a study with XBra  (Smith, per commun.), phenotypes of embryos 
injected w ith the brachyury repressor Xbra-EnR RNA were examined. 
From these results Smith and Conlon claim to show that brachyury is 
necessary for

a) cell movements (convergent /  extension movements in
gastrulation).
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b) mesoderm differentiation in response to FGF,

c) survival of posterior mesodermal cells.

Posterior and notochord specific m arkers are dow n-regulated. 
Accompanying the down regulation of these markers is an up regulation 
of Otx-2  suggesting that loss of Xbra function causes a change in cell fate 
from posterior and ventral to more anterior cell types. A down regulation 
of posterior m arkers could be due to the posterior m esoderm  never 
form ing or due to the tissues being converted to an anterior fate (as 
implied by the elevated levels of Otx-2).

In the Xbra-EnR injection experiments blastomeres tended to adopt 
their norm al fates bu t they produced fewer progeny than control 
blastomeres. TUNEL assay concluded this is due to PCD. These results 
concluded that loss of posterior tissues in embryos is due to program m ed 
cell death. It was also noted that apoptotic cells were not observed in the 
notochord.

Activin caused the animal caps to undergo convergent extention 
m ovem ents and these movements are inhibited by Xbra-EnR consistent 
w ith the suggestion that brachyury is required for norm al gastrulation 
movements. Apoptosis was also detected in Xbra-EnR injected animal caps 
treated w ith activin, suggesting apoptosis is a consequence of failure to 
gastrulate properly rather than due to a direct effect of lack of brachyury.

At least two types of cell movement are involved in gastrulation in 
Xenopus) migration and convergent extension. Convergent extension 
involves a rearrangement of cells of the deep mesoderm and it causes 
elongation of the embryo along the antero-posterior axis. The phenotype 
observed with Xbra-EnR is reminiscent of that observed when physical 
means are used to inhibit convergent extension: the blastopore fails to 
close and only anterior axial structures differentiate. The second type of 
m ovem ent undertaken by mesodermal cells of Xenopus  involves the 
m igration of individual cells. This behaviour occurs predom inantly in 
prospective anterior mesendoderm cells and the fact that interior 
structures are unaffected by inhibition of Brachyury function suggests that 
m esoderm al migration occurs normally.
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The first consequence of inhibition of Brachyury function during 
Xenopus  development is a disruption of convergent extention, and this is 
likely to be the immediate cause of the truncated phenotype observed. But 
w hat happens to the cells that would have formed posterior structures? 
The evidence that there is a reduced num ber of cells and that there is an 
increase in TUNEL positive cells suggests they die. This is probably a 
consequence of loss of Brachyury function rather than a direct effect as 
apoptosis occurs later that the first observable phenotype (the disruption of 
gastrulation). Detachment of activin-treated blastomeres is reminiscent of 
the phenom enon known as anoikis in which detachm ents of cells from 
the extracellular matrix causes apoptosis a process which may prevent 
them from occupying an inappropriate location in the body.
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Results

3.2.1. Pattern o f PCD during the development of the zebrafish.

The earliest dying cells observed with TUNEL were seen at 90% 
epiboly (Fig. 3.1A). Scattered cell death was observed in most regions 
throughout development from 90% epiboly to 42 hours post fertilisation 
(hpf) (Fig. 3.1). At 90% epiboly to 12 somites cell death seems random ly 
scattered (Fig. 3.IB). Beyond 12 somites apoptotic cells gradually became 
more concentrated in the brain and tail bud (Fig. 3.1C-D). The majority of 
apoptotic cells were seen in the neuroectoderm, but a few were also seen in 
the mesodermal tissue, notochord and somites. At 26hpf num erous dying 
cells were seen in the lens and cornea of the eye, the otocyst, the cloacal 
opening, tail and dorsal spinal cord (Fig. 3.2A-H). Rare dying cells could 
also be identified in the forebrain, the tectum of the m idbrain and the 
hindbrain. At 30hpf there were still some apoptotic cells in the tail bud, but 
post 30hpf embryos had very few visible dying cells in this area. At 36hpf 
cell death could be seen in the olfactory placode (Fig. 3.2G). At 48hpf 
occasional dying cells were present in the nose but the lens was now 
negative (Fig. 3.1G). By 72hpf dying cells were consistently seen in the ear 
and the nose but only occasionally in the brain and spinal cord. These 
results confirm the pattern  of cell death later observed and published 
(Abdelilah et ah, 1996; Furutani-Seiki et ah, 1996).

3.2.2. Staurosporine induces programmed cell death in the zebrafish.

Zebrafish exposed to lOpM staurosporine for hr had a m arked 
increase in apoptotic cells as determined by a large increase in the num ber 
of TUNFL-positive cells observed (Fig. 3.3D) and by the nucleosome assay 
(mean fold increase over untreated controls of 4.5 ± 1.1, n=6, p<0.01)(Fig. 
3.4B). At the concentration used (lOpM), cells in the dorsal spinal cord 
were most affected. The deaths induced in the spinal cord are of a variety 
of cell types, including Rohon Beard neurons (as show n by HNK- 
1/TU N FL double labelling, chapter 4 Fig. 4.1). W ith increasing 
concentrations of staurosporine, more TUNFL positive cells were found in 
the  em bryo, particu larly  in the sp inal cord and tail bud. W ith 
staurosporine at a concentration of ImM, all cells were induced to undergo 
PCD (data not shown).
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Fig. 3.1. TUNEL staining of apoptotic cells during zebrafish embryonic 
development. 90% epiboly. Arrow indicates dying cell. (A), 8 somites (B), 
16 somites (C), 20 hours pf. Cell death is concentrated at the head and tail 
(arrows) (D), 26 hours pf. Cell death becomes more regionalised. Arrow 
indicates Rohon Beard cell death. (E), 34 hours pf. Arrow indicates Rohon 
Beard cell death (F), 42 hours pf (G). Scale bar = 250pM.

77



W3-



3. Zebrafish as a model for PCD

Fig. 3.2. Regions under going cell death, 26 hours pf to 34 hours pf. 
Nomarski image of eye (26hpf). Arrows indicate blebbing (dying) cells with 
increases refractivity. cf is corion fissure (A,B). TUNEL stain ing  of 
apoptotic cells (26hpf). Arrows indicate dying cells in retina and lens (C) 
cornea (D) . Dorsal spinal cord as viewed by Nom arski optics (26hpf). 
Arrow indicates large Rohon Beard cells blebbing (dying) w ith  high 
refractivity (E). TUNEL staining of cell death in the dorsal spinal cord 
(26hpf). Arrow indicates dying Rohon Beard cell (F) TUNEL staining of cell 
death in olfactory placode (36hpf). Arrow indicates olfactory placode (G). 
TUNEL staining of cell death in ear (26hpf) (H). Scale bar = 50pM.
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Fig. 3.3. Induction and prevention of cell death w ith staurosporine and 
zVADfmk on 26 hpf embryos as detected by TUNEL staining. Untreated 
embryo (A), zVADfmk (SOOpM) (C), zFAfmk (300|iM) (C), Staurosporine 
treated (lOpM) (D), Staurosporine + zFAfmk (300|iM) (F), Staurosporine 
(lOpM) + zVADfmk (300pM) (F). Figure shows that staurosporine is able to 
induce PCD in the developing zebrafish. Both staurosporine induced and 
norm al developm ent PCD can be reduced w ith  zVADfmk. Note the 
control, zFAfmk has a slight toxic effect on the developing zebrafish 
embryo. Scale bar = 50pM.
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Fig. 3.4. ELISA quantification of cell death using nucleosome detection 
assay on staurosporine treated, zVADfmk treated and untreated embryos.

zVADfmk inhibits the production of soluble nucleosomes in both 
norm al and staurosporine (STS) induced PCD.
(A) During normal PCD, 300|LiM zVADfmk inhibited production of soluble 
nucleosomes by 75% over untreated controls, whereas zFAfmk had no 
effect.
(B) During STS induced PCD, zVADfmk inhibited form ation of soluble 
nucleosomes by 50% compared to STS-treated controls. zFAfmk modestly 
inhibited nuclesome formation by 25%.

Values represent means ±  SFM of 3-6 separate determinations. ***p<.01, 
**p<.02, "^p<.04, according to the paired t test.
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3.2.3 P o t e n t i a l  inh ib itors  o f  apoptosis have varied effects on 
developmental and staurosporine-induced PCD.

To determ ine how to m anipulate cell death in the zebrafish 
embryo, a range of potential PCD inhibitors were administered. Various 
caspase inhibitors and a protein kinase inhibitor had varying effects on 
both developmental cell death and staurosporine induced cell death in the 
zebrafish (Fig. 3.5A,B). The fact a PCD inhibitor had a different effect on 
staurosporine induced cell death and developmental induced shows that 
staurosporine induced cell death and developmental induced cell death act 
via different pathways. For example, the pathways could involve different 
combinations of caspases.

a) The caspase inhibitor zVADfm k prevents both normal and 
staurosporine induced programmed cell death.

Zebrafish incubated w ith  zVADfmk (300|liM), an irreversible 
tripeptide inhibitor of caspases, showed a m arked decrease of TUNEL 
positive cells (Fig. 3.3A-C) and a 75% decrease in soluble nucleosomes (Fig. 
3.4A). zVADfmk (300 pM) was also effective in reducing the num ber of 
TUNEL positive cells in embryos exposed to staurosporine (Eig.3.3D-F), 
and it resulted in a 50% decrease in soluble nucleosomes (Fig. 3.4B). In 
contrast, the control zFAfmk, did not have an effect on the num ber of 
TUNEL-positive cells in fish undergoing normal PCD (Pig. 3.3B) nor the 
am ount of soluble nucleosome (Fig. 3.4A), although it did have a modest 
effect in reducing the num ber of TUNEL-positive cells in staurosporine- 
treated embryos (Fig. 3.3E) and the am ount of soluble nucleosomes in 
staurosporine-treated fish (Fig. 3.4B). The effect of zVADfmk was dose 
dependent, w ith peak inhibition of death at a concentration of 300pM for 
both developm ental and staurosporine-induced PCD (*p<0.04, *’̂ p<0.02, 
respectively. Fig. 3.5). zVADfmk (lOOpM) was less effective and zVADfmk 
(500pM) had a slight toxic effect (Fig. 3.5).

b) The caspase inhibitor DEVD-prodrug has a modest effect in preventing 
both normal and staurosporine induced PCD.
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3. Zebrafish as a model for PCD

Fig. 3.5. The effects of potential PCD inhibitors on the prevention of 
developm ental (A) and staurosporine (B) induced PCD in the zebrafish: 
Boc-Asp-fm k (BAP), z-V al-A la-A sp-fluorom ethylketone (zVADfmk) 
YVAD-cmk, DEVDprodrugELL157, SB203580 protein kinase inhibitor. 
G raphs show that zVADfmk is m ost effective in p reven ting  both  
developm ental PCD and Staurosporine-induced PCD. Note that the 
control, zFAfmk has a slight toxic effect on the developing zebrafish.

Significance values are given for zVADfmk treated embryos compared to 
controls. ***p<.01, **p<.02, *p<.04, according to the paired t test.
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3. Zebrafish as a model for PCD

The effect of DEVDprodrug on norm al PCD was dose dependent 
w ith peak inhibition detected at 10|iM, lOOpM and 300|liM w ith a modest 
percentage reduction of TUNEL positive cells of 24%, 20% and 16% 
respectively. At a concentration of 500pM, DEVDprodrug had a slightly 
toxic effect (Fig. 3.5A). DEVDprodrug was also effective in reducing 
s tau ro sp o rin e-in d u ced  (lOpM, 2hr exposure) cell death ; w ith  a 
concentration of 300|iM the num ber of TUNEL positive cells were reduced 
by approximately 30% (Fig. 3.5B).

c) The caspase inhibitor BocAsp had a slight effect in preventing both 
normal and staurosporine induced PCD.

BocAsp at an optimum concentration of lOOpM reduced normal cell 
death  TUNEL positive cells by approxim ately 4% (Fig. 3.5A). At an 
optim um  concentration of 300|iM BocAsp rescued staurosporine induced 
cell death TUNEL positive cells by approxim ately 10% (Fig. 3.5B). This 
shows the drug has a very slight effect on reducing cell death.

d) The caspase inhibitor YVAD does not prevent normal or staurosporine 
induced PCD.

From the slight amount of rescued cell death seen at lOpM with an 
8% decrease in normal TUNEL positive cells, increasing concentrations of 
YVAD proved to be toxic. A concentration of BOOpM of YVAD induced a 
116% increase in TUNEL positive cell death in normal embryos (Fig. 3.5A). 
Treatm ent w ith YVAD on staurosporine treated embryos had a slight 
effect, increasing the norm al am ount of cell death  induced  by 
staurosporine (Fig. 3.5B).

e) The stress activated protein kinase inhibitor SB203580 had a modest 
effect on preventing normal cell death but did not prevent staurosporine 
induced cell death.

At an optim um  concentration of lOOjiiM SB203580 reduced norm al 
TUNEL positive cell death by 40% (Fig. 3.5A). SB20358Ü had no effect on 
staurosporine induced PCD (Fig. 3.5B).
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3. Zebrafish as a model for PCD

The control drug MACH (a chemically improvised drug, similar to 
SB203580 but w ithout jun kinase inhibitor properties) had no effect on 
norm al or staurosporine induced PCD, show ing it is the jun kinase 
properties which prevents normal developmental PCD (data not shown).

3.2.4. Protection from PCD by zV A D fm k  is only transient.

Zebrafish incubated with zVADfmk (300pM) between 90% epiboly 
and 24hpf showed reduced cell death at 24hpf. The caspase inhibitor was 
then removed and embryos then examined at 33hpf and 48hpf showed a 
retu rn  of TUNEL positive cells, showing protection is only transient. 
Embryos treated as above which were given another dose of zVADfmk 
(300|liM) at 24hpf also showed no increase in protection from PCD at 34 
hours. A detailed investigation into the protection of Rohon Beard 
neurons w ith the caspase inhibitor zVADfmk showed that Rohon Beard 
cell death is delayed but death is inevitable and at the end of norm al 
Rohon Beard development, previously rescued cell have died (chapter 4, 
Fig. 4.3).

3.2.5. The caspase, caspase-3/7 is activated dur ing  spontaneous and  
staurosporine-induced apoptosis in zebrafish .

To characterise a type of caspase involved in zebrafish apoptosis, the 
presence of caspase-1 or caspase-3/7 activity in cytoplasmic extracts was 
investigated, by m easuring the cleavage of their respective substrates, 
YVAD-AMC or DEVD-AMC. Apoptotic cells were totally devoid of 
caspase-1 activity (data not shown). In contrast figure 3.6. shows that 
spontaneous as well as staurosporine induced apoptotic cells cleaved the 
caspase-3/7 DEVD-AMC substrate (*p<0.04, *^*p<0.02). This agrees w ith 
data show n above that zVADfmk and DEVDprodrug can reduced both 
staurosporine and norm al program m ed cell death, bu t YVADfmk is 
unable. This data implicates the importance of caspase-3/7 proteases in the 
zebrafish.
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3. Zebrafish as a model for PCD

Fig. 3.6. DEVD-AMC assay showing the effect of staurosporine on Caspase- 
3 activity. Zebrafish (24hpf) developed for 2 hours in the presence or 
absence of staurosporine (lOpM). Hydrolysis of DEVD-AMC substrate was 
m easured at 405nm. Staurosporine causes an increase of caspase-3 activity 
in zebrafish embryos.

Values represent means ±  SEM of 3 separate determinations. ***p<.01/ 
’̂ '^p<.02, *p<.04, according to the paired t test.

91



Fluorescence



3. Zebrafish as a model for PCD

3.2.6. Cell death in the mutant notail.

The zebrafish m utant notail {ntl) is a recessive m utation which 
causes loss of the notochord and caudal somites. N tl  is the homologue of 
the mouse brachyury  gene. In the m utant, the tail is abnormally small, 
shrivelled and twisted. To investigate if the loss of the tail involved PCD, 
TUNEL was em ployed to stain dying cells in a range of different 
developmentally staged ntl embryos. TUNEL staining shows ectopic death 
in ntl is first present at the 18 somite stage. As the m utant develops there 
is an increase of death in the tail compared to the control (Fig. 3.7B,D,F). 
This explains why ntl is twisted and stunted compared w ith the control 
(Fig. 3.7A,C,E).

3.2.7. Effect of zV A D fm k  on the mutant notail.

As the loss of the tail in the m utant notail is caused by program m ed 
cell death, a caspase inhibitor was used to see if it could prevent the death 
induced by ntl. zVADfmk (300pM) reduces cell death in the tail of no tail 
embryos, producing a less tw isted and stunted embryo com pared to 
untreated no tail embryos (Fig. 3.8A,B). A mass of ""rescued" cells can be 
observed by Nomarski optics (Fig. 3.8C,D). The control peptide zFAfmk 
(300pM) had no effect on the phenotype notail-/- (data not shown).

3.2.8. What is the fate o f the notail rescued cells?

As zVADfmk prevents cells from dying, w hat do these cells 
become? In other organisms, cells prevented from death have various 
fates. To determine if zVADfmk rescued no tail-/- cells differentiate into 
recognisable populations of cells, various insitu  hybridisation experiments 
were carried out with probes for mRNAs normally expressed in cells of 
defined germ layers.

Pax 2 m idbrain/hindbrain negative
myoD m uscle negative
sh h floorplate/notochord negative
GATA5 endoderm negative
caudal/eve tail bud negative
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3. Zebrafish as a model for PCD

Fig. 3.7. Ectopic cell death in the m utant notail (ntl) compared to controls 
as determined by TUNEL staining. Wildtype (wt) (20hpf) (A) ntl (20hpf) (B) 
w ildtype (24hpf) (C) ntl (24hpf) (D) wildtype (32hpf)(E) ntl (32hpf) (F). Scale 
bar = 250 pM.
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3. Zebrafish as a model for PCD

Fig. 3.8. ZVADfmk causes a reduction of ectopic cell death in ntl embryos 
as determined by TUNEL staining of cell death. Untreated ntl (26hpf) (A). 
zVADfmk treated ntl (26hpf) (B) Nomarski images of zVADfmk treated 
n t l  (26hpf) (C, D). ZVADfmk causes a reduction of cell death in n t l  
embryos. A mass of rescued cells can be observed (arrows). Scale bar = 250 
pM .
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3. Zebrafish as a model for PCD

otx-2 forebrain negative
Emx-1 telencephalon negative

None of the mRNA in situ probes shown above were expressed in 
the rescued mass of cell found in the m utant tail bud (Fig. 3.9).

3.2.9. Cell death occurs dur ing  f i n  fo rm a tion  and correlates to 
chondrogenesis .

Detection of cell death in the tail fin by TUNEL of post-5 day old 
larvae show ed a striped  pattern  (Fig. 3.10H). Due to the lim ited 
information on cellular processes involved in shaping fin patterns, it was 
necessary to look at the formation of the endoskeleton to be able to analyse 
the role of cell death in its formation. The appearance and the elongation 
of the condensations of cartilage was detected by Alcian blue staining. The 
stripes of cell death seemed to correspond w ith the striped pattern  of 
cartilage observed at the same age and slightly later (9 days pf), suggesting 
there is a functional role of PCD in remodelling the region where tail fin 
cartilages will form. Double staining of TUNEL and Alcian blue failed to 
determine if the cell death was occurring in the cartilage condensations or 
inbetween the cartilage condensations as background severely disrupted 
the double staining (Fig. 3.101).

The first cartilage condensations were observed around 9 days (Fig. 
3.10A), elongating and increasing in num ber (Fig. 3.10A-G). Intense 
patches of cell death were also seen throughout these stages and a day 
before the first observation of cartilage condensation formation.

98
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Fig. 3.9. mRNA in situ hybridisation w ith various probes in zVADfmk- 
treated ntl embryos to determine what the rescued mass of cells expresses. 
GATA5 (A), sonic hedgehog (B), pax-2 (C). Arrows indicate rescued cells. 
No mRNA probes used stained rescued cells. Scale bar = 250 pM.
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3. Zebrafish as a model for PCD

Fig. 3.10. Formation of cartilage condensations in the zebrafish caudal fin 
and the role of cell death in this process. Cartilage condensations stained 
w ith Aclion blue 9 days (A) 13 days (B) 15 days (C) 19 days (D) 21 days (E) 24 
days (F) 25 days (G). TUNEL labelling (H) double TUNEL/Alcion blue 
staining (I). Scale bar = 50pM.

The striped cartilage condensation formation corresponds with the striped 
TUNEL patterning which suggests apoptosis is involved in rem odelling 
the region w here tail fin cartilages will form. Based on this data, two 
m odels have been proposed: cell death could be taking place in the 
cartilaginous region itself and be a process involved in the differentiation 
and specialisation of cartilage. Alternatively the cell death could be taking 
p lace inbetw een  the cartilage condensations. In th is m odel a 
precartilaginous field would be laid down and cell death would remove 
the places where cartilage will not form.
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3. Zebrafish as a model for PCD

Discussion

3.3.1. Cell death is found  in a predictable pattern throughout development

Throughout the development of the zebrafish embryo, cell death 
was observed in a reproducible pattern. Reproducible cell death patterns 
have been observed in all animals studied, for example Drosophila (Zhou,
1995) and C.elegans (Sulston et al., 1983). Unlike C.elegans w here fate 
m apping shows exact cell progeny are fated to die, in zebrafish, like 
Drosophila, only the pattern is reproducible; exact cell progeny do not 
reproducibly die. As observed in other model organisms, in zebrsfiah, cell 
death has not been observed before the MET. One reason for the lack of 
apoptosis could be that prior to the MET cell cycles are quick and lack G 
phases during which many cell cycle checkpoints occur (Newport et al., 
1989). At checkpoints DNA quality and quantity is m onitored and if 
abnorm al PCD can eliminate these cells. It is also likely that a maternally 
encoded PCD inhibitor is present with the apoptotic machinery in place 
(Sible et a l ,  1997). These inhibitors are replaced by zygotic transcription 
after the MET to prevent PCD activation (Stack et al., 1997). At this point 
the cells that have accumulated damage during the early cleavage cycles 
could be removed as well as cells that have m igrated to inappropriate 
positions during gastrulation which are unable to receive and respond to 
signals from surrounding cells. Ecl-2, an inhibitor of apoptosis is expressed 
after the MET (Cruz-Reyes et a l ,  1995) and could be the developmental 
sw itch that determ ines continued developm ent verses apoptosis. The 
apoptotic program  is engaged by individual cells and provided there are 
few  dam aged cells their rem oval resu lts in norm al em bryonic 
developm ent.

From 19hpf cell death becomes more concentrated in specific 
regions of the zebrafish embryo, and, in one case identified  in a 
subpopulation of postmitotic cells. Scattered cell death allows packed cells 
free movement during periods of gradual morphogenesis. Concentrations 
of PCD detected spacially and temporally occurred in regions undergoing 
morphogenesis. Localised death in the nervous system may clear the way 
for outgrow ing axons, for example, concentrated apoptosis in the 
anteroventral olfactory placode coincides w ith the time that axons are
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exiting the placode and growing towards the telencephalon. In the tail bud, 
cell death may represent a natural process of elimination of the excess cells 
rem aining in the bud after tail somitogenesis is complete. Cell death is also 
found in the lens of the eye during development. There is increasing 
evidence that the death program  is involved in producing specialised 
differentiated cells without organelles and certain cell types, including lens 
epithelial cells which lose their nucleus and other organelles in the 
process of terminal differentiation. It has been shown that caspase-3 like 
m em ber of the caspase family becomes activated during  lens fibre 
differentiation indicating that part of the cell death machinery is involved 
in lens fibre differentiation (Ishizaki et al., 1998). This could possibly 
account for a proportion of the cell death found in the lens.

At 26hpf there is a very predictable pattern of cell death found in 
the dorsal spinal cord. These dying cells are Rohon Beard neurons as 
show n by double labelling of TUNEL and HNK-1 antibody (chapter 4). 
Rohon Beard neurons of the spinal cord are primary sensory neurons that 
arise early, rapidly develop long axons and interconnect to form a simple 
neural network that mediate touch sensitivity (Grunwald et al., 1988). We 
cannot detect Rohon Beard neurons with HNK-1 antibody after 3.5 days at 
w hich time developing dorsal root ganglion (DRG) neurons assum e 
Rohon Beard cells sensory function. Our double labelling of Rohon Beard 
HNK-1 positive cells and TUNEL shows that all Rohon Beard cells are 
removed by PCD from about 20s to 3.5 days (chapter 4).

3.3.2. Staurosporine induces cell death in the zebrafish.

M icromolar concentrations of staurosporine are able to induce 
program m ed cell death in the zebrafish. This general protein  kinase 
inhibitor has been shown to induce apoptosis in a num ber of cell lines 
from various origins regardless of the state of differentiation and cell cycle 
phase, suggesting the presence of a common inducible suicide pathw ay, 
(Bertrand et ah, 1994). Our finding that zebrafish are also affected adds to 
the evidence that program m ed cell death pathw ay has been conserved 
through evolution. Staurosporine induced PCD has been a useful m odel 
for studying some of the features of the basic core machinery of PCD. One 
of the conclusions draw n from the staurosporine model is that nucleated 
m am m alian cells constitutively express all the proteins required  to
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undergo PCD (Jacobson et al., 1994). Another conclusion draw n from the 
STS model is that PCD does not require a nucleus and is controlled from 
the cytoplasm; anucleated cytoplasts were shown to die with the same 
kinetics and morphological features w hen treated w ith STS as did the 
parent cells (Weil et ah', 1996).

In the zebrafish embryo all cells were induced to undergo cell death 
w ith increasing amounts of staurosporine. A lthough different tissues of 
the embryo displayed different sensitivities to staurosporine, all were 
ultim ately induced to undergo PCD indicating all cells constitutively 
express the proteins required to undergo PCD.

3.3.3. The caspase inhibitor zV A D fm k  is able to reduce cell death in both 
developmental and staurosporine induced cell death.

The broad spectrum caspase inhibitor zVADfmk is able to reduce 
both norm al developmental and staurosporine induced program m ed cell 
death in zebrafish. zVADfmk is more effective in rescuing developmental 
PCD than STS induced PCD. This is consistent with results shown w ith 
mouse E13 cells (Weil, et a l ,  1998). It suggests that staurosporine relies on 
cell death signals through caspase-independent pathw ays or there are 
caspases which staurosporine acts through which zVADfmk does not 
inhibit. Conversely developmental cell death is induced by a more narrow 
range of pathways in which the caspases zVADfmk inhibits play a major 
role.

