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A bstract

Retinitis p igm entosa  (RP) is a  group of hered itary  retinopathies affecting approxim ately 

1 in 3500 people in the  developed world. The disorders are characterised  by th e  early 

onset of n ight b lindness followed by a  progressive loss of the visual field. The prim ary  

defect underlying RP affects the rod photoreceptor cell and  subsequen tly , m ostly 

unknow n m olecular and  cellular m echanism s trigger the  apoptotic degeneration  of 

both rod and  cone photoreceptors. A fu rther m ajor characteristic  of th is  group of 

disorders is the  genetic and  clinical heterogeneity w hich h a s  com plicated the 

developm ents of therapeu tic  strategies aim ed a t slowing or ha lting  pho to recep to r cell 

death.

This thesis aim s to exam ine the two phases of RP, nam ely the  p rim ary  defect of a  

genetic m utation  in retinal specific genes followed by the  secondary  effect of apoptotic 

cell death. To devise a  genetic therapy  w ith b road  app lication  a  m uta tion - 

independent gene therapy  approach, term ed GeneXchange, is described  w hich  a im s to 

suppress both m utated  and wild type alleles of genes know n to ca u se  RP. Ribozyme 

molecules are catalytic RNAs th a t have proved bo th  h ighly specific a n d  efficient in a 

range of studies and are employed in th is thesis  to dow n-regulate  gene expression. In 

parallel to suppression of m uta ted  and  wild type alleles G eneXchange  additionally 

provides for the introduction of a wild type gene th a t  e scap es  ribozym e cleavage by 

having its ribozyme cleavage site removed. Em ploying su p p re ss io n  a n d  replacem ent 

steps to am eliorate the effects of dom inant-negative genetic d iso rd e rs  m ay find broad 

application in a num ber of h u m an  d iseases includ ing  O stoegenesis imperfecta, p53- 

related cancers and a num ber of infectious d iso rders  su c h  a s  AIDS.

As RP progresses the photoreceptor cell popu lation  of th e  re tin a  is dim inished over 

time by the  apoptotic degeneration ch arac te ris tic  of th is  pathology. Clearly if a 

genetic strategy is to be im plem ented add ressing  th e  p rim ary  genetic defect th en  the 

loss of photoreceptors from the re tina  m u s t be slowed or ha lted  completely. For a 

system  such  as GeneXchange to have a  realistic  chance  of success the photoreceptor 

cell population m ust be stabilised. Two ap p ro ach es to stabilise a  degenerating 

population of photoreceptors are  described in th is  th es is  involving ribozym es directed 

a t down regulating the expression of key p layers in  apop to tic  cell dea th  and , the 

in troduction  of an  inhibitor of apoptosis pro tein , p35 , originally isolated from a  

baculoviral insect pathogen. Alternatively, a s  h a s  been  suggested  in  a  num ber of 

o ther stud ies, inhibition of apoptosis alone independen t of the  prim ary  genetic defect 

rep resen ts  a  valuable therapeutic  goal in ex tend ing  pho torecep tor cell function



C hapter 3 describes the  design of suppression  and rep lacem ent gene th erap eu tics  

targeting  a  nu m b er of the prim aiy gene defects associated w ith re tin a l degeneration. 

The GeneXchange system  embodies a  potentially powerful approach  to overcome bo th  

the genetic heterogeneity of many d isorders including RP, b u t also ad d resses  a  

fundam ental challenge presented by dom inant-negative d iseases in  w hich the  

m utated  allele m u s t be removed to am eliorate the  pathology. C hapter 4 explores the  

potential application of ribozymes to target key m olecules regulating th e  apoptotic 

program m e of cell death  characteristic of a  broad range of infectious an d  

neurodegenerative d iseases. R ibo^m es designed to re ta rd  or h a lt photoreceptor cell 

loss from the  re tina, in  com bination with a  suppression  an d  rep lacem en t stra tegy  as  

described in chap ter 3, provide the foundation upon w hich fu tu re  re sea rch  pro jects 

will build to tes t these therapeutic  approaches in bo th  cell an d  an im al system s. 

Chapter 5 describes the analysis of a  light-induced m odel of pho to recep to r cell d e a th  

which condenses the m axim al rate of apoptotic degeneration  in to  a  24 h o u r  period in 

an  effort to detect a num ber of key m olecular events involved in  com m itting  cells to an  

apoptotic fate. Additionally, th is light-induced m odel of re tin a l degenera tion  m ay 

provide a  valuable tool in the  rapid testing  of th e rap eu tic  ap p ro ach es  described  in 

chap ters 3 and 4. C hapter 6 is focused on study ing  th e  effects of a  n u m b er of anti- 

apoptotic agents against a cone photoreceptor cell line (66 IW) s tim u la ted  to die by 

apoptotic cell death  using a  variety of s ta n d a rd  chem o th erap eu tic  a g e n ts  an d  u ltra  

violet irradiation. The availability of th is  cell line facilita tes th e  design  of quantita tive  

experim ents and the analysis of individual cell resp o n ses  in  a  re tin a l context. F u tu re  

work is planned to build on the d a ta  collected d u rin g  th e  cou rse  of s tu d ie s  conducted 

on 6 6 IW cone photoreceptor cells. S uch  pro jects include  th e  generation  of a 

transgenic m ouse carrying a m urine rhodopsin-driven  copy of th e  baculoviral anti- 

apoptotic p35 gene. The d a ta  emerging from  su c h  s tu d ie s  m ay potentially  add to a 

growing body of knowledge which will u ltim ately  a id  in  th e  design  a n d  generation of 

effective therapies for th is debilitating group of eye d isorders.
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1. 1 The human eye and Retinitis pigm entosa

1.1.1 The eye

The mammalian eye is complex. Outside of the brain the eye, in term s of architecture 

and function, represents one of the most sophisticated and complex biological organs 
known. The vertebrate eye is composed of three distinct layers (figure 1), the sclera, 

the choroid and the retina. The sclera forms a continuous protective layer of opaque 
connective tissue around the eye which joins the transparent layer a t the front of the 
eye known as the cornea. Immediately inside the sclerotic coat lies the choroid layer 
containing a highly vascularised m icro-architecture designed to serve the high energy 

dem ands of the photoreceptor cells in the retina.

The choroid layer forms the ciliaiy body and iris to the front of the eye which, through 
m uscular action, dictates the aperture of the pupil controlling the incidence of light 
on the photosensitive retina. The space between the cornea and  the iris is known as 
the anterior cham ber and is filled with a  gelatinous fluid, the aqueous hum our. 

Immediately behind the iris lies a crystalline transparen t biconvex lens the  shape of 
which may be altered by the ciliary body to focus light onto the re tina  (Newell, 1982). 

The area between the iris and the lens is known as the  posterior cham ber which 
connects with the anterior cham ber via the pupil. The ciliary process, an  extension of 

the ciliary body functions in the secretion of the aqueous hum our into the posterior 

chamber. The trabecular meshwork encircles the  circum ference of the anterior 

cham ber of the eye and functions in the filtration of the aqueous hum our as it passes 

into Sclemms canal and from there to the anterior ciliary and  episcleral veins (figure 

2). Anatomical obstruction of the aqueous outflow pathw ay leading to reduced 

filtration capacity causes an elevation of in tra-ocular p ressu re  in several different 
forms of glaucoma (Grant, 1963).

The interior cham ber of the eye is known as the vitreous cham ber again filled with a 

transparen t gelatinous solution known as the vitreous hum our. The vitreous hum our 

is composed of water, collagen, a  variety of proteins and  a  polysaccharide known as 

hyaluronic acid. The vitreous hum our, together w ith the  aqueous hum our, the lens 

and  the cornea function collectively in adjusting both  the  angle of incidence and the 
focal length of incoming light.

The electromagnetic spectrum  (figure 3) represen ts the prim aiy source from which 

biological organisms, including hum ans, in terpret their environment. Despite its 

complexity and for the sake of simplicity, the vertebrate eye may be considered a 
highly efficient machine which transform s energy in the form of light to energy in the
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form of electricity and the tissue responsible for this transform ation is the retina. The 

retina, as the organ of energy transform ation operates through a direct connection to 

the optic nerve shunting the transform ed electrical signals to the brain for 

interpretation.

1.1.2 The retina

The retina consists of ten layers comprising a  heterogeneous mixture of neuronal cells 
within which the process of visual transduction occurs (figure 4). The ten layers may 
be grouped broadly into an  outer photoreceptor cell layer, an  inner cell layer of 
second-order neurons (bipolar cells) and an  innerm ost cell layer (ganglion and  

am acrine cells) comprising the output units of the retina. Adjacent to the retina is the 
retinal pigment epithelium (RPE), a CNS derived layer separating the re tin a  from the 
choroidal circulation. Counter-intuitively, the photoreceptor cells th a t initially 
process the light signals are furthest away from the incoming light as  the  re tina  is 

effectively inverted. The inversion of the retina derives from the  embryonic 
development of the eye in addition to the high-energy dem ands of the  photoreceptor 
cells. The function and maintenance of the outer segm ents of photoreceptor cells 
require prodigious am ounts of energy in the form of phosphorylated nucleotides, 

particularly ATP. The function and survival of photoreceptors consequently depend 

on the supply of glucose and oxygen in large quantities. If such  fuel supplies were to 
be provided by a vascular system, the vessels would create gaps in the photoreceptor 

array and cast shadows on the outer segments. To avoid these difficulties the choroid 
layer, a  highly vascularised membrane, immediately behind  the  retinal pigment 

epithelium (RPE), facilitates a process of diffusion supplying glucose and oxygen 

across the RPE. Ironically, the most energy dependent region of the central nervous 

system is also the only region tha t lacks intrinsic vessels. The RPE counters this 

deficit in vascularisation by acting as a  conduit for fuel supply in addition to acting as 

a  phagocytic membrane mediating the turnover of the ou ter segm ents (Bill, 1983).

1.1.3 The photoreceptors

There are two types of photoreceptor cells: rod photoreceptors, which m ediate scotopic 

vision (dim light vision) and cone photoreceptors which m ediate photopic (day-light 

vision) and colour vision. There are between 7.79 X 10'  ̂ and  1.073 X 10^ rods and 

between 4.08 X 10® and 5.29 X 10® cones in the hum an  retina, approximately 95% 

rods and  5% cones (Curcio, 1990). Cones in  hu m an s are of three types depending 

upon which one of the three light sensing pigm ents (visual pigments) is present, red, 

green or blue. Rods are of a  single variety and  are structurally  one of the most 

sophisticated post-mitotic cells in the body. The rod photoreceptor outer segments, 

the inner segm ents and the rod photoreceptor cell nuclei may be observed as three

3



distinct layers (figure 5). Next to the photoreceptors lie the bipolar cells, located in the 

inner nuclear layer, which synapse with the photoreceptors on one side in the outer 

plexiform layer and with ganglion cells on the other side in the inner plexiform layer. 
Interspersed among the bipolar cells are the amacrine and horizontal neurons which 

mediate the cellular communication between adjacent bipolar cells and w ith ganglion 
cells via lateral interactions (Newell, 1982; Dowling, 1987). The rod photoreceptor cell 

body incorporating the cell nucleus extends into a terminal synapse with retinal 
bipolar cells. The inner segment adjoins to the cell body and contains all the 

organelles, such as mitochondria, endoplasmic reticulum and golgi appara tus 
required for cellular functioning (Molday, 1998). A thin cilium extending from the 
inner segment attaches to the rod outer segment where visual phototransduction 
takes place. The rod outer segments contain hundreds of stacked m em branous 

flattened discs arising from an evagination in the ciliary membrane. Each of these rod 
discs houses a  lum en independent of the photoreceptor cytoplasm and  the  bi-lam inar 
wall of these discs is secured by two m em brane proteins, p e rip h e rin /rd s  and  rod 

outer segment membrane 1 (ROMl). Discs are continuously shed from th e  distal end 

of the rod outer segment from where they are phagocytosed by cells of the RPE. 
Rhodopsin, a t the apex of the rod photoreceptor visual transduction  cascade, 
accounts for approximately 70% of the total rod outer segm ent protein (Molday, 1998).

1.1.4 Visual Transduction

Photo transduction is initiated when a photon of light strikes rhodopsin, normally 
embedded in the rod outer segments (figure 6). Light striking rhodopsin, which is 

composed of opsin and  a prosthetic group, 11 cis-retinal, causes a  conformational 

change of the molecule to an  all-trans form by isom erization. The changes in 

conformation result in the formation of an  interm ediate, m etarhodopsin II, which 

contains binding sites for transducin, a m em ber of the  heterotrim eric G-protein family 

(Hargrave, 1992; Palczewski, 1997). M etarhodopsin II m ay in teract with as many as 

500 transducin  molecules, resulting in a  significant amplification of the original 

signal. Bound transducin, consisting of a, p and y su b u n its  releases its a subunit to 

activate the membrane associated en;^m e phosphodiesterase (PDE). The function of 

PDE is to breakdown cyclic GMP (cGMP) to an  inactive product (GMP). cGMP when 

bound to the cGMP gated cation channel m ain tains ion channels in the outer 

segm ents in an  open configuration, allowing Na^ and  Ca^* to enter the cell. Ion 

pum ps m aintain levels of Na+ and Ca2+ high outside the cell and K+ high inside the 

cell (Koch, 1992). Activation of PDE resu lts  in a  decrease in the levels of cGMP, 

causing a  closure of the ion channels and a  reduction in the permeability of the rod 

cell to Na+ and  Ca2+. The ion pum ps continue to extrude Na-" and Ca2+ from the cell 

while K+ is still free to migrate through the p lasm a cell m em brane, allowing a build up 

of positive charge outside the cell (hyperpolarisation) (Koch, 1992). H y p e r p o la r i s a t i o n
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of the rod cell initiates the nerve impulse to the brain. In the dark, a  steady curren t of 

mainly Na+ ions flows into the open channels partially depolarising the photoreceptor 

cell. A neurotransm itter, glutamate, is released from its synaptic term inals to second 

order neurons in the dark. Illumination causes the above cascade, which resu lts in 
ion channel closure, cessation of the dark  current, neurotransm itter release and 

hyperpolarization resulting in signalling of the  light stimulus to neighbouring neurons 
and a message to the brain (Kawamura, 1995). The photoreceptor cell is then  

restored to an  inactive state so that further visual impulses may be initiated. F urther 
details of the m echanism s of visual transduction may be found in Stryer (1991) and  in 

Fesenko (1985) while an  account of retinopathies deriving from m utations in various 
components of the visual transduction cascade are reviewed in Gregory-Evans (1998).

1.1.5 Retinal disorders

In the Western world the three most common diseases affecting the re tina  are diabetic 
retinopathy, glaucoma and age related m acular degeneration (AMD). E ach of these 

disorders possesses both genetic and non-genetic components. Contrastingly, simple 
Mendelian retinal disorders one of which, RP, is the focus of th is  thesis affect in  total 

approximately 1 in 3500 people globally (Bunker, 1984; Heckenlively, 1988, 1997). 
Many of these Mendelian diseases have an  earlier onset and  a  more severe clinical 
pathology than th a t observed in the three more common disorders above. 

Additionally, the simple Mendelian diseases are, for the m ost part, untreatable. 

Retinitis pigmentosa (RP) is a  clinically and  genetically heterogeneous group of 

disorders characterised by sub-optimal functioning in  th e  rod photoreceptors, 

progressive degenerative cell death in the retina beginning in the mid-periphery and 

the appearance of a characteristic pigmentary deposit from w hich the disorder derives 

its  name (Heckenlively, 1988). RP in general spares the cen tral p a rt of the retina until 

late in the pathology however eventually m ost RP pa tien ts  lose both rod and cone cell 

function. An exception to this may be observed in a  m inority of patien ts with RP-like 

symptoms where cone dysfunction occurs early in the disease, this is referred to as 

cone-rod dystrophy. Macular degenerations show the  reverse anatom ical pathology to 

RP in th a t the central retina is preferentially affected causing  a  severe loss in visual 

acuity with often minimal functional disruption in  the  peripheral vision. In RP 

patients the damaging effect to the cone cells due to their proximity to dying rod 

photoreceptors (Peng, 2000) leads to the progressive loss of cone m ediated vision with 

obvious severe medical implications. One potential therapeutic approach to address 

th is characteristic of RP is described both in  chapter 4 and  in chapter 6 of this thesis. 

Devising methods to m aintain rod photoreceptors even in the absence of rod 

photoreceptor function may represent a  valid therapeutic goal if the net effect allows 

for the persistence of the cone cell photoreceptor population. It is the loss of cone cell 

photoreceptors th a t account for m uch of th e  medical, psychological and social stress
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associated with RP in its later stages. In hum ans with RP, and  in animal models of 

RP, it seems tha t photoreceptor cell loss occurs through an  energy dependent mode of 

cell death known as apoptotsis (Chang, 1993; Lolley, 1994; Portera-Caillau, 1994; 

Milam, 1998).

1.1.6 Genetic characterisation

Retinitis pigm entosa (RP) manifests a num ber of common features which include 

night blindness, a  gradual loss of peripheral visual field and in m any cases, an  
eventual loss of central vision (Weleber, 1994). A progressive deterioration of retinal 
function may be recorded by electroretinographic (ERG) analysis which reveals a 
reduction in the electrical signal (both in am plitude and reaction time) generated by 
the retina in response to flashes of light (Berson, 1968). RP may clinically p resen t 
either on its own, or more rarely, in conjunction with other disorders w hich include 
Usher syndrome, polydactyly, Bardet-Biedl syndrome, obesity, hypogonadism , and  

Kearns-Sayre syndrome (Dryja, 1995).

The genetics of RP have been shown to display all known m echanism s of inheritance 
and involve disruptions on nearly every hum an chromosome (Bird, 1995). Families 

exhibiting autosom al dominant, autosom al recessive, X-linked, m aternal 
(mitochondrial) and digenic inheritance are well docum ented in th e  literature 

(Bhattacharya, 1984, 1985; Francke, 1985; McWilliam, 1989; Inglehearn, 1991; 

Farrar, 1991; Kajiwara, 1994; Bascom, 1992; M ansergh, 1999). In a  classic study of 

RP patients from Maine in the United States, about 43% of cases were inherited as an 

autosom al dominant trait, 20% were autosom al recessive, 8% were X-linked, 23% 
were simplex cases and 6% were undeterm ined (e.g. adopted individuals) (Bunker, 

1984). Simplex cases refer to patients who have no affected relatives. These patients 

m ost likely represent autosom al recessive cases, although some may carry new 

dom inant or X-linked m utations. The first two RP genes to be localised were xlRP 

genes (Bhattacharya, 1984; Francke, 1985). A rhodopsin m utation  was implicated by 

linkage analysis in an Irish pedigree (McWilliams, 1989; Farrar, 1990) and 

subsequently by the dem onstration of a  point m utation  in the rhodopsin gene a t 

codon 23 (Dryja, 1990). Currently, there are in excess of 100 reported m utations in 

rhodopsin known to cause RP or congenital stationary  n igh t blindness, a  complete list 

of which is available a t h ttp ://m ol.ophth .u iow a.edu/M Q L  WWW/Rho tab.htm l. A 

further example of genetic heterogeneity may be observed in the analysis of the 
photoreceptor protein peripherin/ rds located on h um an  chromosome 6 p 2 1 (Kajiwara, 

1991; Farrar, 1991; Jordan, 1992; Wroblewski, 1994; Kim, 1995). Over 40 different 

m utations have been identified to date to cause inherited retinal degenerations 

including adRP, m acular and peripheral degeneration, dom inant cone-rod dystrophy 

and  diffuse retinal degeneration areolar choroidal dystrophy
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http://m ol.ophth .uiow a.edu /MOL WWW/Rds tab.htm l. A whole range of diverse 

m utations in several other genes, many of which are involved in the 

phototransduction cascade and outer segment morphogenesis have also been 
implicated in the etiology of retinal degenerations. These include rod outer segm ent 1 

(ROMl), serine tRNA, hum an co-factor C gene, tubby-like protein 1 gene, the neural 

retinal leucine zipper gene and many others which have yet to be characterised. The 

recent report on the sequence analysis of the hum an genome should provide novel 
insights into previously unknown genes th a t potentially impact on the physiology of 

the retina. A selection of genes shown to be m utated in a variety of hum an retinal 

dystrophies is given in table 1.

Table 1 : Selection of a  num ber of im portant genes involved in hum an  retinal
dystrophies.

Rhodopsin 3q21-q24 AD RP, CSNB Rosenfeld, 1992

PDEa 5q31.2ter AR RP Huang, 1995

PDE3 4p l6 .3 AR RP Huang, 1995

Arrestin 2q37.1 AR Oguchi disease Fuchs, 1995

Peripherin/rds 6p21.1 AD RP, macular dystrophies Farrar, 1991

Kaiiwara, 1991

ROMl l lq l3 Digenic RP Kaiiwara, 1994

RPE65 lp31 AR Leber congenital amaurosis
Gu/Mahlens,

1997

ABCR Ip21-pl3 AR Stargardts disease AUikmets, 1997

CRX 19ql3.3 AD CRD Freund, 1997

CRBl Iq31-q32.1 AR RP
den Hollander, 

1999

USH2A lq41 AR Usher's syndrome 2A Eudy, 1998

RPl 8p ll-q21 AD RP
Pierce /  SuUivan, 

1999

RGPR Xp21 XL RP Meindl, 1996

RP2 X p ll.3 -p ll.2 XL RP Schwann, 1998

TIMP3 22ql3-qter AD Sorsby fundus dystrophy Weber, 1994
Bestrophin l lq lS AD Bests disease Petrukhin, 1998

NRL 1 4 q ll .1-12.1 AD RP Bessant, 1999

Rho kinase 13q34 AR Oguchi disease Yamamoto, 1999

AD, autosom al dominant; AR, autcsomal recessive; XL, X-linked; CSNB, congenital sta tionary night blindness.

A complete list of all RP loci and genes identified to date is m aintained at 

W W W , sph . u th . tm c. edu / retnet / d isease. h tm . W hat is abundantly  clear from the 

literature is tha t despite the “simplicity” of M endelian transm ission of m utations 

causing RP, the overwhelming genetic heterogeneity revealed in the analysis of the 

m utations involved provides an  extremely challenging arena  for the development of 
realistic therapies.

7



1.1.7 Toward a therapy for RP

Careful clinical analysis both of the hum an  pathology and of anim al models of RP 

reveal a  disorder comprised of two presently distinct events -  a  prim ary genetic 

m utation in mostly retinal specific genes followed by photoreceptor cell apoptosis. 

Numerous studies of families exhibiting hereditary RP have been shown to harbour a 
primary genetic m utation in any one or more of a  diverse set of genes, the majority of 

which are specifically involved in photoreceptor cell function or physiology. The 
abundance of linkage studies in the literature in addition to the characterisation of 
several animal models for RP suggest this prim ary m utation may be considered, for 
the most part, to be the “cause” of RP. This association is postulated despite the 

absence of evidence linking a  primary m utation in a  retinal specific gene to the second 
part or phase of RP. The secondary effect of th is primary genetic m utation  found 
among RP subjects is characterised by a relatively slow apoptotic cell dea th  of the  rod 

photoreceptors followed by the apoptotic cell death of the cone photoreceptors leading 
to complete loss of vision. Apoptosis is a  highly choreographed energy-dependent 

mode of cell death distinct from necrosis which is generally of a  less controlled nature. 
Given the highly differentiated photoreceptor cells and the complexity of th e  retina as 

an  organ of heterogeneous neuronal composition, it h a s  been m ost difficult to 

characterise the interactions th a t m ust occur between the  prim ary m utation  and  the 
secondary effect. Presumably there are molecular pathw ays connecting these two 

events which have yet to be characterised and which m ay potentially involve the 

description of novel proteins in photoreceptor cell function. Furtherm ore, the 

identification of the molecular signalling between the prim ary m utation and the 

secondary effect may potentially promote the design of m echanism s to in terrup t such 

signalling in an effort to suppress photoreceptor cell apoptosis before it begins. 

Although such a strategy may not address the prim ary m utation  it may (i) extend the 

viability of cone photoreceptors permitting visual function to persist for longer and  (ii) 

delaying cell death may provide a  window of opportunity  in which alternative 

therapeutic strategies may be attem pted. Such possibilities are studied in detail in 

chapter 4 where ribozymes have been employed to inhibit the translation  of specific 

molecules known as caspases which m ediate the  apoptotic cell death  programme. 

Additionally, several strategies involving small peptide inhibitors, thyrotrophin 

releasing hormone and a baculoviral insect gene p roduct are investigated for their 

potential to inhibit cell death in a  cone photoreceptor cell line (Chapter 6).

One such alternative therapeutic strategy which targets the prim ary defect but is 

m utation-independent was developed in th is  laboratory and  has been termed the 
GeneXchange system (figure 7). GeneXchange involves a  straight-forward mechanism
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whereby functioning genes, adapted in vitro, are “exchanged” for a patients 

endogenous genes.

Figure 7: Sum m ary o f th e  GeneXchanae concep t

GeneXchange offers a powerful solution for the treatment of over 1,000 genetic 
disorders, the competitive advantage of which is illustrated below.

M utations in a  gene causing Y  Traditional avvroach GeneXchange
(where Y= any one o f  >1,000 

genetic illnesses) Therapy directed towards
individual m utations

X

X

X

X

X

X

X

X

Cleave all m utated and wild type 
alleles independent of the mutation 
and replace with a functional gene 
which is protected from cleavage.

Note: The GeneXchange concept recognises the manner in which the digital code o f the human 
genome is used. Subtle changes may be engineered into the code without changing the amino 
acid specificity and this ability is the key to GeneXchange. The heavy blue lines above represent 
a gene that has been mutated in 8 different patients and which give rise to a genetic illness and X  
represents different mutations within the same gene causing a similar disease. Despite all 8 
patients suffering the same disorder deriving from the same gene the mutations are in different 
locations along the gene. Conventionally, therapeutic approaches have focused on addressing 
each patient individually to generate 8 different therapies for essentially the same disorder. The 
GeneXchange approach circumvents the primary mutations and uses one therapy to suppress 
normal and mutated genes simultaneously at a site independent o f the mutation. The mutation- 
independent site is then altered subtly in a replacement gene to avoid suppression by the 
therapy. The combination o f suppression and replacement restores the natural functioning o f the 
gene in the system.

The m echanism  employed to achieve such exchange involves the use of small catalytic 

nucleic acids (ribozymes) described in detail in Chapter 3. In principle, the 

GeneXchange system  works by targeting a gene known to be involved in RP, for 

example the rhodopsin gene. One reported m utation in the rhodopsin gene causing 

the amino acid substitution P23H, is known to cause a significant proportion of RP 

cases in North America however, as previously stated there are over 100 reported 

m utations in this gene. Specifically designed ribozymes are used to cleave mRNA 

from both the m utant and wild type rhodopsin transcripts in a mutation-independent
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m anner effectively removing all endogenous rhodopsin from the photoreceptors. 

Simultaneously, a  corrected rhodopsin gene adapted to escape cleavage by the 

ribo;^me is introduced. The cleavage site vs^ithin the corrected rhodopsin gene h as  

been modified in a  m anner th a t prevents rib o ^m e cleavage but continues to produce 

vî ild type functional protein. The P23H rhodopsin is used here as an  example of a  
dominantly inherited m utation causing RP for which the dominant acting transcrip t 

requires suppression before a  therapeutic solution may be effective. However, the 
principle holds true for any given dom inant acting gene causing RP. Though the 
disease model used here is tha t of RP it is clear tha t the basic principle of 

GeneXchange may be extended to a wide range of disorders including over 1,000 
dominantly inherited conditions. A major obstacle to be addressed in the  testing of 
such a strategy is gene delivery to the eye discussed in detail in section 2.12. 

Additionally, difficulties associated with altering mRNA turnover, control over the 
expression of the replacement gene and the long term stability of such  molecules 

represent potential areas in which significant obstacles may arise.

1.2 R ibozym es

1.2.1 Ribozymes

Ribozymes are a  relatively new class of metalloenzymes m ade entirely of ribonucleic 
acid and their discovery in the ciliated protozoan, Tetrahymena, h as  had  a profound 

and fundamental impact on the understanding of chem istry in biological systems 

(Zaug, 1986; Cech, 1987; F^le, 1993). The research  efforts dedicated to an 
understanding of the m echanism s of RNA catalysed cleavage an d  ligation reactions 

are driven not only by their probable pivotal role in prim ordial life (Gesteland and 

Atkins, 1993), but also by their potential therapeutic value w hen directed against RNA 

viruses and oncogene messenger RNA or more generally, m u tan t transcrip ts 

(Thompson, 1995). The first ribozyme to be described w as the Group I self splicing 
intron which, in the presence of a  guanosine co-factor, is excised while the two 

flanking exons are ligated in the formation of m ature tran scrip t (Cech, 1987). Similar 

protein-free reactions have been observed w hen the  target and  catalytic strands are 

on separate molecules revealing truly catalytic trans  acting ribozymes (Guerrier, 

1983). Trans acting ribozymes may be divided into two distinct classes on the basis of 

their ribozyme motif - the hairpin and ham m erhead ribozymes. The hairpin ribozyme 

originally found in the negative strand  of satellite RNA of tobacco ring-spot virus (-s 

TRSV) is organised into four helices and  is capable of efficient cleavage of RNA 
substra tes  in trans (Feldstein, 1990; Hampel, 1989; Haseloff, 1989). Helices III and IV 

form part of the catalytic domain while helices I and  II form between the target and 

catalytic centre (Feldstein, 1990). Much of the research to date however has 

concentrated on the ham m erhead ribozyme structure.
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1.2.2 Hammerhead ribozyme design

Ribozyme specificity is an  im portant consideration when designing ribozymes for 

applications such as inhibition of gene expression. The binding arm s (stems III and  1) 

th a t hybridise to the sequences flanking the cleavage site within the target RNA 
determine cleavage specificity of ham m erhead ribozymes (figure 8). The sequences in 
these stem s can be varied to custom-make a  ham m erhead ribozyme directed against a 

specific RNA. The ribozyme m ust recognise a unique cleavage site and  be able to 
differentiate between the desired substrate  and alternative substrates, which may 
differ by as little as a single nucleotide. In practice, a ribozyme’s ability to 
discriminate between complementary and  non-complementaiy su b stra tes  is 
dependent on the relative rates of substrate  association, dissociation and  cleavage 
(Herschlag, 1991). Ribozymes have the potential to suppress the expression of any 
gene in a sequence specific m anner and  may therefore prove to be useful as 
therapeutic molecules. Although the cellular environment has  a  profound effect on 

the kinetics of ribozyme-target interactions current evidence suggests th a t an 
intelligent use of in vitro and theoretical information will aid in m aking ribozymes a 

valuable tool for genetic investigation and therapeutic development. The application 
of such in intro data and theoretical information is currently  been applied to the 

operations of ribozymes in eukaryotic cell system s in th is  lab. The u se  of ribozyme 
technology described in chapter 3 of this thesis is directed against the prim ary genetic 

lesion encountered in the variety of reported autosom al dom inant RP m utations, the 

overall rationale being to suppress m utant and  norm al RNAs in  com bination with the 

introduction of normal transcript lacking a  ribozyme cleavage site. The secondary 

effect of RP, apoptosis, is the subject of ribozyme targeting in chapter 4 which 

describes ribozymes directed to cleave the mRNA of caspases, specialised components 
of the cell death machinery.

1.2.3 Hammerhead ribozymes

The basic features of the ham m erhead ribozyme are the th ree base paired stem s 1, II 

and  III surrounding a single stranded central region w ith 13 conserved nucleotides 

(figure 8). The cleavage reaction of naturally  occurring ham m erhead ribozyme is 

normally an  intra-molecular reaction where a  single molecule contains both the target 

and  catalytic sequences. Ribozymes employed in the  p resen t study described in detail 
in  chapter 3 and chapter 4 are true trans-acting  ribozymes where the target and 

catalytic sequences are in distinct molecules. The sLTSV (Lucerne Transient Steak 

Virus) RNA requires a  single contiguous sequence of 52 nucleotides w hereas the self

cleavage reaction of ABSV (Avocado sunblotch virus) requires the participation of two
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sequences which are widely separated on the  intact RNA. From observations recorded 

during the basic research studies of viral RNA catalysis Uhlenbeck (1987) was able to 

develop the potential for trans self-cleavage reactions in which two independent RNA 

molecules could interact to form an  active hammerhead structure. In vitro 

transcription of a 19 nucleotide ribozyme and  a 24 nucleotide substrate, based on the 

ABSV sequence, resulted in  rapid and  efficient cleavage of the substra te  under 

physiological conditions. Such experiments were extended by Hasselof and Gerlach 
(1989) who designed ribozymes based on the ham merhead self cleaving domain of (-) 
sTRSV. They additionally elucidated a  ham m erhead catalytic centre which made it 

possible to target any cellular RNA provided it had  the sequence NUX a t the cleavage 

site (N= A,U,G or C; U= Uracil, and X=A,U or C b u t not G) (Shimayama, 1995).

1.2.4 Hairpin ribozymes

Hairpin ribozymes were originally identified in the minus stran d  of the tobacco 
ringspot virus satellite [-JTRSV RNA (Prody, 1986). Hairpin ribozymes are larger th an  
ham merhead ribozymes and require alkaline m etals such as Mg^^, Ca^+ or Sr2+ for 

efficient cleavage (Chowrira, 1993). Unlike ham m erhead ribozymes the hairpin 
ribo^m e is inhibited by transition m etals such  as Mn^”̂ and  Co^* which are  thought to 
prevent complex formation between the ribozyme and the substra te . A further 

im portant difference from the ham m erhead ribozyme is th e  fact th a t  the hairpin 

ribozyme efficiently cleaves a  phosphorothioate linkage w hich cannot derive from a 
direct interaction between a metal ion and  the proRP phosphate oxygen (Chowrira, 

1991). Thus, despite similarities in their m echanism s hairp in  and  ham m erhead 

ribozymes may employ metal ions in slightly different ways. Hairpin ribozymes 

consist of four helical domains and five loops (figure 9) and  b ind  their substrate  using 

two antisense arm s to allow specificity and  cleavage in trans. S ubstrate  requirem ents 

are slightly different to those of ham m erhead ribozymes in th a t substra tes  may have a 

C or a U at position -2 and preferably a  G or A a t position-3.

1.2.5 Hepatitis Delta Virus ribozymes

Hepatitis Delta Virus is a satellite virus of hepatitis B and contains a genome of closed 

single stranded RNA approximately 1,700 bases in  length. HDV RNAs have been 

shown to contain a  self-cleaving site necessary for rolling circle replication (Wu, 1989). 

M utational analyses to identify the m inim um  sequence requirem ents necessary for (-) 

HDV self cleavage identified a  contiguous stretch  of 117 nucleotides w ith a predicted 

secondary RNA structure in a  cloverleaf arrangem ent (Wu, 1989). However, other 

studies (Perrota, 1990; Branch, 1991) postulate alternative pseudoknot and axehead 

struc tu res  respectively. In common w ith both ham m erhead and hairpin ribozymes
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the  HDV ribozym es require divalent m etal cations for su b s tra te  cleavage to yield 2 ’, 3 ’ 

-cyclic phosphate  and  5-O H  term ini (B ranch, 1991).

1.2.6 Neurospora mitochondrial VS RNA ribozym es

The Neurospora  m itochondrial VS RNA is a  single-stranded circu lar RNA of 881 b a ses  

derived from a  double-stranded  m itochondrial DNA plasmid which com prises a  series 

of head-to-tail m ultim eric u n its  (Symons, 1992). In the presence of Mg^+ th e  RNAs are  

capable of self-cleavage producing two p ro d u cts  with 5’ hydroxyl an d  2 ’, 3 ’ -cyclic 

phosphate  term ini (Saville, 1990) and the  cataly tic  core h as  been found to  co n sis t of 

154 nucleotides (Guo, 1993).

1.2.7 Connected and  Shotgun ribozymes

In an  effort to optim ise the  efficiency of ribozyme m ediated gene su p p ress io n  

expression vectors contain ing several ribozym es have been genera ted  in  w hich  each  

ribozyme is directed tow ards a  different su b s tra te  target (Chen, 1992; O hkaw a, 1993; 

Benedict, 1998). These m ulti-target vectors come in two varie ties connected  and  

shotgun, A connected vector consists  of m ultip le sequence specific ribozym es linked 

in  tandem  and  expressed as a  single concatam eric  RNA. C ontrasting ly , th e  sho tgun  

ribozyme vector com bines the self-cleaving abilities of cis-acting  ribozym es w ith trans

acting  ham m erheads such  th a t  several irans-acting  h a m m erh ead  ribozym es directed 

to specific RNA targets are cleaved a t their 5 ’ and  3 ’ te rm in i by cis-acting  ribozym es to 

liberate m ultiple functionally independent trans-acting  ribozym es. The construction  

of such  m ulti-target vectors increase th e  probability  of a tta in in g  com plete RNA 

suppression . T ranscrip ts of the  h um an  im m unodeficiency v iru s  (HIV) have become 

prim e targe ts  of m ulti-m eric ribozym e-based an tiv ira l s tra teg ies  (Chen, 1992, 

O hkaw a, 1993; Ram ezani, 1997). While connected  a n d  sh o tg u n  ribozym es have been 

show n to work m ore efficiently th an  m onom eric h a m m e rh e a d  ribozym es there  are 

significant d isadvantages. Shotgun ribozym es lack  poly A ta ils  reducing  th e ir stability 

an d  rendering  them  vulnerable to in trace llu la r d eg rad a tio n  a n d  connected  ribozymes 

th a t  do possess a  poly A tail m ay adop t un favou rab le  a n d  u n p red ic tab le  secondary 

s tru c tu re s  due  to the  long concatam eric RNA tra n sc rip t. D espite  su ch  shortcom ings 

however, bo th  types of m ultiple ribozyme have been  found  a t  tim es to be significantly 

m ore efficient th a n  single ribozym es, m ost especially  in vivo (O’Neill, 2000).

1.2.8 M inizym es

A  m inizym e is a  ham m erhead  ribozyme w ith  sh o rt oligonucleotide linkers in place of 

stem  loop II. M utational analyses of h am m erh ead  ribozym es h a s  show n th a t  stem  II, 

consisting  of four nucleotides in  a  loop a n d  eight nucleo tides form ing a  base paired
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s truc tu re , m ay be completely elim inated to  generate sm aller active ribozym es know n 

as  m inizym es or m iniribozym es (McCall, 1992; Tuschl, 1993; H endry, 1995). The 

activities of m inizym es are two to three o rders  of m agnitude lower th a n  those of the  

paren ta l ham m erhead  r ib o ^ m e  rendering  them  less effective a s  gene inactivating  

agents.

1.2.9 Metal ions in ribozym e catalysis

Ribozymes have an  absolu te  requirem ent for divalent m etal ions and  a lthough  Mg2+ is 

generally used , o ther divalent m etal ions a re  capable of supporting  catalysis. It is 

thought th a t the  m etal ion plays two roles: it prom otes proper folding of th e  RNA to 

form the catalytic core and , ac ts  a s  a  cataly tic  co-factor (Dahm, 1991). Ribozyme 

cleavage involves the  deprotonation of the  2 ’-hydroxyl group by a  m agnesium  • a q u a  - 

hydroxy complex bound  by the  pro-R oxygen a t th e  phosphate-cleavage site , followed 

by nucleophilic a tta ck  of the re su lta n t 2 ’-alkoxide on the scissile p h o sp h a te , form ing a  

pentacoordinate phosphate  in term ediate (figure 10). The 5 ’ leaving g roup  d ep a rts , 

yielding the 2 ’, 3 ’-cyclic phosphate , w ith  inverted configuration  a n d  5 ’-hydroxy 

products (Koizum, 1991; Slim, 1991; van Tol, 1990; U hlenbeck, 1987). The kinetic  

schem e of a  ham m erhead  h as  been elucidated  in detail (Hertel, 1994).

1.2.10 Applications o f  ribozymes

Ribozymes m ay be applied to a  wide range of ta sk s  from  th e  a n a ly s is  of gene function 

to the creation of conditional knockouts, inh ib ition  of v iral in fection  a n d  the  ablation 

of dom inantly acting m u tan t gene tra n sc rip ts  in  a  varie ty  of m edical contexts. Most 

recently  ribozymes have been used  in  b iochem ical pa thw ay  e lucidation  an d  drug  

target validation. These w idespread applications for ribozym e m olecules derive from 

their ability to achieve highly specific RNA cleavage a t  a  rap id  ra te  com parable to 

trad itional polypeptide enzym atic kinetics. Ribozymes cleave ta rg e t RNAs in a sim ilar 

vein to the  self-splicing ability of Tetrahym ena therm ophilia  g roup  I in tro n s  (previously 

described) w hich m ediate a  tw o-step tran s-e s te rif ica tio n  reac tion  resu lting  in  site 

specific excision of the  in tron  and  ligation of two flank ing  exons (figure 11). The 

ham m erhead , hairp in , HDV an d  Neurospora ribozym es have all been  converted from 

the  na tu ra lly  occurring cis-acting ribozym es to trans-acting  ribozym es by splitting  the 

catalytic core from the  su b s tra te  sequence to yield h ighly soph is tica ted  m olecular 

tools.

Zhao (1993) h a s  u sed  a  targeted  h e a t inducib le  ribozym e to create  a  conditional 

Drosophila knockout by expressing a  ribozym e targe ting  the  Jiishi tarazu (ftz) gene. 

F tz  is expressed  a t separa te  developm ental p h a ses  in  Drosophila an d  suppression  of
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the gene in the two phases may be achieved by a timed induction of the ribozyme. 
The involvement of f t z  in neurogenesis viras thus shown by activation of the ribozyme 

during the early phase of formation of the central nervous system. A further example 
was dem onstrated by Xie (1997) in the zebrafish when fertilised zebrafish eggs were 
transiently transfected with ribozymes targeting the no tail gene clearly dem onstrating 

the validity of ribozymes to m anipulate gene expression. A transgenic m ouse model 
for diabetes has been generated by expressing a  ribozyme targeting the glucokinase 
(GK) gene which normally functions in the regulation of insulin secretion in p cells 

(Efrat, 1994). A ribozyme under the control of the insulin promoter targeting the GK 

gene produced two lineages with approximately 30% of normal GK activity. Such 
animals are predisposed towards type II diabetes and thus serve as an  ideal model to 
study the interaction between environment and genetic susceptibility in the  context of 
reduced GK activity.

A significant volume of research to date with ribozymes has focused on th e  inhibition 
of viral infection, m ost specifically HIV infection, hepatitis C viral infection and  
hepatitis B viral infection. These viruses are suitable targets for ribozyme inhibition 
as the genomes of such viruses contain RNA and therefore replication of th e  virus may 

be directly suppressed following uncoating of the infectious agent. H am m erhead and 
hairpin, monomeric and multimeric ribozymes have been generated w hich target the 
conserved regions of the HIV genome including the tat and  env  genes (Mac Pherson, 

1999). Most of these target sites exhibit little or no n a tu ra l variation am ong clades of 
HIV-1. Ramezani (1997) engineered retroviral vectors expressing monomeric and 

multimeric ham m erhead ribozymes targeting one and  nine highly conserved sites 
respectively within the HIV-1 env gene coding region. Transfection of T-lymphocytes 

in vitro with such constructs delayed viral replication in monom eric ribozyme 

transfected cells and almost completely inhibited viral replication in multimeric 
ribozyme transfected cells. Due to the fact th a t no good anim al models of HIV-1 

infection exist investigators have been perm itted by the FDA to advance into phase I 

clinical trials without the normal requirem ent in the  d rug  developmental process to 
dem onstrate efficacy in vivo. Phase I clinical tria ls  w ith the m ultim eric ribozyme 

constructs are currently underway. Preliminary resu lts  from these trials have 

indicated a  persistence of transfected T-cells in HIV-1 infected patients. In other 

studies ribozymes delivered in adenoviral and  adeno-associated viral vectors targeting 

the conserved regions of hepatitis C virus (HCV) RNA have dem onstrated efficient 

inhibition of HCV gene expression in a  tissue cu lture model (Welch, 1998). Ribozymes 

th u s  show a  valuable role in the development of anti-viral drugs against viruses such 
as  HIV-1 and HCV.

Ribozymes have also been employed in the development of therapeutic strategies to 

suppress the growth of m alignant transform ations. High efficiency reversion of a
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neoplastic phenotype was accomplished in  H-ras expressing tum our cells using an  

adeno-viral delivery of a ribozyme targeting the dominant H-ras oncogene transcrip t 

(Feng, 1995). Similar studies and results have been reported with ribozymes targeting 

the bcr-abl gene (Kuwabara, 1998). Angiozyme^^ is an an ti-tum our rib o ^ m e  

targeting the Flt-1 receptor for vascular endothelial growth factor (VEGF). The 

rationale behind targeting Flt-1 is to block angiogenesis thereby limiting 
neovascularisation in the growing tum our. Angiozyme™ has been shown to 

significantly reduce the expression of the VEGF receptor in transfected cells and  has 
inhibited blood vessel proliferation in an  anim al corneal model of angiogenesis 
(Sandberg, 1999; 2000). Following subcutaneous injection accum ulated Angiozyme™  

could be detected a t therapeutic levels in kidney and skeletal muscle for up  to 24 
hours and in serum  for up to 2 hours. A phase I clinical trial of Angiozyme™  is 
currently underway to determine the hum an safety and tolerated dosage for th is 

potentially valuable genetic drug.

Ribozymes are unique in tha t they can inactivate specific gene expression and  thereby 
assist in the identification of a  protein or the  role of a gene in a  functional cascade. 
This application, known in the drug development industry as “target validation” is 

critical not only for basic biological research bu t also to significantly reduce the costs 
and risks of bringing new drugs to the m arket place. Compared to o ther m eans of 
target validation, such as transgenic or knockout anim al modelling, ribozymes offer 

specificity, ease of design and usage in addition to costing a  fraction of w hat was 

previously required for target validation. Furtherm ore, the  earlier d rug  targets can be 

eliminated in a drug development process the  lower the cost of the final drug. Some 
examples of proven utility include several proteins im plicated in tu m o u r metastasis. 