Inhibition by zVADfmk provides a few clues to w hich of the 
caspases are involved with STS-induced PCD, but it is unclear precisely 
which family members zVADfmk inhibits, especially when used on live 
cells. Staurosporine induced PCD does not involve Caspase-l-like/ICE; 
Crm A which binds to and inactivates ICE (Ray et a l ,  1992) does not inhibit 
STS-induced PCD in Rat-1 cells. Also microjection of Ac-YVAD-CHO, a 
potent tetrapeptide inhibitor of ICE (Thornberry et al., 1992) does not 
inhibit STS induced PCD in GM701 cells (Jacobson et a l ,  1996). Addition of 
more specific caspase inhibitors to STS treated zebrafish could elucidate 
w hich caspases prevent STS cell death in the embryo and if caspase 
independent cell death pathways are involve (3.3.5).

105



3. Zebrafish as a model for PCD

This study shows that zVADfmk can reduce developm ental cell 
death in zebrafish. zVADfmk has been shown to inhibit normal cell death 
in a variety of systems including mouse interdigits (Jacobson et al., 1996), 
neural tube closure (Weil et al, 1997), motor neurons (Milligan et a l, 1995) 
and cultured cerebellar granule neurones (Taylor et al., 1997). In a few cases 
in zebrafish zVADfmk was able to prevent all cell death indicating that 
developm ental cell death only operates through a signalling pathw ay 
involving the caspases zVADfmk is able to inhibit.

3.3.4. Boc-Asp has different effects on developmental and STS-induced  
PCD in zebrafish.

Boc-Asp, a broad spectrum caspase inhibitor like zVADfmk, was 
able to reduce developmental cell death but was unable to have an effect 
on staurosporine induced cell death. Many studies have used boc-asp to 
prevent various types of cell death with effect, including the cell death in 
neural tube closure (Weil et a l ,  1997) and in hair cells of m am m alian 
neurom asts (Forge, per commun.) . Both the general caspase inhibitors 
prevented norm al PCD to varying degrees and zVADfmk was able to 
significantly reduce staurosporine induced PCD.

The differing ability of the drugs to prevent PCD in the zebrafish 
could be based upon the wide range of caspase inhibiting properties and 
specifically for zebrafish caspases. The caspase inhibition in the chick was 
found to be more effective with zVADfmk than Boc-Asp (Weil et a l , 1997) 
suggests zVADfmk is a more potent inhibitor than Boc-Asp and this is 
supported  w ith the results found in zebrafish. Studies of the effect of 
zVADfmk and BocAsp on B-lymphocytes also suggest zVADfmk is a more 
effective caspase inhibitor (Lemaire et a l ,  1998).

The fact that Boc-Asp was unable to prevent STS-induced PCD 
supports the speculation suggested above that STS-induced PCD acts 
through a caspase independent pathway or a caspase dependent pathw ay 
different to developmentally induced death which is less susceptible to 
Boc-Asp (as well as zVADfmk). As BocAsp has a lower specificity for the 
caspase family than zVADfmk it seems likely that STS-induced PCD can be 
carried  out via a caspase independent pa thw ay  in the zebrafish.
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3.3.5. Specifically targeted caspase inhibitors reveal possible caspases active 
in zebrafish.

More specifically targeted caspase inhibitors such as DEVDprodrug 
and YVAD have different effects on zebrafish cell death  indicating 
different activities of caspases in zebrafish. YVAD is a potent inhibitor of 
caspase 4 and caspase 1, but inhibits caspase 3 and caspase 7 poorly. 
Caspases 3 and 7 are potently inhibited by DEVD and this molecule is also 
effective in inhibiting caspases 1 and 4, though not as efficiently (Margolin 
et a l ,  1997). However caution needs to be taken with results obtained from 
"specific" caspase inhibitors as at certain concentrations and prolonged 
reaction times these inhibitors can act as more broad spectrum inhibitors.

DEVDprodrug was able to have an effect on preventing normal PCD 
and staurosporine induced PCD suggesting that caspase-3/7 is involved in 
both staurosporine and normal program m ed cell death. This evidence is 
corroborated by the DEVD-AMC cleavage assay where extracts from 
untreated  and staurosporine treated embryos were able to cleave the 
DEVD-AMC substrate. Caspase 3 has been shown to be a widely activated 
caspase in cell death, including m ammalian developm ental cell death, 
because it is commonly activated by numerous death signals and cleaves a 
variety of im portant cellular proteins. For example CPP32/caspase 3 up 
regulation  is involved in thyroid horm one dependent apoptosis in 
tadpole tail reabsorption during m etam orphosis (Yaoita et al., 1997). 
Studies in caspase 3 knock out mice have shown that this protease is 
essential for brain development (Kuida et al., 1996).

There is evidence suggesting caspase 3 is activated in staurosporine 
induced PCD; microinjection of DEVD, which is a more potent inhibitor of 
caspase 3 than caspase 1 blocks STS-induced PCD in GM701 cells (Jacobson 
et ah, 1996). Also staurosporine-induced apoptosis in cardiom yocytes 
activated caspase 3 as detected by substrate specificity analysis and the 
appearance of the 17kD subunit of active caspase 3 dem onstrated by 
im m unocytochem ical analysis (Yue et ah, 1998). However in the MCF-7 
breast carcinoma cell line, caspase 3 has been lost but staurosporine was 
still able to induce cell death showing caspase 3 is not essential for 
staurosporine-induced apoptosis. This could be one reason w hy STS-
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induced PCD cannot be decreased to a large extent by some caspase 
inhibitors. Taking these results together, it can be concluded that 
staurosporine induced cell death can follow both a caspase independent 
pathway and a caspase dependent pathway, probably involving caspase 3.

YVADfmk was unable to prevent program m ed cell death in both 
normal and staurosporine induced PCD. YVADfmk has been shown to be 
unable to prevent PCD in other systems such as STS-induced PCD in 
GM701 cells (Jacobson et al., 1996). It was also found that zebrafish 
cytoplasmic extracts from normal and staurosporine treated embryos did 
not cleave the YVAD-AMC substrate show ing there is no caspase-1 
activity. These results suggest that caspase 1 is not involved in 
staurosporine induced death or developmental program m ed cell death. 
YVADfmk was toxic at concentrations over 50|iM. The origin of this 
toxicity is unknown but could be a result of the YVAD interfering w ith 
in terleukin-lfi converting enzyme or other substrates need for the 
survival of the embryo.

Recent evidence has shown that not all cell death may occur by the 
conventional caspase-dependent suicide mechanism in some cell types. 
Mouse sperm die spontaneously within 1-2 days in culture and treatm ent 
with either STS and a peptide caspase inhibitor does not accelerate or delay 
the cell death. Chicken erythrocytes, are induced to die with staurosporine 
and embryonic erythrocytes are more sensitive than adult erythrocytes 
with this treatment, but PCD was not blocked or delayed by peptide caspase 
inhibitors. These findings raise the possibility that both mouse sperm and 
chicken erythrocytes have a death program m e that may not depend on 
caspases and that chicken erythrocytes lose caspases as they mature (Weil, 
et a l ,  1998).

3.3.6. The effect o f zV A D fm k in preventing cell death is transient.

The longterm  effect of caspase inh ib ition  has rarely  been 
investigated and contradictory results have been reported on whether the 
death process is completely prevented or only delayed. It is also unknown 
whether the death occurring later is through necrosis or apoptosis. One 
study's results show that while peptide caspase inhibitors totally inhibited 
apoptotic features, they did not improve long-term cell survival because
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they only deviated the apoptotic process to the necrotic form of cell death 
(Lemaire et al., 1998). In these studies the role of caspases in B lymphocyte 
cell death was investigated by using BocAsp and zVADfmk. They totally 
prevented spontaneous and drug induced apoptosis and inhibited caspase 
3 like activity. However the suppression of apoptosis was not associated 
w ith a long-term increase of cell survival, but conversely, w ith a switch 
from apoptotic death to the necrotic form. These results strongly suggest 
that apoptosis and necrosis can share common initiation pathw ays, the 
final issue being determined by the presence of an active caspase. These 
results are in contradiction to the general assum ption that inhibition of 
caspases would rescue cells from death. For example zVADfmk increases 
cell survival in myeloid leukemic cell lines (Barge et a l ,  1997) and p35 is 
able to rescue cells p reventing  b lindness in D r o s o p h i la  re tinal 
degeneration mutants (Davidson and Steller, 1998).

These findings suggest that the transient protection of cell death by 
zVADfmk found in zebrafish could be due to a switch to necrosis. 
O therw ise it could be due to the fact that the "irreversible" caspase 
inhibitors are not irreversible and that addition of caspase inhibitors post 
32 hours in development could be able to prevent cell death if it were able 
to penetrate the periderm that has formed by this stage.

3.3.7. Possible role for SB203580 in reducing developmental cell death.

SB203580 was able to moderately reduce developmental cell death. 
However SB203580 had no effect on staurosporine induced PCD in the 
zebrafish. These results are consistent w ith the fact staurosporine acts 
through a different pathway to developmental cell death (which probably 
occurs due to a w ithdraw al of a trophic factor). For example w hen 
sympathetic neurons are deprived of NGF there is an increase in activity 
of the stress activated protein kinases which could be a pathw ay for cell 
death  (Bossy-Wetzel et al., 1997). However it is known that the stress- 
activated protein kinase is not activated in staurosporine-induced PCD in 
cardiomyocytes (Yue et a l ,  1998). This suggests that the stress activated 
signalling pathw ay is not activated in staurosporine-induced cell death 
and is consistent with the conclusion that stress-activated kinase inhibitor 
(SB203580) is unable to prevent the staurosporine induced cell death  
found in zebrafish.
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3.3.8. zV A D fm k  reduces ectopic cell death in the m utant notail, though  
what the rescued cell express has yet to be determined.

The broad spectrum  caspase inhibitor, zVADfmk reduced ectopic 
cell death in the tail of the m utant notail. The phenotype of a no ta il  

embryo treated with zVADfmk was like a notail embryo but with a "blob" 
of cells attached to the caudal end. To determine w hat these rescued cells 
were mRNA in situ hybridisations were carried out to see w hat the cell are 
expressing. As the zVADfmk rescued cells did not register positive for the 
mRNA investigated it suggests that the cells are not obviously mesoderm, 
ectoderm or endoderm or it could be because a wider spectrum of markers 
need to be looked at. A possible reason why they could not differentiate is 
that they are not receiving an appropriate signal.

Cells which are program m ed to die, but which are kept alive by 
inactivation of caspase(s), could be described as "undead" (White et al., 
1986). In C.elegans the prevention of cell death by a null m utation of ced-3 
or ced-4 causes practically all PCD's, (except linker cell m urder) to be 
abolished. Surviving cells look quite healthy at the light microscope level 
and the animals appear to behave perfectly normal, both morphologically 
and behaviourally. In certain cases undead cells may function as norm al 
neurons. In this case some cells become serotonergic and others become 
dopaminergic neurons (Ellis and Horvitz, I99I). Electron microscopy of 
undead cells show they have a cryptic ability to differentiate into norm al 
looking cells of diverse type. Undead cells exhibit considerable variability 
in the expression of certain characteristic traits. Evolutionary drift in the 
cryptic differentiated characteristics of undead  cells m ay provide a 
mechanism  whereby the evolution of new cell types is sheltered by cell 
death  (Horvitz et a l ,  1986). It is not clear w hether undead cells are all 
equivalent being born uncom m itted and have acquired their diverse 
d iffe ren tia ted  characteristics by local inductive  in te rac tions, or 
alternatively, w hether they have inherited their cryptic commitments. 
Behaviour of undead cells in P lineages gives some support to the latter 
view. It is likely that some of the cells that norm ally die in wild type 
anim als have cryptic commitments that are never realised before death 
intervenes. Avery and H orvitz studied one particu lar undead  cell: 
pharyngeal neuron M4 is essential for feeding in wildtype worms, but in a

no



3. Zebrafish as a model for PCD

ced-3 m utant the sister of M4(MSpaaaaap) can take over its function. It's 
function is variable and subnormal (unlike M4). One possible explanation 
is that its fate, being hidden by death and not subject to selection has 
drifted random ly during evolution. Horvitz suggests that such cells may 
play roles in the evolution of cell lineage analogous to those played by 
pseudogenes in the evolution of genomes. Therefore, some cells that are 
rescued from normal developmental death have the ability to differentiate 
into specialised cells and function, although others do not.

C.elegans is a highly mosaic animal (from a very early stage the cells 
can develop only accordingly to their early specified fate). In contrast, the 
zebrafish is highly regulative where the potential of cells is not restricted 
until gastrulation begins. Therefore, in the zebrafish, although the undead 
cells have a high potential to become a specialised cell, it is not inherent 
i.e. they m ust receive an extracellular signal to determ ine w hat they 
should become, w ithout this signal ''undead" cells in zebrafish rem ain 
undifferentiated .

It has also been shown that it is possible to rescue ectopic cell death 
in a retinal degeneration m utant in Drosophila (Davidson and Steller, 
1998). Retinal cell death in rdgC and ninaE m utant flies occurs by apoptosis 
and is blocked by eye-specific expression of the baculoviral protein p35. 
Most im portantly the m utant flies expressing p35 show ed significant 
retention of visual function. Both rdgC and ninaE flies are caused by 
m utations in the photoreceptor protein rhodopsin. The fact that the 
function of rhodopsin can be restored by preventing caspase activation 
suggests that the activation of rhodopsin in these m utant backgrounds 
leads ultim ately to caspase activation and that caspase activation is 
required for degeneration. These results provide a strong rationale for 
fu rther exploration of antiapoptotic strategies in the trea tm en t of 
neurodegenerative disease.

How the m utant gives rise to cell death may determine w hether 
treatm ent with caspase inhibitors will not only rescue the cell but rescue a 
functional cell. If cell death occurs by the m utant directly activating the cell 
death machinery it will be possible to rescue a functional cell w ith caspase 
inhibitors. If however the m utation causes the cell to be m isplaced or 
unable to differentiate which then subsequently leads to cell death by
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default initiated way up stream of the cell death machinery, rescue of a 
functional cell by caspase inhibitors seems unlikely. Results from the work 
on zebrafish notail so far suggest that the caspase inhibitor rescued cells 
rem ain undifferentiated and therefore non functional. This also suggests 
that the m utant notail undergoes cell death in the tail bud because the cells 
don 't get a signal to differentiate/survive and not because of notail acting 
directly w ith proteins involved w ith caspase inhibition. These results 
corroborate w ith Conlon Smiths observations (unpublished). In their 
experim ents, w hen X e n o p u s  embryos are injected w ith  brachyury  
repressor Xbra-EnR RNA, apoptosis occurs later than the first observable 
phenotype which the inability to undergo norm al convergent extention 
movem ents in gastrulation. This suggests cell death is a consequence of 
loss of brachyury/notail function rather than a direct effect. Conlon and 
Smith also state that in Xenopus embryos injected w ith the brachyury 
repressor posterior specific markers are down regulated and there is and 
up regulation of Otx-2  (anterior marker). This result suggests that loss of 
Xbra function causes a change in cell fate from posterior and ventral to 
more anterior cell types. However anterior markers, Otx-2  and Emx-1  are 
not expressed in the caspase inhibitor rescued cells in zebrafish notail  
embryos.

3.3.9. The role of cell death in tail f in  formation.

It is possible that the increase in num ber of cartilage condensations 
is due to cell death taking place in the condensing cells. In this case part of 
the cell death process would be necessary for the formation of cartilage 
m uch like the death program m e is involved producing  specialised 
differentiated  cells w ithout particu lar organelles. For exam ple skin 
kératinocytes, lens epithelial cells and m am m alian red blood cells lose 
the ir nucleus and o ther organelles in the process of te rm ina l 
differentiation. The differentiated lens cells and red blood cells continue to 
live in the sense that they continue to metabolise, whereas differentiated 
kératinocytes die and form a layer of corpses on the surface of the skin 
(Jacobson et al., 1997). It has not been clarified if the enzymatic machinery 
is involved in all of these events but it has been shown that in lens fibre 
differentiation at least one caspase (caspase-3) becomes activated (Ishizaki 
et a l ,  1998) and suggested that in mouse caspase-3 knockout (Kuida et a l ,
1996) an abnormally large num ber of nuclei are in the core of the lens. It

112



3. Zebrafish as a model for PCD

has also been show n that overexpressing bcl-2  inh ib its hum an  
keratinocyte differentiation in culture (Nataraj et a l ,  1994) suggesting the 
apoptopic machinery plays some part in keratinocyte differentiation.

Another model could be that pre-cartilageous cells are laid down 
over the tail fin area and cell death could take place in stripes to remove 
this pre-cartilagous tissue leaving stripes of cartilage. If this death was 
prevented, a mass of cartilage would form from the precartilage tissue. It 
will be necessary to take sections to observe exactly where the TUNEL 
staining is. It could also be possible to use caspase inhibitors to prevent cell 
death in the tail fin and to observe the effect this has on the cartilage 
condensations and test which of the models proposed above is more likely.

Programmed cell death in the tail fin provides an example of PCD 
in developm ent. In this case the function of PCD could be to delete 
unw anted structures, or sculpturing parts of the body. It could also possibly 
be involved in specialised, differentiated cartilage cells.

3.3.10. Sum m ary.

This chapter has shown that the developing zebrafish is a useful 
model for the study of programmed cell death. The pattern of cell death 
th ro u g h o u t developm ent is reproducib le  and this death  can be 
m anipulated using PCD inhibitors. The most effective PCD inhibitor tested 
was zVADfmk and it probably acts on a num ber of caspases including 
caspase 3, a caspase found active in the developing zebrafish. The inhibitor 
can be used to block developmental cell death and therefore study the role 
of cell death in development. The caspase inhibitor can also be used to 
prevent ectopic cell death in mutants. Determination of the "rescued" cells 
could elucidate the mechanism of the m utated protein. The following two 
chapters describe the study of two cell populations which undergo cell 
death  in the developing zebrafish, revealing the consequences of 
m anipulating the cell death and giving an insight of the mechanisms of 
cell death in these specific cells.
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CHAPTER FOUR

Characterisation of cell death in the Rohon Beard neurons of the zebrafish

This chapter describes initial studies to determ ine the role and 
control of apoptosis of Rohon Beard neurons. Rohon Beard neurons are a 
pure population of cells that are completely removed by PCD during the 
development of the zebrafish and so provide a simple system to study the 
control of apoptosis in vivo. It was first necessary to determine the time 
course of death of the Rohon Beard cells during development. As it is 
known that withdrawal of neurotrophic factors are involved in cell death, 
the expression of neurotrophin  receptors was looked at. The results 
presented here show that cell death was only occurring in TrkCl negative 
Rohon Beard neurons and not TrkCl positive Rohon Beard neurons, 
suggesting a role for TrkCl and its ligand, NT-3 in the survival of Rohon 
Beard cells. Experiments were then carried out to determine if the death of 
the Rohon Beard cells is orchestrated by an internal mechanism or by 
extrinsic control, or both. Before discussing the results, w hat is known 
about the cell biology of Rohon Beard neurons and the role of 
neurotrophic factors and their receptors in development will be examined.

Introduction

I. Rohon Beard neurons

Rohon Beard (RB) neurons are the first sensory neurons to develop 
in the spinal cord of the lower vertebrates, fish and amphibia. They arise 
early and rapidly and develop long axons which interconnect to form a 
simple neural network which mediates touch sensitivity. The role of these 
neurons is later taken over by Dorsal Root Ganglion neurons (DRGs) and 
therefore Rohon Beard neurons are described as prim ary sensory neurons. 
Reisser (1860) and Sigmund Freud (1867) first described Rohon Beard cells 
in their studies of the neuroanatom y of Petromyzon. These cells are now 
known as the Rohon Beard cells, after Rohon (1885) and Beard (1889) who 
have described them in several groups of fishes. Since then most work has 
been done on amphibia.
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4.1.1. A natom y o f Rohon Beard Neurons.

Hughes (1957), Roberts and Clarke, (1982) and Clarke et al., (1984) 
studied  Rohon Beard neurons using horse radish peroxidase to stain 
spinal cord neurons in late embryos of Xenopus laevis. The technique 
showed clearly the soma, dendrites and axonal projections of all the spinal 
sensory neurons, including Rohon Beard neurons.

The somas of Rohon Beard neurons are the largest in the spinal 
cord and form a nearly continuous double row of cells along the medial 
dorsal surface of the spinal cord. Each cell has an axon that projects 
rostrally to the hindbrain and one that runs caudally w ithin the spinal 
cord. These central axons lie w ithin a small tract of fibres along the 
dorsolateral spinal cord. Each Rohon Beard cell also has a peripheral axon 
that leaves the spinal cord and runs over or through the segm ental 
m yotom es to reach the skin which they innervate w ith free nerve 
endings. This peripheral neurite can arise directly from the soma or from 
either of the central axons within a few tens of micrometres of the soma. 
They are responsible for detecting light touch stimuli creating the first 
escape reaction the embryo has. Their anatomy suggests these cells should 
be prim ary sensory neurons in function. Hom ologous neurons in the 
lamprey, described simply as dorsal cells, which persist in the adult spinal 
cord have also been dem onstrated to be prim ary  sensory neurons 
(Whiting, 1948).

4.1.2. Physiology of Rohon Beard Neurons.

The excitation of Rohon Beard neurons by natural and electrical 
s tim u la tio n  of the skin has been exam ined using  in trace llu la r 
microelectrodes in the late embryo of Xenopus laevis (Korn and Faber, 
1996). Rohon Beard cells are sensitive to transient local indentation of the 
trunk skin, responding with one or a few impulses. They adapt to rapidly 
to repeated stimulation. They can also be excited by a brief current pulse to 
the skin. They are not sensitive to slow indentation of the skin, nor are 
they excited by epithelial action potentials. Intracellularly evoked action 
potentials in single Rohon Beard cells are sometimes sufficient to evoke 
sustained episodes of fictive swimming. These results show that Rohon 
Beard cells areresponsible for detecting light touch stimuli to the embryos 
body and for initiating swimming in response to this stimulus. Escape
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behaviours have high thresholds and their short latencies leave minimal 
time for complex treatm ent of sensory information, such as assessing the 
location of a threatening stimulus relative to environm ental param eters 
(Korn and Faber, 1996).

The role of Rohon Beard neurons is later taken over by Dorsal Root 
ganglia (DRG) which all vertebrates have. As Rohon Beard cells are only 
found in early vertebrates this early response action seems to have been 
lost through evolution probably because in higher vertebrates the embryos 
have m uch more protection from the environm ent and therefore early 
escape reactions are redundant.

4.1.3. Examples of Rohon Beard cell death in organisms.

Literature shows varying fates of Rohon Beard neurons in different 
animals. In Petrom yzon,  newts and lampreys Rohon Beard cells persist 
into life m aintaining a sensory function. In sharp contrast Rohon Beard 
cells are found only in embryonic or larval stages in E la sm o b ra n ch s  
(Beard, 1889) and in Teleosts and in Amphibia. In Xenopus  Rohon Beard 
neurons are first seen at 58hr (Lamborghini, 1987). A first wave of death is 
observed around SOOhrs but Rohon Beard cells are still plentiful at trunk 
levels, though by then only occasional examples are found in the tail. By 
760hrs a second wave of cell death has occurred and only a few Rohon 
Beard cells can be found in the whole cord. By the time the animal is a 
young frog all the Rohon Beard neurons have died. In this case Rohon 
Beard neurons are characterized as being divided into those cells in which 
cell death occurs relatively early and those cells in which it occurs late.

In the frogs Rana pipiens and Ceratophrys ornata Rohon Beard cells 
originate during gastrulation, become distinguishable just after closure of 
the neural tube, and are present in maximum num bers at the end of the 
embryonic period, just before feeding begins (Eichler and Porter, 1981). 
Rohon Beard cell deaths are first seen in the earliest larval stages in Rana  
pipiens  and Ceratophrys ornata and they may not be complete until the 
very end of larval development or a day or two later in the juvenile 
froglet. This is different from Xenopus laevis in which the last Rohon 
Beard cells die before m etam orphic climax. Also in Rana pipiens and 
Ceratophrys ornata cell losses tend to reach completion in the trunk in a 
cran iocaudal progression. In Rana pipiens some 7-15% of the peak
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num bers of Rohon Beard cells are still present after 400 days, more than 4 
times the length of the usual larval period. Most or all of these surviving 
cells are in the tail. Rates of cell death betw een Rana pipiens  and 
Ceratophrys ornata also differs; Ceratophrys ornata produce less Rohon 
Beard cells than Rana pipiens and the rate of death is slower.

In different animals, therefore Rohon Beard cells have varying 
fates. In some anim als such as the newt, Rohon Beard cells persist 
throughout adult life and are not removed. In frogs however, Rohon 
Beard cells die. The pattern of this cell death though varies in different 
species which suggests Rohon Beard cells in each organism are subjected to 
different controls at different points in development or are intrinsically 
different.

4.1.4. W hy do Rohon Beard neurons die?

Rohon Beard cells may die because a survival factor diminishes; 
this may be due to competition from another group of cells dependent on 
the same factor or a reduction in the am ount of factor being produced. 
A lternatively, Rohon Beard cells may die because a factor starts being 
produced that signals them to die. In both these situations, death is under 
extrinsic control. Another possibility is that these cells die due to an 
intrinsic clock m echanism, for example an increase or decrease of a 
molecule in the cells may occur from the moment of differentiation of 
which a certain threshold triggers death. The Rohon Beard cells in the 
organisms discussed above may die in different patterns due to different 
extrinsic or intrinsic factors acting on them, or different combinations of 
both.

As already mentioned, Xenopus  undergoes two waves of massive 
Rohon Beard death during development. It has been observed that DRG's 
innervate their targets in Xenopus  at 270hrs just before the first wave of 
death and that during the course of the period of larval life w hen DRGs 
are functional, changes w ithin  the Rohon Beard cells are visible 
(Lamborghini, 1987). It is possible DRGs compete for the same survival 
factor as Rohon Beard neurons and the decrease of this factor causes 
Rohon Beard cell death. If this is a reason why the neurons die, it is not 
the only factor as Rohon Beard cells are not immediately superseded when 
the neurons of the DRGs send fibres into the cord, and the Rohon Beard

117



4. Characterisation of Rohon Beard cell death

cells at trunk level are not effected. The second wave of death may well be 
caused  by the surge of thyroid concentration w hich characterises 
metamorphic climax. Again, the critical factor for the onset of cell death in 
late larvae of Rana l^pipiens and Ceratophrys ornata may well be the surge 
in thyroid concentration.