Ribozymes directed against metalloproteinase-9 verified its  role in  sarcom a (Hua, 

1996) and in prostrate carcinoma m etastasis (Sehgal, 1998). In both  cases m etastasis 

was blocked while cell growth and tum ourigenecity were unaffected further 

underscoring the specificity of ribozyme action. Similar stud ies have also linked the 

VLA-6 integrin in fibrosarcoma m etastasis (Yamamoto, 1996) and  in osteosarcoma 

m etastasis. Ribozyme mediated target validation can  identify specific members of a 

protein family involved in a specific phenotype. In one study Czubayko and  colleagues 

(1996) generated ribozymes to identify a  direct link between pleiotrophin and 

melanoma angiogenesis. Cellular gene products w ith no known function such as the 

E lA  associated protein p300 (Kawasaki, 1996) or the  num erous expressed sequence 

tags (ESTs) generated by the hum an genome project m ay similarly employ specific 

ribozymes to help identify biochemical function. Table 2 provides a  brief selection of 

the variety of studies undertaken to assess the potential of ribozyme cleavage in a 
therapeutic context.
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Table 2 : R ibo^m e mediated destruction of RNA in a therapeutic setting.

HIV-l Hairpin

Hammerhead

Retrovirus delivery of a variety of HIV 
ribozymes inhibits viral replication 
10- to 1000- fold in  T cells, T cell lines and  
CD34+ stem cell progeny

■]

Gervaix, 1997; D uan,
1997;
Ramezani, 1997;Bauer, 
1997;
Smith, 1997; Jackson ,
1998

HBV Hairpin

Hammerhead

Tetra-loop modified Rz genes delivered by 
transfection reduce HBV replication 83% in  
liver ceU culture

W ands, 1997; W emer, 
1997; Welch, 1997

HCV Hairpin
Hammerhead

HCV Rz delivered by transfection show  anti- 
HCV activity in liver cell lines and prim aiy
infected hepatoc3̂ tes

Sakam oto, 1996; Lieber, 
1996; Welch, 1996

Bcl-2 Hammerhead
Transfection of bcl-2 Rz reduced mRNA 
protein and triggered apoptosis in hum an
prostate cancer cells

Dorai, 1997;

Fos Hammerhead Reverses cisplatin resistance in hum an colon  

cancer cells

Funato, 1997

H-ras Hammerhead Rz reduces m utant V12ras mRNA and protein  
by 75-100% . Transformed phenotype and  

tunourigenicity in mice is  inhibited

Ohta, 1996; Eastham , 
1996;
Li. 1996; Chang, 1997

P-amyloid Hammerhead Rz activity enhanced by delivery of upstream  
oligonucleotides

D enm an, 1997

Fibrillin-1 Hammerhead Rz delivered by transferrin-polylysine com plex  
reducing both cellular fibrillin and its  

deposition in the extra-cellular matrix

Kilpatrick, 1996; 
Montgomery, 1997

c-myb Hammerhead
Lipid delivery o f Rz reduces proliferation of 
vascular sm ooth m uscle cells Jarvis, 1996; 1996.

Human
growth

hormone

Hammerhead Adenoviral delivery of Rz resu lted  in  96%  

reduction of circulating protein
Lieber, 1996

MDRl Hammerhead Transfection of Rz reverts drug resistan t 

phenotype in leukem ia ceUs
M atsushita, 1998

Pleiotrophin Hammerhead Transfection of Rz reduces tum our growth, 

angiogenesis and m etastasis w hen transfected  
cells are injected into m ice

Czubayko, 1997; 1996

Stromelysin Hammerhead Chemically modified Rz directly injected into  

rabbit knee reduces IL -la induced strom elysin  
mRNA levels

Flory, 1996
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Dominantly inherited diseases arising from an accum ulation of dysfunctional or 

misfolded proteins represent ideal targets for ribozyme therapy. A variety of 

neurodegenerative, m uscular, connective tissue and cardiovascular diseases are 

associated w îth dom inant gain-of-function m utations. Three inherent features of the 

hum an genome may be exploited by ribozyme molecules to overcome dom inant gain- 

of-function disorders by suppressing the dom inant and wild type allele 
simultaneously with ribozymes and replacing those alleles with a wild type transcrip t 
from which the ribozyme cleavage site is removed. This is made possible due to the 
m anner in which the hum an genome is used to transform  genetic inform ation into 

biological structural or enzymatic polypeptides. Subtle changes may be engineered 
into a genetic sequence of bases without negatively im pacting the final protein 
product if changes are made a t (a) a 5’ or 3 ’ or intronic un tran sla ted  region (b) a 
polymorphic site or (c) a “wobble” or base of a  codon. The application of 
suppression and replacement (or “cut and paste”) ribozyme strategies to overcome 
such genetic disorders was first described by Millington-Ward (1997) (also term ed 
GeneXchange). Its validity and potentially enorm ous medical value is underscored  by 

the subsequent exploration of suppression and replacem ent technology by a  num ber 
of research groups worldwide including Zern (1999) and  Lewin (2001). AAV-vectored 

ribozymes have been used to treat autosom al dom inant RP in anim al models 
harbouring a C—>A transversion in the rhodopsin gene leading to the  P23H amino acid 

substitution (Lewin, 1998). In this report investigators were forced to engineer an 
artificial ribozyme cleavage site into the P23H tran scrip t to allow th e  rib o ^m e 

discriminate between m utant and wild type transcrip t. As such  a  m anipulation is 

unrealistic in the context of addressing hum an retinopath ies such  an  approach will 

have effectively no value or benefit to relieve the pathology of the  hum an  disease. An 
absolute requirement to developing therapies for such  dom inant gain-of-function 

disorders is to address the allelic heterogeneity often associated  w ith such  diseases. 

As previously described the rationale behind the  GeneXchange technologies is 

specifically designed to counter such allelic heterogeneity not ju s t  in  the field of 
retinal dystrophies bu t in a wide variety of dom inant gain-of-function disorders. Such 

an  approach is discussed in detail in chapter 3 of th is  thesis which describes the 

design of suppression and replacem ent construc ts  targeting the transcribed but 
un translated  region of the peripherin /rds gene.

1.2.11 Ribozyme gene expression

A critical factor in attem pting to im plem ent ribozyme based therapeutic strategies 

involves expressing the optimal concentration of ribozyme in the correct sub-cellular 

location. A num ber of viral prom oters using  RNA polymerase (pol) II promoters 

(including cytomegalovirus and  retrovirus) have dem onstrated  high expression levels 

for several ribozymes. RNA pol III prom oters, including tRNA, adenovirus VAl, U1
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and U6 small nuclear RNA derivatives have permitted intracellular levels of r ib o^ m es  

between 55,000 and 800,000 copies per cell in transient transfections (Bertrand, 

1997; Good, 1997). Additionally, a variety o f permutations with such  promoters such  

as the combination of two promoters driving the same ribo^m e gene (Lieber, 1996) or 

the positioning of the ribozyme expression cassette within the U3 region of an LTR 

producing a double copy retroviral vector (lives, 1996; Gervaix, 1997; Duan, 1997) 

have led to further increases in ribozyme expression efficiency. The U6 promoters 

preferentially confer nuclear localisation whereas ribozyme genes under the control of 

tRNA promoters have been detected in both the nucleus and the cytoplasm  depending 

on whether or not the tRNA-ribo^me is spliced (Bertrand, 1997; Good, 1997; lives,

1996). Contrastingly, the adenovirus VAl promoter targets the ribozyme transcript 

specifically to the cytoplasm. Other cytoplasmic localisation promoters include the 

Semliki Forest virus 26S RNA-dependent RNA promoter/viral replicase system  (Jones,
1997) and the bacteriophage T7 polymerase promoter system  (Sullenger, 1993). 

Additional strategies to co-localise ribo^m es with their target RNA have also been  

developed to maximise intracellular ribozyme activity (Arndt, 1997, Sullenger, 1993). 

As an increasing number of studies advance from tissue culture system s to animal 

models ribozyme expression can be restricted to specific organ or cell types through 

the use of tissue specific promoters. One such  anim al m odel is under construction in 

this laboratory in which a ribozyme targeting the rhodopsin gene h as been placed 

under the control of ~3.8kb of murine rhodopsin promoter sequence. Elsewhere, 

transgenic mice are already created that carry a ribozyme gene under the control of 

the insulin promoter (Efrat, 1994). Expression of the ribozyme in these animals is 

confined to the pancreatic p cells.

1.2.12 Ribozyme gene delivery

Genetic therapy for any disease caused by a gene defect requires at least four basic 

elements:

(i) a gene delivery technique that is efficient and non-toxic should be 

available,

(ii) the genetic basis of the disease should be well characterised so that an 

appropriately matched genetic approach can be selected,

(iii) expression of the therapeutic gene needs to be optimally controlled, in 

terms of levels of the gene product, a s well a s which tissu es do or do not 
support expression and finally,

(iv) it is m ost advantageous to have an experim ental animal model of the 

disease available for pre-clinical testing of the therapeutic strategy. For 

autosom al dominant and autosom al recessive RP each of these 

prerequisites outlined has been satisfied although it is notable that
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improvements on all four of the above represent on-going research work 

among many scientific groups globally.

The therapeutic potential of ribozyme technology is very m uch dependent on the 

development of efficient technologies to deliver the ribozyme gene to the correct target 

cells a t the correct time. Delivery of a ribozyme gene, or any gene, may be attem pted 
in one of three ways: direct adm inistration or injection, non-viral delivery or viral 
delivery. Unmodified RNA has a half-life of seconds in bodily fluids and so injection or 

topical application of naked RNA is impractical. However, the modification of 

nucleotides in RNA may be achieved by blocking the 3 ’ end of molecules and the  2 ’ 
position of pyrimidines to stabilise the ribozyme without compromising catalytic 
activity (Beigelman, 1995). Stabilised ribozymes with half-lives m easured in hou rs  

may then be provided in repeated doses by intravenous or topical injection, a  strategy 
currently been tested in the development of ham m erhead ribozymes for th e  trea tm en t 
of cancer and hepatitis (Lee, 2000). A disadvantage of ribozymes com prising modified 

nucleotides is their potential for toxicity. With the exception of phosphorothioate 
oligonucleotides, little information is publicly available on the health  hazards of long

term exposure to some modified nucleotides.

Enhanced uptake of nucleic acids may be achieved by the use  of artificial polymers 
constructed around the gene of interest. Liposomes are one such  polym er composed 
of phospholipids arranged in a bilayer which can either encapsu late  nucleic acids 

within an aqueous centre or can form lipid nucleic acid complexes a s  a  resu lt of 

opposing electrostatic charges (Maurer, 1999). Liposomes are the  m ost commonly 

used system for the in vitro delivery of nucleic acids. By virtue of the ir positive charge 

cationic liposomes and cationic lipid-nucleic acid complexes (lipoplexes) have achieved 

encouraging biological effects with ribozymes in cell cu lture (Kisich, 1999; Gu, 1997). 

Once inside the cell endosomal or lysosomal release m ay be facilitated by 

commercially available helper lipids such as  dioelylphophotidylethanolam ine (DOPE) 

which is thought to aid cytosolic release by fusing to a n d /o r  d isrupting  the endosomal 

membrane. Despite the few successful u ses of cationic lipids in mvo a  major difficulty 

rem ains in the development of a non-toxic, serum  stable lipoplex formulation to 

achieve reproducible biological results with oligonucleotides and  ribozymes.

A second variety of polymers for delivery are dendrim ers. D endrim ers comprise a 

relatively novel macromolecular delivery system  possessing a  highly branched three 

dim ensional structure. To date m ost studies regarding dendrim er delivery of 

oligonucleotides have used the polyamidoamine (PAMAM) s ta rb u rs t dendrimers 
(DeLong, 1997; Bielinska, 1996; H aenslar, 1993). PAMAM sta rb u rs t dendrimers 

possess a  hydrocarbon core, charged surface am ino groups and have a  well 

understood chem istiy. PAMAM dendrim ers have been shown to mediate the high
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efficiency transfection of several cultured mammalian cell lines (Haenslar, 1993). 

Extensive testing of dendrim ers has yet to be completed before they find widespread 

use and application in the delivery of therapeutic genes.

The most successful delivery of gene constructs to date has been achieved through 

the use of artificially modified viruses. There are three types of recom binant virus 

used as gene therapy vectors:

(i) single stranded RNA viruses,
(ii) double stranded DNA viruses and
(iii) single stranded DNA viruses.

Single stranded RNA viruses, known as retroviruses, are of two basic types, the 
lentivirus such as HIV and the C type virus such as Mouse Moloney Leukaem ia V irus 
(MMLV). Both types integrate randomly (non-homologously) into host genomes, are 
extremely infectious and can carry up to ~7.5kb of foreign DNA. Retroviruses are the 
most commonly used viral vector in gene therapy studies in p a rt due to the relative 
ease a t which they can be generated a t high titres. To minimise the  potential of 
recombination to wild type virus, retroviruses for delivery are rendered  replication 
deficient missing the viral genes encoding the  m atrix proteins, nucleocapsid proteins, 

core proteins {gag), viral polymerase (potj and  the viral envelope protein {env). The C 

type viruses can only transverse host nuclear m em branes during  cell m itosis and  can 
therefore only multiply in dividing tissues. For th is  reason  C type viruses are not 

suitable gene therapy vectors for non-dividing tissues such  as  neurons.

Of the double stranded DNA viruses there are again two types generally used in gene 

therapy studies, viruses derived from the herpes simple v irus (HSV) and viruses 

derived from the adenovirus (Ad) originally identified th rough  research efforts 

exploring the causes of the common cold (Sohier, 1965). Adenoviruses generally 
infect moist tissues such as ocular, respiratory, gastro in testinal or u rinary  epithelial. 

Recombinant double stranded DNA viral genomes rem ain  extra-chrom osom al and 

may carry up to 8kb of foreign DNA and are capable of infecting both dividing and 
non-dividing tissues.

The m ain single stranded DNA virus used  in gene therapy  studies is the adeno- 

associated virus (AAV) belonging to the Parvovridieae and  exists as a satellite virus to 

other agents such as herpes simple virus or adenovirus. AAV requires co-infection 

with these viruses to replicate. AAVs were first identified in 1966 by Atchison and 

Hogan (independently) and all cultured hum an  cells studied to date appear to be 

prone to infection by AAVs with little or no adverse symptom s reported. Wildtype AAV 

preferentially integrates on hum an chromosome 19ql3 .4  and shows no propensity for
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tumourigenecity (Kremer, 1995). Vectors have a  high transduction  efficiency and  may 

cariy up to 4.7kb of foreign DNA without precipitating an  im m une response in the 

host.

Currently, the single stranded RNA viruses or retroviral vectors are the m ost 
commonly used vehicle both in cell culture, in  primary cells and in transgenic anim als 

(Gervaix, 1997a; Duan, 1997; Ramezani, 1997; Bauer, 1997; Gervaix, 1997b; Welch, 

1997; Kitajima, 1997 a  and b; Mergia, 1997; Lowenstein, 1997; Wong-Staal, 1996; 
Leavitt, 1996; Li, 1998; Zhao, 1998). Retroviral vectors have the advantage of stable 
integration into a  dividing host cell genome and the absence of any viral gene 
expression minimises the chances of adverse immune response in anim als. In 
addition, retroviruses can be easily pseudo-typed with a variety of envelope proteins to 
broaden or restrict host cell tropism, th u s  adding an additional level of cellular 
targeting for ribozyme gene delivery. The ability to artificially evolve cell specific 
peptide phage on retroviral surfaces to target specific cell types fu rther d istinguishes 
th is vehicle as a method of preference in the targeting of fully differentiated post
mitotic cells. Active research programs evolving photoreceptor specific peptide phage 
vectors are currently in progress in this laboratory under the direction of Dr. Mary 
O’Reilly and Dr. Sophia Millington-Ward. Adenoviral vectors can  be produced a t high 
titres and provide very efficient transduction (Lieber, 1996 a  and  b; H uang, 1997) but 

they do not integrate into the host genome and, consequently, expression of the 

transgenes is only transient in actively dividing cells. In an im als a  further 
complication arises in tha t the most commonly used  recom binant adenoviral vectors 

still contain viral late genes th a t are expressed a t low levels and  can  lead to a  host 

immune response against the transduced cells. More recently, “gu tless” adenoviral 

vectors have been developed th a t lack all viral coding sequences, th u s  renewing the 
enthusiasm  for this class of viral vectors.

Of the single-stranded DNA viruses, vectors based on adenovirus-5 (Ad5) have been 

used m ost widely for gene therapy. Ad5 vectors are easy to u se  in high titre and 

purity, and infect a  wide variety of dividing and  non-dividing cells. Nevertheless, 

recom binant adenovirus provokes both hum oral and  cell-m ediated im m une responses 

th a t restrict their usefulness for hum an therapy (Chirmule, 1999). Currently the DNA 

virus best suited for ribozyme delivery is adeno-associated virus (AAV) which 

possesses all the advantages of Ad5 vectors bu t does no t stim ulate inflammation or a 

cell mediated immune response (Hernandez, 1999). Unlike adenovirus, AAV leads to 

long term  genetic transduction of infected cells, probably due to integration of the 

viral genome during latent infections. A lthough only a  m aximum of 4.7kb of 

therapeutic DNA can be inserted into recom binant AAV which may act as an 

impedim ent to some gene therapies, such  a  restriction provides little difficulties for 

the delivery of ribozymes. In most instances, as  discussed earlier, ribo^m es are
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embedded within the transcripts of genes such as tRNA, U6 snRNA or the adenoviral 

VAl RNA (Koseki, 1999; Good, 1997). Additionally, transcrip tion factors th a t are 

regulated by the presence of antibiotics or synthetic hormones perm it dose-dependent 
expression of cloned genes including ribozymes (Rossi, 1998). Although expression 

levels are lower, ribozymes expressed from RNA pol II promoters are frequently more 
efficient than  those expressed from RNA pol III promoters because pol II produced 

ribo^m es co-localise to the cytoplasm with their mRNA targets. The addition of RNA 
targeting sequences a t the the 3’ end of the transcrip t also carries the potential to 

improve performance (Lee, 1999).

There are several successful examples of gene delivery to ocular tissues dem onstrating 
the efficacy and potential of these technologies. A variety of viral vectors have been 
used for ocular gene transfer in animal models bu t the m ost effective vectors for gene 
delivery to adult photoreceptor cells are those based on AAV. Several laboratories 
have now dem onstrated safe, efficient, long term  gene delivery to photoreceptor cells 
in animal models using AAV vectors (Ali, 1996; Flannery, 1997; B ennett, 1999; Ali, 
2000) suggesting tha t gene therapy of inherited retinal degenerations m ay be 
amenable to viral-mediated gene delivery. A recent report in Nature Genetics by Dr. 
Robin Ali (2000) has described the restoration of photoreceptor u ltra s tru c tu re  and 
function in retinal degeneration slow mice (rds). The gene in  question, Prph2 (also 

known as peripherin/rds), codes for a  photoreceptor specific m em brane glycoprotein 

which is normally found in the rims of photoreceptor ou ter segm ent d iscs in complex 
with ROM-1. This protein complex is required for the stabilisation of the rod outer 

segment discs which are constantly renewed throughout the  life of the  animal and 

which contain the visual rhodopsin pigment d iscussed earlier in  a  description of the 
visual transduction cascade. M utations in the Prph2 gene have been shown to cause 

a  variety of photoreceptor cell degenerations including autosom al dom inant retinitis 

pigmentosa and m acular dystrophy. The electroretinogram s of Prph2 m utated anim al 

models dem onstrate greatly dim inished a-wave and  b-wave am plitudes which, by the 

age of 8 weeks, are virtually undetectable. (The electroretinogram  response is 

generally biphasic, the first negative downward peak is called an  “a” wave while the 
following positive upward peak is called th e  “b” wave. The “a ” wave represents the 

repolarisation of photoreceptor cells and the “b” wave derives from second order 

neurons of the middle retina. For a  more detailed trea tm en t see Bjork, 1951). Sub- 

retinal injection of recom binant AAV carrying a Prph2 transgene resulted in the stable 

regeneration of outer segment structu res in  addition to the  formation of new stacks of 

discs containing both peripherin-2 and rhodopsin. The au thors of th is report were 

additionally able to establish th a t rescuing the s truc tu ra l integrity of the 

photoreceptor cell layer also resulted in an  electrophysiological correction. Therefore 

it is clearly evident th a t such processes are technically feasible. Follow up  studies on 

anim als carrying a  Prph2 transgene have shown th a t the rescue effect was transitory
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(personal communication) nevertheless the research successfully dem onstrates 

therapeutic gene transfer to the m am m alian retina.

More recently, Acland et al (2001) have demonstrated the restoration of visual 

function in a  large anim al model of Leber Congenital Amaurosis (LCA) using 

recom binant AAV. LCA is a clinically severe retinal degeneration causing alm ost total 

blindness in infancy resulting from m utations in the RPE65 gene, an  evolutionarily 
conserved 65-kD m em brane associated protein involved in retinoid metabolism (Ma, 

1998; Simon, 1995). Researchers in this study used a naturally occurring anim al 
model of LCA, the RPE65-/- dog, which suffers from early onset visual im pairm ent of a 

severe natu re  similar to th a t observed in hum an patients suffering LCA. ERG 

analysis of treated anim als showed tha t eyes receiving sub-retinal injection of AAV- 

RPE65 had  greatly improved retinal function. In addition, qualitative visual 

assessm ents of anim als a t four m onths after injection consistently dem onstrated  

“norm al sight” under both photopic and dim red light conditions. In  com parison, 
control anim als un treated  showed almost flat ERGs and poor scoring in  qualitative 

visual assessm ent.

Another study has similarly reported successful gene delivery to the  ra t  eye using  AAV 

carrying a  transgene for fibroblast growth factor-2 (FGF-2). The anim al model 
employed in these studies w as a  transgenic ra t line (S334ter-4) expressing a  m utated  

rhodopsin gene. The rhodopsin transgene contains a term ination codon a t residue 

334, resulting in the expression of a rhodopsin protein lacking the  15 C-term inal 

amino acids normally involved in rhodopsin localisation to the  ou ter segm ents. The 

m utation causes a retinal degeneration beginning a t post n a ta l day (PD) 15 when the 

outer nuclear layer (ONL) contains 8-10 rows of nuclei to PD 120 a t w hich point there 

are approximately 1-2 rows of nuclei remaining in the ONL (outer nuclear layer). The 

rationale behind the delivery of trophic growth factors to the  photoreceptor cell 

environm ent is an  effort to promote cell survival. FGF-2 is a  neuro troph in  th a t has 

had a significant protective effect in the neuronal environm ent due to its  involvement 

in a  num ber of regenerative, proliferative and  survival-related events (Eckenstein, 

1994). Expression of recom binant FGF-2 in the S334ter-4  r a t  model w as shown to 

slow the rate of photoreceptor degeneration w ithout any adverse im m une reactions. 