W hat ever the cause of cell death, in X e n o p u s  it seems to be an 
extrinsic factor determining when the cells die as opposed to an intrinsic 
clock mechanism. Evidence for this comes from looking at the loss of 
Rohon Beard neurons in embryos whose development was arrested by 
crowding. It was found that the rate of cell death was appropriate for the 
developmental stage of animal rather than their chronological age.

4.1.5. Zebrafish Rohon Beard neurons.

Zebrafish Rohon Beard neurons can initially be detected in the 
lateral neural plate at the end of gastrulation (Lam borghini, 1980), 
expressing markers such as islet 1 (Inoue, et a l ,  1994, Krauss, et a l ,  1993). 
At the end of neuralation, the Rohon Beard neurons are located 
dorsolaterally in the spinal cord about 1 per hemisegment at the 18 somite 
stage (18hpf) (Bernhardt et al., 1990). Rohon Beard cells can be detected 
from 15hpf with anti HNK-1.

During larval developm ent Rohon Beard neurons die and their 
function is replaced by Dorsal Root Ganglion (DRG) neurons in the adult 
(Lam borghini, 1987). Detected as early as the long pec stage of 
developm ent, 48 hpf, (Kimmel and Westerfield, 1990), DRG neurons are 
located outside the neural tube and axons enter the spinal cord, bifurcate 
and extend both rostrally and causally along the dorsal longitudinal 
fasiculus DLF, (Bernhardt, et a l, 1990). It could be possible that the onset of 
DRGs results in the death of the Rohon beard neurons, as suggested for the 
first wave of death observed in Xenopus.

This chapter sets out to study the death of the whole population of 
zebrafish Rohon Beard neurons, to define the pattern  of death and to 
establish if the death is due to extrinsic an d /o r intrinsic factors and what 
these factors may be. It is known that the receptor for Neurotrophin-3, 
TrkCl is expressed in a subpopulation of Rohon Beard neurons in the
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zebrafish (Martin et a l ,  1998), therefore it seemed possible neurotrophins 
could play a role in the demise of the Rohon Beard neurons.

II. The roles of Neurotrophin 3 and it's receptor Trk C in the developing
nervous system.

4.1.6. The discovery o f neurotrophic factors and their receptors.

Neurotrophic factors constitute a class of protein molecules that are 
critical for the developm ent, m aintenance and regeneration of the 
nervous system. The first neurotrophin to be found was neurotrophin 
growth factor (NGF), when a search for a nerve survival factor took place. 
After, in search of other factors, brain derived neurotropic factor (BDNF) 
was purified from pigs brains. Using the regions of NGF and BDNF that 
are most conserved, several groups used a homology cloning approach to 
identify other family members, NT-3, NT-4 and NT-6. NGF, BDNF and 
NT-3 have each been found in fish, Xenopus and mammals. NT-4 has 
been found in Xenopus  and mammals. Homologous sequences to NGF 
and NT-3 have been isolated from the teleost fishes, salmon and platty 
fish, and homologous sequences to BDNF have been isolated in zebrafish 
and platty fish (Hashimoto and Heinrich, 1997). No sequences resembling 
NT-4 have so far been found in any fish species. However a distinct 
neurotrophin, NT-6 has been described in the teleost Xiphophorus (Golz et 
a l ,  1994), and NT-7 has been cloned in zebrafish (Nilsson et al., 1998). 
Cloning of the neurotrophins genes has allowed production of each factor 
as a recom binant protein. This has played a crucial role in the rapid 
advances that have taken place in the last 5 years in understanding the 
role of each neurotrophin  in the developm ent and m aintenance of 
m ultiple neuronal types of both the CNS and PNS.

Almost in parallel w ith the discovery of the neurotrophin family, 
relatives of the receptor for NGF, Trk A, have been identified, such that 
three distinct Trk family members have been identified in mammals: 
Trk A, TrkB and TrkC. Despite an extensive search, other neurotrophins 
and their receptors have not been found in mammals. In zebrafish, five 
distinct Trk family members have been described: Trk A, TrkBl, TrkB2, 
TrkCl and TrkC2 (Martin et a l , 1996). It is possible that the additional Trk 
genes are the result of gene duplications which have not taken place in
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higher vertebrates or that the duplicated genes have been silenced or have 
diverged in other vertebrates.

Both binding studies and biological assays have indicated that NGF 
is the preferred ligand of TrkA, BDNF and NT-4 are the preferred ligands 
of TrkB and NT-3 is the preferred ligand of TrkC. H ow ever mice 
hom ozygous m utant for NT-3 have a more detrimental effect on neurons 
compared to mice homozygous m utant to TrkC indicating that TrkC is not 
the only receptor for NT-3. In fact NT-3 has the capability to activate all 
three Trk receptors, albeit with different potencies and with different types 
of responses. A further level of complexity to neurotrophin signalling in 
sensory neurons lies in the fact that there appears to be m ultip le 
transcripts of each of the Trk family members. The extent to which these 
transcripts are translated or how such variants may function as receptor 
proteins is not clear (Lindsey, 1996).

4.1.7. The zebrafish TrkCl receptor.

The functions of the Trk receptors in fish are unknown. There are 
five distinct genes. The 2 receptors most similar to mammalian TrkC are 
T rkC l and TrkC2. T r k C l  and TrkC 2  genes are expressed in distinct 
essentially non-overlapping sets of neurons which suggests they have 
novel functions. TrkCl positive cells are located in the more dorsal 
position in the trunk. Double labelling with HNK-1 at 24hpf shows T rkC l  
is expressed in a subpopulation of Rohon Beard cells and also in the 
trigem inal neurons. T rkC l  expression is first seen at 16hr and at 24hrs is 
seen in a subpopulation of Rohon Beard cells and all Trigeminal Ganglion 
ganglia (Martin et a l,  1998).

4.1.8. Examples o f neurotrophin switching and the roles o f neurotrophins 

d u r in g  development.

N eurotrophins exert a m ultitude of effects on the developing 
nervous system. As well as prom oting and regulating the survival of 
developing neurons they affect neuronal precursor cell proliferation and 
differentiation, regulate neurotransm itter and neuropeptide synthesis, and 
influence neuronal form and synaptic function (Davies, 1994). Therefore, 
th ro u g h o u t developm ent there are changes in the functions of
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neurotrophins and changes in the particular neurotrophins serving these 
functions.

During developm ent populations and subpopulations of neurons 
show  spatially and tem porally different responses to neuro trophins 
(Buchman and Davies, 1993). In this section, examples of neurotrophin 
switching for the survival requirements of sensory neurons during early 
development will be discussed.

In culture, mouse trigeminal ganglion neurons initially survive 
independently of neurotrophins. They then display a transitory survival 
response to BDNF and NT-3 at the stages w hen the earliest trigem inal 
axons approach their peripheral targets in vivo. This response is lost as the 
neurons become NGF-dependent shortly before neuronal death begins. 
The acquisition and loss of responsiveness to different neurotrophins is 
not an on /o ff phenomenom occurring at a defined stage in development. 
As neurons mature, the length of time they are able to survive with BDNF 
or NT3 in vitro decreases with age, whereas the length of time they are 
able to survive with NGF increases with age (Paul and Davis, 1995).

To determine if this in vitro switch in neurotrophin  response is 
physiologically relevant, the timing of neuronal death in the trigeminal 
ganglia of embryos that are hom ozygous for null m utations in the 
neurotrophin  genes and in TrkA ,TrkB  and TrkC genes were examined. 
Counts of the total num ber of neurons in E13 trigeminal ganglia (when 
trigeminal ganglion neurons are responsive to BDNF) revealed a m arked 
decrease in TrkB-/- embryos but not T rkA -j-  or TrkC-j-  embryos and a 
decrease in B D N F -j-  and N T -3 - /-  but not N T -4 - / -  embryos. In T r k A - / -  
em bryos, neuronal apoptosis increases later in developm ent w hen 
neurons are responsive to NGF in vitro. These findings suggest that 
w hereas NT-3 plays an im portant role in the early development of the 
mouse trigeminal ganglion, TrkC tyrosine kinase receptor does not play a 
major role in mediating the effects of NT3 at this stage. The ability of NT3 
to signal via TrkA and TrkB in sensory neurons decreases during  
developm ent becoming negligible by E18 (Davies et al., 1995). Thus it is 
possible that NT3 promotes the survival of trigeminal neuron progenitor 
cells by acting at least in part via non-preferred Trk receptor tyrosine 
kinases. It also appears that in vivo, BDNF is the physiologically relevant
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TrkB ligand, and not NT-4 as embryos with m utations in NT-4 did not 
undergo a decrease in neurons in vivo (Conover et al., 1995).

The acq u isitio n  and loss of responsiveness to d iffe ren t 
neurotrophins is associated with changes in the expression of both the 
neu ro troph ins and their corresponding receptors. BDNF and NT-3 
mRNAs are expressed in the peripheral trigem inal territory before the 
arrival of the earliest sensory axons (Buchman and Davies, 1993) and NGF 
mRNA and protein are expressed later w ith the arrival of the sensory 
neurons (Davies et al., 1987). The onset of BDNF dependence is associated 
w ith  increased expression of TrkB mRNA, and TrkA and p75 (a 
neurotrophin  receptor that enhances the survival response of embryonic 
trigeminal neurons to NGF) have increased expression at the acquisition 
of a sustained NGF survival response.

A nother example of neurotrophin sw itching in sensory neurons 
occurs in Dorsal Root Ganglion neurons. In vitro studies of Dorsal Root 
Ganglion (DRG) neurons in the chick have shown that after a brief phase 
of neurotrophin independence, their survival is prom oted by either NGF 
or BDNF, w hereas later in development, the DRG contains two distinct 
subpopulations of neurons that are dependent on either NGF or BDNF for 
survival (Ernsberger and Rohrer, 1988). Similarly, NGF, BDNF and NT3 
increase the num ber of surviving neurons in cultures of early DRG cells. 
At this stage the loss of DRG neurons in Trk-/-A ;TrkB-/- mice is not 
significantly greater than that occurring in TrkA-/- mice, suggesting that at 
least some DRG neurons are dependent on both TrkA and Trk B signalling 
pathways for survival.

In accordance w ith the response of early DRG neurons to NT-3 in 
vitro  there is an increase in the num ber of cells undergoing apoptosis in 
the DRG of N T - 3 - / -  and TrkC-/- embryos during  the early stages of
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ganglion form ation suggesting NT3 is required for the survival of a 
proportion of differentiated neurons (Farinas et al., 1997). NT-3 can also act 
on the sensory neuron precursor cells. TrkC mRNA and protein  are 
expressed by the majority of cells in the DRG during the early stages of 
gangliogenesis and become restricted to a subset of large neurons only later 
in development. The expression of NT-3 mRNA in tissues adjacent to 
DRG (Farinas et al., 1997), suggests that NT-3 is available to precursor cells 
and newly differentiated DRG neurons when their axons start growing 
towards their targets.

The change of expression of Trk receptors in the Trigem inal 
Ganglion of the mouse and the DRGs of the chick are m atched w ith 
changes in expression of the neurotrophins. If the change in Trk receptor 
is not matched with expression of a compatible neurotrophin or the Trk 
receptor is switched off and not replaced, the cell dies. Similarly, if the 
level of the neurotrophin the cell depends upon declines, the cell will die.

4.1.9. Examples o f experiments altering the concentration o f NT-3.

There is wide spread expression of TrkC in early chick dorsal root 
ganglion  developm ent follow ed by p rogressive  restric tion  to a 
subpopulation of cells until TrkC is just found in the periphery of the DRG 
(Snider et al., 1996). It is possible that TrkC  expressing cells switch the 
receptor they express, or that the TrkC expressing cells located in the 
central part of the ganglia undergo PCD. Neutralization of endogenous 
NT-3 by using a monoclonal antibody caused 30% of the neurons to be lost 
at the end of gangliogenesis. This early decrease was not seen with NGF- 
antibodies and when examined several days later after the period of cell 
death, the DRG of embryos treated with a combination of antibodies to 
both NGF and NT-3 showed effects that were less than additive, suggesting 
that some NGF requiring neurons exist which were first depend on NT-3 
(Ockel et al., 1996). Therefore neurotrophins have different roles at 
d ifferent points in DRG developm ent. One neuro troph in  could be 
necessary for cellular d ifferentiation and survival, w hile later in 
development, for cellular maintenance.

Very little is known about in vivo effects of elevated levels of NT-3 
during development. Early treatment of NT-3 in chick leads to a decease in 
DRG neurons. These effects were only observed w hen NT-3 was applied
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during the period of neuronal precursor proliferation (between E3 and E6). 
Later in development (E6 and E9) the same treatment causes an increase of 
sensory neurons. The findings indicate that NT-3 has m ultiple effects on 
sensory neurons during different phases of developm ent. The time 
w indow  for these different actions is narrow  and represents a critical 
param eter in the NT-3 mediated regulation of neuronal number. Early in 
gangliogenesis, NT-3 might take some dividing neuroblasts out of the cell 
cycle. The effects of late applications of NT-3 on DRG cell numbers can be 
rationalized according to the classical model; NT-3 is made in the target of 
some proprioceptive neurons, for which it is an essential survival factor. 
H ow ever increased levels of NT-3 may tell us m ore about their 
pharm acological role while decreased neuro trophin  levels test their 
physiological role. The use of neutralizing antibodies has the advantage 
over m utations in being able to be delivered at precise times so that the 
effects can be studied as a precise function of development. How ever 
antibodies are large molecules whose free access to their targets is not 
constant over the life span of the animal.

4.1.10. Extrinsic or intrinsic control o f PCD on the Rohon Beard cells of the 
zebrafish?

This chapter describes the pattern of death of the Rohon Beard 
neurons of the zebrafish and considers how this death is orchestrated. In 
zebrafish TrkCl is expressed in a subpopulation of Rohon Beard cells. 
During developm ent all the Rohon Beard neurons eventually die. This 
study reveals a direct relationship between the expression of TrkCl being 
dow n regulated and the death of the neuron. Also experiments have been 
carried out to determine if Rohon Beard cell death is under extrinsic or 
intrinsic control, or both.
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Results

4.2.1. Distinct rows of TUNEL positive cells are observed along the dorsal 
surface o f the spinal cord of the zehrafish embryo.

Programmed cell death occurs in large cells along the medial dorsal 
surface of the spinal cord from 19hpf, as determined by TUNEL staining 
(Fig. I.IE). High magnification of these cells shows that they are present in 
two parallel rows and consist of larger than average soma (Fig. 4.1C).

4.2.2. A  subpopulation of HNK-1 positive Rohon Beard neurons in the 
dorsal lateral spinal cord are also TUNEL positive .

Double labelling w ith HNK-1 antibody and TUNEL showed that a 
subpopulation of Rohon Beard neurons are undergoing program m ed cell 
death (Fig. 4.1A). The death occurs from 19hpf until all the Rohon Beard 
neurons have been lost at roughly 3.5 days. At 26hpf this subpopulation 
represents about 20% of the Rohon Beard neurons. There were also 
TUNEL positive cells in the spinal cord which were not HNK-1 positive 
indicating that Rohon Beard cells are not the only type of cell dying in this 
structure.

4.2.3. The number of Rohon Beard cells in zebrafish changes over time.

To determine the number of Rohon Beard neurons that are present 
in the zebrafish  em bryo du rin g  developm en t, a se lection  of 
developmental time points was chosen (15hpf, 20hpf, 26hpf, 36hpf, 48hpf, 
60hpf, 72hpf, 84hpf) to fix embryos and label the Rohon Beard neurons. 
From each stage the HNK-1 positive Rohon Beard neurons in 5 embryos 
were counted. Rohon Beard cells are first detected by anti-HNK-1 at 15hpf. 
At this stage there is an average of 30 HNK-1 positive Rohon Beard cells 
found in the embryo. This number increases, reaching a peak at 36 hours 
w ith about 190 Rohon Beard cells. At this stage there are 2 or 3 Rohon 
Beard cells per somite length. Then follows a gradual decrease in the 
num ber of Rohon Beard neurons present at an average rate of 5.5 Rohon 
Beard cells per hour. This rate decreases: between 48 hours and 60 hours 
the rate of net cell loss is on average, 2-3 per hour. In the majority of 
embryos, Rohon Beard neurons are completely lost by 3.5 days. In some 
cases a few Rohon Beard cells are still p resen t at th is stage.
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Fig. 4.1. Double labelling of HNK-1 antibody and TUNEL staining showing 
a proportion of Rohon Beard cells undergoing program m ed cell death at 
26hpf, dorsal view. Arrow indicates dying cell (A), double labelling of 
HNK-1 antibody and TUNEL after embryo exposure to zVADfmk (SOOpM) 
shows a reduction in Rohon Beard cell death, dorsal view (B), TUNEL 
staining of Rohon Beard cells undergoing PCD, lateral view (C), TrkCl 
labelling in Rohon beard neurons, lateral view (D), double labelling of 
HNK-1 and TrkCl probe labelling of Rohon Beard neurons, dorsal view 
(E), TUNEL/HNK-1/TrkCl labelled embryos showing TrkCl expression is 
only in cells that are TUNEL -ve. Arrow indicates TUNEL -ve, TrkCl -ve 
Rohon Beard cell (F). Scale bar = 50|iM.
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Fig. 4.2. The effect of zVADfmk at reducing Rohon Beard cell death at 
different stages of development.

Values represent means + /- SEM of 10 separate determinations ***p<.01, 
**p<.02, *p<.04, according to the paired t test.

ZVADfmk has a significant effect in reducing Rohon Beard cell death in 26hr 
embryos, but not in 48hr embryos.

Programmed cell death of Rohon Beard cells is transiently 
rescued by caspase inhibitor, zVADfmk
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4.2.4. The presence of Dorsal Root Ganglion neurons does not trigger a 
wave o f Rohon Beard cell death.

The pattern  of Rohon beard cell death was examined by staining 
w ith TUNEL on the 5 embryos labelled with HNK-1 at each of the stages 
discussed above in 4.2.3. The first TUNEL positive Rohon Beard cells are 
first observed at 19hpf where 20% of the Rohon Beard cells are dying. 
Dorsal Root Ganglion neurons can be detected at 48hpf (Kimmel and 
W esterfield). Tracing the DRG axons by injection labelling w ith Dyel 
shows they innervate the skin around 2.5 days (Reyes, per commun.). At 
this stage there is no dramatic increase in death (Fig. 4.2.), suggesting the 
presence of DRGs does not influence Rohon Beard cell death.

4.2.5. There is cell proliferation in the dorsolateral spinal cord where H N K -  
1 positive Rohon Beard cells are located.

The proliferation occurring in the zebrafish embryo was studied 
over the period of development of the zebrafish Rohon Beard neurons are 
present using the antibody PH3. Lateral views show PH3 is present in areas 
where Rohon Beard neurons appear (Eig. 4.3B). These results suggest that 
Rohon Beard neurons are still being generated between 19hpf and 48hpf. 
There are few proliferating cells detected in the dorsolateral spinal cord 
after 2 days. It is known that Rohon Beard cells are being produced at the 
end of gastrulation in the lateral neural plate as they can be initially 
detected expressing markers such as islet 1 (Inoue et al., 1994), PH3 data 
suggests the zebrafish carries on producing them until 48hpf. PH3 and 
HNK-1 double positive cells were not found indicating that all Rohon 
Beard cells are terminally differentiated and that preRohon Beard cells do 
not express the HNK-1 epitope when they are differentiating. Quantitative 
results could not be established by labelling Rohon Beard neurons w ith 
PH3 as it was not possible to distinguish which proliferating cells w ould 
produce Rohon Beard cells or not.

4.2.6. zV A D fm k  is able to prevent Rohon Beard death.

Embryos incubated overnight w ith caspase inhibitor zVADfmk 
(300pM) had an increased number of Rohon Beard neurons (Fig. 4.2) and a 
reduced num ber of TUNEL positive/HNK-1 positive cells at all stages as 
compared with controls (Fig. 4.1B).
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Fig. 4.3. Proliferating cells occur in the dorsal spinal cord in the region 
where Rohon Beard cells are being born and die.

TUNEL staining of Rohon Beard neurons undergoing PCD, lateral view. 
A rrow  indicates proliferating cell (A), PH 3 antibody  labelling of 
proliferating cells in the dorsal region of the embryo, lateral view. Arrow 
indicates proliferating cell (B). Scale bar = lOOpM.
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For example, at 26hpf a sample of 5 embryos treated w ith 300|liM  

zVADfmk had an average of 140 HNK-1 positive cells, on average 5% of 
which were TUNEL positive. A sample of 5 untreated embryos had an 
average of 128 HNK-1 +ve cells of which an average of 20% were TUNEL 
positive.

Compared to normal rates of death, zVADfmk treated cells had a 
lower rate of death between 15 and 36 hours and a higher rate of death 
between 48 and 60 hours and then normal rates of death until all Rohon 
Beard neurons were extinguished (Fig. 4.2). This suggests that the 
zVADfmk is not an irreversible caspase inhibitor or that the cells 
eventually die by a caspase-independent pathway.

4.2.7. TrkCl is expressed in a proportion o f HNK-1 positive Rohon Beard 
cells.

TrkCl is expressed along the dorsal spinal cord (Fig. 4.ID) and in the 
trigem inal ganglions at 24hpf (Martin et a l ,  1998). To determ ine if cell 
death could be correlated with TrkCl expression, T rkC l  expression was 
studied during the development of the embryo from 15hpf to 26hpf. TrkC l  
expression is first detected in the Rohon Beard cells at 16.5hpf there is also 
TrkC l hybridisation in the trigem inal ganglion at this time. Double 
labelling of HNK-1 and TrkCl showed that a proportion of Rohon Beard 
cells are both HNK-1 and TrkCl positive (Fig. 4.IE). In a sam ple of 5 
embryos double labelled w ith TrkCl and HNK-1, 77% of Rohon Beard 
neurons expressed TrkCl.

4.2.8. No TrkCl positive Rohon Beard neurons are TU NEL positive.

To determ ine if there was a direct relationship betw een dying 
Rohon Beard cells and TrkCl expressing cells triple labelling of HNK-1, 
TrkCl and TUNEL on the five samples mentioned in 4.2.7. was employed. 
The results showed the TrkCl subpopulation are distinct from the HNK- 
1 /TUNEL positive cells (Fig. 4.1E-F). On average 77% of the Rohon Beard 
cell population were TrkCl positive, TUNEL negative and 20% were 
TUNEL positive/T rkC l negative. There is also a th ird  population  of 
Rohon Beard neurons of about 3% that are both TrkCl negative and 
TUNEL negative (Fig. 4.1F).

133



4. Characterisation of Rohon Beard cell death

4.2.9. A n t i -N T -3  induces cell death in the Rohon Beard neurons o f  
zebrafish explants.

To determine if depletion of the ligand for TrkCl, NT-3 could be a 
cause of Rohon Beard neuronal cell death, anti-NT-3 was applied  to 
zebrafish trunk explants. As NT-3 is well conserved across species, anti- 
NT-3 is able to bind to NT-3 in all the animals tested (Oncogen Research 
Products, per commun.). Zebrafish trunk explants develop norm ally in 
agar and culture medium (Fig. 4.4A-D). The system provides and easy way 
to ensure large molecules can enter the trunk of the embryo during  
developm ent. Anti-NT-3 induced PCD in Rohon Beard cells in zebrafish 
explants 24hpf, in a dose dependent manner compared to the control (Fig.
4.4. E-H). Other cells apart from Rohon Beard cells were also affected by 
anti-NT-3 (Fig. 4.4) including the skin and other neurons of the spinal 
cord. Removal of the skin of the zebrafish explants caused an increase in 
death in most regions of the embryo.
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Fig. 4.4. Zebrafish explants have normal development of Rohon Beard 
neurons as shown by TUNEL labelling, dorsal view (A), HNK-1 labelling, 
dorsal view (B).

Neutralizing NT-3 with an antibody to NT-3, induces Rohon Beard cell 
death, as determined by TUNEL labelling. Anti-NT-3 20ng/m l (C, D).

Exogenous NT-3 reduces cell death as determined by TUNEL labelling. 
NT-3 2ng/ml, (E, F), NT-3 20ng/m l (G, H).

Removal of the skin increases cell death in the explants, as determined by 
TUNEL labelling, (I).

Scale bar = 50jaM

135



A
B

r

H

‘.i-
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Discussion

4.3.1. Zebrafish  Rohon Beard neurons undergo apoptosis d u r in g  
d e v e lo p m e n t .

There is a very predictable pattern of cell death found in the dorsal 
spinal cord of developing zebrafish. These dying cells are Rohon Beard 
neurons as shown by double labelling of TUNEL and HNK-1 antibody. The 
literature indicates that their are varying fates of Rohon Beard neurons in 
different animals. In Teleosts and Amphibia Rohon Beard cells die during 
developm ent (Eichler et ah, 1981) however in newts and lampreys Rohon 
Beard neurons survive into adulthood (Nakao et ah, 1987). This study of 
zebrafish Rohon Beard neurons shows that all Rohon Beard cells are 
removed from about 20s to 3.5 days in all but a few cases. Cell death in the 
Rohon Beard neurons of zebrafish is slow and gradual, w ith no waves of 
death. In contrast, the Rohon Beard cells of Xenopus  undergo two waves 
of cell death , one just before the Dorsal Root ganglions (DRGs) innervate, 
and a second wave before metamorphic climax (Eickler et ah, 1981).

Death in zebrafish Rohon Beard cells follows a more similar time 
course to that observed in Rana p  ipiens and Ceratophrys ornata in which 
rates of cell death are fairly constant through development. However one 
difference is that Rohon Beard cells of Rana pipiens  and C era to p h rys  
ornata do undergo an increase in the rate of late cell death (Eickler et ah, 
1981). Another difference in the death of Rohon Beard cells in zebrafish 
compared to frogs is that in frogs Rohon Beard cell death takes place in a 
craniocaudal progression, with the last surviving cells all found in the tail. 
In zebrafish, Rohon Beard cell death took part in all sections of the embryo 
during the time period of death. This maybe because the developm ent of 
the zebrafish is more rapid  than that of the frog. W hereas the frog 
produces all its Rohon Beard cells before they die, the zebrafish has 
production and death of the Rohon Beard cells occurring at the same time 
through much of the period of development when Rohon Beard neurons 
are present. If an intrinsic clock mechanism determines death, in the case 
of the frog the Rohon Beard cells born near the head would be older than 
the Rohon Beard cells born at the tail and would therefore die sooner. This 
pattern of death would not necessary occur in the zebrafish. Alternatively 
the craniocaudal progression of death found in the frog could be due to the 
depletion of an extrinsic factor which also occurs in a craniocaudal fashion
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w here as in the zebrafish this depletion would occur throughout the 
embryo.

4.3.2. What triggers Rohon Beard neuronal death?

The triggers for Rohon Beard cell death have not been determ ined 
but is probably variable between the organisms that have been studied. In 
X e n o p u s  Rohon Beard neurons undergo two waves of cell death  
suggesting that extrinsic factors determine if the cells die, rather than an 
intrinsic clock mechanism (Lamborghini, 1987). The first wave of death 
occurs just after the innervation of Dorsal Root ganglia (DRGs). The DRGs 
replace the Rohon Beard cells functionally. It could be hypothesised that 
Rohon Beard cells and DRGs compete for a lim ited surv ival factor 
resulting in the death of the Rohon Beard cells. However Xenopus  Rohon 
Beard neurons are not immediately superseded when the neurons of the 
DRGs send fibres in to the spinal cord and out to the periphery, and a 
proportion of Rohon Beard cells are not effected (Lamborghini, 1987). This 
suggests that if the DRGs do trigger death of the Rohon Beard neurons, it is 
not the only controlling factor. In zebrafish DRGs innervate at 2-2.5 days 
(Kimmel and Westerfield, 1990). At this time an increased rate of Rohon 
Beard cell death is not detected suggesting that the innervation of DRGs 
has no effect on zebrafish Rohon Beard cell death and that their DRGs and 
Rohon Beard neurons are not competing for the same lim ited survival 
factor.

The second wave of death observed in Xenopus may well be caused 
by the surge of thyroid concentration which characterizes m etam orphic 
climax. Again, the critical factor for the onset of cell death in late larvae of 
Rana pipiens  and Ceratophrys ornata could be the surge in thyroid 
concentration (Eichler and Porter, 1981). W hatever the cause of cell death, 
in Xenopus  it seems to be a extrinsic factor determining w hen the cells die 
as opposed to an intrinsic clock mechanism. Evidence for this comes from 
looking at the loss of Rohon Beard neurons in em bryos w hose 
development was arrested by crowding. It was found the rate of cell death 
was appropriate for the developmental stage of animal rather than their 
chronological age.

In zebrafish a fairly constant rate of cell death is observed suggesting 
no surges or depletion of extrinsic factors being the cause of death,
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however a slow depletion of survival factors could account for the demise. 
A lternatively, the presence of an "internal clock" m echanism  could 
determ ine w hen their time is up. In this m echanism  tim e w ould be 
measured by the accumulation or loss of a product: at a defined time point, 
a threshold of the product is reached and it acts as a switch to trigger a 
particular developmental process. Such a mechanism has been implicated 
in, for example, controlling the onset of the m idblasula transition (MET) 
and oligodendrocyte progenitor differentiation in the rat optic nerve 
(Pourquie, 1998).

4 .3 .3 . A  caspase inhibitor is able to prevent Rohon Beard cell death 
transiently .

The caspase inhibitor, zVADfmk is able to reduce cell death in the 
Rohon Beard cells up until 36 hours of development. After this time the 
drug offers no protection and eventually all the zebrafish Rohon beard 
cells die. Caspase inhibitors have previously been shown to prevent cell 
death  in m otor neurons in vivo and in vitro (Milligan, 1995) and to 
prevent apoptosis of NGF-deprived DRG neurons (Musaka, 1997). The 
failure of zVADfmk to perm anently rescue the Rohon Beard neurons 
could be due to the caspase inhibitor not being irreversible, as thought. 
Repetitive additions of zVADfmk do not continue the prevention of cell 
death, probably due to permeability problems at this stage in zebrafish 
development. Alternatively there is recent evidence that in some cases, 
cells "rescued" from dying eventually will die via a necrotic route 
(Lemaire et al., 1998).

4.3.4. T rkC l receptor is expressed in a subpopulation o f Rohon Beard 
neurons which are not undergoing cell death.

Triple labelling with anti-HNK-1, TrkCl probe and TUNEL shows 
that TrkC l is expressed in a subpopulation of Rohon Beard neurons which 
is non-overlapping w ith the subpopulation of cells w hich are TUNEL 
positive at this time. Expression of T rkC l  is never observed in a TUNEL 
positive cell. Rohon Beard cells first express T rkC l  at 16.5 hpf (Martin et 
al., 1998) a few hours before Rohon Beard TUNEL positive cells are 
observed.
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As well as being expressed in a subset of Rohon Beard cells, TrkCl  is 
also expressed in the trigeminal ganglia of the zebrafish (Martin et al., 
1998). Rohon Beard cells and Trigeminal ganglia have other similarities. 
They are the first neurons to differentiate in the embryo and they are both 
prim ary sensory neurons that mediate touch sensitivity (Bertrand et al, 
1990). They initiate axogenesis at the same early time and appear to be the 
first neurons in the embryo to do so. Both are labelled by the HNK-1 
epitope permitting the study of their development unobscured by labelling 
in other cells. Both are embryologically similar however all Rohon Beard 
cells eventually die.

The death of the Rohon Beard neurons could be due to the fact that 
during development they change their response to neurotrophins which 
differs from trigeminal ganglion neuron dependency on neurotrophins. 
As ou tlined  in the in troduction, it has been show n that du ring  
developm ent populations and subpopulations show spatially  and 
tem porally different responses to neurotrophins (Buchman and Davies, 
1993). For example, during mouse development trigeminal neurons show 
a tem porally different response to BDNF and NT-3. First the m ouse 
trigem inals have neuro trophin  independence, then  they d isp lay  a 
transitory survival response to BDNF and NT-3. This response is lost as 
the neurons become NGF-dependent (Fig. 4.5.). In this case neurotrophins 
are needed for cellular differentiation and survival while later they are 
needed for cellular for cellular maintenance.

This data leads me to hypothesise that the Rohon Beard 
neurons are first trophin independent (though probably dependent on 
other factors) w hen HNK-1 is expressed at IShpf. W hen they start 
expressing TrkCl  at 16.5hpf, they begin to display a transitionary survival 
response to NT-3. If T rkCl  is down regulated, which occurs in roughly 
20% of the population at 26hpf, the neurons die thus there is nearly same 
percentage of TrkCl  negative and TUNEL positive cells at 26hrs. Cells not 
expressing TrkCl  which are not TUNEL positive could be cells which have 
just switched off TrkCl and will soon die. Eventually all the Rohon Beard 
cells become unresponsive to NT-3, and as Rohon Beard cells do not 
become responsive to another neurotrophic factor, they die (Fig. 4.5.). By 
this notion, the zebrafish trigem inal ganglions are probably trophin  
independent to begin with, then display this transitionary response to NT- 
3 after which they become responsive to another neurotrophic factor and
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Fig. 4.5. Developm ental sequence, from left to right, of the changing 
survival requirem ents of embryonic mouse trigeminal ganglion neurons 
(adapted from Davies, 1997) (A) and proposed for zebrafish Rohon Beard 
neurons based on data (B).

141



neurotrophin independence

NT-3/BDNF-responsive

NGF-responsive

Initiation of 
axon outgrowth

Initial target 
encounter

Susceptibility to 
neuronal cell death

Changing survival requirements of embryonic mouse trigeminal ganglion neurons

B

neurotrophin independence

NT-3 responsive

Initiation of 
axon outgrowth

Initial target 
encounter

Neuronal cell death

Changing survival requirements of embryonic zebrafish Rohon Beard neurons



4. Characterisation of Rohon Beard cell death

so survive. Or they m aintain T rk C l  expression. From this study it has 
been observed that TrkCl is expressed in the trigeminals from 16.5 hpf 
until the latest stage studied, 4 days pf. It would be interesting to study the 
expression of T r k C l  at later developmental stages to see if it remains 
expressed or if there is a switch in neurotrophin requirements.

The reason TrkCl expression is down regulated in certain Rohon 
Beard cells could be part of a defined intrinsic developmental programme 
or it could be associated with extrinsic factors (i.e. levels of NT-3 in the 
embryo). In the former case the acquisition and loss of responsiveness to 
different neurotrophins is associated with changes in the expression of the 
corresponding receptors. In the latter, death and the dow n regulation of 
the receptor is due to the level of the neurotrophin ligand.

4.3.5. Ant i -NT-3  can induce cell death in the Rohon Beard neurons.

W hen anti-NT-3 antibodies are applied to zebrafish the Rohon 
Beard cells die. This suggests that a depletion of NT-3, the removal of a 
survival factor, has the ability to trigger death although this does not tell 
us if this is the cause of death in the normal developing zebrafish.

It is possible that in the untreated embryo an intrinsic clock 
mechanism works where the first event is down regulating the expression 
of the TrkCl receptor rather than the depletion of NT-3. C urrently  
experiments increasing the NT-3 concentration are being perform ed; if an 
intrinsic exists to cause PCD, the Rohon Beard cells will die despite the 
increase in levels of survival factor. Also experim ents labelling and 
following a cohort of Rohon Beard neurons to see if they die at the same 
time is being carried out to indicate if an intrinsic factor is involved in the 
death of the cells.

It is possible that both an intrinsic and extrinsic mechanism co-exist 
to determine the death of the Rohon Beard cells. Death could depend on 
an intracellular regulator required to keep expressing T r k C l  or another 
receptor for cell survival or an increase in a negative in tracellu lar 
regulator to switch off TrkCl  or both. As well as this there could be a slow 
decline in extracellular NT-3 and cells which are relatively intensive to 
NT-3 die. Therefore both intrinsic and extrinsic conditions could lead to 
the demise of the Rohon beard neurons.
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NT-3 could be generated by cells of the skin however as NT-3 has 
not been cloned in zebrafish it is not yet possible to determine where it is 
expressed. In other animal models mRNA for NT-3 was found to be 
expressed initially highest in the mesenchyme through which axons grow 
to the periphery and later confined to the mesenchyme underlying the 
skin (Buchman and Davies, 1993). An attem pt to remove the skin of the 
zebrafish embryo in the explant cultures did increase the am ount of death, 
but in this case, death was excessive and probably due to mechanical factors 
rather than a decrease in NT-3 levels.

New approaches which may be used in zebrafish in the future 
involves the use of Trk receptors fused to IgG molecules to act as a 
circulating target for grow th factors, therefore preventing them  from 
reaching their normal targets in the appropriate concentration (Cabelli et 
al., 1997). Another recent technique involves the fusion of the NGF gene 
or its antisense to a keratin prom otor, enabling selective neurotrophin  
expression in the skin (Jhaveri et al ,  1996)). (These mice have been shown 
to experience sensory abnormalities similar to those exhibited by animals 
subjected to systematic injection of the same neurotrophin (NGF)).

4.3.6. A n t i -N T -3  induced death in cells which are not Rohon Beard 
n eu ro n s .

TrkC is not the only receptor for NT-3. In fact NT-3 has the capacity 
to activate Trk A and B (Lindsey, 1996). Mice knockouts, for example have a 
m ore detrim ental effect on neurons com pared to knockouts of TrkC 
indicating that TrkC is not the only receptor for NT-3. This could account 
for the death of TrkCl negative cells following anti-NT-3 treatm ent in the 
zebrafish.

It is not know n how  d isrup tion  of n eu ro troph in  signalling  
ultim ately causes cells death. W hen neurons die after survival factor 
w ithdraw al, gene transcription is important, w ith the transcription factor 
c-jun and the cytoplasmic signalling cascade that regulates it being 
particularly significant (Filer et al., 1998). It is known that BcI-2 is required 
for the BDNF survival response and that alternative, Bcl-2 independent 
survival mechanism s operate in sensory neurons exposed to ciliary 
neurotrophic factor (Allsopp et al., 1995). It is also known that the absence 
of neurotrophins causes death in a by a p53-independent pathw ay (Davies
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et ah, 1994). Overall, little is known about how neurotrophin deprivation 
triggers cell death. The zebrafish m utagenesis screens could elucidate 
factors that play a part in this pathway.
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CHAPTER FIVE

Hair cells of the zebrafish neuromast undergo active turnover during 
development

In this chapter, cell death occurring in a population of hair cells in 
the zebrafish embryo lateral line neurom ast is described. Hair cells in 
neurom asts are very closely related to hair cells found in the mam m alian 
ear, however hair cells in neuromasts, being superficial, are much easier to 
manipulate. In this chapter turnover in the zebrafish embryo neurom ast is 
defined, showing rates of hair cell death and support cell proliferation. 
M anipulation of the hair cell death using zVADfmk and neom ycin 
sulphate is described and the effect this has on the rate of proliferation of 
the supporting cells of the neuromast. The results show that the zebrafish 
neurom ast is an excellent model for hair cell death in all organisms and 
elucidating potential hair cell regeneration factors.

Introduction

5.1.1. Neuromasts.

Neuromasts are lateral line organs which form a superficial sensory 
system  in aquatic amphibia and fish which provides the animal w ith 
inform ation about its surrounding environm ent. Their function is to 
detect vibrations in the nearby water and thereby facilitate schooling, prey 
capture and predator avoidance (Uchiyama et al., 1991; Webb, 1989). 
Neurom asts are classically divided into 2 different types whose functions 
are m echanoreceptive or electroreceptive (N orthcu tt et al., 1995). 
A lthough the "neuromast" has great diversity, the basic sensory unit is a 
highly conserved structure composed of sensory hair cells em bedded in 
accessory support cells (Fig. 5.1A). The functions of the latter are to support 
the hair cells and to secrete a gelatinous material that covers the organs, 
forming a cupular structure or filling a canal which enables the organ to 
communicate with the exterior (Cernuda-Cernuda and Garcia-Fernandez,
1996). Each hair cell is morphologically and physiologically polarized, 
being maximally sensitive to movement along one axis of the embryo. 
Hair cell polarity is evident as soon as the organ is formed (Smith et al.,
1990).
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Fig. 5.1A Schematic illustration of a neurom ast showing hair cells (he), 
supporting cells (sc), the kinocilium (k) and stereocilia (s).

Fig. 5.1B Schematic representation of lateral line regeneration in the 
axolotl, (i) level of amputation of tip of the tail is indicated by the broken 
vertical lines, and neuromasts of the posterior lateral line system by dots. 
The appearance of the animal's tail as it regrows is shown in ii, iii, iv. The 
posterior most neurom ast on the tail stum p w ith its newly form ing 
regenerative placode is shown in ii, iii, iv. As the tail regrows the posterior 
most neurom ast responds by producing the undifferentiated cells of the 
regenerative placode at its posterior edge. Mantle-type supporting cells 
seed the regenerative placode.
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5. Turnover of zebrafish hair cells

Teleost fish have cranial neuromasts and one line of laterally placed 
mechanoreceptors - the lateral line (Metcalfe et a l ,  1985). In axolotls, as in 
other aquatic urodeles, neurom asts are arranged to form 3 lines on the 
body and 3 major lines in the head (Fritzsch, 1988). Amphibians and non- 
te leost fish have an add itional class of la tera l line recep tors, 
electroreceptors which occur on the head adjacent to the cephallic lines of 
neurom asts and pit organs. Electroreceptors (also known as am pullary 
organs) are sensitive to the low frequency DC fields generated by other 
living organisms. Unlike electroreceptors, the neurom asts w ithin each 
line possess a distinct morphological polarity and are formed by a single 
highly visible prim ordium  (Northcutt et a l ,  1995).

5.1.2. Evolutionary origin of the lateral line.

The oldest fossil remains of vertebrates are jawless fishes that lived 
about 500 million years ago (Corwin and Warchol, 1991). They contain 
evidence of the semi circular canals and otolithic origins of the 
electroreceptive and mechanoreceptive neurom asts and ear organs, all 
sensors depending on hair cell transduction. Which form arose first is 
unclear (Collazo et a l ,  1994). The developm ental and evolutionary 
relationship between the lateral line and the inner ear has been studied for 
a long time. The original acousticolateralis hypothesis proposed that the 
lateral line was a more ancient system and that the inner ear was derived 
from it. But this remains uncertain (Fritzsch, 1988).

Independen t of their origin, the functional significance of 
neurom asts is made clear by the fact that neurom asts are retained in 
lampreys, rays, fishes and aquatic amphibians. All vertebrates have hair 
cells in the inner ear that are considered homologous to the hair cells of 
neuromasts by virtue of their similarity in structure and function.

5.1.3. Development o f  neuromasts.

In amphibians, techniques have dem onstrated that neurom asts of 
the head and body develop from epidermal placodes that originate on the 
head. Transplantation experiments in the axolotl show that placode- 
forming ectoderm is at least partially specified as early as the beginning of 
neuralation, and that this may be a result of early processes involved in
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neural induction (Smith et a l ,  1990). To determ ine the developm ental 
stage at which placodes are specified, placode-area ectoderm was replaced 
w ith non-placodal flank or belly ectoderm from donor embryos of the 
same stage. The transplants performed before neuralation formed normal 
embryos. Transplants perform ed after or during  neuralation form ed 
embryos with differing percentages of neuromast formation.

Placodes caudal to the otic capsule m igrate from head to tail tip, 
dropping off clusters of cells that differentiate as neuromasts. The placodes 
that form cephalic lines appear to elongate. Following the period of 
elongation and migration each portion of a placode begins to form receptor 
prim ordia (Fritzsch, 1988). In fish, placodes have been observed in some 
species, but in others, neurom asts appear to form w ithout an obvious 
placodal precursor.

By labelling neural crest and epidermal placodes with a vital dye at 
various stages, it was observed that both the neural crest and epidermal 
placodes contribute to neurom asts in two teleost fish and in X e n o p u s  
laevis (Collazo et a l ,  1994; Fritzsch, 1988). Specific lines of neurom asts in 
fish and amphibia arise from many of the same placodes as in axolotls, 
where extirpated placodes were taken from pigmented wild type axolotls 
and transplanted into albino axolotl and observed to see w hat they 
contributed to (Smith et a l ,  1990).

Three hypotheses exist suggesting the involvement of neural crest 
in the development of the lateral line system ; Neural crest induces lateral 
line and other neurogenic placodes (Horstadius, 1950), neural crest must be 
present for the regular deposition of trunk neurom asts (Graveson et a l ,
1991) and neural crest directly contributes cells to neurom ast prim ordia 
(Collazo et al ,  1994).

Vital dye labelling of neural crest showed that cranial neural crest 
cells directly contributed to cranial neuromasts in both species of examined 
fish and to cranial and trunk neurom asts in X en o p u s  (Fritzsch, 1988). 
Sections confirmed observations made in whole animals that both sensory 
hair cells and supporting cells of cranial neurom asts w ere labelled, 
although not all cells of a single neurom ast were necessarily labelled. 
Trunk neural crest cells contribute to neuromasts in the lateral line. As in
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the cranial neuromasts, hair cells and supporting cells were labelled (Le 
Douarin, 1982). The labelled neuromasts observed may result from neural 
crest cells that differentiate directly or that disperse first into the placode or 
m igrating primordium .

5.1.4. Migration of the neuromast primordia.

Experim ents using axolotls determ ined that the m igration of 
prim ordia on the body depends on both the presence of both the ectoderm 
and the subadjacent mesoderm for guidance (Smith et ah, 1990). Square 
pieces of ectoderm were cut and rotated 90 or 180 degrees. In 90 degree 
rotated squares the prim ordia either stopped at the rostral edge of the 
grafted area or were diverted and followed an abnormal, irregular course 
over the body. This showed that there are distinct pathw ays or "tracks" 
which guide migrating primordia. The tracks require the presence of both 
the ectoderm and the subadjacent mesoderm. Rotation of the ectoderm  
pieces by 180 degrees makes no difference to the migration route therefore 
the tracts are not polarized. Tracks may be formed just prior to the onset of 
migration. The most probable method for migration is by contact guidance. 
This is the m echanism  also proposed for directing neural crest cell 
migration and axonal outgrowth. Contact guidance is caused by physical or 
biochemical variations in the substrate, and the pathw ays formed w ould 
perm it bi-directional migration. Guidance is by physical structures, either 
of the substrate cells themselves or the extracellular matrix produced by 
them. Spacing of the organs is independent of substrate, and may be due to 
an intrinsic property  of either the prim ordia or the em erging organs 
them selves.

Semaphorins and Fas 2 are involved in lateral line axon guidance 
(Winberg et ah, 1998). Semaphorins and Fas 2 are both expressed by cells 
located ventrally and dorsally to the lateral line. Sem aphorins inhibit 
promiscuous and ectopic synapse formation in lateral line axon guidance 
w hile Fas 2 prom otes synaptogenesis. A balance betw een the two 
m olecules induces grow th cones to explore their environm ent bu t 
provides a threshold that specific attractive signals m ust overcome in 
order to perm it synapse formation. Prior to synapse formation. Fas 2 is 
expressed at a low level across the entire surface of the muscle, making it 
perm issive for growth cone exploration and synapse formation. This
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mechanism or a similar mechanism could be involved in the guidance of 
lateral line primordia.

5.1.5. Hair cell regeneration.

It has been known for a long time that in aquatic am phibians 
am putation of the tail evokes a self repair process (Jones and Corwin, 
1993). If the tail of an axolotl is removed repair of the tail is accompanied 
by the regenerative production of approxim ately the same num ber of 
neurom asts that were amputated. The regenerative neurom asts contain 
hair cells and supporting cells produced from the divisions of mantle-type 
supporting cells at the outer edge of the posterior-m ost neurom ast that 
remains on the tail stump (Fig. 5.IB).

5.1.6. Regenerated hair cells can originate from supporting cell progeny.

The mechanisms that lead to the production of sensory hair cells 
during  regeneration have been investigated by using two different 
procedures to ablate pre-existing hair cells in indiv idual neurom ast 
sensory epithelia of the lateral line in the tails of axolotls, then monitoring 
the responses of surviving cells.

In one series of experiments, fluorescent excitation was used to 
cause the phototoxic death of hair cells that selectively take up the 
pyridinium  dye DASPEI. In the other experiments, the ultraviolet output 
of a pulsed neodymium-YAG laser was focused to a microbeam through a 
quartz objective lens in epi-illumination mode and used to selectively kill 
indiv idual unlabelled hair cells while the cells were sim ultaneously 
imaged by transmitted light DIG microscopy (Jones and Corwin, 1993).

T hrough observation of the treated neurom asts in vivo these 
experiments dem onstrated that m ature sensory epithelia that have been 
completely depleted of hair cells can still generate new cells. Pre-existing 
hair cells are not necessary for regeneration. Im m ediately after the 
ablations the only resident cells in the sensory epithelia were supporting 
cells. These cells were observed to divide at a rate that was increased over 
control values, and eventually those cell divisions gave rise to progeny 
that differentiated as hair cells. These cells replaced those that had been
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killed, showing progeny of supporting cell divisions can differentiate 
either as supporting cells or as hair cells w hen these are m issing or 
depleted.

Supporting cells in undamaged sensory epithelia of the lateral line 
of axolotl normally divide much less frequently than those in neurom asts 
where the hair cells have been ablated. Populations of the in ternal 
supporting  cells and the mantle type supporting cells in lateral line 
neu rom asts are characterized  by significantly  d ifferen t rates of 
proliferation (Jones and Corwin, 1993). U nder conditions of norm al 
growth, mitoses occur in the internal populations of supporting cells 
app rox im ate ly  once every 9 hours (in n eu rom asts  con ta in ing  
approxim ately 30 internal supporting cells, 15 m antle-type supporting 
cells and 15 hair cells) (Fig. 5.1C). In contrast mantle-type supporting cells 
are m itotically quiescent under those conditions, w ith less than one 
division occurring in 5 days. When the lateral line is growing by addition 
of secondary neurons or through regeneration that has been triggered by 
ablation of the tip of the tail, new neuromasts are generated by budding at 
the edges of pre-existing neuromasts. During budding the rate of mitosis in 
the internal supporting cells does not change but the rate of cell division 
in the population of mantle type supporting cells increases rapidly (Jones 
and Corwin, 1993).

5.1.7. Importance of  neuromasts for the study of  hearing and balance hair 
cell development.

The lateral line system and inner ear cells are closely related to each 
other developmentally, evolutionary and functionally. Therefore studies 
that investigate neuromast hair cell development are im portant because of 
the potential to induce ear hair cell regeneration (Corwin and Oberholtzer, 
1997). Due to the histology, simplicity and conservation across vertebrate 
species that shared a common ancestry over 450 million years ago, it may 
be possible to learn how to control regeneration of hair cells in hum ans by 
studying neuromasts in teleosts.

Supporting cells are the progenitors of regenerated hair cells in both 
the lateral line and the ear. Both the lateral line system and the inner ear 
are derived from dorsolateral ectodermal placodes during embryogenesis.
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Fig. 5.1C. A schematic drawing of a transverse section through a generic 
hair cell epithelium  showing the typical relationships between several 
examples of hair cells (he), supporting cells (sc), afferent nerve term inals 
(a) and efferent nerve terminals (e). The mecanoreceptor apparatus at each 
hair cell's apical surface consists of a staircase-like array of actin-filled 
m odified m icrovilli, called stereocilia (s) and a single eccentricity 
positioned true cilium, the kinocilium (k).

Fig. 5.ID . A diagram  sum m arising current concepts relating hair and 
support cell development to the cell cycle. Standard phases of the cycle of 
cell p ro life ra tion  are illu stra ted  in sequen tia l o rder w ith  fully  
differentiated hair cells and supporting cells represented at the "restriction 
point" (R). Cells that have differentiated as hair cells appear to be frozen at 
the restriction point and can no longer progress through the cycle of 
proliferation. In the axolotl lateral line, w hen a hair cell has been 
traumatised, differentiated supporting cells are able to re-enter the cycle of 
proliferation (solid arrow).
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Both have afferent projections that terminate in the dorsolateral m edulla 
oblongata and the sensory epithelia in each are composed of hair cells and 
sim ilar supporting  cells (Fig. 5.ID). They share electrophysiological 
response properties and shared susceptibility to aminoglycoside antibiotic 
toxicity (Corwin, 1992). There is also specific imm une labelling by the 
antibody Zn-1, selective for hair cells and their afferent neurons in both 
the ear and the lateral line (Kornblum et al ,  1990) also supporting the idea 
that the lateral line system and the inner ear are very closely related.