However, the effect w as of a transitory na tu re  as  were sim ilar stud ies employing 

(3FGF, ciliary neurotrophic factor (CNTF) and  brain  derived neurotrophic factor 

(BDNF) (Faktorovich, 1990; 1992; LaVail, 1992). Nevertheless, delivery of such 

neurotrophic factors will continue to be of significant value in delaying the process of 

photoreceptor cell death particularly if cone cell viability can  be extended by even a 
small proportion.
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Lentiviral vectors based on hum an immunodeficiency virus (HIV) type 1 have been 
shown to achieve stable and efficient gene transfer to retinal cells by Takahashi (1999) 

and colleagues in an  rd mouse model of autosomal recessive RP. These studies 

employed HIV vectors containing a  gene encoding the rod photoreceptor cGMP 
phosphodiesterase p-subunit which is m utated  in the rd model. M utations in the rod 

photoreceptor cGMP phosphodiesterase (1-subunit {PDEJi) gene are found in patien ts 

with autosom al recessive RP as  well as in the  rd mouse and in rcdl Irish setter dogs 

(Danciger, 1995; McLaughlin, 1995; Pittler, 1991; Suber, 1993). The rd m ouse 

retinopathy is characterised by a rapid photoreceptor degeneration which first 

appears in the rod photoreceptors between PD 7 and 9 and the majority of 

photoreceptor cells have degenerated by PD 30 (Caley, 1972; Carter-Dawson, 1978; 

Shiose, 1969). HIV vectors carrying a  m urine PDE0 transgene under the  control of 

either the cytomegalovirus promoter or the rhodopsin prom oter dem onstrated  

successful photoreceptor rescue in this animal model. One to th ree rows of 

photoreceptor nuclei were observed in the relevant retinal sections for a t least 24 

weeks post-injection w hereas no photoreceptor cells were found in the eyes of control 
anim als a t 6 weeks post-injection. In addition, export of functional rhodopsin  to rod 

outer segm ents was observed confirming the restoration of s tru c tu ra l integrity to rod 

photoreceptors (Takahashi, 1999).

In term s of continued efficacy ribozymes delivered by a  recom binant AAV have been 

shown to mediate long term  rescue of photoreceptors in a  rhodopsin  P23H transgenic 

ra t (LaVail, 2000). The P23H  anim al model replicates one of the m ost common forms 

of autosom al dom inant retinitis pigmentosa found in th e  USA th u s  representing a 

highly relevant model in term s of therapeutic application. Following 8 m onths of 

treatm ent with P23H specific ribozymes LaVail et al were able to show th a t treated 

eyes retained 4 to 5 rows of photoreceptor nuclei in com parison to control eyes (in the 

same animal) which contained only a single row of photoreceptor nuclei. Additionally, 

delaying the delivery of riboi^m es to P23H anim als u n til a  significant degree of 

photoreceptor degeneration had occurred dem onstrated  th a t su ch  a  therapy was also 

successful in the context of a retinal pathology already in a n  advanced state. In term s 

of GeneXchange an im portant detail of th is study regards the  ribozyme cleavage site 

used to ablate P23H rhodopsin mRNA. As the natu ra lly  occurring P23H transcrip t 

does not contain an  optimal ribozyme cleavage site su ch  an  NUX sequence was 

incorporated by recom binant m eans to perm it d iscrim ination between m u tan t and 

wild type rhodopsin mRNA. This situation  provides a  clear example of how the 

GeneXchange technologies m ight be employed. The GeneXchange methodology, as 

outlined in section 1.1.7, would aim  to generate ribozymes to cleave both the 

naturally  occurring P23H transcrip t and  wild type allele while simultaneously 

delivering a  recom binant functioning allele w ith the  ribozyme cleavage site removed in 

such  a m anner as to code for a  wild type protein b u t escape cleavage by the ribo^m e.
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An example of a  naturally occurring allele-specific ham m erhead rib o ^ m e for gene 

therapy was reported by Shaw and colleagues (2001). Using ribozymes designed 

against the P347S m u tan t rhodopsin mRNA, for which a  porcine model of RP has 

previously been generated (Fetters, 1997) th is  study was able to dem onstrate allele 

specific cleavage of the m u tan t mRNA transcrip t in vitro. However, this example again 

illustrates the m anner in which GeneXchange technologies might provide an 

alternative strategy to th a t reported. If one were to design allele specific ribozymes for 

each individual reported m utation in retinal specific transcripts (see RetNet for a  full 

listing of reported m utations causing retinal dystrophies) the task  would be enorm ous 

and  m ost likely technically unfeasible as many reported m utations do not create 
naturally occurring rib o ^ m e  cleavage sites. Additionally, the associated costs in 

term s of financial investm ent and time would be prohibitive. The genetically 

heterogeneous nature of RP is completely circumvented by the suppression  and  

replacem ent strategies as previously outlined. While additional im provem ents in 

technology would be extremely valuable, many of the significant h u rd les  to gene 

delivery to the retina have been shown to be reproducibly achievable (Ali, 1996; 2000; 

Flannery, 1997; Bennett, 1999; Acland, 2001). Future research  projects in  this 

laboratory are focused on therapeutic development including the  generation of 

appropriate GeneXchange therapeutic cassettes carrying a  ribozyme gene and  a 

replacement gene capable of escaping ribozyme suppression, in addition to 

subsequent exploration of the potential therapeutic benefit of such  an  approach in 
mouse models of RP.

1.3 Apoptosis

1.3.1 Cell division and cell death

Life requires death. This m ost basic of sta tem ents h a s  been thoroughly underpinned 

by a  decade of molecular biological research into the phenom enon of apoptosis or 

programmed cell death. Apoptosis is derived from the  Greek word w hich is used to 

describe the process of leaves falling from trees or petals from flowers encapsulating a 

process in which cells quietly shrink  and fall away from th e  tissu es  of which they were 

once an  integral part, with little damage to the m ain  organism  (Kerr, 1972; Wyllie, 

1980). Cell division and cell death is understood  to exist in  a  perpetual state  of 

dynamic flux m aintaining a  hom eostatic balance w ithin living organisms. 

Perturbations to such hom eostasis is ultim ately the  conduit th rough which practically 

every characterised disease dem onstrates phenotypic expression. For alm ost a 

century cancer has been understood to be a  disorder of uncontrollable cell division. 

However, the realisation by Kerr and  colleagues (1972) th a t an  accum ulation of 

unw anted cells may equally derive from a  fault in cell death  as from a  fault in cell
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division has had  a  profound impact on the understanding of cancer biology and, on 

the course of drug development. A fault in cell death has the potential to create the 

same net effect as a fault in cell division, i.e., an excess of cell num bers and this has  

led to a  revolution within the research activities of countless hum an  diseases. 

Apoptotsis and  cancer would appear to represent different sides of the sam e coin and 

th is concept is further underscored by the findings that many of the key molecular 

players in cancer are turn ing  out to be key molecular players in apoptosis.

Apoptosis is an  active form of cell death in which the cell participates in its  own 
demise via a cascade of m olecular interactions mediated by a  family of cell death  

proteases term ed caspases (cysteine aspartate-specific proteases). It is d istinguished 

from necrosis, a more passive process in which the destruction of the cell is directly 

mediated by outside influences. Apoptosis has been implicated in a  variety of 

physiological and  pathological processes and has been identified in  a  wide range of 

m ulticellular organism s including animal, plants and fungi. The study of apoptosis 

has  recently escalated as investigators have converged from a  wide variety of diverse 

fields, including developmental biology, genetics, neuroscience, cell biology, 

immunology and  from the field of degenerative retinopathies. Many of the 
fundam ental observations th a t have helped to establish and  drive th e  study  of 

apoptosis emerged from immunological observations. The contribution  of apoptotic 

cell death to the regulation of a  variety of cell mediated im m unity is fundam ental to 

the reaction of m utlicellular organisms against in ternal and  ex ternal a ssau lts  on cell 

viability. The general observation tha t apoptosis can  be induced by th e  withdrawl of 

growth factor (Raff, 1992) w as first dem onstrated in  a  T cell line deprived of 

interleukin-2 (Duke, 1986). Similarly, a num ber of apoptosis s tud ies have employed 

thymocytes th a t rapidly die upon exposure to y irra d ia tio n  (Yamada, 1988) 

glucocorticoids (Wyllie, 1980) or other agents (McConkey, 1988; Sellins, 1991). 

Chapter 5 and  chapter 6 of th is thesis describe the  apoptotic cell death  of cone 

photoreceptors initiated by excessive light, UV irrad iation  an d  a  variety of 

chem otherapeutic agents. Cells are constantly  assessing  the ir immediate 

environm ent and often the signals to die need only be of a  sub tle  n a tu re  to persuade 

cells to activate their death  machinery. Sensitivity to cell d ea th  ra th e r  th a n  resistance 

m akes reasonable sense in the light of evolution. B etter a  few innocent cell deaths 

th an  an  entire organism succum bing to infection, m u tation  or oncogenesis. The 

study of apoptosis in the im m une system h a s  provided significant insights into the 

types of roles tha t apoptosis can  play in norm al physiology. The classic example in 

the  field of apoptosis is th a t of negative selection in T and  B cells (Green, 1994). 

While m ature lymphocytes generally respond to activation signals by proliferating and 

performing their functions, im m ature cells often die in response to these same cell 

signals. This shaping of the antigen specific receptor inventory by apoptosis in the 

im m une system  can be readily extended to o ther physiologically im portant systems
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such as the development and fine-tuning of specific cell-cell contacts in the developing 

brain and  nervous system.

Cytotoxic cells of the im m une system kill their targets primarily by inducing apoptosis 

in the cells they contact. At least two different mechanisms have been identified for 

this effect involving (i) the release of cytotoxic granule contents or (ii) the expression of 
the Fas ligand. The first mode of cytotoxicity is dependent on the pore-forming 

protein perforin (Kagi, 1994; Lowin, 1994; Walsh, 1994) which does not itself induce 

apoptosis (Duke, 1989). The resulting pores are thought to induce endocytosis by 

additional proteins, the granule proteases (or granzymes) which may then  initiate 

apoptosis (Shi, 1992 a  and b). A second mode of cytotoxic cell induction has  been 

described involving the expression of the ligand for the Fas/CD 95 molecule, a 

receptor present on many activated target cells (Kagi, 1994). Fas and  Fas ligand play 

an  im portant role in three types of physiological apoptosis (Suda, 1997):

(i) peripheral deletion of activated m ature cells in the im m une response,
(ii) killing of target cells such as virus infected cells or cancer cells by cytotoxic 

T cells a n d /o r  by natu ra l killer cells and
(iii) killing of inflam m atoiy cells a t “immune-privileged” sites such  as  the 

ovaries or testes. Evidence for the biological role of F a s /F a s  ligand derives 

from mouse strains and from hum an patients who have defective genes for 

Fas and  Fas ligand (Nagata, 1997). Such m u ta tions can  lead to 

accum ulation of peripheral lymphoid cells an d  to a  fatal auto-im m une 

syndrome characterised by massive enlargem ent of th e  lym ph nodes.

In culture and  in tissue sections apoptotic cells are readily identifiable. Figure 1 in 

chapter 5 of th is thesis and figures 2, 3, and 4 in chap ter 6 illu stra te  the stark  

contrasts observable between healthy and apoptotic cells. Typically, the nucleus in 

an  apoptotic cell is markedly condensed and  the chrom atin  ap pears  more intensely 

stained than  th a t of its neighbouring cells. The nucleus b reaks u p  into discrete blobs 

of condensed chrom atin and  often becomes dispersed th ro u g h o u t the cytoplasm. 

Apoptotic cells also typically bleb and fragm ent into sm aller pieces, term ed “apoptotic 

bodies” (Kerr, 1972) th a t can rem ain im permeable to vital dyes for several hours. This 

impermeability forms the basis of a num ber of cell s ta in ing  procedures to discrim inate 

between healthy and apoptotic cells. Many of the apoptotic bodies also contain pieces 

of condensed chromatin. Under the electron m icroscope the changes to nuclear 

chrom atin are even more obvious, as  the chrom atin  condenses into a  dense m ass 

while plasm a m em brane blebbing recorded by scanning  electron microscopy reveal 
s truc tu res resembling a  bunch of grapes.
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Considerable cell shape changes are ano ther consistent feature of apoptosis and are 

best viewed under phase-contrast microscopy. Cellular blebbing can  be extremely 

rapid with a  normal looking cell rounding up  and exhibiting m ultiple plasm a blebs 

within m inutes in tissue culture even though the events leading up  to these changes 

can take several hours. Blebbing arises due to major cytoskeletal reorganisation 

similar to th a t taking place during mitosis. Inhibition of microfilament assem bly has  

been found to impede the formation of apoptotic bodies in several cell types (Cotter, 
1992). Apoptotic cells also generally decrease in size due to the extrusion of water. 

This loss of w ater is thought to contribute significantly to the blebbing process as  the 
cell has effectively more plasm a membrane than the volume of the w ater w ithin and 

so takes on a  deflated appearance with an end result of a net increase in cell buoyant 

density. Changes in cell size and  apparent increase in organelle density (due to the 

loss of water) can be quantitatively and reproducibly detected using a  flow cytometer. 

Changes in cell size are reflected by a  decrease in low-angle forward light scattering 

properties (forward scatter, FSC) and changes in cell organelle density re su lt in a  net 

increase in 90° angle light scattering properties (side scatter, SSC) in apoptotic cells.

Changes to the plasm a m em brane have been observed to m ediate early recognition of 

apoptotic cells by phagocytes or neighbouring healthy cells, thereby  m arking 

themselves out for safe removal. It may be argued th a t th is  stage of apoptosis should 

be considered to be one of the most pivotal, as the critical functiongd difference 

between an apoptotic and a necrotic cell is tha t the apoptotic cell is recognised as 

being in the throes of death several hours before any cytoplasm ic con ten ts  leak out 

(Newman, 1982; Fador, 1992). Contrastingly, necrotic cells undergo early lysis and 

cause damage to surrounding cells by precipitating an  inflam m atory response 

(Haslett, 1992). When apoptotic cells are cultured in a  petri d ish  there  are obviously 

no phagocytic cells around to dispose of them  and  consequently  they eventually 

undergo secondary necrosis which may be equally as  dam aging as  prim ary necrosis 

were it to occur in vivo. Thus the membrane changes th a t signal to phagocytes th a t a 

cell is undergoing apoptosis are of fundam ental im portance in th is  process.

1.3.2 The caspases

Caspases were implicated in apoptosis with the discovery th a t CED-3, the  product of 

a  gene required for cell death in the nem atode Caenorhabditis elegans is related to 

m am m alian interleukin-l|3-converting enzyme (ICE or caspase-1) (Yuan, 1993; 

Thornberry, 1992). ICE or caspase-1 h as  no obvious role in cell death  however it has 

become the first identified member of a  large family of pro teases (currently caspasel- 

14) whose m em bers perform critical roles in  inflam m ation and  apoptosis. In broad 

term s caspases may be divided into “in itia to rs” th a t initiate the disassem bly of the cell
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in response to proapoptotic signals and  “effectors” th a t function directly in cell 

disassembly.

The caspase family of proteases have been shown to share similarity in amino acid 

sequence, structure and  substrate  specificity (Nicholson, 1997) and are all expressed 

as proenzymes (30-50kD) containing three domains; an NH2 term inal domain, a  large 

subunit (~20kD) and a  small subunit (~10kD). The activation of caspases involves 

proteolytic processing between domains followed by association of the large and small 
subunits to form a  heterodim er complex. Crystal structures of two active caspases (-1 

and -3) have dem onstrated th a t within each catalytic domain, the large and  sm all 

subunits are closely associated and both contribute residues necessary for sub stra te  

binding and catalysis. There are two features of the proenzyme th a t are central to the 

m echanism  of activation of caspase molecules. Firstly, the NH2 term inal dom ain 
which is highly variable in sequence and in length is involved in the  regulation of 

activation and  second, all dom ains are derived from the proenzyme by cleavage a t 

caspase consensus sites which led researchers to suggest th a t these enzym es m ay be 

activated either autocatalytically or, in a cascade by enzymes w ith sim ilar specificity. 

Such autocatalysis and caspase cascade interactions have now been firmly 

established (Slee, 1999).

Caspases are among the m ost specific of proteases possessing an  u n u su a l and 

absolute requirem ent for cleavage after the aspartic acid am ino residue. For caspase 

cleavage to occur there m ust be recognition of at least four am ino acids NH2 term inal 
to the cleavage site for efficient catalysis. The preferred te trapeptide recognition motif 

differs significantly among caspases and the distinctions observed help  to explain the 

diversity of their biological function (Thornberiy, 1997). Often the  consensus 

tetrapeptide sequence may not be enough for caspase cleavage to occur. This suggests 

th a t tertiary s tructu ra l elements may influence su b stra te  recognition. The strict 

specificity of caspases is however consistent w ith the  observation th a t apoptosis is not 

accompanied by indiscrim inate protein digestion, ra th e r a  select se t of proteins is 

cleaved in a co-ordinate m anner usually a t a  single site resu lting  in  a  loss or change 
of function.

One role of the caspases is to inactivate proteins th a t protect norm al cells from 

apoptotic cell death. One clear example is th e  cleavage of ICAD (Sakahira, 1998; Liu, 

1997), an  inhibitor of the nuclease, CAD (caspase-activated deoxyribonuclease), 

responsible for DNA fragmentation. In non-apoptotic cells, CAD is known to be 

present as an  inactive complex with ICAD however, w hen apoptosis is initiated ICAD 

is inactivated by caspases which allows CAD to function freely as a  nuclease. 

C aspases contribute to apoptosis th rough  choreographed disassem bly of cell 

s truc tu res as illustrated by the deconstruction of nuclear lam ina (Takahashi, 1996;
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Orth, 1996). The nuclear lamina is a  rigid structure underlying the nuclear 

m em brane and  is involved in chromatin organisation. Lamina is formed by head-to- 

tail polymers of interm ediate filament proteins called lamins. During apoptosis 

lamins are cleaved a t a single site by caspases causing lam ina to collapse and  

contributing to chrom atin condensation. Caspases reorganise several cell s tructu res 

indirectly by cleaving proteins involved in cytoskeleton regulation including gelsolin 

(Kothakota, 1997), focal adhesion kinase, FAK (Wen, 1997), p21 activated kinase 
(Rudel, 1997) and fodrin (Martin, 1995). Cleavage of these proteins resu lts in 

deregulation of their activity.

Caspases inactivate or deregulate proteins involved in DNA repair such as  DNA-PKcs, 

mRNA splicing, such as U l-70k  and DNA replication such as replication factor C 

(Ciyns, 1998; Rheaume, 1997). In essence then caspases are responsible for cu tting  

off contacts with surrounding cells, reorganising the cytoskeleton, shu tting  down DNA 

replication and  repair, in terrupting splicing, destroying DNA, d isrupting  the  nuclear 

structure, inducing the cell to display signals that mark the cell for phagocytosis and  

finally, disintegrating the cell into apoptotic bodies.

The observation th a t caspase precursors are constitutively expressed in  living cells, 

even in neurons such as photoreceptors tha t can live for a  lifetime, b u t th a t  apoptosis 

may be induced rapidly indicates tha t caspase regulation is sophisticated  and 

effective. Like a  num ber of other complex proteolytic system s in  biochem istry the 

biology of caspases involve a  combination of regulatory pro teases, co-factors, 

feedbacks and  thresholds th a t converge to control the  effectivity of an  effector 

protease (Beltrami, 1995). A large body of genetic and  biochem ical evidence supports 

a  cascade model for effector caspase activation. Such a  model involves a  proapoptotic 

signal culm inating in the activation of an initiator caspase w hich in  tu rn  activates 

effector caspases resulting in cellular disassem bly. Different in itia to r caspases 

mediate distinct sets of signals, for example caspase -8 is associated  w ith apoptosis 

involving death receptors (Ashkenazi, 1998) while contrastingly  caspase -9 is involved 

in death induced by a  variety of cytotoxic agents (Hakem, 1998). This model, by a 

process of convergence, explains how distinct apoptotic signals induce the same 
biochemical and morphological changes.

Several independent reports now provide evidence to indicate th a t activation of 

initiator caspases requires binding to specific co-factors, a  m echanism  commonly 

observed with proteases. This binding is triggered by a  proapoptotic signal and 

mediated through one of a t least two distinct s tru c tu ra l motifs th a t reside in both the 

caspases prodomain and its corresponding co-factor. Activation of caspase -8 

requires association with its co-factor FADD (Fas asssociated protein with death 

domain) through the DED (death effector domain) (Boldin, 1996; Muzio, 1998), while
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pro-caspase -9 activation involves a  complex with the cofactor Apaf-1 through the 

CARD domain (caspase recruitm ent domain) (Li, 1997) (figure 1, chapter 4). 

Activation of caspase -9 also requires cytochrome c and deoxy adenosine triphosphate 

(dATP). Co-factors lead to activation through a model of oligomerisation based on 

induced proximity and supported by three observations: (i) procaspases have low bu t 

detectable activity (Muzio, 1998), (ii) dimerisation is required for activation (Gu, 

1995), and (iii) procaspases th a t are overexpressed in cells and are artificially cross 
linked become active (Muzio, 1998; Yang, 1998). The available evidence suggests th a t 

caspases are la ten t in the cell because they exist at low concentrations as monomers. 

The co-factors serve the purpose of bringing two or more caspase precursors in close 

proximity, allowing for interm olecular autoproteolytic activation. Such a  model h as  

been given the vernacular label of “guilt by association” w hich accurately 

com m unicates the process through which activation is thought to occur. In  sum m ary 

then  the facilitated autocatalysis model proposes tha t caspase p recursors are p resen t 
in cells in a  conformation or a  complex tha t prevents autocatalysis. The co-factors 

facilitate activation by changing the conformation of the precursors directly or by 

removing an  inhibitor allowing activation to amplify the death  signal.

Most recently research into apoptosis has focused on the central an d  pivotal role of 

the m itochondria and  of cytochrome c. Efflux of cytochrome c from m itochondria is a 

pivotal event in apoptosis as it is now known to drive the assem bly of a  high 

molecular weight caspase activating complex in the  cytoplasm  term ed the 

mitochondrial “apoptosome” (Zou, 1999). A large body of evidence now suggests th a t 

mitochondria act as im portant conduits for signals associated  w ith cell dam age and 

th a t many key regulators of apoptosis promote or inhib it the  loss of m itochondrial 

integrity (Green, 1998; Kroemer, 1997). Uncoupling of m itochondrial oxidative 

phosphorylation is commonly observed during apoptosis resu lting  in  a  loss of 

mitochondrial transm em brane potential (Kroemer, 1997; Zam zam i, 1995). It is now 

thought th a t m em bers of the Bcl-2 family play a  key role in  prom oting cytochrome c 

in the context of diverse proapoptotic stim uli (Gross, 1999) by forming pores in the 

mitochondrial m em brane allowing cytochrome c to en ter th e  cytoplasm . The cytosolic 

target of cytochrome c is the Apaf-1 (apoptotic protease activating facto r-1) molecule 

where cytochrome c binds near the COOH- te rm inus of Apaf-1 facilitating the ability 

for Apaf-1 to bind dATP which consequently exposes an  oligom erisation surface of the 

molecule (Hu, 1998). Oligomerisation of Apaf-1 is accom panied by sim ultaneous 

recruitm ent of procaspase-9 to the CARD m otif of Apaf-1 w hich then  promotes 

procaspase -9 autocatalysis and  subsequent effector caspase activation (Slee, 1999).

Com partm entalisation of caspases and  their co-factors is widely thought to be another 

m anner by which caspase activation is regulated. This idea led to the discovery that 

cytochrome c is required for caspase -9 activation in vitro and  the subsequent
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hypothesis th a t apoptosis may be triggered by inducing m itochondrial changes th a t 

result in the release of cytochrome c (Green, 1998). A further example is found in  the 

fact th a t caspase -8 is activated when recruited to the Fas receptor complex. 
Activation of caspase -8 by the Fas receptor is described in detail in chap ter 6.

The identification of inhibitors of the apoptotic programme has evolved from the study 

of viruses which a ttenuate  apoptosis in an  effort to circumvent the norm al host 

response to infection. Three distinct classes of inhibitors have been described: Crm A 

(Ray, 1992), p35 (Bump, 1995; Xue, 1995) and the family of lAPs (inhibitors of 

apoptosis proteins) (Uren, 1998). Cowpox virus Crm A is a m em ber of the serpin 
fa m i ly  th a t is a  potent inhibitor of some active initiator caspases and  those involved in 

inflammation. The baculovirus protein p35 has no known homologs and  its  selectivity 

for caspases is clearly defined in chapter 6 and 7. The lAP proteins are a  large family 

and  the only one known to have mammalian members and again are detailed more 

extensively in chapter 6. Chapter 6 of th is thesis explores the effects of bo th  a  

synthetic peptide caspase inhibitor, Z.VAD-FMK, and of the baculoviral p35 caspase 

inhibitor on a  cone photoreceptor cell line (66IW), while fu ture work will aim  to 

generate a  transgenic mouse carrying a copy of the baculoviral p35 gene un d er the 

control of the m urine rhodopsin promoter.

1.3.3 Apoptosis and disease

A wide variety of hum an  diseases result from perturbation of the  signalling cascades 

regulating apoptosis. This perturbation may be induced by either extracellular 

triggers, acquired or germline genetic m utations, or viral m imicry of signalling 

molecules. A substan tial volume of research of these regulatory pathw ays has led to 

an  increased understanding  of the pathogenesis of m any h u m a n  disorders, m ost 

especially cancer, infectious diseases such as AIDS, au to im m une diseases and 

neurodegenerative diseases. Understanding the regulation of apoptosis in  health  and 

disease provides the opportunity to convert such knowledge into novel therapeutic 
strategies.

Cell types vaiy widely in the m echanism s by which they m ain ta in  them selves over the 

life of the organism. Blood cells are known to undergo co n s tan t renewal from 

haematopoietic progenitor cells while lymphocytes an d  cells w ithin the reproductive 

organs undergo cyclical expansions and  contractions reflecting their participation in 

host defence and reproduction respectively. In con trast, neural cells such as 

photoreceptors of the retina have, a t best, a  lim ited capacity for self renewal and most 

post-mitotic neurons survive for the hfe of th e  organism . W ithin each cell lineage the 

control of cell num ber is determ ined by a  balance between cell proliferation and cell 

death. Cell proliferation is a highly regulated process w ith num erous checks and 

balances a  num ber of which include growth factors and  proto-oncogenes which act as
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positive regulators of cell cycle progression (Pawson, 1993). In contrast, tum our 

suppressor genes act to oppose unregulated cell proliferation (Levine, 1993). Tum our 

suppressors prevent cell cycle progression by inhibiting the activity of proto
oncogenes and, as previously discussed, it is now appreciated th a t the regulation of 

cell death is ju s t as complex as the regulation of cell proliferation (Ellis, 1991). 
Although diverse signals can induce apoptosis in many cell types, a  num ber of 

evolutionarily conserved genes regulate a final common cell death pathway th a t has  

been shown to be conserved from worms to hum ans (Hengartner, 1994). In broad 

term s diseases may be divided into those associated with increased cell survival (such 

as cancers) and those associated with decreased cell survival (such as 
neurodegenerative disorders). Table 3 gives some brief examples of d iseases 

associated with both types of apoptotic malfunction.

Table 3 : Diseases associated with the induction or inhibition of apoptotic cell death .

dim,—
1. Cancers: 1. AIDS
Follicular lymphomas
Carcinomas with p53 m utations 2. Neurodegenerative disorders

Hormone dependent tum ours Alzheimer’s' disease
Breast cancer Parkinson’s' disease
Prostate cancer Amyotrophic lateral sclerosis
Ovarian cancer Retinitis pigm entosa

Cerebellar degeneration

2. Autoimmune disorders
Systemic lupus eiythem atosus 3. Myelodysplastic syndrom es

Im m une-m ediated glomerulonephritis Aplastic anem ia

3. Viral infections 4. Ischemic injury
Herpesviruses Myocardial infarction
Poxviruses Stroke
Adenoviruses Reperfusion injury

5. Toxin induced  liver d isease

Alcohol

Diseases characterised by the accum ulation of cells include cancer, au to  im mune 

diseases and certain viral illnesses. Cell accum ulation re su lts  from either an  increase 

in proliferation or from the failure of cells to undergo apoptosis in response to 

appropriate stimuli. Cells from a  wide variety of h u m an  m alignancies have a 

decreased ability to undergo apoptosis in response to a  num ber of physiological 

stim uli (Hoffman, 1994). This is m ost ap paren t in m etastasising  tum ours where 

tum our cells can survive a t sites d istinct from the tissue  in which they arose. To do 

th is tum our cells m ust develop a  degree of independence from the survival factors 

th a t normally restric t the distribution of the ir non-transform ed counterparts. The B c l-
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2 gene, first discovered a t the site of a  translocation between chromosom e 14 and  18, 

is present in most hum an follicular lymphomas (Hoffmann, 1994). Bcl-2 has been 

shown to have little or no ability to promote cell cycle progression or cell proliferation. 
Instead overexpression of Bcl-2 specifically prevents cells from initiating apoptosis in 

response to a num ber of stim uli (Hockenberry, 1990). Furthermore, the introduction 

of genes tha t inhibit Bcl-2 can induce apoptosis in a variety of tum our types. 
Chemotherapy was previously thought to kill cells by inducing irreversible metabolic 

damage tha t results in target cell necrosis however, it now appears th a t the prim ary 

mechanism by which m ost chem otherapeutic agents induce cell death  is th rough 
creating aberrations in cellular physiology tha t result in the induction of apoptosis 

(Searle, 1975; Dive, 1991; Lennon, 1991). Such apoptotic cell death in response to 

UV irradiation and chem otherapeutic agents was directly observed and  recorded w ith 

6 6 IW cone photoreceptor cells in chapter 6 of this thesis.

Physiological regulation of cell death is essential for the removal of potentially 

autoreactive lymphocytes during development and for the removal of excess cells after 

the completion of an  im mune response. If an  organism fails to remove auto im m une 

cells arising during development or developing as a  result of som atic m utation  in  the 

course of an  im mune response, then autoimmune disease m ay develop. One molecule 

critical in regulating cell death  in lymphocytes is the cell surface receptor Fas 

described in detail in chapter 6. Stimulation of Fas on activated lym phocytes CEin 

induce apoptosis and two forms of hereditary autoim m une disease have been 

attributed to alterations in Fas mediated apoptosis (W atanabe-Fukunaga, 1992; Suda, 

1993). MRL-lpr mice which develop fatal systemic lupus ery them atosus by 6 m onths 

of age have a  m utation in the Fas receptor. In con trast, the  GLD m ouse which 

develops a  similar illness has a  m utation in the Fas ligand (Suda, 1993). Patients 

with systemic lupus e^ th em ato su s  have elevated levels of soluble Fas which may 

competitively inhibit F as/F as  ligand interactions. The resu lting  decrease in Fas 

mediated apoptosis may contribute to the accum ulation of au to im m une cells in this 

disorder. A lupus-like autoim m une disease has  also been reported in  transgenic mice 

constitutively overexpressing Bcl-2 in their B cells (S trasser, 1991).

The invasion of a viral particle across th e  cell m em brane can  cause dram atic 

physiological reactions resulting in the apoptotic dem ise of the  cell (Levine, 1993). 

The suicide of an  infected cell may be viewed as an  ac t of cellular defence on behalf of 

the organism as a whole to prevent viral propagation. Cytotoxic T cells ac t to prevent 

viral spread (Henkart, 1994) by recognising and  killing cells th a t present viral 

peptides in association with cell surface m ajor histocom patibility complex (MHC) class 

I molecules. Cytotoxic T cells can induce apoptosis either by activation of the Fas 

receptor on the surface of the target cell or by introduction of proteases such as 

granzyme B which activate the cell death  program m e from w ithin the cytoplasm (Kagi,
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1994). Viral evolution however has kept pace with m any of its h ost defences. To 

circumvent such defences a num ber of viruses have developed m echanism s to d isrup t 

the norm al initiation of apoptosis w ithin the infected cell. One example may be 

observed during the establishm ent of an  effective adenoviral infection which depends 

on the function of the E lB  19 kD protein (Rao, 1992). The E lB  19kD protein has  

been shown to block apoptosis directly and its  function can be replaced in  adenovirus 

by Bcl-2 (Boyd, 1994). Additionally, the BHRFl gene of Epstein B arr virus and  the 
LMW5-H1 gene of African sine fever virus both have sequence and functional similarity 

to Bcl-2 (Neilan, 1993). The p35 gene and the inhibitor of apoptosis genes (lAPs) 
found in baculoviruses can inhibit apoptosis in a  wide variety of contexts (Clem, 1991) 
and are discussed in more detail in chapter 6. The prevention of apoptosis is also 

im portant for the establishm ent of viral latency. Epstein Barr virus estab lishes a 

latent infection in B cells. The viral gene LMP-1 which is produced during  latency, 

specifically upregulates the expression of Bcl-2 potentially providing a  survival 
advantage to latently infected cells (Henderson, 1991). Chronic Sindbis virus 

infection has  also been reported to be dependent on the host cell’s expression of Bcl-2 

(Levine, 1993).

Excessive cell death can resu lt from acquired or genetic conditions th a t enhance the 

accum ulation of signals tha t induce apoptosis or th a t decrease the  th resho ld  a t which 

such events induce apoptosis. The most dram atic example of v irus associated  cell 

depletion is AIDS which is induced by the hum an im m unodeficiency virus, HIV 

(Meyaard, 1992). The development of AIDS has been directly correlated  w ith the 

depletion of CD4+ T cells, the cellular targets of viral infection. It h a s  been  shown tha t 

CD4 acts as a  receptor for viral attachm ent, th u s  facilitating HFV infection of CD4* T 

cells. Surprisingly, m ost T cells that die during HIV infections do not appear to be 

infected with HIV. Recent evidence suggests th a t stim ulation  of the  CD4^ receptor by 

its binding to the soluble viral product gp l20  resu lts  in th e  enhanced  susceptibility of 

infected T cells to undergo apoptosis (Ameisen, 1991). This leads to the question of 

why then would the virus develop a m echanism  to selectively deplete its  host cell? 

CD4+ T cells have an  im portant function in establishing protective im m unity against a 

wide variety of viral infections. The estab lishm ent of a  chronic HIV infection may 

therefore depend on virally mediated depletion of CD4-  ̂ T cells and  the  concom itant 
loss of a  protective cell mediated im m une response.

A wide range of neurological disorders are characterised  by the gradual loss of specific 

se ts of neurons (Isacson, 1993). Such disorders include Alzheimer’s ’ disease, 

Parkinson’s disease, amyotrophic lateral sclerosis (ALS), retin itis pigm entosa, spinal 

m uscular atrophy and various forms of cerebellar degeneration. In these diseases cell 

death  resu lts  in specific disorders of movement and  central nervous system  function. 

The cell loss in these diseases does not induce an  inflam m atory response, and
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apoptosis appears to be the m echanism  of cell death. Oxidative stress, calcium  

toxicity, mitochondrial defects, excitatory toxicity, and deficiency of survival factors 

have all been postulated to contribute to the pathogenesis of these disorders (Choi, 
1992). Each of these pathways predisposes neurons to apoptosis either in intro or in 

vivo. One form of hereditary ALS results from a mutation in the gene encoding copper 

zinc superoxide dism utase (Rosen, 1993). Patients with this form of ALS have a  

m utation tha t results in a  decrease in the ability of a cell to detoxify free radicals. 
The cell injury caused by free radicals has  been shown to induce cells to undergo 
apoptosis in mtro. Superoxide induced death can be specifically inhibited by 

treatm ent with survival growth factors or antioxidants (Troy, 1994).

M utations in the p-amyloid pre-cursor protein are associated with some form of 
Alzheimer’s disease. Although |3-amyloid has been shown to induce apoptosis in 

neurons (Loo, 1993) the exact m echanism  is as yet unknown.

Spinal m uscular atrophies are a  group of recessive neurodegenerative d isorders of 

childhood characterised by progressive spinal cord neuronal cell depletion. One of the 

genes linked to these disorders, neuronal apoptosis inhibitory pro tein  (NAIP) is 

homologous to the bacvulovirus lAPs (Roy 1995) and it h a s  been suggested th a t this 

connection may indicate th a t m utations in the NAIP gene m ay re su lt in motor 

neurons being more susceptible to apoptosis in patien ts w ith sp inal m uscular 
atrophy.

A num ber of haematological diseases are associated w ith a  decreased production of 

blood cells. Such disorders include anemia associated w ith chronic d isease, aplastic 

anemia, chronic neutropenia, and  the myelodysplastic syndrom es. D isorders of blood 

cell production, such as myelodysplastic syndrom es and  some form s of aplastic 

anem ia are associated with increased apoptotic cell death  w ith in  the  bone marrow 

(Yoshida, 1993). These disorders could resu lt from the  activation of genes tha t 

promote apoptosis, acquired deficiencies in strom al cells, or haem atopoietic survival 

factors or the direct effects of toxins and m ediators of im m une response. Clearly 

perturbation of the control of apoptosis plays an  im portan t role in m any disease 

pathologies. In the context of this PhD thesis the pathology of relevance is 
photoreceptor degeneration.

1.3.4 Apoptosis and retinal degeneration

Animal models of RP have been shown to undergo apoptotic cell death  in assays 

recording morphological degeneration, TUNEL stained  nuclei and oligonucleosomal 

fragm entation (Chang, 1993; Portera Cailliau, 1994). While apoptotic cell death may 

be viewed as a  symptom of retinal degeneration it is nevertheless deserving of close
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attention due to the clear potential th a t knowledge of its m echanism s may lead to 

therapeutic strategies aimed a t slowing the  rate of cell death. S tudies of a  p35 

transgenic Drosophila  model of RP dem onstrated photoreceptor survival in flies 

despite the presence of a  retinal specific m utation known to cause photoreceptor 

degeneration (Davidson, 1998). Furtherm ore this study reported functional rescue of 

vision based on a behavioural assay to test the  ability of transgenic flies to track black 

and white patterns in motion. Such observations suggest th a t m aintaining cell 
viability, even under conditions th a t normally commit cells to die, may be sufficient to 

overcome the death signal deriving, in some manner, from a  m utated  retinal specific 

transcript. While the p35 transgenic resu lts indicate an interruption of th e  apoptotic 

programme may be sufficient to provide functional rescue it is quite possible th a t the 
observations recorded may not hold true if repeated on distinct genetic m odels of RP 

in which the primary m utation is one where the visual transduction cascade h as  been 

rendered inactive. In such circum stances even an optimal inhibition of apoptotic cell 
death could not re tu rn  functional vision to the photoreceptors. Nevertheless, 

inhibiting cell death would still represent a  valid therapeutic goal w hen the  positive 

effects on cone photoreceptors are taken into account. A num ber of research  groups 

including m ost recently Peng and  colleagues (2000), have shown th a t in a  num ber of 

animal models of RP a  molecular mechanism may induce a  second wave of cell death 

among cone photoreceptors following an initial degeneration in  rods. It is therefore 

reasonable to suggest th a t if apoptotic cell death in the rod photoreceptor population 

could be prevented the second wave of degeneration am ong cone photoreceptors 

might then be avoided. As Peng (2000) has suggested, unschedu led  a ttem p ts by the 

rod bi-polar cells to form inappropriate synapses w ith cone cells due to th e  absence of 

rods eventually precipitates an  apoptotic degeneration in cone photoreceptors. 

Consequently, extending rod photoreceptor viability even in th e  absence of function 

may represent a  worthwhile endeavour if photopic vision in  RP sub jects can be 

extended longer than  is presently the case. C hapters 6 and  7 explores m echanism s 

through which the viability of cone photoreceptor cells m ay be extended in spite of a 
dwindling rod photoreceptor cell population.

This introduction serves to provide the reader with some background on a  num ber of 

the elements tha t will be explored during the course of th is  PhD thesis -  the 

molecular basis of various retinal degenerations in m ouse models of Retinitis 

pigmentosa, therapeutic approaches targeting prim ary genetic defects and  secondary 

effects of these disorders such as apoptosis and  anti-apoptotic strategies which are 

explored in both cell culture and  transgenic anim al models. C hapter 3 describes the 

design of suppression and replacem ent gene therapy  (termed GeneXchange) targeting 

a  num ber of the prim ary gene defects associated  w ith retinal degeneration. The 

GeneXchange system embodies a potentially powerful approach to over 1,000 

dom inantly inherited disorders (h ttp ://w w w .ncb i.n lm .n ih .gov /O m im /) in addition to
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a wide variety of cancers and infectious agents such as the HIV virus. Chapter 4 

explores the potential application of ribozymes to target key molecules regulating the 

apoptotic programme of cell death characteristic of a  broad range of 
neurodegenerative diseases. The combination of ribozymes designed to retard  or halt 

photoreceptor cell loss from the retina, in combination with a  suppression and 

replacement strategy as described in chapter 3, provide the foundation upon which 

future research projects will build in the extensive testing of these therapeutic 

approaches in both cell and anim al systems. Chapter 5 describes the analysis of a  

light-induced model of photoreceptor cell death which condenses the maximal ra te  of 

apoptotic degeneration into a  24 hour period in an  effort to detect a  num ber of key 
molecular events involved in committing cells to an apoptotic fate. Additionally, th is  

light-induced model of retinal degeneration may provide a  valuable tool in  the rapid  
testing of therapeutic approaches described in chapters 3 and  4. As d iscussed 

previously chapter 6 is focused on studying the effects of a  num ber of anti-apoptotic 
agents against a  cone photoreceptor cell line (66IW) stim ulated to die by apoptotic cell 

death using a  variety of standard  chemotherapeutic agents and  u ltra  violet 

irradiation. The availability of this cell line facilitates the design of quantitative 

experiments and the analysis of individual cell responses in  a  retinal context. Finally, 

future work will build on the da ta  collected during the course of stud ies conducted on 

6 6 IW cone photoreceptor cells to generate a  transgenic m ouse carrying a  m urine 

rhodopsin-driven copy of the baculoviral anti-apoptotic p35 gene.
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Figure 1: The human eye is a highly complex machine for transforming one form of energy (light) into 
another form (electricity) which is then shunted via the optic nerve to the brain for interpretation. The 
interior is filled with a jelly-like substance, the vitreous humor providing mechanical support and the 
transparent medium through which light passes prior to activation of the photoreceptor cells.
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Figure 2: A schematic diagram of structures involved in fluid drainage dynamics in the eye. (a) the 
aqueous humor is manufactured by the ciliary body and passes from the posterior chamber through the 
pupil and into the interior chamber. The outflow pathway includes the trabecular meshwork, Schlemm’s 
canal and the episcleral venous system; (b) the enlarged area shows the trabecular meshwork and 
Schlemm’s canal. Maximum resistance to aqueous humor outflow is shown by red lines either side of the 
orange barrier in Schlemm’s canal and the arrows indicate the main aqueous humor pathway.
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Figure 4: Vertical section through a human retina. The micrograph above shows an area o f approximately 
1.25mm from the center of the fovea illustrating the various layers that constitute the retina.
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Figure 5: Schematic representation of a fully differentiated rod photoreceptor cell indicating the stacked 
structure of discs in the rod photoreceptor outer segments.



Exchanger

ChannelTrantduein.

Rhodopsin

Guanylate 
cyclaaa ,

Disk Membrane Plasma Membrane

Figure 6: Visual phototransduction cascade depicting the principal reactions in phototransduction. Light 
initiates the isomerisation of 11-cw retinal to all trans retinal resulting in the activation of rhodopsin which 
may then catalyse the exchange of GDP for GTP on transducin and the dissociation of the a-subunit,Ta 
which interacts with phosphodiesterase (PDE) releasing the inhibitory constraint on the enzyme. Activated 
PDE catalyses the hydrolysis of cGMP to 5’GMP decreasing intracellular cGMP causing hyperpolarisation. 
Intracellular Câ  ̂ levels decrease as the Na/Ca-K exchanger continues to extrude Ca^ .̂ Photorecovery is 
initiated by the shutoff of the visual cascade and the calcium mediated feedback mechanism. Inactivation 
of the visual cascade is brought about through the phosphorylation of rhodopsin by rhodopsin kinase and 
the subsequent binding of arrestin and the hydrolysis of GTP to GDP on the a-subunit of transducin 
returning transducin to its inactive conformation. Low intracellulat concentrations of Ca^  ̂ lead to 
guanylate cyclase activation and an increase in the sensitivity of the channel to cGMP. As cGMP 
concentration increases the channels re-open and the cell is returned to its depolarized state. In the above 
cartoon from Moiday (lOVS, 39, 2493-2513) the solid arrows show photexcitation while the dashed arrows 
show the photorecovery process.
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Figure 10: Proposed mechanism for hammerhead mediated phosphodiester bond cleavage. Cleavage 
involves the deprotonation of the 2’-hydroxyl group by a magnesium-aqua-hydroxy complex bound by the 
proR oxygen at the phosphate cleavage site followed by nucleophilic attack of the resultant 2’-alkoxide on 
the scissile phosphate forming a pentacoordinate phosphate intermediate. The 5’ leaving group separates 
yielding the 2’3’-cyclic phosphat with inverted configuration and 5’-hydroxy products. (Uhlenbeck, 1987; 
Koizumi, 1991; Slim, 1991; van Tol, 1990)
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Chapter 2 
M aterials and Methods (General)
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2.1 Materials

2.1.1 Reagents

(I) Chemicals: All chemical reagents, growth media and antibiotics, unless
otherwise stated, were obtained from the Sigma Chemical Corporation, 
BDH Laboratory Supplies or Gibco/BRL.

(II) Enzymes and buffers: Restriction enzymes and buffers were obtained from 

New England Biolabs, Promega or Boehringer Mannheim. T4 DNA ligase 
and buffers and RNaselT were obtained from Stratagene. Rnaisin and CIP 

enzyme (calf intestinal phosphatase) were obtained from Boehringer 
Mannheim.

(III) Molecular weight standards: Ikb ladders were obtained from Gibco/BRL; 
protein weight standards (6.5 - 175 kDa) from New England Biolabs; 
rainbow protein weight markers (14.3 -  220kDa) from BioRad Life 

Sciences.
(rV) Kits: In vitro T7 Ribomax large scale RNA kit and the TNT Coupled

Reticulocyte Lysate System (for in vitro transcription translation assays) 

were obtained from Promega; In situ Cell Death Detection Kit was obtained 

from Boehringer Mannheim.
(V) Tissue Culture: Dulbecco’s Modified Eagle Medium (DMEM), RPMI 1640 

Medium, Foetal Bovine Serum, L-glutamine, trypsin-EDTA, phosphate- 

buffered saline and nuclease free water was obtained from Gibco-BRL.
(VI) Animals: Unless otherwise stated all animal experiments were performed 

on LACA (Laboratory Animal Centre Carshalton, Surrey, UK) albino mice 

obtained from stocks maintained by the Bio-Resources Unit at Trinity 

College Dublin.