Permanent hearing loss is due to the loss of hair cells which 10% of 
the hum an population and 25% of the hum an population over the age of 
65 suffer from; this makes hair cell loss one of the m ost com m on 
neurological deficits. Mammalian hair cells, like most neurons generally 
are not known to be produced postembyronically and do not regenerate. 
Hence loss of hair cells, which can occur as a result of old age, chemical 
insult, or acoustic traum a, results in a perm anent functional deficit 
(Corwin and Oberholtzer, 1997). Recent data, however, has suggested an 
unexpected capacity for hair cell regeneration in vivo in the m ature 
balance organs of the mammalian inner ear (Forge et a l ,  1993; Warchol et 
al ,  1993). Scanning electron micrographs and thin sections of utricles from 
the inner ears of guinea pigs show  tha t after trea tm en t w ith  
aminoglycoside gentamicin, hair cells reappear. Four weeks after the end 
of treatm ent, a large num ber of cells w ith im m ature hair bundles in 
multiple stages of development could be identified in the utricle.

In contrast to mammals, hair cells are produced throughout life in 
ears of fish, amphibians and birds. The observation that hair cell loss of 
post em bryonic sharks leads to regeneration lead to the idea that 
understanding the mechanism of regeneration could form the basis of 
regenera tive  trea tm en ts (Corw in and W archol, 1991). H air cell 
regeneration does occur in the ears of many vertebrates even in organs 
such as the chicken cochlea. Newly generated cells differentiate into 
supporting cells and replacement hair cells which make synapses w ith 
surrounding neurons (Flock and Jorgensen, 1997). It is the supporting cells 
in fish, amphibians and birds which proliferate rapidly after hair cells have 
been lost and these epithelia regenerate lost hair cells. Epithelia in fish 
contain relatively undifferentiated supporting cells that cannot be reliably 
subdiv ided  on the basis of histological characteristics. H ow ever, in
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the O rgan of Corti (auditory epithelium  of placental m am m als) the 
supporting cells are structurally specialized as five differentiated subtypes 
which are all effectively non-proliferative during post embryonic life 
(Corwin and O berholtzer, 1997). Therefore the degree to w hich a 
sup p o rtin g  cell has d ifferentiated  m ay determ ine it 's  ab ility  to 
dedifferentiate into a hair cell (Table 5.1).

Chicks have little, if any proliferation in the undam aged auditory 
epithelia, but loss of hairs cells provokes proliferation. The division of a 
supporting cell produces one hair cell and one supporting cell or pairs of 
supporting cells. The hypothesis is that new cells become hair cells by 
default unless in contact with a cell already determined as hair cell.

Unlike the hair cells of hearing organs those in chick balance organs 
tu rn  over throughout life - losses are repairable via up-regulation of 
constitutive replacement processes. Hair cells live 20-29 days according to 
estimates based on measures of BrdU for proliferation and TUNEL for 
apoptosis (Kil et al., 1997). Although TUNEL would stain both necrotic cell 
death and apoptotic cell death the death is thought to be apoptotic by 
morphology, the fact that there are many leukocytes present, and that IGF- 
1 can protect some vestibular hair cells from death caused by neomycin 
treatm ent by inhibiting an apoptotic response. A possible trigger for 
supporting cell proliferation is the extrusion and removal of hair cells 
which leads to the loss of intercellular contacts. This could stimulate the 
candidate triggers for proliferation. Factors that limit life spans of hair cells 
are currently unknown; identification might contribute to understanding 
the longevity of hum an hair cells. Two hypotheses have been proposed for 
the longevity of hum an hair cells; one is that it is necessary due to the 
continuous nature of vestibular stimulation and resulting metabolic load 
on hair cells. The other is that protective molecules may contribute to 
greater longevity by inhibiting the activation of cell death pathways.

5.1.8. Induction of hair cells.

Genes that are involved in hair cell development could be involved 
in regeneration. The triggers for hair cell regeneration involve the binding 
of mitogenic growth factors to specific receptors expressed on their surfaces 
before  they  w ill p ro life ra te . FGF-2 is a p o ten t m itogen  for
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Type of hair cell 
e p ith e liu m

Em bryonic
D eve lop m en t

Post embryonic 
d evelop m en t

Degree of 
supporting cell 
d ifferen tia tion

R egen erative
ability

Lateral line 
organs of fish and 

amphibians

Cranial 
ectodermal 

placode origins

ACTIVE
TURNOVER

HCs and SCs 
produced with 

growth

TURNOVER?

One type Organs 
regenerated if 

amputated. HCs 
form from SCs 

after lazer 
abalation

Hearing and 
balance organs in 

fish and 
amphibians

First HCs are 
produced soon 

after invagination 
of otocyst

TURNOVER?

HCs and SCs are 
added

POSSIBLE SLOW 
TURNOVER AND 

REPAIR

Un-differentiated HCs are 
regenerated from 

SC divisions

Balance epithelia 
in birds

Hairs produced in 
the first third of 

incubation

Populations do not 
increase but HCs 

and SCs have 
ACTIVE 

TURNOVER 
short HC life 

spans

Un-differentiated HCs are 
regenerated from 

SC divisions

Hearing organs in 
birds

HCs and SCs all 
produced in the 

first half of 
incubation

No increase in 
HCs cind no 
measurable 

turnover

U n-differentiated HCs regenerate 
from SC divisions 
in the vicinity of 

damage

Balance epithelia 
ia rnarruTials

HCs and SCs all 
produced in the 
second half of 

gestation and for 
two days after 

birth

Trauma evoked 
proliferation of 
SCs from adult 

rodent and humans 
and HCs numbers 

decline in 
elderly

Un-differentiated Trauma evolked 
proliferation in 
SCs at low rates

Hearing organ in 
m am m ^

HCs and SCs 
allproduced in 
second half of 

gestation

No evidence of cell 
proliferation after 

birth

Highly 
differentiated SCs

Trauma related 
divisions are 

extremely rare

Table 5.1. Characteristics of developm ental, plasticity, and cellular 
d ifferentiation in hair cell organs of the vertebrates (m odified from 
Corwin and Oberholtzer, 1997).

Mechanoreceptive hair cells are present in three types of sensory organs in 
the vertebrates, the patterns of development of the sensory epithelia and 
the degree of differentiation of the supporting cells in those organs differ 
considerably between species, differences in regenerative capacities appear 
to parallel some of those differences.
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many cells including the supporting cells in chick. An antibody for FGF-2 
labelled supporting cells which are located at sites of hair loss (Corwin et 
al., 1991). Insulin growth factor 1 (IGF-1) and higher concentrations of 
insulin increase proliferation in cultures of avian vestibular epithelia. 
Neutralizing antibodies to FGF-2 and IGF-1 reduced proliferation.

In normal and ototoxically damaged chick cochleae mRNAs coding 
for grow th factors were m easured by northerns (Pickles and Heum en, 
1997). FGF receptor 1 chick kinase (CEK)l was expressed in all structures 
exam ined (otocyst, hatchling whole cochlear and vestibular sensory 
epithelia) although slightly more heavily in the otocyst. The related 
fibroblast growth factor receptors CEK2 and 3 were preferentially expressed 
in the nerve ganglion and in the vestibu lar sensory ep ithelium , 
respectively. FGFl mRNA was low in early development, increasing to 
m ature levels at around embryonic age 11 days while FGF2 mRNA was 
expressed at constant levels at all ages. In response to ototoxic damage, 
FGFl mRNA levels were increased in the early damaged cochlea sensory 
epithelium . Im m unohistochem istry for FGF receptor 1 (CEKl)  show ed 
that norm al hair cells expressed the receptor heavily on the hair cell 
stereocilia, while with early damage, CEKl  came to be expressed heavily on 
the apical surfaces of the supporting cells. FGF-1 is often thought to be 
associated with cellular differentiation; its enhanced expression may be 
associated with differentiation of newly formed cells.

One intracellular signalling pathw ay associated w ith  hair cell 
turnover has been revealed; an increase of intracellular cAMP levels 
induced proliferation of supporting cells and resulted in the production of 
new  hair cells. Protein kinase A inhibitor reduced the regenerative 
proliferation induced in vitro by hair-cell poisoning w ith an antibiotic. 
These results suggest that loss of hair cells may lead to elevation of cAMP 
levels in supporting cells and therefore stimulate proliferation (Corwin et 

a l ,  1991).

W hat is responsible for the lower regenerative responsiveness of 
hair-cell epithelia in mammals? Supporting cells in mammals and in 
nonmammalian balance organs are not recognisably different when loss of 
hair cells is induced. The differences that cause mam m alian supporting 
cells to have more limited regenerative responsiveness than homologous
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cells in fish and birds should be investigated at the level of gene expression 
a n d  p o s t t r a n s l a t i o n a l  m o d i f i c a t i o n s  s u c h  as t he  
phosphorylation/dephosphorylation of certain proteins. The difference 
could be in the expression or activity of tumour suppressor gene products.

5.1.9. Homeobox gene expression

Homeobox gene transcription factors are known to be expressed in 
axolotl lateral lines and the placodes from which they develop in axolotl 
(Metscher et al., 1997). Hoxb-3  from the hox family is expressed in the 
lateral line placodes but not in the mature lateral line sensory organs. The 
expression of Hoxb-3 is in the columnar cells of the placode itself and the 
m esenchym e, but not in the epithelium  overlying the placode. The 
expression pattern of Hoxb-3 contrasts with the pattern of Msx-2  and also 
Dlx-3. No Hoxb-3 expression was detected after about stage 37 in cells of the 
developing or m ature lateral line system. The described pa ttern  is 
consistent w ith the hypothesis that the ectoderm al placode series are 
pa tterned  in parallel w ith the developing central nervous system  
(Northcutt and Bleckmann, 1993). M sx-2  and Dlx-3  are expressed in the 
placodal epithelium  at the same stages as Hoxb-3  and continue to be 
expressed in m ature lateral line organs. In fully form ed prim ary  
neurom asts Msx-2  transcripts are detected most strongly in support cells 
cytoplasm that are directly in contact with a central hair cell, revealing the 
polarity in these cells. In some neuromasts an area of intense expression 
can be seen in the cytoplasm in the centre of the array of hair cells, possibly 
associated w ith an extra hair cell disturbing the order of the array. This 
patch  of gene expression m ay correspond w ith  a site of hair cell 
differentiation, either in response to cell death or as a com ponent of 
neurom ast growth.

5.1.10. Expression of  Eph receptors and ephrins in the ear, balance and 
neuromast  organs.

Receptors of the Eph-class of receptor tyrosine kinases and their 
ligands, ephrins are reported to be involved in a range of developmental 
processes related to embryonic patterning. They have been recognized as 
having a role in retino-tectal guidance, setting the boundaries w ithin the 
developing embryo and cell aggregation (Gale and Yancopoulo, 1997; Zisch
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and Pasquale, 1997). As the Eph-class receptor tyrosine kinases are known 
to be involved in signalling via cell-cell contact they are candidates to be 
involved in the response of supporting cells to damage in the adjacent 
hair cells.

A num ber of Eph-related molecules have been detected in the 
developing ear and its associated neurons. The study by Bianchi and Gale, 
(1998) revealed distinct patterns of expression of e p h r in - A 2 ,  E p h A 4 ,  
ephrin-Bl  and EphBl  in the developing and m ature mammalian cochlea. 
Similar to other systems, there is complementary as well as overlapping 
expression of the ephrins and receptors.

a) Class A ephrins and their receptors. There is expression of ephrin -A2  
and cognate receptor, EphA4  in the embryonic and m ature inner ear. A 
possibility  is that e p h r i n - A 2  acts as an inhibitory signal to restrict 
m ovem ent of interdental and inner sulcus cells. Ephr in-A2  expression 
increased at stages whereas EphA4  was present from embryonic through 
adult stages. These proteins appear to be expressed on both specialized cells 
of the organ of Corti as well as on cochlea neurons. Ephr in-A5  has been 
detected in the inferior colliculus showing there is a range of Eph receptors 
and Ephrins associated with the structures of the ear.

b) Class B ephrins and associated receptors. Ephrin-Bl was m ainly 
associated with a subpopulation of cochlea neurons and their targets, the 
inner hair cells. Similarly aged hum an cochlea neurons were intensely 
im m unoreactive for ephrin-B2. Ep h r in -B l  staining in cochlea neurons 
appeared  to be d istributed throughout all tu rns of the cochlea. In 
embryonic and early postnatal animals the receptor EphBl  was detected in 
several regions of ephrin-Bl  expression. E p h B l  was expressed in both 
developing and m ature cochlea and vestibular neurons. An increase in 
ephrin-Bl  expression in cochlea neurons occurred during the second post 
natal week. During this period cochlea neurons segregate in terms of the 
hair cells that they innervate. Transmembrane ephrins have previously 
been shown to provide inhibitory cues to direct axonal out-growth (Orioli 
and Klein, 1996).

The eph-class receptor tyrosine kinase EphB3, expressed in chick 
cochlea hair cells (Pickles and Heumen, 1997) may be involved in cell
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interactions. Two roles have been suggested for hair cell-supporting cell 
interactions. First is that each supporting cell will develop into a hair cell 
unless it is in contact with a hair cell. Secondly contact factors are likely to 
be im portant in the response to hair cell damage, w ith supporting cells 
detecting dam age to adjacent hair cells, stim ulating a regenerative 
response by the support cells. If EphB3 is involved in this response the fact 
that its ligand is of the transmembrane class means that any such signal 
w ould  be able to have bi-directional effects across the m em brane, 
stim ulating responses in both the hair cells and the supporting cells. 
Analysis of animals with targeted mutations may help elucidate how  Eph 
molecules influence formation of these specialized regions of cochlea.

5.1.11. Notch and Delta genes and lateral inhibition.

There are other molecules which could be candidates for support 
cell/ha ir cell interactions. Support cell and hair cells could be singled out 
for a hair cell fate through a competitive m echanism based on lateral 
inhibition m ediated by D elta/N otch signalling. There are four Delta 
homologues in the zebrafish - twice as many as reported in any tetrapod 
vertebrate. Three of these - Delta A, Delta B and Delta D are involved in 
prim ary neurogenesis while two - Delta C and Delta D - appear to be 
involved in somite development. There are at least four different Notch  
genes in the zebrafish, Notchla  (Bierkamp and Cam pos-Ortega, 1993), 
N otch lb ,  NotchS  and NotchS (Westin and Lardelli, 1997).

The transmembrane protein Notch serves as receptor for its ligand, 
the transm em brane protein Delta. A Notch  expressing cell has a Delta  
expressing cell as its neighbour and Notch inhibits its neighbour from 
becoming committed to neuronal differentiation by sending an inhibitory 
signal. A prospective neural cell is thought to be singled out for a neural 
fate by escaping from inhibition while its neighbours remain inhibited. It 
has been proposed that the activity of Delta itself is regulated by lateral 
inhibition so that the more inhibition a cell receives from its neighbour 
the less it is able to deliver back to them. This gives rise to positive 
feedback. A similar mechanism could be proposed to be present to keep 
supporting cells from becoming hair cells. If a hair cell dies however there 
is less inhibition on the supporting cells and it is able to divide and 
become two hair cells or one hair cell and one support cell. N otch/D elta
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signalling appears to be working in the support and hair cells in the 
zebrafish ear. NotchS  is expressed in the lateral line (Westin and Lardelli,
1997) and so are Delta's A,  B and D (Haddon et al., 1998). In the m utant 
white tail (wit) , there is a massive overproduction of prim ary neurons 
suggesting that wit  is a neurogenic m utant involved perhaps in the 
N otch/D elta pathway (Jiang et a l ,  1996). It has been observed that there is 
an increase of hair cells in the ear and no supporting cells in the ear of wit  
m utant embryos (Haddon et al ,  1998).

5.1.12. Zebrafish as a model to study inner ear and lateral line hair cell 
death.

1) Ear: Studies of both the developmental and adult structure of the 
zebrafish inner ear suggest that it is broadly representative of the inner 
ears of other teleosts and of vertebrates in general (Haddon and Lewis, 
1996). The zebrafish ear consists of an auditory system which detects sound 
w aves and a vestibular system which detects balance. It contains 3 
semicircular canals, and at the end of the chambers the balance organs are 
found (cristae). The macular organs detect sound waves. These sensory 
patches are covered by otoliths, crystalline deposits of calcium carbonate 
(W hitfield et al., 1996). At 24 hpf the first sensory hair cells differentiate, 
grouped in two small patches, the maculae. At 48 hpf there are about 15 
cells in each macula, increasing in num ber until there approxim ately 80 
per macula. The three cristae form between 42hpf and 72hpf. By the end of 
the first week, all components of the ear are present.

Cristae and maculae arise from the same sensory prim ordia in the 
ear. However each type of sensory patch later shows distinct anatomical 
and biochemical specialization. For example the homeobox gene m sh C  
shows specific expression in three discrete patches of the wild-type fish ear 
which are in the developing cristae; it is not expressed in the maculae 
(Ekker et ah, 1992).

2) Neuromasts: The posterior lateral line system is a relatively 
simple one. All the components are present and appear functional by the 
fifth day after fertilization and display morphologies that are very similar 
to those of adults of this and other species, but the system consists of fewer 
cells in the larvae. At day five there are only 10 or 11 neurom asts along
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each side of the larva which are served by 15-20 afferent sensory neurons. 
The num ber of neuromasts and sensory neurons greatly increases during 
subsequent developm ent, how ever the num ber of efferent neurons 
probably does not (Metcalfe et al ,  1985).

The Tubingen ENU based genetic screen has revealed m utants that 
have ear defects related to morphogenesis, pigm ent cells, size, and that 
effect balance and otoliths (Whitfield et al./ 1996). Development of lateral 
line neuromasts, as with the development of the sensory patches appears 
to be norm al in the m utants w ith abnorm al ear m orphogenesis. The 
exception of this is dog which appears to have defects in both systems; it 
lacks a subset of sensory patches in the inner ear (the cristae) and a subset 
of the posterior later line organs (though neurom asts per se are not 
affected). The hps m utation which has an increase of neurons in the ear 
does not affect ear development. Other m utations affecting structures 
along the pathway of migration of the primordium  may also be of interest 
regarding lateral line development. For example in the m utants you too 
and sonic you (Eeden et al., 1996), which lack a m yoseptum , posterior 
lateral line organs are displaced ventrally, although the norm al num ber 
are present. Study of such m utants may reveal guidance cues that the 
posterior lateral line primordium  uses as it migrates.

Of the 48 different m utant lines examined, none have been found to 
have an increase or decrease of the num ber of hair cells. However hair 
cells were not directly screened for so any m utation solely affecting their 
differentiation would have been missed.

The results presented in this chapter describe cell death observed in 
the hair cells and proliferation in the support cells of the zebrafish 
neurom ast. Here it is shown that the death can be m anipulated using 
caspase inhibitor zVADfmk and hair cell specific toxin, neom ycin 
sulphate. The rate of proliferation of the support cells is effected by the 
am ount of hair cell death, showing a feedback system exists between the 
two populations of cells. In this chapter, expression of Eph and ephrins in 
the neuromasts is also shown.
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Results

5.2.1. Hair cells of  the zebrafish neuromast undergo programmed cell 
death dur ing  development.

Program m ed cell death was detected in the lateral line neurom ast 
organ by TUNEL and AO staining in embryos from 5 days to 4 weeks (Fig. 
5.2A-D). In an embryo of 10 days a neurom ast contains an average of 15 
hair cells (as determined by DASPEI staining) and on average there are 5.5 
AO labelled hair cells. Counts were made on the basis of pear-shaped AO 
stained hair cells. There were a few cells that stained with AO which were 
not pear shaped but it could not be determined w hat type of cells these 
were so they were not recorded. TUNEL labelled the neurom asts but as 
there was a lot of background individual cells and shapes of cells could not 
be distinguished, therefore no counts were made on the basis of TUNEL 
staining.

5.2.2. Patches of  TUNEL staining were located in the zebrafish ear.

TUNEL experiments showed two patches of cell death are present 
directly underneath  the otoliths. This is where the hearing (macular) 
organs are located. It could not be reliably determ ined if the balance 
(cristae) organs were undergoing apoptosis.

5.2.3. Supporting cells of  the zebrafish neuromast are proliferating.

To determine if support cells of the zebrafish embryo were dividing 
an antibody to phosphorylated histone 3 (anti-PH3) was used which 
identifies cells at the end of G2 phase and the beginning of M phase of the 
cell cycle (Fig. 5.3D). In separate experiments the zebrafish was subjected to 
BrdU and anti-BrdU labelled cells were counted (Fig. 5.3B). In an embryo of 
10 days an average of 8 cells in each neurom ast are at the end of G2 
phase/beginning  of M phase when they stain for PH3. Many of the BrdU 
m easurem ents lacked accuracy due to background staining, but about 13 
cells were labelled if the embryo was exposed to BrdU for one hour. None 
of the cells in the neurom ast that was labelled were pear shaped and 
therefore none were hair cells so they m ust be support cells. Double 
labelling of BrdU exposed for an hour and anti-PH3 suggests there are 1.4
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Fig. 5.2. Cell death occurs in the hair cells of neuromasts. TUNEL staining 
of 10 day pf.(arrows) (A), TUNEL staining of neurom ast (arrows) (B), 
acrydine orange (AO) staining of hair cells (C) high power view of AO 
stained hair cells (D). Scale bar = 15pM.
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5. Turnover of zebrafish hair cells

Fig. 5.3. Cell division occurs in the support cells of neurom asts. DAPI 
staining of DNA (A), BrdU labelling (B), Nomarski image of neuromasts; 
support cells (sc) and hair cells (he) (C), BrdU labelling of support cells (sc) 
(D), anti-PH3 labelling of support cells (sc) (E).
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BrdU labelled cells to one anti-PH3 labelled cell. In 24 hours therefore 33 
cells would have gone through S-phase which is equal to 23.6 stained with 
anti-PH3. But these estimates of proliferation should be regarded as lower 
limits. If a significant amount of the BrdU was cleared in less that 1 hour 
some cells that entered S-phase during the 1 hour period prior to fixation 
w ould not have been labelled, thereby leading to an underestim ation of 
the incidence of proliferation.

DAPI staining of DNA highlights areas w hich have a h igh  
concentration of DNA. This occurs in areas of small, compact cells a n d /o r  
cells that are dividing. In the neurom ast, the support cells were very 
brightly stained in relation to the hair cells and epithelia, corroborating 
w ith anti-PH3 and BrdU evidence that the support cells are proliferating 
(Fig. 5.3A).

5.2.4. Supporting cells divide to become hair cells and/or support cells as 
determined by BrdU time lapse studies.

BrdU time lapse experiments show that supporting cells divide and 
can become either two supporting cells or one supporting cell and one hair 
cell (Fig. 5.4). In these studies, supporting and hair cells were identified by 
position and shape: the hair cells are pear-shaped, larger cells found in the 
centre of the neuromasts while the supporting cells, are smaller, spherical 
cells surround ing  the hair cells. In no sam ples observed did one 
supporting cell become two hair cells. The time it took for a support cell to 
divide and differentiate into a hair cell was about 4 hours (Fig. 5.4D). A 
greater proportion of support cells divided to become support cells than 
hair cells. Support cells migrating away from the neurom ast could also be 
observed (Fig. 5.4C).

5.2.5. Susceptibility o f the hair cells to neomycin-induced death.

Neomycin sulphate (jlOpiM ) induces specific death in the hair cells 
of the neuromasts after an incubation of 1.5 hours. In experimental fry, AO 
staining showed an average of 8.75 hair cells were dying in neomycin 
treated samples compared to the untreated average of 5.5 (Fig. 5.5A). After 
about 3 hours exposure to neomycin sulphate (|lOpM ) a tap on the petri 
dish to create a wave no longer caused a reaction in the fry. Flowever if the
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Fig. 5.4. BrdU time lapse labelling showing the time it takes for support cell 
division to differentiating into a hair cell. Embryos (lOdays pf) were 
subjected to incorporation of BrdU into proliferating cells for 15 m inutes 
and then left to develop. At various time points after BrdU exposure 
embryos were fixed and labelled w ith anti-BrdU. 1 hour after BrdU 
incorporation (A), 2 hours after BrdU incorporation (B), 3 hours after BrdU 
incorporation (C) 4 hours after BrdU incorporation. Arrow indicates hair
shaped cell (D). Scale bars = lOpM.

Time course shows it takes about 4 hours from a support cell dividing to 
becoming a differentiated cell. Labelling also shows the proportion of 
support cells that are dividing at one time that become hair cells.
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5. Turnover of zebrafish hair cells

Fig. 5.5. Graph showing the effect of zVADfmk and neomycin sulphate on 
cell death and proliferation of hair and supporting cells in neurom asts. 
Values represent means ±  SEM of 20 separate determ inations ***p<.01/ 
'̂ ’̂ p<.02, ’̂ p<.04, according to the paired t test. ZVADfmk reduces cell death 
in the hair cells and subsequently reduces proliferation of the support cells. 
Neomycin sulphate increases the death of the hair cells and subsequently 
increases the rate of proliferation of the support cells.
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5. Turnover of zebrafish hair cells

fry were prodded with forceps they displayed the escape reaction. This is 
probably due to the death of the hair cells preventing the fry from  
detecting the wave motion and not because the fry were dead or had a 
m uscle or sensory neuron im pairm ent. Concentrations of neom ycin 
sulphate of more thanlOOpMkilled the embryos in a minimum of 2 hours. 
Embryos treated with neomycin sulphate at a concentration o^OOpMfor 1.5 
hours died w hen exposed to AO show ing they w ere very fragile. 
Neomycin sulphate is also known to target kidneys and liver which could 
be the cause of death at these higher concentrations (Forge, per commun.).

5.2.6. Neomycin induced hair cell death induces proliferation o f support 
cells.

In order to investigate if feedback occurs between the death of hair 
cells and proliferation of support cells, a mitotic m arker was used to stain 
neurom asts after cell death of the hair cells had been induced. Anti-PH3 
staining on samples exposed to neomycin sulphate (llOpM[) for 1.5 hours 
showed that proliferation increased in the supporting cells (Fig. 5.6C). A 
treated sample had on average 11.45 positive anti-PH3 stained support cells 
per neurom ast while an untreated sample had an average of 8.35 positive 
an ti-P H 3  cells per neurom ast (Fig. 5.5B). Exposing the zebrafish to 
neomycin sulphate |lOOpM for 0.5 hours showed an even greater increase in 
proliferating support cells (Fig 5.6D).