2.1.2. Solutions

(I) Agarose gels: 0.8% agarose in IX TAE.

(II) IX TAE buffer: 0.04M Tris-acetate, 0 .0 0 IM EDTA (ethylenediaminetetra-acetic 
acid disodium salt).

(III) LB Medium (Luria Bertani Medium): l%(w/v) NaCl, l%(w/v) tiyptone, 0.5%(w/v) 
yeast, 0.2%(w/v) maltose and lOmM MgS0 4 . Media was autoclaved at 151bs 
pressure psi for 20 minutes. For solid medium plates 1.5%(w/v) bacto-agar was 

added. Selection of desired cultures was achieved using antibiotic selection with 
50pg/m l ampicillin and 25pg/m l tetracycline.
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(IV) PCR lOX buffers: 500mM KCl, lOOmM TrisCl 0.1% gelatin and  1% triton (pHQ.O) 

with either lOmM /12.5mM /15mM/20mM /25mM /30mM  MgCb.

(V) M in i -and maxi-preps.- Soultion 1: 50mM glucose, 25mM Tris Cl (pH 8.0), lOmM 

EDTA (pH 8.0). Solution 2: 0.2N NaOH, 1% SDS. Solution 3: 3M sodium acetate (pH 

5.2). CsCl solution: 10ml 50% CsCl in ddHaO as a top up solution.

(VI) RNA solutions: DEPC H2O: 1ml DEPC (diethylpyrocarbonate), 500ml H2O. lOX 
TBE: 55g Boric acid, 108g Trizma base, 40ml 0.5M EDTA (pH 8.0) in a  final volume of 

IL. 20% acrylamide-. 96 .5g acrylamide, 3.35g bis-acrylamide, 233.5g u rea, 50m l lOX 

TBE in a final volume of 500ml. 7.75M urea: 233.5g urea, 50ml lOX TBE in  a  final 

volume of 500ml. Polyacrylamide gels (4%): 45ml 7.75M urea, 30ml 20% acylamide, 

600]j1 am m onium  persulphate and 75ial Temed (N,N,N’,N’- 

tetramethylethylenediamine).

(Vlll) Western analysis: Retina solubilisation buffer: 62.5mMTris Hcl (pH 6.8), 2%

SDS, 10% glycerol, 5% 2-mercaptoethanol). Tris glycine electrophoresis buffer: 25mM 

Tris, 250mM glycine (pH 8.3), 0.1% SDS. Transfer buffer: 39mM glycine, 48mM Tris 

base, 0.037% SDS, 20% methanol. Blocking solution (5% milk TBST): lOmM Tris HCl 

(pH 8.0), 150mM NaCl, 0.05% Tween-20, 5% non-fat dried milk, 0.05%  sodium  azide.

2.1.3. Oligonucleotide synthesis

Oligonuleotides were synthesised by Dr. Sophie Kiang on an  Applied B iosystem s 394 

DNA/RNA station. Oligos were purified by de-tritylation in 2% trifluroacetic acid, 

w ashed in 20% acetonitrile and dried down in a  Savant vacuum  centrifuge. Pellets 

were resuspended a t a  final concentration of 50pM/vil in  ddHaO. Additionally, 

prim ers were synthesised by Sigma Genosys Ltd. and  resuspended  in  ddHaO a t a  final 

concentration of 50pM/vil.

2.1.4. Cell lines

All cell lines were kindly provided by Prof. Seam us M artin of TCD except for the 

photoreceptor cell line 6 6 IW kindly provided by Dr. Al-Ubaidi of the D epartm ent of 

Opthalmology and Visual Sciences, University of Illinois a t Chicago, Chicago, Illinois 
60612, USA.
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2.2. General M ethods

2.2.1. Phenol Extraction ofDNA and RNA

Nucleic acids were mixed with an equal volume of phenol, agitated on a benchtop 

vortex for 30 seconds and centrifuged at ll,800fif for 5 minutes. The top aqueous 

phase containing the nucleic acid was removed and transferred to a fresh eppendorf. 
An equal volume of phenol/chloroform (1:1 mix) was added and the sample was 
agitated and centrifuged as previously described. The top phase was removed and an 

equal volume of chloroform was added and the sample was agitated and centrifuged 

as described. The top phase was removed and the nucleic acid was ethanol 

precipitated.

2.2.2. Ethanol Precipitation ofDNA and RNA

Nucleic acids were precipitated by adding l/lOih volume of ice-cold IM NaCl or 3M 

sodium acetate (pH 5.2) and 2.5X ice-cold ethanol. Samples were incubated at -20°C 
for 10 minutes and centrifuged at ll,8 0 0 g  for 20 minutes. The supernatant was 

removed and the pellet was washed in 70% ice-cold ethanol and resuspended in 

ddH20.

2.2.3. Restriction enzyme digest

Restriction enzyme digests were routinely performed on 500ng of DNA in final 
volumes of lOOpl or 200pl. Digests were carried out with the appropriate restriction 

en^m e (at 5U per ]ag DNA) and lOX buffer at a final concentration not exceeding 10% 

and incubated for a minimum of 1 hour at 37°C.

2.2.4. Polymerase Chain Reaction (PCR)

Routinely, a 25pl PCR reaction contained 20ng of DNA, 10 pM of primers, 0.2M dATP, 
0.2MdCTP, 0.2M dGTP and 0.2M dTTP, IX PCR buffer (with varying final 
concentrations of 5mM to 30mM MgCl2), 1.5 U of Taq polymerase and x ]al of ddH20 

to a final volume of 25pl. PCR reactions were typically cycled 35 times at 94°C for 30 

seconds, 55°C for 20 seconds and 72 C for 30 seconds. Reactions were carried out 
on a Perkin-Elmer PCR thermal cycler.

2.2.5. Fragment purification from agarose gels

PCR products or restriction digest fragments were purified from agarose gels by 

careful excision of desired bands and centrifugation of the agarose block in a pre-
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wetted agarose gel elution eppendorf (Supelco Bellefonte, PA, USA.) a t ll ,8 0 0 g  for 10 

minutes. Retrieved fragments were resuspended in ddH20 and Ip l was 
electrophoresed on a mini-agarose gel to ensure the correct fragm ent had  been 

excised.

2.2.6. Construct cloning and transformation

Unless otherwise stated all constructs were cloned into the Hindlll and Xbal sites of 
pcDNA 3.0 (Invitrogen Corporation) using a  DNA ligation kit (Stratagene). Following 

restriction digest of vector 400ng of DNA was cipped using 2 p i of orthophosphoric- 

monoester phosphohydrolase in a SOOpl reaction. Cipping reactions were deactivated 

in a final concentration of 5mM EDTA at 75°C for 10 m inutes and  65“C for 1 hour. 

50ng of clean cipped digested vector was added to 50ng of clean digested in sert in a 

15pl T4 ligase reaction (Stratgene) in accordance w ith the supplier’s 
recommendations. In addition appropriate controls for uncipped, un-digested  and  T4 

ligase were set up. Reactions were incubated overnight a t 15°C.

Transformation of recom binant molecules to Escherichia coli (XL-IB) w as perform ed 

by generating com petent cells for DNA uptake. Overnight cu ltu res of XL-IB were 

used to inoculate 200ml of LB selective media to an ODeoo of 0.4 to 0.6 lOOmIs of 

culture was rested on ice for 30 minutes and centrifuged a t 2 ,100g for 10 m inutes. 

Cells were resuspended in 50mls 50mM CaCb, rested on ice for 30 m inu tes, re- 

centrifuged as before and resuspended in 5mls 50mM CaCb. 200]al com petent cells 

were carefully added to Spl ligation mix, rested on ice for 45 m inu tes, h ea t shocked a t 

42°C for 5 m inutes, incubated at 37°C for 90 m inutes and  inoculated to selective solid 

media plates a t 37° C overnight. Transform ants were selected by the  vectors ability to 

confer resistance to ampicillin. Suitable colonies were picked from p la tes with a 

toothpick and  inoculated in lOmls selective LB overnight for plasm id m ini-prep 

analysis.

2.2.7. Plasmid mini-prep analysis

Plasmid samples from 10ml overnight cu ltures inoculated w ith transfo rm an ts were 

prepared by centrifuging cultures a t 2,400gf for 15 m inutes, removing supernatan t 

and resuspending the pellet in 200pl Solution 1. Fully resuspended  sam ples were 

added to 400]al Solution 2 a t room tem perature, stored on ice for 5 m inutes followed 

by 300pl ice-cold Solution 3, stored on ice for a  fu rther 5 m inu tes and  centrifuged a t 

ll ,8 0 0 g  for 10 m inutes. 600^1 of the su p ern a tan t w as removed for phenol- 

chloroform extraction and ethanol precipitation. The presence of desired clones was 

confirmed by restriction digest analysis and direct di-deoxy sequencing.
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2.2.8. Caesium Chloride plasmid maxi-preps

Appropriate transform ants were amplified overnight in 10ml selective LB a t 37°C, 1ml 

of which was used to inoculate 250ml selective LB incubated a t 37°C for 16 hours. 
Cultures were centrifuged a t 10,000rpm in a GSA rotor and resuspended in 5m ls TES 

sucrose and 0.5ml lysozyme (lOmg/ml stock) and incubated a t 37°C for 10 m inutes. 

2.5ml 250mM EDTA was added to resuspended samples which were re-incubated a t 
37° C for a further 10 m inutes followed by the addition of an equal volume of Triton 

lysing mix and re-centrifugation a t 19,000rpm in a GSA rotor a t 4°C. The 

supernatant was retained, treated with Ipl RnacelT for 15 m inutes a t 37°C and 
polyethylene-glycol precipitated on ice for 1 hour with l/9Ui volume 5M NaCl and 

1/lOfli (w/v) PEG 6000 or 8000. Samples were warmed to RT and  centrifuged at 

8,000rpm on a SS-34 rotor for 10 minutes at 15°C, followed by the addition of 

4.25mls supernatan t to 4.25g CsCl and 125|al ethidium bromide (lO m g/m l stock). 
Samples were again centrifuged for 2 minutes at 2,000rpm (SS-34) to remove pellicle 

and transferred to ultracentrifuge tubes, balanced with CsCl top u p  solution and 

centrifuged a t 50,000rpm  overnight under vacuum. Plasmid bands were removed 

with a syringe and w ashed 3 times in an equal volume of salt sa tu ra ted  isopropanol to 
remove ethidium bromide, ethanol precipitated in 2X ddH20 and  2.5X ethanol a t RT 

for 1 hour. Sam ples were further centrifuged for 15 m inutes a t  12,000 rpm  (SS-34), 

washed in 70% ethanol and resuspended in 250]al ddH20.

2.2.9. Qiagen plasmid maxi-preps

For constructs requiring transfection to m am m alian cell lines bulk  plasm id 

preparations were performed using the Qiagen plasm id kit in  accordance w ith the 

m anufacturer’s instructions.

2.2.10. ABI sequencing

Confirmation of recom binants from cloning was achieved by direct sequencing using 

an  Applied Biosystems 373 DNA sequencer in accordance w ith the m anufacturer’s 

instructions.
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2 .3  RNA M ethods

2.3.1. Working with RNA

RNA is less of a robust molecule than  DNA to work with and consequently several 
precautions were adopted to reduce the risk of sample degradation. These included 

working under sterile conditions using Rnase free glassware, eppendorfs, pipette tips 
and solutions. All solutions, other than  Tris buffer, that came into direct contact with 

RNA samples were DEPC treated as described below. Gilson pipettes were regularly 

sterilised and UV treated and  made available for RNA work only.

2.3.2. Computer aided modeling

Predicted secondary structu res for hum an mRNAs were obtained using  th e  RNA 
PlotFold programme from GCG Wisconsin. Integrity of open loops w as evaluated from 

the 10 most probable two-dimensional conformations. RNA s tru c tu re s  for trunca ted  

RNA products were generated and the integrity of open loops between full-length and 

truncated RNAs compared. Ribozymes were designed to target open loop s tru c tu res  

in RNAs tha t were likely to be accessible to ribozymes.

2.3.3. DEPC preparation o f solutions

All glassware w as treated with Rnase Away (Gibco-BRL), and  autoclaved a t 151bs psi 

for 20 m inutes. DEPC w ater was prepared by adding 1ml of DEPC to 500m l tissue 

culture grade ddH20, mixed well and incubated for 2 ho u rs  a t  37° C followed by 

autoclaving a t 151bs psi for 60 minutes.

2.3.4. Expression and radioactive labeling o f RNA

RNA w as obtained from clone’s in vitro using Ribomax transcrip tion  kits (Promega) in 

accordance with the m anufacturer’s guidelines. 1.6vig of clean digested DNA was 

transcribed in a  20pl reaction with T7 buffer, T7 enzyme mix (RNA polymerase, 

rRNaisin ribonuclease inhibitor and yeast inorganic pyrophosphate), 25mM ATP, CTP, 

GTP, 2.5mM UTP, 25mM [a-^^P] rUTP (Amersham) and  nuclease free water. Samples 

were incubated a t 37° C for 3 hours, incubated w ith 2 ]i\ DNAse for 15 m inutes and 

halted by adding 6 lal of stop solution (ImM EDTA (pH 8.0), 0.25% (w/v) bromophenol 
blue, 0.25% (w/v) xylene cyanol and 80% de-ionised formamide).
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2 .3 . 5 . Polyacrylam ide gel electrophoresis

The full volume, of transcription reaction was heated to 90°C, loaded on 4-8%
polyacrylamide gels and electrophoresed at 2.20kV and 43mA for approximately 3 

hours dependent on transcript length. Gels were blotted to W hattman paper and 

viewed by autoradiography before desired fragments were excised from gels with 

sterile scalpels.

2.3.6. RNA gel extraction and purification

Excised bands were incubated overnight in an orbital shaker at 37°C in 0.3M  sodium  

acetate (pH5.2) and 0.2% SDS. RNA transcripts were cleaned with 

phenol/chloroform, ethanol precipitated and resuspended in 20pl nuclease free H2 O. 

Ipl of transcript w as quantified by scintillation counting of incorporated radio

nucleotide and subsequent cleavage reactions were performed at 100:1 ribozyme to 

substrate.

2.3.7. Ribozyme : substra te cleavage reactions

Cleavage reactions were performed under standard conditions in lOmM Tris w ith 0- 

15mM MgCl2 and incubated at 37“C for 3 hours. MgCb curves were established  to 

determine optimal metal-ion concentration and subsequent tim e points for cleavage 

were incubated for a maximum of 4 hours. Aliquots of 2 ]al were removed from 

cleavage reactions at appropriate times and added to 1.6 vil of stop solution. Time- 

point sam ples were heated to 90”C and electrophoresed on 4-8%> polyacrylam ide gels 

until cleavage bands were sufficiently distinct. Gels were transferred to Whattman 

paper, dried down under vacuum and exposed to autorad film overnight at -70°C.

2.3.8. Molecular weight markers for RNA

A radioactive DNA ladder was made by end filling Ipg of M spl cu t pBR322 with 

Klenow and incorporating [a-̂ ^P] dCTP (lOmCi/ml). 2pl of end-labeled digest was 

mixed with 60]al ddH2 0  and 60pl formamide dye. 2\i\ of labeled ladder m ix was 

loaded per gel. Dried blots of cleavage reactions were visualised  and quantified by a 

Packard Instant Imager and values were used to construct cleavage vs. time graphs.
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2.4  Cell /  P ro tein  M ethods

2.4.1. Growth media and cell storage

293 cells and 6 6 IW cells were routinely grown in complete DMEM and RPMI 1640 

media respectively using standard tissue culture practices. Cells requiring storage 

were trypsinised, gently centrifuged at 250g  resuspended in 5m ls freezing m edium  

(10% DMSO), divided into 500pl aliquots and stored a t -8 0 “C.

2.4.2. Culturing, counting an d  harvesting

Cultures were routinely split every 3 days and re-seeded in fresh m edium  at a 

concentration of 1x10® per plate. Cells were counted by trypsinising a culture, 

resuspending in fresh medium and averaging a count of 4 separate fields on a 

haemocytometer. Prior to use a haemocyotmeter was w ashed in 70% ethanol and 

dried before a clean cover slip was placed over the counting cham ber. Cell sam ples  

were resuspended and diluted to 1 /1 0 *  the concentration and placed on the edge of 

the cover-slip to allow the suspension to be drawn into the counting cham ber by 

capillary action. The number of cells in the sample w as the average cell count 

multiplied by the dilution factor X 10“* cells/m l. Cells were harvested by 

trypsinisation, gently centrifuged (250gr) and resuspended in an appropriate lysis 

buffer.

2.4.3. CaCb transfection

CaCl2 precipitates of DNA were formed by mixing 20ng of plasm id DNA into 500p l IX 

HBS buffer {280mM NaCl, lOmM KCl, 1.5mMNa2HP04, 12mM dextrose (D+glucose), 

50mM Hepes (pH7.1)} with a final concentration of 0.25M  CaCl2 . The DNA precipitate 

was added drop-wise to cultures of cells in log phase and re-incubated at 37°C. A 

transfection of control vector containing (3-galactosidase w as routinely performed in 

parallel and subsequently stained for transfectants. Cells were fixed with 1ml PF 

fixative {2% paraformaldehyde/gluteraldehyde in PBS (pH7.2)} and incubated on the 

bench for 5 m inutes, washed in PBS (pH 7.2) and stained with 800p l (3-gal staining  

buffer { 5mM potassium  ferricyanide, 5mM potassium  ferrocyanide, 2mM MgC12. 

0.02% NP-40, 0.01% SDS, Im g/m l X-gal (added fresh from a 20 m g /m l stock in DMF 

at -20°C) in PBS, pH 7.2} at a final concentration of Im g/m l. Plates were inspected  

within 15-60 m inutes of being stained.
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2.4.4. Protein extraction and quantification

After harvesting cells were resuspended in 500]al IX SDS buffer, incubated on the 
bench for 5-10 m inutes, centrifuged a t ll,800gf for 3 m inutes and  the supernatan t 

was stored at -20°C. To ensure equal loading of protein sample across lanes dilutions 

of 1/10, 1/15 and 1 /20  were prepared and 20|il of each was assayed in 1ml of 

BioRad protein assay and read in duplicate on a benchtop spectrophotom eter (BioRad 
SmartSpec 3000) a t 595nm. Samples of 20]al each were equilibrated to the lowest 

concentration and electrophoresed on 10-15% SDS denaturing gels.

2.4.5. Western blot analysis

Protein gels were electrophoresed at 50V until samples had reached the  separating  gel 

and thereafter a t 80V for 2.5 to 3.5 hours followed by transfer to PVDF (polyvinylidene 

fluoride blotting membrane) (Costar Corporation, USA) m em branes a t 40mA overnight. 

Blots were blocked for 1 hour in 5% milk TBST and then probed for 2 hou rs w ith  an  

appropriate dilution (1/250 -1/5000) of primary antibody diluted in the  sam e buffer, 

washed for 1 hour in  3 changes of TBST and probed for a  fu rther 1 hou r w ith a 

peroxidase coupled secondary antibody (Amersham, UK). B ound antibody was 

detected by enhanced chemi-luminescence.

2.4.6. fi-galactosidase staining

Transfected cell monolayers were washed gently w ith cold PBS, pH 7.2 followed by 

fixation in 1ml of PF fixative (2% paraformaldehyde, 0.2% glutarldehyde in PBS, pH 

7.2) per well in a  6 well plate and incubated on the bench for 5 m inutes. The fixative 

was removed and the cell monolyer was again gently w ashed w ith ice-cold PBS, pH 

7.2. PBS was left on the cells for 5 m inutes prior to asp iration , p-galactosidase 

staining buffer (5mM potassium  ferricyanide, 5m m  potassium  ferrocyanide, 2mM 

MgC12, 0.02% NP-40, 0.01% SDS and Im g/m l X-gal m ade trom a  20m g/m l stock in 

DMF stored a t -20°C) was applied in a  volume of 0.8m l per well in a  6 well plate and 

incubated a t 37°C until a blue colour develops. Cells were scored for p-galactosidase 
expression using a light microscope.



2.5 Animal M ethods

2.5.1. Light induced apoptosis

All investigations using animals were conducted in compliance with the ARVO 

statement for the Use of Animals in Ophthalmic and Vision Research. Rd mice on a 

LACA background were obtained through the permission of Dr. Ian Flitcroft of UCD, 
Dublin. Six to eight week old wild-type LACA mice were dark adapted for 36 hours, or 
reared in the dark from birth, and the pupils were dilated with 1% cyclopentolate 

hydrochloride (1% w /v  cyclopentolate hydrochloride BP with purified H2O and 

hydrochloric acid, from Chauvin Pharmaceuticals). Animals were either immediately 

sacrificed (controls) or exposed to ~5,5001ux of diffuse, cool white fluorescent light for 

up to 2.5 hours. During light-exposure, particular care was taken that the eyes were 
evenly illuminated. Mice were sacrificed by cervical dislocation at the following times; 
immediately after a 2.5 hours light exposure, after 6h, 12h, 24h, 36h and 48h.

2.5.2. Eye and retinal extraction

Following cervical dislocation the retinas were extracted by one of two procedures: (1) 
once removed the eyes were pierced anteriorly on a wax bottomed dish and an 

incision made at the corneal-scleral junction was continued with surgical scissors 

isolating the posterior orbit from the cornea and lens. The choroid layer was secured 

with dissection pins, the retina was gently peeled away with a surgical forceps and 

placed in IX SDS solubilisation buffer and frozen at -80°C; (2) retinas were removed 

while the eye ball remained in the ocular orbit: once sacrificed gentle pressure was 

applied with forefinger and thumb to either side of the ocular orbit forcing the eyeball 
to protrude from its socket. Curved surgical forceps were carefully placed underneath 

the eyeball securing it’s protrusion from the socket. A fine gauge needle was used to 

puncture the eyeball at the corneal-scleral junction followed by gentle incisions to 

release the lens. Once the anterior incision is complete the forceps were closed and 

pulled up either side of the eyeball forcing the retina out onto the curved forceps 

forks. The retinas were placed in IX SDS solubilisation buffer and frozen at -80°C.

2.5.3. Epon resin embedding

Control and light-induced animals were sacrificed at the time points indicated and 

whole eyes were removed for processing. Primaiy fixation was in 2% 

paraformaldehyde (BDH Chemicals) buffered in 0.2M PBS (Sigma Chemicals) for 12 to 

24 hours at 4°C. Eyes were then washed 6 times in O.IM PBS before a secondary 

fixation in 2% Osmium for 30 minutes followed by graded dehydration in 50%, 70%, 
95%, 100% and 100% solutions of ethanol for 15 minutes each at 4°C. Samples were
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then infiltrated  with propylene oxide for 15 and 30 m inu tes before res in  em bedding. 