5.2.7.A caspase inhibitor protects against hair cell death.

The caspase inhibitor zVADfmk (300|iM) reduced program m ed cell 
death in norm al development of the hair cells and in neomycin sulphate 
induced hair cell death. Embryos exposed to zVADfmk had an average of 
2.5 dying cells per neuromast compared to untreated which had an average 
of 5.5 per neurom ast (Fig. 5.5A). The caspase inhibitor zVADfmk (300pM) 
reduced neomycin sulphate induced hair cell death from an average of 
8.75 dying cells to 7.2 dying cells (data not shown).
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Fig. 5.6. Effect of cell division of the support cells by manipulating hair cell 
death using zVADfmk and neomycin sulphate, as determined by anti-PH3 
staining. U ntreated (A), zVADfmk 300pM (B), neomycin sulphate (jlOpMl 
l.Shr (C), neomycin sulphat^00pM).5hr (D). Scale bar = 15pM.

In the presence of zVADfmk, support cells divide less frequently and in 
the presence of neom ycin sulphate they divide m ore rapidly. This 
indicates a feedback system between hair cells and support cells.
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5.2.8. Reducing hair cell death with zV A D fm k  decreases the proliferation 
of support cells.

In order to investigate if feedback occurs between the death of hair 
cells and proliferation of support cells, a mitotic marker was used to stain 
neurom asts after cell death of the hair cells had been reduced. Anti-PH3 
staining on samples exposed to caspase inhibitor zVADfmk overnight, 
showed a decrease in the proliferation of the supporting cells (Fig. 5.6B). A 
caspase treated sample had on average 11.45 anti-PH3 cells per neurom ast 
while an untreated sample had an average of 8.32 anti-PH3 stained cells 
per neuromast (Fig. 5.5B).

5.2.9. Scanning electron microscopy of neuromasts.

Electron microscopy was used to study the neurom asts at the 
cellular level. Neuromast organs are found distributed on the head, lateral 
line, head and on the skin covering the yolk as show n by electron 
m icrographs (Fig. 5.7A). Sensory cells w ithin neurom ast organs project 
their apical bundles through pores in the keratinsed epidermis (Fig. 5.7B- 
D). A cupula structure lies over the central region of the neurom asts and 
m ust be removed to make accurate counts of the hair cells. In some cases 
the apical bundle became separated so that individual kinocilia can be 
detected. Dilute solutions of proteases can remove the cupula. The area of 
each hair cell that projects to the surface of the neuromast is a little larger 
than the area required for the sensory bundle of stereocilia. Each hair cell 
has a single elongate kinocilium and rows of stereocilia. Embryos treated 
w ith neomycin sulphate had neuromasts which looked physically fine by 
SEM except for the distribution (stunted or removed) of the kinocilia and 
presum ably disruption of the hair cells (Fig. 5.8).

In some neurom asts degenerating hair cells could be seen by 
transm ission electron microscopy. A sequence of degeneration can be 
determ ined from the amount of disintegration shown by individual hair 
cells. Initially degenerating hair cells show swollen rounded m itochondria 
and large areas of vacuolation. The cytoplasm of the cells also appears 
darker than the surrounding normal hair cells. Some cells showed apical 
extrusions of cytoplasm into the cupula. Other hair cells, seemingly at a 
later stage of degeneration, had the apical region of the cell body and the
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Fig. 5.7. Scanning electron microscopy (SEM) of neuromasts of 10 day old 
fry. Arrows indicate position of neuromast (A,B) higher magnifications of 
neurom ast (C,D).
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5. Turnover of zebrafish hair cells

Fig. 5.8. SEM of hair cell cilia untreated (A,B)/ and neomycin sulphate 
exposed (|lOpM ) (C) (D). Neomycin sulphate causes cellular damage to the 
hair cells of the neuromast.

181



IjuM ljuM

IjuM 5juM



5. Turnover of zebrafish hair cells

sensory bundle  transform ed into a uniform ly granular electron-dense 
material and m uch of the cell body had become vacuolated. Only the hair 
cells appeared to be degenerating with supporting cells appearing healthy 
in all preparations.

5.2.10. Phalloidin staining of neuromasts.

In order to observe the structure of the cells in the neurom ast in 
detail, phalloidin was used to stain actin. Hair cells and support cells could 
be distinguished by shape and the appearance of cilia. Hair cells were 
found to be large, pear-shaped structures organised in the centre of the 
neurom ast w ith actin cilia on the membrane pointing outwards. On each 
hair cell the cilia were observed to be arranged in a horse-shoe shape. Each 
hair cell w as found to be polarized. All the hair cells were polarized 
parallel to the direction of the mechanosensitive axes, though often in 
opposite directions to each other. Supporting cells were found to surround 
the hairs cells in a cup-like manner. Supporting cells were much smaller 
and compact than hair cells (Fig. 5.9).

5.2.11. Expression o f Eph receptors and their ligands, ephrins in 
n e u ro m a s ts .

Eph receptors and ephrins of zebrafish were found to be expressed 
in the neurom asts. EphB3 is expressed in the neurom ast supporting cells 
(Fig. 5.10B) and that e p h r in -A 5  is expressed in the hair cells of the 
neurom ast (Fig. 5.10A) and ear. E p h A I  been found to be expressed in 
m igrating prim ordia, but then it's expression dim inishes (data not 
shown).

5.2.12. Estimates o f rates of hair cell turnover and of the average life span 
of hair cells.

Counts of both hair cell death and support cell proliferation can 
give independent estimates of rates of cell turnover. Data from fry stained 
with anti-PH3 or exposed to BrdU suggests that on average 12.9 supporting 
cells are replicating every hour (re. 5.2.3). There are approximately 15 hair 
cells in one neurom ast so it would take about 35 minutes to replace half 
the cells in the neuromast. Therefore an estimate of the half life of a hair
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Fig. 5.9. Phalloidin staining of neuromast of a 10 day zebrafish as view by 
confocal m icroscopy x63 11.4 oil. Sections th rough  hair cells and 
supporting cells (A), lOpM above section A (B), 20|iM above section A (C), 
30|liM above section A (D), 40 pM above section A (E) 50pM above section 
A (F). Scale bars = 5pM.

H air cells are the large central cells and supporting  cells are the 
surrounding smaller cells as indicated by arrows (A). Actin cilia can be 
detected as indicated by arrow (D). A cilia bundle is arranged in a horse
shoe and cilia bundles are polarised in relation to each other.
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Fig. 5.10. Eph receptor an ephrin expression in neuromasts. Expression of 
Eph B3 (Rtk 5) lateral view (A), expression of EphB3 lateral view (arrow 
shows staining of afferent or efferent neuron) (B), expression of Ephrin A5 
(L4) in the hair cells of neuromasts. Scale bar = lOpM.

186



EphB3 receptor tyrosine kinase expression in the neuromast

Ephrin-A-5 expresses in the hair cells.

?



5. Turnover of zebrafish hair cells

cell in the lateral line is roughly 35 minutes and an estimate of an average 
life span w ould be 1 hour 10 minutes. This is based upon the assumptions 
that a) the populations of hair cells and supporting cells are not increasing 
and that b) on average, supporting cells divisions give rise to one 
supporting cell to replace the one that divided and one new hair cell. It 
m ust be noted though that the neuromast organ is expanding at this stage, 
increasing both  the populations of support and hair cells and that 
supporting cell divisions may not be dividing in a ratio giving one hair 
cell to one support cell.

BrdU time lapse studies give an idea of how m any support cells 
actually become hair cells and therefore calculations of hair cell turnover 
based on this data maybe more accurate. In these studies it was found that 
on average in 15 minutes one supporting cell divides to produce one hair 
cell. This means that in one hour 4 new hair cells are born. As there are 
approximately 15 hair cells in one neuromast it would take 1.875 hours to 
replace half the hair cells. Therefore an estimate on the average half-life of 
a hair cell w ould be 1.875 hours and an estimate of an average life span 
would be 3.75 hours. This is based on the assumption that the population 
of hair cells is not increasing. The fact that the population of hair cells is 
increasing m eans that 3.75 hours is an underestim ate of the average life 
span of a hair cell in the zebrafish neuromast.

TUNEL and AO labelling can provide an alternative estimate based 
on the level of cell death. Caution must be taken w ith the data as there is 
considerable uncertainty about the time periods when the TUNEL and AO 
m ethods can effectively label a dying cell, and the time period a dying cell 
persists before it is cleared. The effective TUNEL and AO labelling time 
period and the rate of cell death clearance is not known in the lateral line 
organ of a fish. A reported rate of 34 m inutes is by Majino and Joris, 
however these calculations use the estimate of 1 hour. This is based on the 
fact that the embryo is developing and has a less efficient phagocytosis 
activity than the adult which the previous report was based on. Papers by 
Jacobson (Jacobson et a l,  1997) suggest that cell death clearance is in this 
order, though there is limited evidence for this. One point made is that it 
is due to the fast clearance time of apoptotic cells, that they have not been 
observed until the last few decades.

188



5. Turnover of zebrafish hair cells

The average AO labelling was 5.47 cells per neurom ast. Starting 
with a population of 15 hair cells the average time for half of the cells in 
the neurom ast to be lost through apoptosis would be about 1.5 hours and 
therefore the turnover time would be 3 hours This estimate is based on 
three assumptions: a) that the populations of hair cells in the neurom asts 
are not increasingly or decreasingly significant, b) AO m ethod labels a 
dying cell for 1 hour c) all cells die by apoptosis (this assumption would be 
inaccurate if some hair cells die by necrosis).

In sum m ary, data based on supporting cell proliferation counts 
estimates an average hair cell life span of 1 hour 10 minutes based on false 
assum ptions that populations of hair cells are not increasing and that on 
average supporting cell divisions always give rise to one hair cell. Cell 
death counts give a hair cell life span estimate to be 3 hours but as the time 
taken for a hair cell to die is not known, this could be very inaccurate. The 
BrdU time lapse data gives the most accurate estimation of hair cell life 
spans of 3.75 hours as calculations are made on the least assumptions. This 
indicates that the clearance time of a dying hair cell in zebrafish is longer 
than an hour. Despite the limitations in the quantitative accuracy of these 
estim ates, the m easured incidence of cell proliferation and cell death 
reported  here provide reason for confidence in ra ther significant 
qualitative conclusions.
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Discussion

5.3.1. The developing neuromast o f the zebrafish is undergoing constant 
turn over.

Results showing hair cell death and supporting cell proliferation 
suggest that the zebrafish developing neurom ast is constantly turn ing  
over its population of hair cells, the life span of a hair cell being in the 
order of hours (roughly 4 hours). Regeneration has been shown to occur by 
removing hair cells whilst leaving the remaining cells in a healthy state 
(Song, 1997) or through acoustic over stimulation (Cotanche, 1987). Both of 
these m ethods result in hair cell damage while the supporting cells and 
other cells show little sign of injury. In addition, hair cells can be ablated 
using lazer treatm ent as has been used in the lateral line (Jones and 
Corwin, 1993) and in organ cultures of chick cochlea (W archol and 
Corwin, 1996). In the chick cochlea and amphibian lateral line experiments 
where the hair cells are removed, supporting cells proliferate to replace the 
lost cells. This is not thought to occur in mammalian ears though there is 
controversy as to whether this can happen in the developing guinea pig 
ear (Forge et ah, 1993; Warchol et al., 1993). In the zebrafish it appears that 
not only is the neurom ast able to regenerate (re. neomycin sulphate 
experiments) but that program m ed cell death of the hair cells and the 
proliferation of support cells occurs as part of norm al developm ent, 
creating constant turnover of the hair cells.

5.3.2. Rate o f hair cell turn over is estimated to be in the order o f a few  
hours .

Data from anti-PH3 and BrdU counts suggests that in a 10 day 
embryo the neurom ast hair cell has an average life span of 1 hour 10 
minutes. M any assum ptions are made in this calculation. First of all it 
assum es that the BrdU experiment conducted labelled only supporting 
cells in the region counted though there was no label to identify the 
supporting cells so this is not certain. It is assum ing that none of the 
support cells died during the labelling time or differentiate into hair cells 
and died so fast that they were not noticed. An im portant assum ption 
m ade is that the populations of hair cells and supporting cells are not 
increasing although as the fry is developing the neurom ast is growing.
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increasing in hair cell num ber and supporting cell number. It w ould be 
possible to calculate the rate of increase of hair cells over time using hair 
cell DASPEI labelling. It could also be possible to m easure the rate of 
increase of support cells over time using confocal microscopy phalloidin 
labelling. Another im portant assum ption m ade is that supporting  cell 
divisions give rise to one supporting cell to replace the one divided and 
one new hair cell, on average. However it is known that 1 supporting cell 
can divide into 2 supporting cells, 2 hair cells or one supporting cell (Jones 
and Corwin, 1993). In addition, with the growth of the neurom ast it is 
possible that the supporting cells are dividing to increase the supporting 
cell population preferentially, rather than producing hair cells. In this case 
the calculated rate of tu rn  over of 1 hour 10 m inutes w ould be an 
underestim ate.

BrdU time lapse experiments show that the majority of proliferating 
support cells in the zebrafish neuromasts produce support cells rather than 
hair cells. Estimates based on these studies gave the hair cell an average 
life span of 3.75 hours, still w ith the assum ption that the population of 
hair cells is not expanding. Again, the rate of increase of hair cells over 
time could be measured by DASPEI hair cell labelling so the proportion of 
newly born hair cells which replace the dying cells as opposed to increasing 
the hair cell population can be calculated. These studies also showed that 
not all newly born supporting cells rem ain in the neurom ast - some 
supporting cells migrate away, perhaps to form new neuromasts. This has 
been observed in axolotls (Jones and Corwin, 1993).

An AO labelling based estimate of turn over on a 10 day fish gave a 
half life of a hair cell to be 1 hour 30 minutes. This value, again was based 
on various assumptions. One major assum ption is that the AO m ethod 
labels a dying cell for 1 hour however there is no evidence suggesting that 
this is actually so. TUNEL is assum ed to label dying cells for a longer 
period than AO is able to however in this case it is not known exactly how 
long a dying cell can be around for until it is cleared by surrounding cells 
or m acrophages. There is no w ay of know ing if the value varies 
considerably betw een organisms and betw een tissues unless separate 
studies are made. Another assum ption made is that populations of hair 
cells in the neuromasts are not increasing. As stated above it is known that 
the neurom ast is expanding though the rates of increase of hair cells and
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support cells are not known. The calculations also assume that all hair 
cells die by apoptosis - if necrosis occurs the estimate would again, be 
inaccurate. It is most probable that the estimates are a large overestimation 
in the rate of cell turnover. Evidence for this comes from the detailed 
structural analysis from phalloidin staining and electron m icroscopy 
which has shown that cell-cell contacts seem generally intact and there are 
not many cells which could be considered to be undergoing apoptosis. The 
calculation of the average life span of a hair cell BrdU time-lapse studies 
(3.75 hours), is probably more accurate than the calculation based on AO 
measurements (3 hours), due to less assumptions. The assum ption of the 
time it takes to clear a dead cell m ade in the AO estimate is probably 
inaccurate and the two estimates compared suggest that dead cell clearance 
time is longer than the 1 hour estimated. Another problem  w ith  the 
estimates of hair cell life span made on the BrdU counts and time lapse 
s tu d ies  is tha t som e su p p o rt cells m ay be able to und erg o  
transdifferentiation into hair cells w ithout a mitotic event. H ow ever 
electron microscopy data does show that hair cells in the neurom ast do 
degenerate.

The discussion outlines the clear lim itations in the quantitative 
accuracy of these estimates, however the m easured incidence of cell 
proliferation and cell death provide reason for confidence in qualitative 
conclusions. The results show that hair cells in the developing neurom ast 
have average life spans in the order of hours rather than weeks seen in the 
avian utricles and profoundly different from the multiple decades of life 
span that are believed to be typical for hair cells in the balance and auditory 
organs of humans.

It has been considered that the high turnover rate could be due to a 
death inducing environm ental factor in the artificial raising of the fish 
which are not present in the zebrafish's natural environment; for example 
noise caused by the incubator (as it is known sonic noises can induce cell 
death) or detergent in the petri dishes. However controls using new petri 
dishes and raising the fish in a warm  room not an incubator eliminated 
these possibilities.

The high tu rn  over rate of hair cells maybe necessary due to 
metabolic overload or lack of presence of inhibitory factors. As the lateral
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line organs of the zebrafish are being constantly stim ulated by wave 
motion, hair cells may be "over stimulated" and this may cause metabolic 
overload which leads to death. Higher vertebrates which have m uch 
slower turnover rates or no regenerative ability at all may not suffer from 
"over stim ulation" or have evolved to cope w ith metabolic overload. 
Higher vertebrates may have evolved inhibitory factors, suppressing death 
in hair cells and the need for support cells to proliferate. In normal animal 
situations the animal dies before the hair cells do, it is only recently, 
through medicine that it has been possible for hum ans to live for longer 
than the ability of their hair cells that deafness has become a real problem.

The high turn  over rate found in the neurom asts of zebrafish 
means that in a single neurom ast there m ust be all the "interm ediate" 
stages of hair cell differentiation. This makes the neurom ast an ideal 
model for studying hair cell regeneration - in one system all the different 
molecules needed for the development of a support cell to a hair cell will 
be present. It will be interesting to examine the expression of different 
molecules within the neurom ast which would help regeneration research 
and the quest for a "deafness cure" in humans. It is possible that the 
support cells are not the mature support cells found in adult organisms, 
but are more similar to the "intermediate" type of support cells found in 
organisms which have more of regenerative potential. A genetic screen for 
neurom asts w ith  increased or decreased regenerative ability could 
elucidate genes involved in regeneration.

The high turnover rate also asks questions relation to synapse 
stability. Is a synapse able to be broken off from one hair cell and make a 
new synaptic connection so quickly? One possibility is that the developing 
neurom ast overproduces hair cells and those cells which fail to make a 
synaptic connection (and therefore fails to receive neurotrophic factors 
that a synapse produces), die. In this way, the neurom ast is assured to 
p roduce enough hair cells to connect w ith  all the neurons w hich 
innervate the neuromast.

5.3.3. Hair cell susceptibility to neomycin sulphate.

Hair cells in the lateral line neuromasts of the developing zebrafish 
are susceptible to death by the action of neom ycin su lphate , an
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aminoglycoside. An incubation of | 10|iM neomycin sulphate for 1.5 hours 
induced death specifically in the hair cells; on average there were 8.75 hair 
cells which were AO positive compared to untreated samples where there 
were an average of 5.5 AO positive cells. Examination of fry by SEM 
showed that neomycin sulphate subjected cases had deterioration, and in 
some cases total ablation of the cilia found on hair cells, indicating hair cell 
cytoskeletal disruption and death. Disruption of the cilia could be due to 
caspase activation of a second cascade of enzymes that are responsible for 
degradation of actin. Untreated samples had mainly intact cilia with a few 
exceptions, which could possibly be due to normal hair cell death. Apart 
from the disruption of the cilia, neomycin treated neuromasts were intact 
showing that cell death is specifically targeted to the hair cells.

The levels of neom ycin-induced cell death differs in various 
organism s and in different organs in the same species. For example 
neomycin-induced cell death differs in the sachules and utricles of chicks 
and hair cells in the saccules of mature guinea pigs are less susceptible to 
the cellular injury caused by gentamicin exposure than were hair cells in 
the utricle and cristae (Li et al., 1996). The differential susceptibility to 
aminoglycosides may stem from some as yet unidentified condition that 
differs betw een hair cells in the different organs. Susceptibility to 
neomycin induced cell death may be correlated w ith susceptibility to 
norm al apoptotic cell death and turn over. It could be the case that cells 
w ith high death rates have less death-inhibiting factors which means that 
they could be more susceptible to external death inducing factors. Hair cells 
of the neuromasts in fish are killed with a relatively low concentration of 
neomycin sulphate (ilOpM^ for 1.5 hours) compared to hair cells of the 
chick cochlea (ImM) indicating that this might be so.
5.3.4. The caspase inhibitor zV A D fm k  is more effective in preventing  

normal PCD than drug induced PCD.

The caspase inhibitor zVADfmk provides protection of a proportion 
of the hair cells from normal death and also provided some protection 
from neomycin-induced death. It has been shown that caspase inhibitors 
prevent cisplatin-induced apoptosis of auditory hair cells in rat Organ of 
Corti (Liu et a l ,  1998). In zebrafish neurom ast hair cells the percentage
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reduction of norm al cell death using the inhibitor was 52% while the 
percentage reduction of neomycin-induced cell death was about 20%. 
Previous experiments show that zVADfmk is better in preventing normal 
cell death than drug induced cell death (see results chapter 3). It would be 
useful to find a drug that can prevent amino-glycosidal induced hair cell 
death as in countries where aminoglycosides are given to people as cheap 
antibiotics a very high incidence of deafness occurs. It would be useful to 
give a drug alongside aminoglycoside antibiotics to prevent the deafness 
side effect. A screen for hair cells resistant to neomycin sulphate could be 
carried out to find molecules which could be used for such a purpose (see 
chapter 6).

5.3.5. On going hair cell death maybe the principle s tim u lus  fo r  the 
continued proliferation o f supporting cells.

Neuromasts treated with neomycin sulphate not only had increased 
hair cell death but they also had increased support cell proliferation as 
determined by PH3 staining. Neuromasts treated with zVADfmk not only 
had decreased hair cell death but they also had decreased support cell 
division, as determined by PH3 staining. It is known that zVADfmk does 
not stop cell proliferation (Weil et a l ,  1997). These results suggest there is a 
feed back system between the hair cells and the support cells and therefore 
the death of hair cells maybe the principle stim ulus for the continued 
proliferation of supporting cells.

5.3.6. Morphological evidence for  support cell to hair cell conversion.

There are some cells found in the neurom ast which have both 
support cell and hair cell characteristics. These cells could arise following 
division of a supporting cell to form a daughter cell which differentiates 
into a hair cell or could be due to a supporting cell differentiating into a 
hair cell directly. In the guinea pig vestibular epithelium  there is a 
discrepancy between the number of proliferating cells and the num ber of 
imm ature hair cells which appear after damage to the sensory epithelium 
in mammals, indicating that there could be differentiation of support cells 
into hair cells directly without an intervening mitotic event (Li and Forge, 
1998). Evidence that this can occur has been shown in axolotls where after 
lazer ablation, a few new hair cells have not been traceable back to a
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mitotic event (Baird et al., 1996). At the same time division of support cells 
is stimulated and daughter cells replace those support cells that convert to 
hair cells (Forge et a l ,  1998). Also in mice Organ of Corti exposure to 
retinoic acid produces a large number of supernum erary hair cells which 
arise w ithout preceding mitosis. This can only occur at the beginning of 
developm ent and the ability to directly differentiate is lost later. A dult 
vestibular epithelium  and axolotl support cells may be "im m ature" 
relative to the Organ of Corti and have retained the ability to differentiate 
as hair cells. Support cells of zebrafish neurom asts m ay also be 
"immature" and have the ability to directly differentiate into hair cells. It 
is not known if proliferation competent cells and cells capable of directly 
differentiating are part of the same population or represent different 
subpopulations of cells.

5.3.7. Role for  Eph/ephrin signalling.

Eph receptor tyrosine kinases and the ephrin ligands are expressed 
in the supporting cells and hair cells of the neurom asts respectively. The 
EphBS receptor has been found in the supporting cells and the ephrin-A5 
in the hair cells. Eph receptors of the B class cannot be receptors for the A 
class ligands so currently the cognate ligand and receptor for these 
molecules are being look for in zebrafish neuromasts.

A num ber of E p h /ep h rin  molecules have been show n to be 
expressed in the hum an and chick cochlear. It is not known what roles the 
Eph family and their receptors play in the life of a neurom ast - they have 
been reported to be involved in a range of developm ental processes 
including cell-cell interactions, axon guidance, setting up boundaries and 
cell aggregation (Gale and Yancopoulos, 1997). It is possible that 
E ph /ephrin  signalling is involved in cell shape and change that occurs 
during the transition from support cells to hair cells. Dominant negative 
RNA injections could elucidate the role they play or the use of modified 
ribozymes to delete specific Eph receptors/ephrins.
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5.3.8. Structure of the zebrafish neuromast.

The neurom asts of the zebrafish consist of hair cells and support 
cells. The hair cells derive their name from the presence at their apical 
ends of an organized bundle of rigid, erect projections. The hair bundle is 
form ed of row s of stereocilia, specialized m icrovilli con ta in ing  
filam entous actin, together w ith a single true cilium, the kinocilium. 
Unlike m am m al's hair cells which are surrounded by supporting cells so 
that adjacent hair cells seldom contact each other (Forge et ah, 1997), 
neuromasts in fish consist of a central group of hair cells contacting each 
other, which is surrounded by support cells. In the apical hair bundle, the 
stereocilia increase in height in one particular direction across the bundle 
w ith the kinocilium situated behind the longest stereocilia. The position 
of the kinocilium  defines hair bundle orientation and this m ust be 
specified in some way as the bundles of all the hair cells in a sensory 
epithelium are orientated in precise relationship to each other. This is of 
functional significance because the structural orientation is associated w ith 
a functional polarity: it is only deflections toward and away from the row 
of longest stereocilia, the position of the kinocilium, that stim ulate the 
hair cell (Forge et al., 1997). The localisation of E ph/ephrins to a region of 
the cell (to focal adhesions, for example) could play a role in the 
organisation of the cytoskeleton.
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CHAPTER SIX

Zebrafish can be used as a genetic tool for the identification and functional 
analysis of genes that control cell death

This chapter describes a pilot study in which a mutagenesis screen 
on zebrafish was carried out to search for novel genes involved in cell 
death pathways.

Introduction

Programmed cell death is a fundamental process that occurs during 
em bryonic developm ent. Genes involved in this m echanism  can 
therefore be revealed by mutagenesis screens of developing embryos. In 
October 1980 a paper was published demonstrating that genes required for 
embryonic developm ent could be revealed by systematic searches in 
Drosophila melanogaster (Nusslein-Volhard and W ieschaus, 1980). Seven 
m onths later a paper suggesting that similar approaches could be taken in 
zebrafish appeared (Streisinger et al, 1981). It is only recently, however that 
the genetic potential suggested earlier has been realized: in volume 123 of 
Development published in December 1996, 37 papers described m utations 
in genes that affect many aspects of zebrafish development.

Considerable progress in the knowledge of the molecular genetic 
mechanisms involved in vertebrate developm ent has relied heavily on 
two factors: the realization that many developmentally im portant genes 
defined by m utations in Caenorhabditis elegans and Drosophila h a v e  
im portant vertebrate counterparts (Scott, 1992), and molecular techniques 
that have provided powerful approaches for identifying genes expressed at 
specific times and places in vertebrates embryos (Miklos and Rubin, 1996). 
W ith gene targeting in mouse by homologous recombination in ES cells 
(Capecchi, 1989), it has become possible to test the function of nearly any 
cloned gene suspected of participating in the regulation of vertebrate 
development. But the most efficient way to find novel genes is to screen 
for them directly by looking for their m utant phenotypes.

Zebrafish have a num ber of features that facilitate recognising and 
characterizing mutations (Streisinger et a l ,  1981). Development is external
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making it easy to identify and score mutations for lethality or for specific 
and subtle phenotypes. The embryos are optically clear so it is easy to 
observe different regions for defects. Since the zebrafish are small (3-4cm 
long), inexpensive to maintain and can be bred in large numbers they are 
an ideal vertebrate on which to perform mutagenesis (Driever et al., 1994). 
Also now that genome m apping is extensive (Postlethwait et al., 1998) it is 
possible to use positional cloning strategies as well as candidate gene 
approaches to clone the genes defined by mutations. Many of the genes 
disrupted by m utations have been identified; for example fg fS, cyclops, 
squint, floating head, spade -tail and one-eyed pinhead (Shier, 1998).

Recessive lethal m utations have been generated by treatm ent w ith 
UV, gamma-rays, ethyl nitrosourea (ENU) (Grunwald and Streisinger, 
1992; G runw ald and Streisinger, 1991) or are spontaneous and found 
w ithin the population. Two groups have completed the most extensive 
genetic screens ever carried out in a vertebrate to isolate novel genes 
functional in the development of the zebrafish (Driever et a l ,  1996; Haffter 
et al., 1996). In these genetic screens two generations of breeding were 
involved, as in the original Drosophila screens. GO males are m utagenised 
and FI founder animals established. From individual FI founders, F2 
families are raised, half of which are heterogeneous for the newly induced 
m utations (Fig. 6.1). Sibling crosses among the F2 families are perform ed 
to identify m utant phenotypes in the F3 embryos. In mice the breeding of 
thousands of lines to drive m utations to hom ozygosity in a two 
generation breeding schedule is possible, although expensive. Screening 
for embryonic m utant phenotypes, however, is extremely difficult since 
em bryos develop in utero. Previous work in mice has how ever been 
useful in defining the conditions of m utagenesis in zebrafish. Fish 
generated from mutagenised premeiotic germ cells (spermatogonial cells) 
are non-mosaic heterozygotes for the induced m utations, as opposed to 
fish generated from m utagenised postmeiotic germ cells (spermatocytes, 
sperm  or blastoderm-stage embryos) which develop as genetic mosaics 
(Walker and Streisinger, 1993). Studies on m ouse have also provided 
useful information concerning the choice of mutagen: as in mice, ethyl 
n itrosourea (FNU) has proved to be an extremely efficient chemical 
m utagen in spermatogonia in zebrafish (Driever et a l ,  1994).

The diploid genome of the zebrafish does however present a time 
consum ing problem : after ind iv idual founder anim als have been
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Fig. 6.1. Mutagenesis crossing scheme. Males mutagenized with ENU were 
m ated to wild-type females. The FI progeny raised from matings 3 weeks 
after the m utagen treatm ent (resulting from treatm ent of spermatogonia) 
was heterozygous for one m utagenized genome. An F2 generation was 
raised from sibling m atings. A m utation m present in one of the FI 
parents was shared by 50% of the fish in the F2 family. Eggs were collected 
from a num ber of matings between sibling fish. If both parents were 
heterozygous for m, expected in 1 /4  of the crosses, 1 /4  of the eggs will be 
hom ozygous and show the m utant phenotype. In this scheme, for 
simplicity, only one El fish is heterozygous. In the experiment, both were 
heterozygous for a m utagenized genome. Therefore, the num ber of 
m utagenized genomes per family was two (modified from Haffter et a l ,  

1996).
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generated, FI families m ust be bred for several months and the siblings 
crossed to drive a recessive m utation to hom ozygosity to reveal its 
phenotype. The methods adapted for zebra fish make it possible to induce 
haploid developm ent or gynogenetic diploid development (Stresinger et 
al., 1981). These embryos can be produced by subjecting eggs fertilized with 
UV-inactivated sperm to high hydrostatic pressure (early pressure (EP)) 
just after fertilization which suppresses the second meiotic anaphase. 
Haploid embryos develop the basic structure of the body but have a variety 
of defects and die around the fourth day. Haploid embryos cannot be used 
in detailed screens since they have abnormalities in m any structures and 
in later developm ental program m es. A nother problem  is th a t the 
identification of genes further from the centromere can be obscured by 
meiotic recombination and crossover interference. Haploid embryos have 
been used to isolate a significant number of zebrafish m utants in Eugene 
(Kimmel et a l ,  1989). In addition, the EP technique provides a m ethod of 
m apping genes relative to the centromere (Streisinger et a l ,  1994).

How ever compared with Drosophila and mice, zebrafish molecular 
genomics is still in its infancy. Transgenic fish have been generated by 
injection of plasmid DNA into the cytoplasm of embryos at the one or two 
cell stage. The efficiency of germ line transmission can reach 5-10% of the 
injected em bryos. How ever the inserted DNA is often extensively 
rearranged and only a small proportion of the transgenic founder animals 
expresses the transgene. Injection of DNA into the oocyte nucleus, a 
procedure that has been used to make transgenic medaka fish is not yet 
feasible in zebrafish because of difficulties in achieving m aturation of the 
eggs in vitro and the pronucleus is difficult to see. Injection into the nuclei 
of the early blastoderm is impossible because of the short cleavage cycles. 
R etroviruses m aybe the answ er for an alternative  rou te  for the 
introduction of transgenes (Gaiano et a l ,  1996). Also embryonic stem cells 
have not been established for zebrafish.

The zebrafish is therefore, a m odel system  to identify  genes 
involved in vertebrate developm ent and there is consequentially the 
potential to elucidate genes involved in program m ed cell death. The two 
large scale m utagenesis screens carried out in Tubingen and Boston 
described a high frequency of degenerative mutations, half of which were 
w ide spread, non-tissue specific. In Boston 2383 m utations affecting 
embryonic or early larval development were identified. A high proportion
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of these (40.9%) were associated with degeneration. The most frequently 
isolated class of m utations (20.7%) is characterized by widespread, non
tissue-specific degeneration, starting between 1 and 6 days post fertilization 
w ith death occurring w ithin 2 days. The second m ost frequent class 
includes m utations where degeneration is first seen in the CNS, including 
transient and localized cell death. Mutations with CNS degeneration were 
also identified in the Tubingen screen. Prior to these screens only one 
zebrafish degeneration m utant, ned-1 had been described. This embryonic 
lethal m utation induced by gamma-irradiation shows massive cell death 
restricted to the CNS and retina that appears to spare the prim ary nervous 
system (Grunwald et al. 1988).

None of these mutants were specifically searched for. M utants were 
detected by eye and only afterwards stained with aery dine orange an d /o r 
TUNEL to further characterize the locations and extent of cell death. This 
chapter describes a pilot screen to search for more subtle cell death 
m utations which may have been unnoticed by eye, and m utations with a 
phenotype of decreased norm al program m ed cell death as found in 
C.elegans (Ellis et al., 1986) and Drosophila  screens (White et al., 1994). 
M utants involved in the staurosporine-induced PCD pathw ay were also 
searched for.
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Results

6.2.1. Aims of the genetic screen.

The aims of the zebrafish genetic screen were to find m utations 
involved in programmed cell death. Such a focus of a screen had not been 
carried out before so it seemed likely novel m utations could be found. For 
efficiency a concentrated search for three specific phenotypes was carried 
out, instead of doing a general m utant screen which would have taken 
more time. My three categories were

a) zebrafish with no cell death
b) zebrafish with localized an d /o r transient cell death
c) zebrafish with resistance to staurosporine induced cell death.

The reasoning behind looking for these phenotypes were to find 
m utations specifically involved in the cell death pathway. M any of the 
nonspecific cell death m utations found in the Tubingen and Boston 
screens could have resulted from m utations in genes with house keeping 
functions. A m utation with no cell death could be due to a m utation in a 
gene central to the cell death machinery (such as the caspase Ced 3 found 
in a C.elegans m utagenesis screen (Ellis et al., 1986)) or in the cell death 
pathw ay (such as the gene reaper found in a Drosophila screen (White et 
al., 1994)). A m utation with localized an d /o r transient cell death could be 
due to a m utation in a gene necessary for the essential survival of a 
particular population of cells, such as a neurotrophic factor. A m utation 
w ith resistance to staurosporine induced cell death could be due to a 
m utation in a gene on the staurosporine cell death inducing pathw ay 
includ ing  a com ponent of the specific cell death  m achinery the 
staurosporine induced cell death pathw ay may activate, such as a specific 
caspase.

6.2.2. Outcome of screen.

The pilot screen was performed as described in chapter 2 using ENU 
as the mutagen. In the pilot screen a total of 37 families were screened by a 
group of people m ainly interested in perturbations in early forebrain 
patterning using RNA probes and antibodies to detect these phenotypes. 
From this pilot screen 10 m utations were found including 2 cell death 
m utants. Other phenotypes detected by the team included no f in  and
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-paralyzed. The cell death m utants found were beaky  and b u g e ye d .  
Deadhead was found as a spontaneous mutation in wild type background.

Beaky is a cell death mutant. Brain necrosis first appears at 24 hours 
starting at the m idbrain and progressing anteriorly. The hypothalam us is 
extremely reduced. There are small eyes, the nasal half is always more 
affected than the tem poral half. There is a hooked tail , coupled w ith 
increased cell death at the tip of the tail, the name is derived from the 48 
hour appearance when the lower half of the jaw appears missing and from 
the lateral view the fish looks like it has a beak.

Bugeyed  is a m utant with extensive cell death in the m idbrain and 
ventral diencephalon by 40 hours. In these m utants the nasal half of the 
eye appears reduced.

D eadhead  is a m utation causing CNS death around 24 hours. 
Embryos also have an upturned tail due to massive death on the dorsal 
side. Embryos survive until 4-5 days by which time the entire head 
(including eyes) is massively shrunken and the tail has curved completely 
back on itself.

None of these m utants belonged to the categories stated above 
which were being searched for. All had extensive cell death which could 
not be significantly reduced by the caspase inhibitor zVADfmk. The extent 
of the cell death means that the mutation could possibly be a wide range of 
different types of genes including ubiquitous expressed genes w ith 
housekeeping functions.

205



6. Genetic screen for  cell death mutants  

Discussion

6.3.1. Limitations of this genetic screen.

The major limiting factor in this screen was the num ber of families 
generated to cross. 37 families were generated which is equal to about 74 
m utations (with the concentration of ENU used 1 family should have 2 
mutations). In total 11 m utants were found; the low frequency could be 
due to gene redundancy or even because the concentration of the ENU was 
less than needed to induce the desired rate of m utations. A lthough the 
exact num ber of genes is not known for any organism , the num ber 
estimated for all vertebrates is in the region of 100,000 genes. This m eant 
we covered less than 0.074% of the genome. As relatively rare m utations 
were being searched for, it is not surprising that the desired cell death 
m utants were not found. An additional problem  was that not all the 
families laid a large quantity of eggs which meant not every phenotype the 
team was interested in could be screened for in every family. Reasons for 
the low num ber of families screened include a limitation in space to raise 
the fishes and a lack of man pow er in the team raising, crossing and 
screening the generations.

6.3.2. Improving the cell death screen.

If the screen was to be repeated for m axim um  results ENU 
m utagenesis would be as efficient as calculated and there w ould be no 
limitations on space and man power. The cell death screens would also be 
a priority so a proportion of the eggs from each family raised w ould be 
used for each of the screens mentioned. With small screens it is im portant 
to be focused and not to screen for too m any phenotypes. Transient 
localized m utants were to be searched for at a later stage, about 3 days 
(rather than 24hours). At this stage there is a greater chance to find 
m utants involved in survival signals rather than m utations involved in a 
basic developmental pathway.

For the rapid identification of mutations in the apoptotic pathw ays 
induced by staurosporine I would carry out a tw o-generation genetic 
screen. In this m ethod males are m utagenised w ith ENU according to 
standard protocols (Mullins et al., 1994) and subsequently crossed to wild 
type females to raise a large El family. From each of the El females
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gynogenetic embryos are produced by the early pressure m ethod as 
described previously (Westerfield, 1995) where the second meiotic division 
of the embryo is inhibited. These F2 embryos are homozygous by nature 
due to recombination during the first meiotic division. One FI fish does 
not contain one m utation bu t m any independent m utations on all 
chromosomes, so the offspring of these females are genetically unique, 
carrying different sets of chromosomes (various combinations betw een 
m utagenized  paternal and w ild type m aternal chrom osom es). This 
contributes to the total complexity of the screen but it is hard to calculate 
that in num ber of genomes.

The F2 embryos are treated with staurosporine to induce apoptosis, 
applying m inimal dosage of staurosporine that is lethal to w ild type 
embryos (see Results, Chapter 3). The embryos are allowed to develop, 
rem oving dead embryos at regular intervals. Those embryos surviving 
after 48 hours are putative mutants that are resistant to the staurosporine 
treatment. Surviving embryos are grown to adulthood and outcrossed to 
secure the mutations.

As a result of this genetic screen m utants could be identified that 
exhibit decreased apoptosis or that have specific defects in apoptotic 
pa thw ays induced  by staurosporine. The large inpu t num ber of 
m utagenized genomes strongly increases the chances of isolating relatively 
rare mutants. As opposed to standard three generation screens which are 
time consuming and labour intensive this screen could be carried out in 
one month, followed by a period to raise and outcross the animals. Similar 
screens using acetylcholine-esterase inhibitor and other com pounds as a 
selective pressure have been applied successfully in C. elegans (Miller et 
al., 1996).

The advantage of a two-generation genetic screen is that it is the 
only m ethod presently available w ith a very low background in non- 
genetic developmental abnormalities. It also provides the least bias against 
certain types of phenotypes like those resembling the haploid embryos 
obtained in haploid or early pressure diploid screens (Kimmel et ah, 1989). 
It also does not bias against genes in certain chromosomal regions like 
early pressure half-tetrads which segregate m utant phenotypes in loci close 
to the ends of the chromosomes at low rates. However haploid and early 
pressure gynogenetic F2 progeny are much faster, easier and cheaper to
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generate that F3 progeny and therefore will in the future be used 
extensively for rapid surveys of the zebrafish genome for m utations 
affecting defined aspects of development.

6.3.3. Limitations of all genetic screens.

Limitations stem from the organization of the vertebrate genome. 
Genes are often represented in large families w ith partially or completely 
overlapping developmental functions. Therefore m utations in individual 
genes might have only subtle or no phenotypes while the developmental 
importance as a set of genes can only be uncovered by double or triple 
mutants. This maybe the case with the caspase family or the neurotrophin 
family. Another limitation is that low saturation rates occur in fish screens 
compared to those such as the Drosophila screens.

6.3.4. Potentials of the genetic screen.

Despite the lower degree of saturation reached in zebrafish screens, 
the num ber of genes identified is usually larger. This is because of the 
optical clarity enabling more phenotypic traits to be scored in the living 
embryo.

The results of two large scale m utagenesis screens perform ed in 
Tubingen and Boston show that cell death m utants are frequent. Detailed 
analysis of these m utants could decipher w hat functions the m utated 
genes may have.

M utations affecting transien t and localized cell death  are 
particularly interesting as the genes targeted by these m utations may be 
essential for the survival of particular populations of cells. Alternatively 
the spatial and temporal pattern of cell death could be determined by local 
epigenetic factors or by overlapping expression of functionally redundant 
genes. For example, phenotypes of mutations affecting energy production 
m aybe restricted to tissues with high energy demands, while m utations 
disrupting cell cycle control may be first apparent when cells stop dividing 
and differentiate. Genes targeted by these m utations may also directly 
determ ine common essential p roperties in the popu lation  such as 
connectivity, function or lineage. The transient and localized cell death 
m utants effect genes which are essential for the survival of particular
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populations of cells, rather that ub iquitous expressed genes w ith  
housekeeping functions. Mutations in the latter genes could result in the 
large group of nonspecific CNS degeneration m utants identified by 
Driever et al. (1996).

T ransient and localized cell death  m utan ts could well be 
responsible for the apoptosis docum ented or im plicated in several 
neurodegenerative diseases (Appel, 1981) including Alzheimer's disease, 
H untingdon's disease, Parkinson's disease, amyotrothic lateral sclerosis, 
retintis pigmentosa (Chang et al. 1993), cerebellar degeneration, and ceroid 
lipfuscinosis. In these diseases the development of the nervous system is 
essentially norm al; however during adult life, specific populations of 
neurons are lost, resulting in characterized clinical and pathological 
features. Failure of some of the mechanisms that operate to sustain cell 
survival during development may underlie some of the cell loss seen in 
these diseases. It w ould be interesting to apply the caspase inhibitor 
zVADfmk know n to reduce both developm ental and staurosporine 
induced cell death (Results Chapter 3), to see if it can prevent death found 
in the localized and transient cell death m utants. If cell death can be 
protected the next step would be to investigate if the rescued cells still 
function. If so caspase inhibitors could become central in combating 
various diseases.

Transient degeneration mutants could effect program m ed cell death 
or neurotrophin  signalling. During norm al developm ent PCD accounts 
for the loss of between 20 and 80% of all postmitotic neurons (Oppenheim, 
1991). Most PCD occurs when neurons fail to successfully compete for 
lim iting am ounts of trophic factors derived from their synaptic targets 
(Oppenheim , 1991; Raff et al. 1993). For example in Drosophila both the 
developm ent and survival of neurons in the synaptic target of retinal 
axons requires input from the retina, and photoreceptor axons degenerate 
unless they reach and establish synaptic connections (Campell et al., 1994). 
N um erous factors including secreted molecules and components of the 
extracellular m atrix prom ote neuronal survival in vivo and in vitro. In 
particular members of the neurotrophin family are im portant in limiting 
PCD during neural development. In vitro they prom ote the survival of 
various populations of peripheral and central neurons and can rescue 
neurons from death following target deprivation. D isruption of this 
signalling pathw ay has major effects on the peripheral nervous system
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resulting in apoptosis of restricted populations of neurons. In contrast the 
effects of neurotrophin m anipulation on cell survival on the CNS are 
small. In the CNS the expression patterns of neurotrophins and their 
receptors overlap, so that in some areas neurons express more than one 
receptor type. This results in some functional redundancy that may protect 
the CNS cell from degeneration. Since in lower vertebrates the tectum is 
the major synaptic target for retinal ganglion cells it is possible that the 
common phenotype of retinal and tectal degeneration observed in the 
Boston screen could result from mutations affecting the establishment and 
maintenance of retinotectal trophic interactions.

Spreading degeneration m utants had cell death in zones containing 
proliferating cells and differentiating neuroblasts so m utations in this 
group could effect genes essential for cell division and differentiation. 
A poptosis affecting cells in these zones is seen in mice w ith targeted 
disruption of the retinoblastoma (Rb) gene (Lee et al. 1992) and is thought 
to occur when cells receive conflicting signals to sim ultaneously divide 
and differentiate (Lee et al. 1994). Analysis of zebrafish m utants could 
identify genes directly involved in the cell death pathw ay as well as 
upstream  genes that lead to an activation of this program (as in the genetic 
approach in Drosophia to identify regulators of PCD).

It is apparent that mutations described above could affect genes in 
num erous functional pathways; those acting cell autonomously and those 
affecting non-cell autonomous functions. The former would include genes 
acting in the apoptosis effector pathway as well as transcription factors and 
other genes affecting basic metabolic functions (house keeping genes), 
while the latter group m ay include genes involved in intracellular 
signalling. These classes can be distinguished w ith  relative ease in 
zebrafish perform ing transplantation  betw een m utant and w ild-type 
embryos. Although the degeneration phenotype is relatively nonspecific 
and can be seen with various mutations that give rise to patterning defects 
in the brain the mutations will provide entry points for studying multiple 
genetic pathw ays resulting in cell death. Using a genetic approach to 
identify genes that affect survival of distinct populations of cells may also 
identify genes associated with neurodegenerative diseases.
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CHAPTER SEVEN

General conclusions and future directions

7.1. Aim s and summary o f thesis.

The aim of this thesis was to define the zebrafish as a organism in 
which to study the mechanisms and consequences of program m ed cell 
death. Initially it was determined that cell death occurs in a predicable 
stage specific m anner. This cell death can be m an ipu lated  using  
staurosporine to increase cell death and caspase inhibitors to reduce cell 
death. During development of the zebrafish, cell death occurs in specific 
tissues. The role of this death can be examined by looking at the phenotype 
of the zebrafish when this death is blocked by inhibitors.

A pilot genetic screen was employed to search for m utants involved 
in the developmental cell death pathway and the staurosporine cell death 
pathw ay. The p ilo t screen show ed that the zebrafish is a good 
developmental model to search for genes in this way. Factors involved in 
PCD in development can also be determined by the detailed study of pure 
populations of cells undergoing cell death. In this thesis two populations 
of cells were examined in detail; the Rohon Beard sensory neurons and 
the hair cells of the neuromasts.

Rohon Beard neurons are a whole population of cells that are 
removed by PCD during the development of the zebrafish and provide a 
simple system to study the control of apoptosis in vivo. Here it is shown 
that before a Rohon Beard neuron dies, TrkCl is down regulated. Their 
death is dependent on the concentration of NT-3 present and also possibly 
on intrinsic factors. Hair cells of the lateral line neurom asts were also 
found to be dying. In this case the cells are replaced by the proliferation of 
surrounding support cells. M anipulation of hair cell death also altered 
rates of supporting cell proliferation indicating a feedback system exists 
between the hair cells and support cells.
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7.2. Zebrafish as a model to study programmed cell death.

The work presented in this thesis has shown that the developing 
zebrafish is a useful in vivo m odel for the study of program m ed cell 
death. In the zebrafish programmed cell death occurs in a predicable stage 
specific manner.

It was found that from 90% epiboly to 12 somites apoptotic cells 
were found randomly throughout the embryo. After that time dying cells 
gradually  became more concentrated in the brain and tail bud. The 
majority of cells were seen in the neuroectoderm but a few were also seen 
in the m esoderm al tissue, notocord and somites. From 19 hours post 
fertilization onwards PCD was regionalised in the eye, the otocyst, the 
cloacal opening, tail and spinal cord. From 5 days to 3 weeks cell death was 
observed in the epithelia, tail fin, neuromasts and ear.

Features of zebrafish development make it an amenable model to 
study; the embryos fertilized and develop externally and the embryos are 
large and transparent allowing direct observation of dying cells by 
Nomarski optics or by the staining of cells undergoing PCD. Because the 
embryo is clear, structures within the embryo can easily be seen so it can be 
determ ined where cell death is occurring. Zebrafish embryonic PCD can 
also be m anipulated with PCD inducers and inhibitors which means it can 
be used as a system to study the mechanisms of apoptosis. Genetic screens 
are able to elucidate genes required for embryonic developm ental cell 
death as shown with invertebrate models (Ellis et a l ,  1986; White et al., 
1994) and the zebrafish is an ideal vertebrate developm ental model to 
search for novel genes in this way.

The zebrafish has advantages for the study of developmental PCD 
over other vertebrate in vivo developmental models because it has many 
advantageous features over other systems. The chick and Xenopus, like 
the zebrafish, are very hardy and useful for experimental microsurgical 
m anipulation and RNA, DNA and protein injection. However not m uch 
is known about chick and Xenopus  developmental genetics and so these 
models are not amenable for genetic screens. Conversely, the mouse is a 
very useful m odel for genetic m anipulations, particularly  involving 
targeted mutations, but is not ideal for embryonic m anipulations such as 
m icrosurgery or injections as embryos develop in utero. Genetic screens
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for developm ental m utations can be carried out in the m ouse but are 
lim ited by placental development. Novel genes can be searched for by 
genetic screens in the zebrafish and germ line transmission of transgenic 
DNA in the fish has been reported (Culp, et al., 1991) although m utations 
targeted to a particular gene are not possible at present. In the future it is 
hoped that fish retroviral technologies will have advanced, facilitating the 
targe ting  of specific tissues at app rop ria te  tim e-poin t for gene 
overexpression and perturbation (Giano et a l ,  1996). Technology using 
ribozymal enzyme activity could also be useful in the future to eliminate 
certain mRNA in zebrafish cells.

W ork in this thesis has shown that zebrafish can be m anipulated 
w ith  anti-apoptotic drugs to reveal the functions of PCD th rough  
development. To reveal the importance of PCD in early development of 
the zebrafish experiments injecting the caspase inhibitor, p35 into the early 
embryo (2 cell stages) are currently being carried out. TUNEL analysis 
shows that PCD plays a role in eliminating cells after the MET. Such dying 
cells m aybe dam aged a n d /o r  dangerous or are cells that have been 
m isplaced after cell m ovem ent at gastrulation. The p35 injection 
experiments will determine the extent development can proceed in the 
absence of PCD. The caspase inhibitors such as zVADfmk can be applied to 
the developing embryo to reduce cell death at varying stages w hen 
particular populations of cells are undergoing PCD. A problem with the 
caspase inhibitors it that their protection from PCD was only transient and 
even if reapplied, death of the "rescued" cells w ould eventually occur. 
This is probably due to penetration difficulties in the later staged embryos. 
By using p35 a more reliable result of preventing PCD can be obtained as 
p35 has an effect on every cell and for longer that zVADfmk.