Epon res in  (Durcupan) m ade u p  in a  10:10:0.3:0.3 gram ratio  of k it com ponents A, B, 

C and  D w as mixed thoroughly and aliquoted in a 50:50 mix w ith propylene oxide an d  

rotated  for 2.5 hours a t room  tem peratu re  and then  in 100% resin  for a  fu rth e r  2.5 

hours. Eyes were placed in  an  em bedding mould with 100% resin  an d  an y  air 

pockets p resen t were rem oved by vacuum  before baking a t 65°C over-night. Eyes 

were subsequently  sectioned on a  glass blade microtome a t betw een 5|xm an d  lOnm.

2.5.4. Paraffin w ax embedding

Retinal sam ples from control and  light-induced anim als were fixed overn ight in  4% 

paraform aldehyde/PB S a t 4°C before being placed in a  S a k u ra  F ine Tek tis su e  

processor in which sam ples were dehydrated in 70%, 95% an d  100% e th an o l for 60, 

90 and 90 m inu tes respectively. Sam ples were th en  incubated  in  100% xylene for 90 

m inutes, 50% x y len e /50% Paraplast paraffin for 60 m in u tes  a t  60°C a n d  in  full 

streng th  Paraplast paraffin  for a further 20 m inu tes a t  60°C. Eyes w ere p laced  in  an  

em bedding m ould a n d  stored below room tem perature  prior to  c u ttin g  sec tio n s  of 5 to 

8pm  thickness.

2.5.5. Hematoxylin and Eosin staining

Resin em bedded sections (5-10pm) were rinsed  in  tap  w a te r p rio r to  im m ersion  in 

hem atoxylin for 1 m inu te, rinsed in tap  w ater, dipped in  acid  e th a n o l (70% e thano l, 

1% HCl) an d  rin sed  again before counter s ta in ing  in  0.5%  eosin  for 1 m inu te. 

Following s ta in ing  sections were dehydrated in increasing  c o n c en tra tio n s  of e thano l, 

cleared in  xylene an d  a  cover slip m ounted.

2.5.6. TUNEL labeling

Paraffin em bedded sections (5nm) were de-w axed in  xylene for 20 m in u te s  a t  60°C 

and  th en  re-hydrated  in solutions of xylene, xylene, 100%, 100%, 90% , 80% , 70%, 

50% e thano l an d  finally in sterile H2O. Sections w ere w ash ed  tw ice for 5 m in u tes  

each in  O.IM PBS (pH 7.4) and  then  in cuba ted  in  0.3%  H2 O2 (Sigm a Com pany) for 30 

m inu tes a t  room  tem pera tu re  before perm eab ilisa tion  w ith  a  d rop  of 0.1%  Triton-X- 

100 in 0.1%  sodium  citrate  (Sigma Company). The in situ  cell d e a th  detec tion  kit 

assay  (Boehringer M annheim  Cat. No. 1684795) w as applied  in  10(j.l a liquo ts  per 

sectioned m aterial. The kit is com posed of a  te rm in a l deoxynucleotidyl tran sfe rase  

(TdT) from  calf th ym us in storage buffer an d  a  nucleo tide  m ix tu re  in  reaction  buffer 

which perm its the  identification of DNA s tra n d  b rea k s  by labeling free 3 ’ -O H  term ini 

w ith the  modified nucleo tides in a n  enzym atic reaction . F luorescein  labels
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incorporated in nucleotide polymers are j  ^xiers are subsequently detected and  quantitated by
fluorescene microscopy.

2.5.7. Photography o f sections

Sections were photographed using a Leica Tahnrin-,, o^ ^ i-aDorlux S microscope and Leica camera
on Kodak Gold ASA 100 film.



CHAPTER 3
S tra tagem s in vitro for gene therap ies d irec ted  to  d o m in a n t

m utations.



3.1 Introduction

Following from the successes of locating and characterising several of the m utations 
involved in degenerative retinopathies (Bhattachaiya 1984, 1985; Sparkes 1986; 

M cW illiams 1989; Kajiwara 1991; Farrar 1990, 1991a and b; Diyja 1990a; M ansergh, 

1999) many research team s have begun to focus their atten tions on devising 

strategies to deal with the resu ltan t disease pathologies. At the last count (May 25*, 

2001) there was an estim ated 118 genes known to be involved in causing a  wide 

variety of retinal dystrophies. Despite this, there is relatively little d a ta  on how the 
primary m utations characterised in these genes bring about the apoptotic dea th  of 

photoreceptor cells. Notwithstanding this shortcoming on the precise pathology of RP, 
the large num ber of known genes involved in retinal degenerations provides a  num ber 

of attractive therapeutic possibilities with respect to gene therapy. The accelerated 

availability of increasingly detailed maps and m arkers on the h u m an  genome 
(Hudson, 1995; Deloukas, 1998) have facilitated the detection of both  m u ta tions in 

genes involved in RP and, in polymorphisms associated with re tinal dystrophies. 

These databases are expanding at an  exponential rate providing d a ta  th a t may 
potentially translate into an increased num ber of therapeutic ta rge ts for in terrup ting  

the course of these hereditary disorders. The recent draft publication of the  hum an  

genome and the pending publication of the complete sequence in the  Spring of 2003 
will further elaborate the gene sequences already p resen t and  m ost likely identify 

novel sequences relevant to the biochemistry and pathogenesis of ocular tissues.

Dominant diseases exhibit a phenotype when a  m inim um  of one allele is m utated  

whereas recessive diseases require both alleles to be m utated  for a  disease pathology 

to arise. The heterozygous state (+/-) of a dom inant disease is generally sufficient for 

the disease phenotype to be expressed. Many disease alleles inherited  in a  dom inant 

m anner exhibit their effects either by the m utated  allele producing insufficient protein 

(haplo-insufficiency) or, by producing an  incorrectly functioning protein  (gain/loss of 

function). Contrastingly, the heterozygous state (+/-) for recessive disorders exhibits 

either a  mild phenotype or none at all. The genetics of retinal dystrophies display all 

known m echanism s of inheritance and  involve m utations on nearly  every hum an 

chromosome (http: / / www.sph.u th .tm c. ed u / R etne t/ sum -d is .h tm : Bird, 1995). RP 

may be transm itted  genetically as a  dom inant, recessive, x-linked, digenic or 

mitochondrial defect and such modes of inheritance become relevant factors for 
therapeutic design.

Therapeutic strategies directed towards recessive disorders such  as cystic fibrosis, 

Tay Sachs or ADA deficiency typically attem pt to introduce and  express the wild type 

gene to ameliorate disease pathology. Recom binant cystic fibrosis transm em brane
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conductance regulator (CFTR), beta-hexosaminidase alpha and beta subunit and  
recombinant adenosine deam inase have each been successfully delivered into 

m a m m a lia n  systems conferring varying degrees of disease rescue (Zuckerman, 1999; 

Guidotti et al, 1999; Bordignon et al, 1995). A further extreme example is th a t of 
Lesch-Nyhan syndrome, a  distressing X-linked illness of uncontrollable self- 

mutilation, spastic movement and mental retardation resulting from a defective HPRT 

gene. In many cases a  tiny am ount of HPRT activity may be sufficient to reduce the 

severity of the disease (Wolfe 1988). Each of these gene therapies attem pts to deliver 
the missing protein independent of any requirement to address residual m utated  

products of the recessive alleles. Given the relative simplicity of such  models a  great 
proportion of gene therapy research and present clinical trials have focused on 

recessive disease ra ther than  dominant disease. For dom inant disorders in  general, 

and for gain of function m utan ts specifically, introducing a  correct version of the 

affected gene may be ineffectual. The mere presence of a  single m uta ted  allele gives 

rise to the disease phenotype while the presence of a  norm al allele h as  little or no 

effect on the phenotypic outcome. Simply introducing a  wild type gene m ay not 

provide any beneficial effect if a gain of function allele requires suppression  to relieve 

the pathology of the disorder.

Superimposed on th is framework of hereditary transm ission is an  additional layer of 

complexity which arises from the degree of genetic heterogeneity found in  disorders 

such as RP, osteogenesis imperfecta (01), and epidermolysis bullosa, to nam e a  few. 

The genetic heterogeneity found among RP patients h as  long fru stra ted  a ttem p ts for 

development of a  realistic therapy. Forms of such  heterogeneity include different 

genes causing the same disease, different m utations in the sam e gene causing  the 

same or a  different disease and, differences in the sym ptom s experienced by different 

individuals suffering the same m utation (Sullivan and  Daiger, 1996). The phenotype 

within a family harbouring a genetic m utation may skip a  generation while siblings 

known to carry the same gene m utation may show radically different phenotypes in 

term s of age of onset and severity. Additionally, different phenotypes have been 

recorded within the one family. While the m utations are a  necessary  condition for the 

disease to arise, they are an  insufficient basis for clinical classification or for 
description of the pathogenesis involved (Paperm aster, 1995). In a  study of RP 

patients from Maine in the United States, about 43% of cases were inherited as  an 

autosom al dom inant trait, 20% were autosom al recessive, 8% were X-linked, 23% 

were simplex cases and 6% were undeterm ined (e.g. adopted individuals) (Bunker et 

al, 1984). Over 30 distinct genes have been im plicated in  RP to date (see 

http: / /www .sph .u th .tm c. edu /R etnet/sum -d is .h tm  for a  full listing) a  num ber of 

which include rhodopsin (McWilliams, 1989; N athans, 1986, Sparkes 1986, Farrar 
1990, Dryja 1990), peripherin /rds (Farrar, 1991; Connell, 1991; Dryja, 1997; 

Wroblewski, 1994; Kim, 1995), rod cGMP gated cation channel alpha subun it (Diyja,
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1995) and rod cGMP phosphodiesterase beta subunit (Pittler, 1990). In the rhodopsin 
gene alone there are over 100 different m utations and in p eripherin /rd s a  further 40 
s e p a ra te  mutations giving rise to the disease pathology. This overwhelming genetic 

heterogeneity, both in term s of the num ber of genes involved and the num ber of 

mutations within those genes, present major difficulties and challenges for the design 

of therapeutic strategies. Any attem pt to devise therapies based on individual 

mutations would m ost likely prove both un-economical and medically im practical. In 

an effort to address such difficulties a num ber of m utation-independent approaches 
directed against genes involved in RP have been devised and are the subject of th is  

chapter. These approaches comprise a  combination of gene silencing and  gene 
replacement. Though the targets discussed here are retinal specific the  strategies 

themselves may be applicable to a host of other dominantly inherited disorders.

Gene silencing has been achieved in a num ber of disease models employing an tisense  

DNA and RNA, triple helix nucleic acids, peptide nucleic acids and  ribozym es 

(Dosaka-Akita, 1995; Valera, 1994; Postel, 1991; Knudsen, 1996; O hta, 1996). 

Additionally, targeted irons-splicing ribo^m es may be used to replace defective RNA 

transcripts with correct copies (Sullenger 1994; Jones, 1996). Together, gene 

silencing and  correction, represent technologies which may be incorporated into a  

“therapeutic cassette” comprising a gene therapy strategy involving th e  suppression  

and replacem ent of dominant-negative m utated alleles capable of been delivered to 

photoreceptor cells by viral or liposome vectors. To transfer efficient RNA cleavage 
obtained in vitro to an  in vivo environment may require m odifications to r ib o ^ m e  

constructs in  order to optimise ribo^m e efficiency, stability and  localisation w ithin 

cells (Pieken, 1991; Chowrira, 1994; Heidenreich, 1994; Flory, 1996; Prasm ickaite, 

1998; Lierdal, 1998; Sioud, 1998; Samarsky, 1999). M odifications to ribozym es for in 

vivo studies may be made by chemical or enzymatic m eans or by a  com bination of 

both. Chemical modifications to riboaymes may include the in troduction  of modified 

nucleotides to protect them from endogenous nucleases p resen t in a  cellular 

environment. Modifications to RNAs can be made either on the bases (A, U, C or G) of 

the sugar, or on the nucleotide phosphodiester linkage (Furuichi, 1977). An 

additional alteration to protect ribozymes from cellular degradation m ay involve 

modifications such as guanosine 5’-m onophosphate (GMP), guanosine 5 ’-0 -(l-  

thiomonophosphate), ApG, CpG, AmpG, and  others (Gaur and  Krupp, 1997) a t the 5 ’- 

end of a  ribozyme (i.e., the first base). Oligonucleotides generated to contain 

phosphorothioate linkages on the sugar may be synthesised by either chem ical or 

en ^ m a tic  m eans (Eckstein, 1985) and  similarly serve to protect ribozymes from 

degradation by endonucleases. Finally 2 ’-hydroxyl groups in RNAs can  be exchanged 

for 2 ’-fiuoro-, 2 -amino-, 2 ’-O-methyl-, 2 ’-0-allyl or 2 ’-deoxy-nucleotides using 

chemical or enzymatic approaches. The efficiency and  accuracy of ribozyme cleavage 
has  previously been shown to be enhanced using m ethods such  as phosphorothioate

56



modification, addition of proteins such as p7 nucleocapsid from HIV-1, heterogeneous 

nuclear ribonucleoprotein and glyceraldehyde (GAPDH) (Tsuchihashi, 1993; Bertrand, 

1994; Muller, 1994, Sioud, 1996). Despite a number of difficulties, ham m erhead 

ribozymes have been employed to elicit sequence specific cleavage of substra te  RNA 
targets in vivo in transgenic anim als (Zhao and Pick, 1993; Efrat, 1994; Flory, 1996; 
Feng, 1995; Lieber, 1996; Sioud, 1998; Lewin, 1998)

The core of these therapeutic strategies which are m utation-independent involve three 

distinct approaches aimed a t suppressing both alleles of a given gene -  the  m utated  

and wild type transcrip ts - employing hammerhead ribo2ym e technology while 

simultaneously or subsequently introducing the wild type gene lacking a  ribozyme 

cleavage site. The strategies involve three inherent features of the h u m an  genome 

targeting (a) 5 ’ a n d /o r  3 ’ untranslated  (UTR) regions, (b) the degenerative base or 

“wobble” base of a  codon and finally, (c) a polymorphic variant in the target gene 
associated w ith the pathology.

The first strategy targets open loop structures of normal and  m utated  alleles in th e  5 ’ 

or 3 ’ transcribed bu t un translated  regions (UTR) of a  gene. Once the ta rge t transcrip t 

has been cleaved the mRNA degrades rapidly and translation  of the  mRNA gene 

transcrip t is prevented. The utilization of sequences w ithin UTRs for suppression  

permits the generation of a replacement gene with an  altered UTR containing a 

masked ribozyme site and is thereby protected from cleavage (Farrar et al, 

PCT/BG96/02357). As UTRs are present in all pre-mRNA and  mRNA transcrip ts  

such a  strategy may be applied to a  wide array of genetic targets.

The second strategy for mutation-independent suppression u tilises the  degeneracy of 

the genetic code by targeting the third codon base (wobble position) of any suitable 

site in the coding sequence. Cleavage at such a  site in  the target tran sc rip t would 

prevent any further translation of the RNA. Replacem ent w ith an  altered  transcrip t 

where the th ird  base in the targeted codon is changed to m ask  the  cleavage site bu t 

still code for the same amino acid residue allows for the  design and  generation of a 

replacem ent gene which encodes wild type protein b u t is protected from ribozyme 

suppression (Farrar et al, PCT/GB97/00929).

The th ird  and  final strategy targets intragenic polym orphism s presen t in the 

population. In th is strategy one allele of an  intragenic polym orphism  is targeted by a 

suppressing agent such as a  ribozyme. The proportion of pa tien ts  to whom the 

therapeutic will be applicable will depend on the frequency of the polym orphism  in the 

population. Once identified, polymorphisms in a  given population associated with a 

m utated  allele afford an  opportunity to suppress th a t allele independent of the actual 

m utation. In th is instan t simple suppression of the d isease allele may be sufficient to
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rescue the pathology if the dom inant m utation is one other th an  haploinsufficiency 

(Farrar et al, PCT/G B97/00574). In situations where some disease pathology is due 

to haplo-insufficiency, the replacem ent gene comprising the non-cleavable 

polymorphic target can be used to re tu rn  levels of gene expression back to th a t of the 

wild type.

The strategies described above should in principle circumvent the enorm ous barriers 
to the development of therapeutic approaches to disorders exhibiting m utational 

heterogeneity such as RP, 01, epidermolysis bullosa and many forms of p53 related 

cancers. The above technologies have been given the generic nam e of “GeneXchange” 

in an effort to com m unicate the essential net effect of suppressing both  alleles of a 

gene and replacing (or exchanging) those alleles with a replacem ent construct w hich 

is immune to rib o ^ m e  cleavage due to the removal of the ribozyme ta rge t site. In 

essence, the ribozymes used in these strategies act as the tools to m ediate a  “cu t and  

paste” function similar to those used in word processing software packages. In fact 

the analogy becomes all the more powerful when one considers th a t the strategies 

described utilize the digital nature of the hum an genome in the  design of both  the 

ribo:^m es them selves and of the replacement genes from which the ribozyme target 

sites have been removed. The removal of ribozyme target sites in  replacem ent genes 

confers protection from ribo^m e cleavage in a subtle m anner th a t a lters the  digital 

code bu t m aintains the functional product of tha t code. It is the  digital n a tu re  of 

biological inform ation tha t allows for the development of such  therapeu tic  strategies 

which possess a potential application to over 1,000 dom inant genetic d isorders in 

addition to a  variety of p53 related cancers and a num ber of infectious disorders.

The focus of th is chapter is the design and application of ribozym es for the first 

strategy described above targeting the UTRs of hum an periphe rin /rd s . Cleavage of 5 ’ 

UTR destabilizes the mRNA leading to rapid degradation thereby preventing its 

translation into m utan t protein product. Similarly cleavage of 3 ’ mRNA greatly 

destabilizes the message affecting the mRNA half-life and  preventing mRNA 

translation.
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3,2 Materials and Methods

3.2.1 Ribozyme target constructs:

Human peripherin cDNA.

The full length hum an  peripherin cDNA including 5TJTR, kindly provided by Dr. 

Gabriel Travis, was cloned into the EcoRl site of pBluescript or pCDNAS.O and 
expressed from the T7 prom oters after digestion with Bglll.
Hybrid peripherin cDNA, hPerHl.

A hum an peripherin cDNA with altered 5’ non-coding sequences w as generated 

(hPerHl) by replacing a  portion of hum an peripherin 5’ UTR sequence (base #76-212) 
with mouse periphe rin /rd s  5 ’ UTR sequence (base # 84-250) (kindly generated by Dr. 

G.J. Farrar). The clone with altered 5’-UTR sequence was generated using  prim er- 

driven PCR m utagenesis (Figure 1) of a BarrMl site (in the 5 ’-UTR) - BgRl (in the 

coding sequence) DNA fragment. The clone contains hum an p e rip h e rin /rd s  5 ’-UTR 

sequences until the BamHl site at position 76, then mouse p e rip h e rin /rd s  5 ’-UTR 

sequence (at position 84) until the ATG start site, where it re tu rn s  to hum an  

peripherin /rds sequence. The clone was digested with A yr//prior to expression from 

the T7 promoter. The UTR sequence was altered a t both the ribozyme cleavage site 

and a t the ribozyme antisense arm s to prevent ribozyme cleavage and  ribozyme 

binding to transcrip ts from the modified replacement gene.

Table 1. Restriction endonuclease sites used for linearisation of h u m an  peripherin 

target and hybrid, and RNA sizes of cleavage products yielded after incubation  with 

ribozyme constructs. The peripherin/rds cloned into the pBS vector w as u sed  for th is 

study.

Construct___________ Restriction enzvme_________ RNA size Cleavage products
Peripherin (pBS) BgUl 489 238 + 251 (Rz 8)

3.2.2 RNA secondary structure and ribozyme design:

The prim ary DNA sequence for hum an p e rip h e rin /rd s  w as retrieved from the 

G enbank database, accession num ber M62958. The com puter program m es Mfold 

and  PlotFold from GCG Wisconsin were used to generate two-dim ensional RNA 

secondary structu res by employing the m ost recent energy m inim isation m ethods of 

Zuker (1989). The 10 m ost probable folding s tru c tu res  with the lowest free energy 

(AG) value were evaluated for large open loop s truc tu res  containing NUX ham m erhead

194 + 295 (Rz 9)
Peripherin (pCDNA3) 
Peripherin hPerH l 
Ribozyme 8 
Ribozyme 9

Bgm
Avrll
Xbal
Xbal

545
331
60
60
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ribo^m e c le a v a g e  sites flanked by suitable antisense arm s (figures 2 and  3). 

Cleavage sites were chosen by assessing three basic criteria; (1) an  NUX site (N=A, U, 

C or G; U=Uracil; X=A, U or C bu t not G) was chosen with a particu lar bias based on 

the findings of Zoum adakis and Tabler (1995) who tested the cleavage efficiencies of 

the 12 combinations available in an  NUX conformation (in order of cleavage efficiency; 

AUC> GUC> UUC> AUA> GUA> AUU> CUC> UUA> GUU> CUA> CUU> UUU). In the 

study by Zoumadakis and Tabler (1995), where possible, AUC was deemed to be a  

first preference possessing 40 times greater efficiency than UUU. (2) Uneven and  even 
antisense arm s (of 8 and  7, or 7 and 7 bases) were designed by compromising between 

specificity of the ribozyme and ribozyme turnover time. A minimum sequence of ~15 
bases is required to score a  unique hit in the 3x1 Q9 base hum an genome. Longer 

antisense arm s may either interact with each other or decrease the ra te  of ribozyme 

disassociation ( k c a t )  while shorter arms may be insufficiently specific to b ind the 

correct target ( k m ) .  (3) The NUX site m ust be present, preferably in the  middle, of a  
large open conserved loop structure in the RNA with the an tisense ta rge ts also in  a 

single-stranded conformation.

3.2.3 Ribozymes constructs'.

Hammerhead ribozymes, ribozyme 8 (Rz8) and ribozyme 9 (Rz9) (Figure 4 and  5) 

designed to target open loops in the 5-UTR were cloned into the Hmdlll and  Xbcd sites 

of pCDNA3.0. The target sites for P?z8 and Rz9 were CUA and GUU a t positions 234- 

236 and 190-192 respectively of the hum an p erip h e rin /rd s  mRNA sequence. 

Ribozymes were synthesised by VH Bio as two single stranded  forward and  reverse 

oligonucleotides. Oligonucleotide fragments were purified using  OPC colum ns 

(Applied Biosystems); the forward and reverse strands were annealed  by incubating 

lOug of each in a 40ul reaction of 25mM NaCl a t 94°C for 3 m inu tes and  incubated  a t 

room tem perature overnight. Antisense flanks of ribozymes are  underlined. Both 

ribozyme designs were ham m erhead ribozymes com prising the consensus sequence 

for the catalytic core as determined by Haselhoff (1989).

R ibo^m e 8 (Rz8); CCAAGUGCUGAUGAGUCCGUGAGGACGAAAGUCCGG

Ribozyme 9 (Rz9): CAAACCUUCUGAUGAGUCCGUGAGGACGAAACGAGCC
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3.2.4 Cloning and transformation:

Hammerhead ribozymes were cloned into the Hindlll and Xbal sites of pCDNAS.O in 
ligation reactions of 15pl as described in chapter 2. To generate competent cells 
overnight inoculums of XLIB cultures were grown to exponential phase (O.D. =0.2-0.3 
at A 600 nm), chilled on ice for 45 minutes, pelleted at 2200g for 10 minutes, washed 
in 50mM CaCh and resuspended in 50mls 50mM CaCb for a minimum of 1 hour. 
Following an additional centrifugation at 2200gf for 10 minutes the cell pellets were 
resuspended in 5mls 50mM CaCl2, 8pl of ligation reactions were mixed with SOOpl 
competent cells and spread as a bacterial lawn on selective medium. Positive clones 
isolated by ampicillin resistance were inoculated in lOmL overnight LB following 
amplification in 200mls LB media and plasmid purification using a  Qiagen kit in 
accordance with the manufacturer’s instructions.