The role of specific regional cell death can be determined by 
looking in detail w here the death occurs and by using the caspase 
inhibitors to block cell death and observe the consequences. In this study 
fin formation was examined and shown to require cell death in the pre- 
cartilageous region perhaps to sculpture the cartilage and the fin structure. 
There is much potential to look at the role of cell death in each of the 
specific areas of cell death. It w ould be interesting to clone various 
mem bers of the caspase family in zebrafish and determ ine if they are
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developmentally regulated regionally and temporally. If so specific caspase 
inhibitors for each caspase could be designed to prevent cell death only at 
specific times and in specific regions of the embryo. From the studies in 
chapter 3, it is know n that caspase 3 a n d /o r  7 is active in some 
developm ental cell death and staurosporine induced cell death in the 
zebrafish. More AMC-assays with different caspase substrate specificies 
could elucidate other caspases active in zebrafish.

The caspase inhibitors can also be used to prevent ecoptic death 
found in some developm ental mutations. In this study zVADfmk was 
used to prevent ectopic cell death in the m utant notail where ectopic death 
occurs in the tail. ZVADfmk reduced some cells from cell death in the tail. 
In situ hybridisation with various probes has yet to determine w hat these 
cell becom e. H ow ever techniques using  caspase inh ib ito rs and  
determining the fate of the rescued cells could help characterise the role of 
the m utated gene product which may further the understanding  how 
particular regulatory genes function.

As zebrafish are susceptible to the standard anti-apoptotic drugs, 
zebrafish could be used as an in vivo vertebrate model to screen novel 
potential PCD inhibitors. As zebrafish embryos are small, produced in 
large quantities and PCD can be visualized by Nom arski optics, they 
provide a quick and efficient way to screen anti-apoptotic drugs.

7.3. Use of caspase inhibitors /activators in preventing disease

Two opposite types of diseases that involve deregulation  of 
apoptosis are those involving excessive apoptosis, causing dam age to 
norm al tissues, and those in which apoptosis is prevented, allowing 
m alignant tissues to grow. Accordingly the two strategies for therapeutic 
intervention involve either caspase inhibition or induction of apoptosis 
through caspase activation.

7.3.1. Caspase inhibition.

A bnorm ally high levels of apoptosis are linked to m any 
degenerative diseases including neurodegenerative diseases (Cotman and 
Anderson, 1995), ischemia-reperfusion injury (Namura et ah, 1998), graft- 
verses-host disease, and autoim m une disorders. Caspases are potential 
targets for the treatm ent of these conditions. There is accum ulating
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evidence that this approach maybe successful w ith the in vivo models of 
caspase prevention of cell death, especially the p35 rescue of functional 
photoreceptors in Drosophila retinal degenerative m utants (Davidson and 
Steller, 1998). In addition peptidyl caspase inhibitors are effective in 
animal models of stroke, liver disease and traumatic brain injury.

There are still many questions to be answered, for example what are 
the best caspase targets for inhibition of apoptosis? This requires a better 
understanding of the roles of individual caspases in different tissues. Also 
could chronic diseases be safely treated without the risk of autoim m une 
disease or tum our progression?

Only two classes of major drugs work by inhibiting proteases, 
angiotensin converting enzyme inhibitors and hum an immunodeficiency 
virus protease inhibitors. This is due to the difficulties involved in 
generating small molecule, nonpeptide inhibitors of proteolytic enzymes 
that are selective, stable and penetrate membranes efficiently. Studies w ith 
reversible and irreversible caspase inhibitors will provide answers to the 
m any questions regarding the therapeutic potential of caspase inhibition 
and zebrafish embryos could provided an ideal organism to screen these 
drugs.

7.3.2. Caspase activation.

If apoptosis is prevented malignant tissues grow causing cancer. 
Present treatm ents are not ideal. Two major problem s of chem otherapy 
are toxicity  to norm al cells and failure to kill cancer cells. 
Chemotherapeutic drugs and irradiation damage both normal and cancer 
cells, and this damage is then translated through m ultiple steps into cell 
death, likely through the activation of caspases and apoptosis.

An alternative strategy is to design a treatm ent that activates 
caspases directly. One possibility involves activation of death receptor 
complexes that are directly linked to initiate caspases. These receptors 
would have to be activated selectively in cancer cells.

Consideration of potential therapeutic strategies for selectively 
inducing apoptosis in cells (for example cancer cells) raises several 
questions about caspase substrates. For example what is the minimal set of 
substrates which m ust be cleaved in order to harmlessly dispose of a cell.
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Cleavage of DNA fragmentation factor 45 is likely to cause the death of the 
cell bu t unlikely to cause engulfment. Triggering engulfm ent may be 
sufficient by essentially burying the cell alive.

It will be necessary to elucidate m any more of the m olecules 
involved in apoptotic pathways and determine which can be targeted to 
ensure specific demise of cancer cells. The ability to isolate genetic 
m utations in the zebrafish may prove advantageous to the understanding 
of PCD mechanisms and therefore the design of potential cancer therapy.

7.4. Isolating cell death mutants in developing zebrafish by genetic screens.

The pilot screen described in this thesis shows that a genetic screen 
on the zebrafish could potentially elucidate factors involved in the 
program m ed cell death of the zebrafish. Zebrafish have a num ber of 
fea tu res tha t facilitate recognising and characterising  m uta tions 
(Streisinger et al., 1981). Development is external making it easy to identify 
and score mutations for lethality or for specific and subtle phenotypes. The 
embryos are optically clear so it is easy to observe different regions for 
defects. Since the zebrafish are small (3-4cm long), inexpensive to 
maintain and can be bred in large numbers they are an ideal vertebrate on 
w hich to perform  m utagenesis (Driever et al., 1994). Also now that 
genome m apping is extensive (Postlethwaite et al., 1998) it is possible to 
use positional cloning strategies as well as candidate gene approaches to 
clone the genes defined by mutations.

Although there are problems with looking for m utants involved in 
cell death pathw ays in this way due to the num erous m utated genes 
w hich cause ectopic death, it is possible to find interesting m utations 
involved in cell death pathways. Mutants which have specific cell death 
due to a m utation in a cell death pathway, could provide animal disease 
m odels. T ransient and localised cell death m utants could well be 
responsible for the apoptosis docum ented or im plicated in several 
neurodegenerative diseases (Appel, 1981) including Alzheimer's disease, 
H untington 's disease, Parkinson's disease, amyotropic lateral sclerosis, 
retintis pigmentosa (Chang et al., 1993), cerebellar degeneration, and ceroid 
lipfuscinosis. In these diseases the development of the nervous system is 
essentially normal; however during adult life, specific populations of 
neurons are lost, resulting in characterising clinical and pathological
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features. Failure of some of the mechanisms that operate to sustain cell 
survival during development may underlie some of the cell loss seen in 
these diseases. Mutations found could well be animal models for some 
diseases and therefore drug screens on m utant zebrafish could discover 
hum an cures.

It w ould be interesting to apply the caspase inhibitor zVADfmk, 
which is known to reduce both developmental and staurosporine induced 
cell death, to see if it can prevent death found in the localized and 
transient cell death mutants. If cell death can be protected the next step 
w ould be to investigate if the rescued cells still function. If so caspase 
inhibitors could become central in combating various diseases. The fact 
that the caspase inhibitor p35 can rescue photoreceptors in the Drosophila 
re tinal degenerative  m utan t ninaE and that the rescued cells are 
functional, suggests caspase inhibitors have the potential to be used on the 
NinaE  equivalent in hum ans, retinitis pigmentosa to prevent blindness 
(Davidson and Steller, 1998).

7.5. Neurotrophin signalling and cell death in zebrafish.

Factors involved in PCD in development can also be determined by 
the detailed study of pure populations undergoing cell death. In this thesis 
the death of Rohon Beard neurons and hair cells of the neurom ast were 
exam ined. As the depletion of neurotrophins are know n to trigger 
neuronal cell death, the expression of the trk receptors was looked at in 
the developing zebrafish. It was found that TrkCl is expressed in a 
subpopulation of Rohon Beard cells and that these TrkCl expressing cells 
are not TUNEL positive and therefore not undergoing cell death. As NT-3 
is the ligand for TrkCl experiments to m anipulate the am ount of cell 
death by altering the concentration of NT-3 were carried out. W hen the 
concentration of NT-3 is depleted by the application of anti-NT-3, Rohon 
Beard cells die. This shows that they are dependent on NT-3 as a survival 
factor and with out it they die by default. Currently experiments are being 
perform ed to determine if an intrinsic mechanism determ ines if Rohon 
Beard cells die. If an intrinsic clock mechanism is also present, Rohon 
Beard cells will die after a certain amount of time even in the presence of 
elevated concentrations of NT-3. Also, by labelling cells born at the same 
time with BrdU it will be possible to observe if Rohon Beard cells born at
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the same tim e, die at the same time indicating an in ternal death  
mechanism is present. If this is so, it would be interesting to employ a 
genetic screen to look for m utants in which Rohon Beard cells die more 
slowly or more quickly than wild type which could elucidate genes 
involved in this intrinsic time mechanism.

It is possible that both an intrinsic and extrinsic mechanism co-exist 
to determine the death of the Rohon Beard cells. Death could depend on 
an intracellular regulator required to keep expressing TrkCl or another 
receptor for cell survival or an increase in a negative in tracellu lar 
regulator to switch off TrkCl or both. As well as this there could be a slow 
decline in extracellular NT-3 and cells which are relatively intensive to 
NT-3 die. Therefore both intrinsic and extrinsic conditions could lead to 
the demise of the Rohon beard neurons.

In order to further elucidate the mechanism of Rohon Beard cell 
death will be necessary to clone zebrafish NT-3 and determine where it is 
m ade and how  its concentrations fluctuate th roughou t zebrafish  
development to increase our understanding on the dependence on Rohon 
Beard neurons, trigem inal and dorsal root ganglion neurons on this 
neurotrophin . U ltim ately all the neurotrophins could be cloned in 
zebrafish and their roles in development and cell death determined.

NT-3 could be generated by cells of the skin layer or in the 
underly ing  m esenchyme; in other animal m odels mRNA NT-3 was 
found to be expressed initially highest in the mesenchyme through which 
axons grow to the periphery and later confined to the m esenchyme 
underlying the skin (Buchman and Davies, 1993). An attem pt to remove 
the skin of the zebrafish embryo in the explant cultures did increase the 
amount of death, but in this case, death was excessive and probably due to 
mechanical factors rather than a decrease in NT-3 levels.

Trk receptors fused to IgG molecules can act as a circulating target 
for neurotrophins, preventing them from reaching their normal targets in 
the appropriate concentration and could therefore be used to investigate 
roles of neurotrophins (Cabelli et al., 1996). Another recent technique used 
in mice involves the fusion of the NGF gene or its antisense to a keratin 
prom otor, enabling selective neuro troph in  expression in the skin.
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M utations involved in neurotrophin signalling could be screened 
for in zebrafish . T ransien t degenera tion  m u tan ts  could  effect 
neurotrophin signalling as different members of the neurotrophin family 
are im p o rtan t in lim iting  PCD d u rin g  n eu ra l developm en t. 
Neurotrophins promote the survival of various populations of peripheral 
and central neurons and can rescue neurons from death following target 
deprivation. Disruption of this signalling pathw ay has major effects on the 
peripheral nervous system resulting in apoptosis of restricted populations 
of neurons. In contrast the effects of neurotrophin m anipulation on cell 
survival on the CNS are small. In the CNS the expression patterns of 
neurotrophins and their receptors overlap, so that in some areas neurons 
express more than one receptor type. This results in some functional 
redundancy that may protect the CNS cell from degeneration. Since in 
lower vertebrates the tectum  is the major synaptic target for retinal 
ganglion cells it is possible that the common phenotype of retinal and 
tectal degeneration observed in the Boston screen could result from 
m utations affecting the establishm ent and m aintenance of retinotectal 
trophic interactions. Therefore genetic screens in zebrafish could elucidate 
genes involved in neuro trophin /trk  receptor signalling and enhance our 
knowledge of the role they play in development. The demise of some 
neurotrophins leads to the death of neurons caused in some diseases and a 
zebrafish m utant involved in the disruption  of a gene involved in 
neu ro troph in  signalling m ay provide an anim al m odel for h igher 
vertebrates of disease on which drugs can be tested.

The caspase inhibitor, zVADfmk was able to transiently prevent cell 
death in the zebrafish Rohon Beard neurons however it is not known if 
the "rescued" Rohon Beard cells are functional. The zebrafish did not 
seem  behaviourally  m ore receptive to touch by observation  b u t 
electrophysiology experiments would have to be carried out to determine 
if they are functional or not.

Another population of cells undergoing cell death in the zebrafish 
are the hair cells in the lateral line neurom ast. They provide another 
simple system to study the mechanisms of cell death.

7.6. Zebrafish neuromasts undergo constant turnover.

This study of PCD in the zebrafish has also revealed that hair cells 
of the developing neuromast lateral line organ in zebrafish are dying and
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being constantly replaced. This is an example of an organ in which there is 
cell tu rn  over. The hair cell death was m anipulated using neom ycin 
sulphate to induce cell death and zVADfmk to reduce cell death in the 
hair cells. M arkers for proliferation showed that support cells of the 
neurom ast divided to replace the dying hair cells. When the am ount of 
hair cell death was increased or decreased by the drugs, the proliferation 
rate also changed to m aintain the normal num ber of hair cells in the 
neurom asts. This indicates a feedback system between the hair cells and 
support cells is occurring.

It is not known what triggers the cell death. Death could be due to 
over stimulation of the hair cells leading to metabolic waste overload and 
subsequently death. Death could be due to a hair cell not receiving enough 
neurotrophic factor and thereby dying by default; it is possible that hair 
cells are over produced and hair cells failing to make synaptic connections 
w ith  neurons die as they do not receive the trophic factor synapses 
provide. It w ould be possible to test this hypothesis by looking at 
transm ission electron microscopy or phalloidin stained neurom asts and 
look to see if the dying cells have remnants of a synaptic connection.

M echanosensory hair cells are essentially  sim ilar to the 
mechanosensory hair cells found in all other vertebrate classes, w hether 
they are located in the inner ear of humans or the lateral line of fish. This 
study shows that the developing teleost lateral line is ideal for the study of 
hair cell developm ent and turnover because, in contrast to m am m alian 
preparations, it perm its simultaneous visualization of all stages of hair 
production and degeneration. Therefore neurom asts could be a useful 
model to discover a cure for hearing - either by being able to prevent hair 
cell death, or by being able to trigger factors for support cells to differentiate 
into hair cells.

It is not know n if the neurom asts in adu lt zebrafish undergo 
constant turnover, though this could easily be tested. A scanning electron 
microscopy study of the neurom asts of the teleost fish Varapr(acanthus  
ransone tt i  and Apogon cyanosoma revealed im m ature hair cells being 
generated which suggests a turnover system could be present (Rouse and 
Pickles, 1991).
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7.7. Zebrafish neuromasts as a model to study hair cells.

The lateral line is a particularly interesting system for future study 
of hair and support cells in fish as it leads itself to more m anipulation 
than the ear, on account of its semi-external location. As lateral line 
neurom asts form in the skin at the body surface they are susceptible to 
ablation with lasers (Jones and Corwin, 1996) or to aminoglycoside drug 
treatm ent to selectively kill hair cells (Stone et a l ,  1996). The role of 
neurogenic genes in sensory regulation in the neurom ast organs could be 
examined in there relationship to support cell/ha ir cell differentiation. 
There is also the potential to graft lateral line organs from one fish to 
another and in consequence analyze the autonomy of mutations found in 
screens which have an altered num ber of hair ce lls /suppo rt cells or 
num ber of neuromasts, such as whitetail or dogeared. The surface location 
also means that individual cells can potentially be injected with mRNAs 
encoding neurogenic proteins or other proteins involved in h a ir/suppo rt 
cell differentiation, to examine the consequences of gene action at the 
cellular level.

H ow ever the cloning of genes, the characterization of genetic 
lesions and the investigation of gene functions by transgenesis is currently 
more straightforward in the mouse than in fish. The analysis of mutations 
in vertebrates is made doubly difficult by their multiplicity of genes, with 
gene duplications resulting in vertebrates possessing several related genes 
corresponding to a single gene found in Drosophila. For example there are 
at least 4 delta genes in zebrafish with overlapping expression domains 
throughout the body whist there is only a single delta gene in the fly. 
However the mouse also suffers from this problem, although perhaps not 
so severely; to Delta genes have been published w ith the possibility of 
more to be discovered.

Zebrafish are not as suitable as the chick for gene overexpression 
studies in organs such as the ear/lateral line. Injections of mRNA into the 
early-cleaving fish egg result in potentially fatal early events and no lateral 
line phenotype due to the degradation of the RNA by the time the 
neurom asts form. DNA injections into the neurom asts are problematic as 
only a small proportion of cells integrate and express the transgene 
(Am sterdam  et al., 1995, Gaiano et al., 1996). In the future it is hoped that 
fish retroviral technologies will have advanced to parallel those currently
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available in chick, facilitating the targeting of specific tissues such as the 
neurom ast at an appropriate tim e-point for gene overexpression and 
perturbation.

The use of a non-fading lineage marker such as GFP, visible in real 
tim e in live embryos, should enable more direct com parison of cell 
lineage in develop ing  and regenerating  neurom asts as w ell as 
comparisons between the lateral line and ear or the lateral line and other 
sense organs in other species. Laser ablation of hair cells, treatm ent with 
other drugs and time lapse studies of turnover and regeneration in 
w idtype and m utant lateral line systems or in lateral line lines in which 
cells have been transfected with Delta and Notch and Eph receptors and 
ephrins constructs may all prove interesting ways in which to argum ent 
the current understanding of the roles of these genes in the lateral line.

As the zebrafish has a constant turnover in population of support 
and hair cells, in one neuromast there are many cells at different stages of 
m aturity  and they m ust express different genes in their process of 
differentiation. This provides a good system to study regeneration and the 
molecules involved which could be emulated to produce '"deafness" cures.

7.8. H um an deafness and disease: the clinical relevance of lateral line 
developm ent .

H earing im pairm ents are relatively common in hum ans: about 
1:1000 children are born with a hearing im pairm ent of some kind, and 
half of these problems are due to hereditary genetic disorders (Steel and 
Brown, 1986). There is also a huge problem  in poor countries w here 
aminoglycosides are given as antibiotics, which have the side effect of 
deafness. Whilst mouse m utants have proved valuable models in which 
to analyze the roles of a num ber of genes involved in ear developm ent 
and  deafness, the zebrafish 's lateral line neurom asts serves as a 
complementary system in which additional analyses can be carried out, for 
which the mouse is unsuitable. For example, in the mouse it is impossible 
to analyze very early developm ent over continuous period of time 
whereas the fish are ideal for these kinds of observations.

The genes that control hair and support cell developm ent and 
patterning are well conserved across the vertebrates and hence an analysis 
of gene function in the development of fish or mouse can be related back
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to hum an developm ent and can even serve to relate structures and 
system s in which evolutionary pressures have lead to m orphological 
divergence. Understanding of the cell and developmental biology of the 
hair cell and support cells may ultimately offer the prospect of improving 
the lives of a huge number of people.

Studies of the zebrafish neuromast not only suggest that it is a good 
m odel for hair cell death but also that it is a good model to answer other 
developm ental questions, for example on differentiation, asymmetry and 
polarisation.

7.9. Role o f the Notch/Delta  genes in support cell/hair cell lateral 
in h ib i t io n .

Support cell and hair cells could be singled out for a neural fate 
through a competitive mechanism based on lateral inhibition mediated by 
delta-notch signalling. There are four delta homologues in the zebrafish, 
twice as many as reported in any tetrapod vertebrate. Three of these - delta 
A ,  delta B and delta D, are involved in prim ary neurogenesis and are 
expressed in the lateral line organs, while two - delta C and delta D - 
appear to be involved in somite development. Notch  hom ologues have 
been found in the zebrafish, including notchS which is expressed in the 
neuromasts. The transmembrane protein Notch serves as receptor and the 
transm em brane protein Delta as its ligand. Delta in one cell activates 
Notch in its neighbour, thereby delivering a lateral inhibitory signal, that 
is, inh ib iting  the neighbour from becom ing com m itted to neura l 
differentiation. A prospective neural cell is thought to be singled out for a 
neural fate by escaping from inhibition, while its neighbours rem ain 
inhibited. It has been proposed that the activity of delta itself is regulated 
by lateral inhibition so that the more inhibition a cell receives from its 
neighbours the less it is able to deliver back to them. This give rise to 
positive feedback.

Lateral inhibition could play a role in patterning hair cells and 
support cells. Stochastic fluctuations in expression levels of the ligand 
delta result in one cell gaining competitive signalling advantage over its 
neighbour. The dom inant signalling cell, expressing more delta than its 
neighbour, goes on to adopt a prim ary cell fate (for example a hair cell) 
whilst inhibiting the adjacent cell from adopting the same, prim ary fate. In
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consequence, the neighbouring cell adopts a secondary fate (for example a 
supporting  cell). In the ear, sensory cells are produced in excessive 
numbers at the expense of supporting cells and that this is accompanied by 
an elevation in delta A, B and D mRNA expression in the ear epithelium 
at the sites where hair cells are about to differentiate. In the ear of the 
zebrafish m utant whitetail, delta genes are expressed in high levels and 
correspondingly hair cell are produced at the expense of supporting cells 
(Haddon et a l ,  1998). These findings encourage the view that the pattern 
of cell types in the ears sensory patches is indeed controlled by a delta- 
notch m ediated lateral inhibition mechanism and that reception of the 
inhibitory signal is defective in the whitetail m utant.

In the neurom asts of the lateral line, delta A , B and D can be 
detected in usually 2 or 3 cells within each neurom ast organ. It is likely 
that the same cells express the 3 genes, since simultaneous hybridisation 
w ith all 3 delta gene probes still only reveals 2 or 3 positive cells per 
neurom ast organ. It is likely that these cells are sending inhibitory signals 
to neighbouring cells. They may adopt a sensory hair cell fate, although 
this remains to be fully tested. The expression of notchS  has not been 
looked at in detail in the neuromasts and the role of D elta/N otch is not 
known - it maybe im portant in controlling the time of differentiation, 
choice of cell fate or adhesiveness of groups of cells. In the m utant 
whitetail there is Delta overexpression in the neuromast, however it does 
not correlate with an over production of hair cells as in the ear, signifying 
differences in the sensory hair cells in the ear and lateral line.

7.10. A sym m etr ic  divisions o f sensory precursors may result in the 
production of hair cells and supporting cells.

If a cell divides in an unequal fashion, two daughter cells will be 
produced with different characteristics. The results in chapter 5 showed 
that some divisions of supporting cells produce daughter cells which are 
likely to be hair cells and supporting cells. The siblings from a dividing cell 
can adopt different fates and hence the cell division could be term ed 
"asym m etric". In regeneration studies, the divisions that p roduced  
replacement cells were also asymmetric (Warchol and Corwin, 1996) and 
in flies and worms the divisions that give rise to the cells of sense organs 
or neuronal lineages are also frequently asymmetric (Posakony, 1994; 
Guenther and Garriga, 1996).
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Two possibilities that cause asymmetry can be distinguished. The 
sister cells may be born similar and become different subsequently as a 
result of influences from the environment or through interactions w ith 
one another - for example through D elta/N otch m ediated com petitive 
interaction. Alternatively, sister cells may unequally inherit components 
from the mother cell, so they are different straight away. This could occur 
through unequal segregation of cytoplasmic determ inants such as "F- 
granules" as occur in nematodes (Strome and Wood, 1982), or of particular 
protein such as the gene products of n u m b  and prospero, as occurs in 
Drosophila (Knoblich et al., 1995). In vertebrates such as the ferret, 
asymmetric partitioning of N otchl has been reported in the developing 
central nervous system  (Chenn and M cConnell, 1995). Asym m etric 
location of vertebrate Numb and Prospero proteins also correlates w ith an 
asymmetric distribution of the N otchl protein and may correlate w ith 
neuronal differentiation, although this link rem ains to be proven in 
m am m als.

The cell fate choice between hair cell and support cell is likely to be 
determ ined, at least in part, by the environment rather than by unequal 
inheritance alone, since supporting cells appear able to divide to generate 
hair cells if hair cells are killed. In addition, to date there is no evidence of 
unequal inheritance betw een hair cell and supporting  cell siblings. 
How ever, asym metrically inherited factors have been show n to play 
im portant roles in other analogous systems. In the Drosophila peripheral 
nervous system , the generation of appropriate  cellular d iversity  is 
dependent on both intrinsic and extrinsic factors. W ithin a sensory 
m other cell, unequal distribution of Numb protein is required to generate 
daughters that adopt different fates: the daughter that inherits the Num b 
protein becomes neutral, while the other daughter is inhibited from doing 
so by Delta-Notch mediated lateral inhibition. The numb protein works by 
making the cell that contains it "deaf" to lateral inhibition, apparently by 
binding to notch intracellularly (Guo et a l ,  1996). This gene is positively 
regulated by notch, and negatively regulated by numb, and is therefore 
ideally placed in the pathw ay to integrate intrinsic and extrinsic signals, 
implementing cell fate once asymmetry has been set up.

Although it is not known what causes asymmetric cell division in 
support cells, the zebrafish neurom ast could be an amenable system to 
study the factors that control asymmetric division as support cells are
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continually dividing and producing hair cells as the neurom ast is a 
superficial structure, support cells can easily be injected w ith proteins 
which may affect the fate of a supporting cells daughters.

7.11. Zebrafish lateral line organs could potentially  answer questions  
relating to cell orientation and polarity.

Each hair cell has a single axis of mechanosensitivity, determined by 
the position of the kinocilium situated to one side of the bundle of hairs 
(stereocilia). The tallest stereocilia is found on the side of the bundle 
adjacent to the kinocilium, and so waves in the direction of the tallest 
stereocilia, opens the mechanosensitive channels, and deflection in the 
opposite direction closes them (Rouse and Pickles, 1991). It is not known 
w hat factors d irect the anatom ical o rien ta tion  of th is axis of 
m echanosensitivity. Studies from two adu lt teleost fish found that 
developing hair cells appeared in pairs with the two cells of a pair having 
parallel bu t opposite orientations of their m echanosensitive axes, 
suggesting that the axis of mitosis is one of the factors which determine 
the direction of the hair cell of mechanosensitivity. The second axis relates 
to the long axis of the neurom ast, as the hair cell axes are always 
orientated parallel to this axis, irrespective of the positions of the two cell 
bodies in relation to the axis. It is therefore possible that a gradient w ithin 
the neurom ast itself has opposite effects on the orientation of the two 
products of mitosis. The developing zebrafish lateral line may be a good 
system to study factors involved in cell orientation.
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