3.2.5 Automated sequencing:

All clones and various PCR fragments were sequenced by Dr. Sophie Kiang, Avril 
Kennan, and the author on an Applied Biosystems (ABI) 373A DNA sequencer using 
standard protocols (see Materials fisMethods, Chap 2).

3.2.6 Transcription, MgCb curves and time point cleavage reactions:

Optimal yields of RNA from transcription reactions (described in chapter 2) were 
obtained by using Qiagen prepared or CsCl prepared DNA digested with the 
appropriate restriction enzyme (see Table 1). Transcriptions were carried out using a 
Ribomax kit, as previously described in chapter 2. Hammerhead ribozyme cleavage 
reactions were performed in a solution of 50mM Tris-HCl, pH 8.0 a t 37°C for 180 
minutes, with varying MgCk concentrations (0-15mM). Timepoint cleavage reactions 
from 0 to 180 minutes were carried out a t pre-determined optimal MgCb 
concentrations. Molar ratios of ribozyme: template were approximately 100:1 
Radiolabelled templates, hybrids and cleavage products were electrophoresed on 4-8% 
polyacrylamide gels and analysed by autoradiography. Cleavage efficiencies were 
determined using an Instant Imager (Packard). The predicted size of template, hybrid 
and cleavage product RNAs are given in Table 1.

3.2.7 Determining molar ratios o f template: ribozyme for cleavage reactions:

The levels of ribo^m e required to achieve efficient cleavage were estimated for 
ribozyme 8 and ribozyme 9 by using varying molar ratios of ribozyme to template RNA 
in 180 minute reactions at 37 C. Ratios of ribozyme to template varied between 1:1,

61



1:10, 1:25, 1:50, 1:100, 1:250, 1;500, 1:1000. Molar ratios of ribozyme; template were 

calculated as follows: [a]/ [c/d] x [e/f] = b = 1:1 ratio where

a = number of disintegrations of template used in reaction, 
b = number of disintegrations of ribozyme to be used in reaction, 
c = ratio of “hot’ rUTP to ‘cold’ rUTP in template reaction, 
d = ratio of “hot’ rUTP to ‘cold’ rUTP in ribozyme reaction, 
e = length of template (bases) and
f = length of ribozyme (calculated as -60 bases for each ribozyme).
Disintegrations per minute (dpm) were quantified in a liquid scintillation counter and 
values were used to calculate the required cleavage reaction volumes for 100:1 
reactions.

3.2.8 DNA radiolabelled ladder.

Msp I cut pBR322 was end labeled using standard protocols. As DNA and RNA do not 
migrate through the polyacrylamide gel at the same speed the DNA ladder was used 
only as a  rough estimate of cleavage product size (see figure 6)
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3.3 Results

3.3.1 Mfold and Plotfold algorithms: The GCG Wisconsin software package provided 

the 10 most probable folding structures with the lowest free energy (AG) value. As can 

be seen from figures 2 and 3 (RNA plotfold of human peripherin/rds) there are a 

number of open loop structures that would appear to present ideal ribo^m e targets 

such as loops #260, #360 or #1370. However, the nucleotide sequence in these 

regions contains no NUX sites ruling them out for consideration as a ribozyme target. 
The loops indicated by red arrows in figures 2 and 3 illustrate the target sites for Rz8 
and Rz9 which, despite been of smaller size than loops #260, #360 or #1370, proved 
to be effective targets for in vitro cleavage.

3.3.2 MgCh curve for Ribozyme 8: Cleavage of the unadapted human peripherin/rds 

mRNA by Rz8 after incubation at 37°C with 0, 5, 10 and 15mM MgCb respectively for 

180 minutes showed good cleavage of the target transcript at all MgCb concentrations 

except OmM (Figure 7). The predicted cleavage products of 251 and 238 bases were 

readily discernible by polyaciylamide gel electrophoresis and autoradiography. In 

contrast to these observations the modified transcript, hPerHl RNA, following 

incubation with Rz8 in buffer containing 0, 5, 10 and 15mM MgCb at 37°C for 180 

minutes showed no cleavage products at any of the MgCl2 concentrations.

3.3.3 Time point for Ribozyme 8: Cleavage of the unadapted human peripherin/rds 

mRNAs following incubation with Rz 8 for 0, 60 mins, 120 mins and 180 mins (Figure 

8) at 37°C with 15mM MgCb yielded predicted RNA products of 251 and 238 bases. 
In contrast, adapted hPerHl RNA under the same experimental conditions with Rz8 

remained intact exhibiting no transcript cleavage when examined by autoradiography 

following polyaciylamide gel electrophoresis

3.3.4 Mg curve for Ribozyme 9; Results for Rz9 showed a similar effect on unadapted 

and adapted peripherin/rds RNA. Again, cleavage of the unadapted human 

peripherin/rds mRNA following incubation with Rz9 in buffer containing 0, 5, 10 and 

15mM MgCla at 37°C for 180 minutes (Figure 9) showed good cleavage at all MgCb 

concentrations except OmM. Predicted cleavage products of 295 and 194 bases were 

readily discernible by autoradiography following polyacrylamide gel electrophoresis. In 

contrast, adapted hPerHl RNA following incubation with Rz9 in buffer containing 0, 
5, 10 and 15mM MgCls at 37°C for 180 minutes showed no cleavage products at any 

of the MgCla concentrations.

3.3.5 Time point for Ribozyme 9: Cleavage of the unadapted human peripherin/rds 

mRNAs following incubation with Rz9 for 0, 60 mins, 120 mins and 180 mins (Figure
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10) was achieved a t 37°C with 15mM MgCb yielding predicted RNA products of 295 
and 194 bases. In contrast, adapted hPerH l mRNA under the sam e experimental 

conditions incubated with Rz9 remained in tact exhibiting no transcrip t cleavage w hen 
examined by autoradiography following polyacrylamide gel electrophoresis.

3.3.6 Molar excesses o fR zS  and Rz9:

To determine the maxim um  efficiencies in terms of molar ratios of target:ribozyme, 
reactions were incubated for both Rz8 and Rz9 for 3 hours at 37°C and  15mM MgCb 

covering a  range of ratios from 1:1 to 1:1000. As shown in Figures 11 and  12, and  in 

Figures 13 and  14 ratios as low as 1:1 for Rz 9 and 1:50 for Rz 8 show a  percentage 
RNA target cleavage in excess of 50%. (Quantitation was performed by Dr Millington- 
Ward and Br. O’Neill)

3.3.7 Quantitation o f  Rz8 and Rz9 cleavage efficiencies:

Cleavage bands and in tact substrates were quantitated by m eans of a  phospho- 

imager and values were converted into percentages (Table 2) and  plotted against the 

ratio as illustrated in Figures 13 and 14 to determine the efficiency of ribozyme 

cleavage

Table 2: Q uantitative analysis of mRNA target cleavage by phospho-im aging *.

Ratio 1:0 1:1 1:2 1:5 1:10 1:25 1:50 1:100 1:200 1:250 1:500 1:1000
Rz
8

%RNA
cleaved

0 24.19 23.75 26.41 32.27 - 48.35 65.68 73.61 - - -

Rz
9

%oRNA
cleaved

- 66.84 - 80.11 81.94 86.13 84.94 86.82 91.73 92.36 92.79

* A gross count is expressed as an arbitrary unit calculated by particle detection on a Becton Dickinson  
phosphoimager and the percentage o f total calculates the percentage o f  remaining target substrate at each  
indicated time point.

As may be observed from this table ribozyme cleavage increased w ith increasing  ratios 

of target: ribozyme as one might expect. It is clear from the  da ta  th a t in intro Rz9 

appeared to elicit more efficient cleavage of the target RNA th a n  RzS. Rz9 showed 

66.84% cleavage of target mRNA a t a  ratio of 1:1 com pared to 24.195 cleavage of 

target mRNA a t a  similar ratio for Rz8.
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3.4 Discussion

The essence of the strategies described involves gene suppression and  replacem ent 

such tha t the replacem ent gene cannot be silenced. Notably the strategy is m utation- 

independent and in principle could be used to treat any patient with a m utation in the 
peripherin/ rds gene irrespective of the site of the mutation. The resu lts from the 

experiments described here support, in principle, the validity of the suppression 

/replacem ent strategy as a m eans to develop gene therapy protocols attem pting to 
correct dom inant genetic defects. The strategy has simply been dem onstrated  in intro. 

Translation of the strategy to an in vivo context will involve significant additional 

complications not least of which include the method of delivery of such  a  therapy  and  

the potential aberran t effects caused by altering the production and  degradation of 

the target transcrip t. Many of these issues, including ribozyme delivery successes 

among other groups working in the field, are discussed in depth  in chap ter 1. 

Notwithstanding these critical factors, the potential broad application of such  a  

strategy as a  therapeutic approach to a  wide range of heterogeneous genetic disorders 

provides a  clear rationale to further explore the validity of these  strategies. 

Consequently, in vivo studies for mutation-independent strategies are on going w ithin 

the Ocular Genetics Unit.

It is worth re-iterating tha t the intra-allelic heterogeneity associated w ith rhodopsin 

and peripherin-linked adRP has parallels in many other dom inant d isorders which 

include osteogenesis imperfecta, epidermolysis bullosa and  hypertrophic 

cardiomyopathy. As individual m utations are often rare  and  seldomly create NUX 

sites there is a  clear necessity for m utation-independent therapeu tic  strategies. 

Additionally, the practicalities of cost and the technical logistics of genetic engineering 

involved in designing potential therapies for each individual m utation  are powerful 

argum ents for a  more stream  lined approach. The work presented  here provides for a 

m utation independent strategy aimed at providing a  potential trea tm en t protocol for 

RP independent of the causative mutation.

Hamm erhead ribozymes have emerged as formidable agents in the  selective silencing 

of gene transcrip ts. The specificity achieved w ith ham m erhead  ribozymes is a 

function of the  antisense arm s flanking a  potential NUX site in  an  accessible open 

loop structure . Such stringent requirem ents for efficient cleavage severely limit the 

choice of substra te  targets. S uppression/replacem ent strategies redress th is 
shortcom ing by broadening the potential num ber of possible targets in a  given 

transcrip t through employing a NUX m asking step allowing for wild type expression. 

The replacem ent step in each of the strategies further provides a  m eans to circum vent 

difficulties presented by genetic heterogeneity. By introducing a  replacem ent gene
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with a  masked cleavage site there is no longer a necessity to design suppression 

effectors which aim to discriminate between mutated and wild type alleles.

Ribo2ym es 8 and 9 were designed to target NUX and GUX sites (CUA and GUU a t 

positions 234-236 and  190-192 respectively) at two predicted open loop s truc tu res  in 

the hum an peripherin/  rds mRNA 5’ UTR sequence (Figure 2 and 3). A hum an  
peripherin/rds cDNA with altered 5 ’ non-coding sequences was generated (hPerHl) by 

replacing a portion of hum an peripherin /rds 5’ UTR sequence (76-212) with m ouse 
peripherin/rds 5 ’ UTR sequence (bases 84-250), thereby altering sequences around  

the target sites for Rz8 and Rz9. Although efficient cleavage was obtained w ith both 

ribo^m es, cleavage profiles a t various MgCb concentrations varied between RzB and  

Rz9 with Rz9 active over a broader range. Some ribozymes may be preferentially 

active under physiological conditions; combinations of ribozymes targeting different 

predicted two-dimensional RNA conformations or requiring different in tracellu lar 

conditions m ay be required to achieve effective cleavage in vivo. A lthough in  the 

current example significant modifications were made to the replacem ent gene such  

tha t the ribozyme could not cleave or bind to the target, it is w orth noting th a t, if 

necessary, more subtle modifications are possible involving only a single nucleotide 

change to abolish ribozyme cleavage.

As may be observed from figures 7, 8, 9 and 10 (MgCb curve gels and  tim epoints of 

such cleavage reactions) Rz 8 and Rz 9 were highly efficient a t cleaving the ir sub stra te  

target while leaving the adapted peripherin /rds transcrip t in tact. These ribozymes 

have been further characterized by Dr, O’Neill and Dr. Millington-W ard who have 

dem onstrated highly efficient kinetic values for both ribozymes [Vmax of 0 .23m in-l 

and km of 13.1nM for Rz9). These and other ribozymes have been developed into 

therapeutic products (GeneXchange -  see page 10) to address dom inan t RP.

The experim ents performed in this thesis employed ham m erhead  ribozym es directed 
a t the 5 ’ UTR of hum an peripherin/rds. Other ta rge ts in 3 ’ UTR sequences, in 

intronic sequences or other non-coding sequence may be sim ilarly targeted. 

U ntranslated regions, especially those 5 ’ of a gene’s coding sequence containing 

ribosomal recognition motifs, provide attractive targets as  they have the  potential to 

ablate gene expression prior to the initiation of protein synthesis. Altered cDNAs 

(replacement genes) were generated by PCR m utagenesis as described. Due to the 

absence of the target site the RNA from th is  altered co nstruc t rem ained in tact being 

entirely protected from ribo^m e cleavage. O ther work in  th is  lab h a s  dem onstrated 

th a t changing as little as a single base is sufficient to m ask  a  r ib o ^ m e  cleavage site to 

confer complete protection. Contrastingly, RNA from un-altered  cDNA constructs 

when mixed separately with ribozyme 8 (Rz8) and  r ib o ^ m e  9 (Rz9) dem onstrated 

sequence specific cleavage as evident from the m olecular weight of gel products
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observed following MgCl2 curve and time-point reactions. The role of 5 ’ elem ents in 

the regulation of gene expression has been established in many experim ental system s 

and across a broad range of species. Though little is known of the regulatory 
processes occurring with rhodopsin and peripherin/ rds in rod photoreceptor cells it is 

most unlikely that the global features of transcription and translation would be very 

different from those already found in the general molecular biology literature. The 

preliminary data in th is chapter suggests that the strategy adopted here would m ost 

likely antagonise norm al transcrip tion/translation of the targeted allele. A num ber of 
ribozymes are now in operation in a  variety of systems dem onstrating th a t cleavage a t 

the mRNA level has parallel effects on the protein expression level (Zhao, 1993; Efrat, 
1994; Little, 1995; Zubayko, 1997).

A central obstacle to the present therapeutic strategy is the delivery of such  m olecular 

tools to target organs in a  safe and efficient vector aimed a t achieving tissue- and  

level- specific expression. To effectively suppress m utated  alleles a  sufficient 

concentration of ribozyme is required to keep pace w ith the transcrip tion  of the 

ribozymes target. Additionally, the ribo^m e m ust be expressed both  tem porally and  

spatially in a  m anner th a t facilitates detection, binding and cleavage of su b stra te  

target. Similar variables will be of primary concern for the in troduction  of 

replacement genes which will require a tissue- and level- specific expression if rescue 
is to be achieved.
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Retinal cDNA 
susceptible to 

vTibozymc cleavage

pcDNA3 i \R
5^ kb

Two  P C R  r e a c t i o n s  
using primer pairs 

FI & R] and F2 & R2

PCR product 1

PCR product 2

PCR3 wi th P C R I & 2  p r o d u c t s  
u s i n g  FI & R2 p r i m e r s

Mutagenised 
retinal cDNA masked 

from ribozyme 
cleavage

pcDNAS
S^kb

Figure 1: PCR primer-directed mutagenesis is employed to engineer single or multiple base 
nucleotide alterations in specific sequences. In this instance the process was used to generate a 
hybrid peripherin construct, hPerHl, in which a section of the 5’UTR of human peripherin was 
removed and replaced with mouse 5’UTR sequence from base number 84 to the ATG start site 
where the sequence reverts to human peripherin. This is achieved, as illustrated, by generating 
two complementary primers with incorporated nucleotide alterations designed to span the 
targeted ribozyme cleavage site (F2 and Rl). Two flanking primers (FI and R2) and the 
mutagenised primers were used to perform standard PCR reactions to yield products 
containing the incorporated mutagenised sites. Following gel isolation of the products a third 
PCR was performed using the flanking primers FI and R l. The fmal PCR product carried an 
incorporated sequence alteration encoding an RNA transcript protected from ribozyme 
cleavage.
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Figure 2:Human peripherin/?-ife mRNA secondary structure as predicted by the computer algorithm Mfold 
(Zuker, 1989), A red arrow indicates a CUA cleavage site at position 234-236 targeted by Ribozyme 8.



Figure 3:Human peripherin/rcfc mRNA secondary structure as predicted by the computer algorithm Mfold 
(Zuker, 1989). A red arrow indicates a GUU cleavage site at position 190-192 targeted by Ribozyme 9.



Figure 3(a): Sequence analysis and alignment of human and mouse 5’ UTR peripherin/rds. Underlined 
sequence in bold typeset shows the BamHl site in human peripherin/rcfc followed by the atg  start site at 
base #250. The atg start site in mouse peripherin/rcfe is hi^lighted in bold typeset at base #213. On the 
nucleotide level, the human and mouse cDNAs are 76.5% identical. At position 234-236 (the CUA target 
ioxRzS, highlighted in blue) and position 190-192 (the GUU target forife 9, highlighted in blue) of the 
human peripherin/rcfa sequence the alignment reveals the loss of these sites at the c o r r e s p o n d i n g  mouse 
sequence.

Human periphrin/rds (accession# m629S8, bases 1-300)

gaattcttcagcgcccaggaccaggactatcccctgctcaagctgtgattccgagacccc 60
tgccaccactactgcattcacggggatocaggctagtgggactcgacatgggtagcccc 120
cagggcagctccctacagcttgggccatctgcacttttcccaaggccctaagtctccgcc 180
tctgggctcgttaaggtttggggtgggagctgtgctgtgggaagcaacccggactacact 240
tggcaagcfl^cgctactgaaagtcaagtttgaccagaagaagcgggtcaagttggccc 300

Mouse peripherin/rds (accession# xl4770, bases 1-300)

aaggactctgcagatacggcggcctagattagctccggctaccgttactgagttaacggg 60
gatcccaagctagggaggccccaaaatgggcaactccctgcagcttgggcccatggtgct 120
cttccctagaccctagcggtccagccccggagctcactcggattaggagtggaagctgaa 180
ccgtgggaggctgctgaacgcactcggtaagcajggcgctgctcaaagtcaagtttgacc 240
agaagaagcgggtcaagttggcccaggggctctggcttatgaactggctgtccgtgttgg 300

CLUSTAL W (1,8) sequence alignment of human and mouse 5’ UTR sequence;
H u m an  G AA TTCTTCAGCGCCCAGGACCAGGACTATCCCCTGCTCAAGCTGTGATTCCGA— GACC 5 8
M o u s e  ---------------------------------------------------A A G G A C --T  CTGCAGATACGGCGGCCTAGATTAGCT 3 4

* * * * *  *  * * * *  *  *  *  *  * *  *

H um an  CCTGCCACCACTACTGCATTCACGGGGATCCCAGGCTAGTGGGACTCGACATGGGTAGCC 1 1 8
M o u s e  CCGGCTACCGTTACTGAGTTAACGGGGATCCCAAGCTAGGGAGGCCCCAAAATGG------------ 8 9

* *  * *  * * *  * * * * *  * *  * * * * * * * * * * * *  * * * * *  * * * * * *  * *

H u m an  CCCA GG G CA G CTCC CTA CA G CTTG G G CCA TCTG CA CTTTTC CCA A G G CCCTA A G TCTCC- 1 7 7
M o u s e  _________ G CA A CTCCCTGCA G CTTG G GCCCATG G TG CTCTTCCCTA GA CCCTAG CG GTCCA  1 4 3

* * *  * * * * * *  * * * * * * * * * * *  *  * *  * * * * *  * *  * * * * *  * * *

H u m an  GCCTCTGGGCTCGTTAAGGTTTGGGGTGGGAGCTGTGCTGTGGGAAGCAACCCGGACTAC 2 3 7
M o u s e  GCCCCGGAGCTCACICGGATTAGGAGTGGAAGCTGAACCGTGGGAGGCTGCT— GAACGC 2 0 1

* * *  * * * * * *  * * * *  * *  * * * *  * * * * *  * * * * * * *  * *  * * *  * 

H u m an  ACTTGGCAAGCATGGCGCTACTGAAAGTCAAGTTTGACCAGAAGAAGCGGGTCAAGTTGG 2 9 7
M o u s e  ACTCGGTAAGCATGGCGCTGCTCAAAGTCAAGTTTGACCAGAAGAAGCGGGTCAAGTTGG 2 6 1

* * *  * *  * * * * * * * * * * * *  * *  * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * *  

H u m an  c;;;cc - _________________________________________________
M o u s e  CCCAGGGGCTCTGGCTTATGAACTGGCTGTCCGTGTTGG 3 0 0
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F*gure 4: Sequence structure of Ribozyme 8 (Rz 8) designed against human peripherin/rtfe niRNA 
Antisense arms of Rz 8 are in red, conserved ribozyme sequence is in blue, the unpaired adenosine in 
IS indicated by an arrow and target peripherin/rtfe mRNA is in black.
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Figure 5: Sequence stracture of Ribozyme 9 (Rz 9) designed against human peripherin/rcfe mRNA
Antisense arms of Rz 9 are in red, conserved ribozyme sequence is in blue, the unpaired adenosine in green 
is indicated by an arrow and target peripherin/rifc mRNA is in black.
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Figure 6: Msp I  cut pBR322 radio-nucleotide labeled (aP^^) DNA ladder used to estimate full length and 
cleavage products of in vitro expressed mRNA.
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Figure 7- MgCl, curve for Rz 8 vs unadapted and adapted human periphenn mRNA. Lane 1, DNA 
ladder- Lane 2 to 5 Rz 8 vs unadapted human peripherin/rcfe mRNA at 0, 5, 10 and 15mM MgOz 
respectively for 3 hours at 37“C; Lane 6 to 9, Rz 8 vs adapted human penphenn/rcfc mRNA (hPerHl) at 0 
5,10 and 15mM MgCl2 respectively for 3 hours at 37»C; Lane 10, unadapted human penphenn/rcfc mRNA 
alone; Lane 11 adapted human peripherin/r f̂c mRNA (hPerHl) alone; Lane 12, DNA ladder. Red arrows 
on left side of autorad from top to bottom indicate peripherin/rtfe mRNA target o f 489 bases and cleavage 
products of 251 and 238 bases respectively. Blue arrow on nght side of autorad mdicates adapted 
replacement peripherin/rtfe mRNA of 331 bases.
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Figure 8: Timepoint cleavage reaction of Rz 8 v. unadapted and adapted human p enphen^r^  mRNA, 
Lane 1 DNA ladder' Lane 2 to 5, Rz 8 vs unadapted and adapted human penphenn/r^fe mRNA at 0, 1 2, 
and 3 hours resnectivelv for 3 hours at 37T; Lane 6, intact unadapted and adapted human penphenn/r^fc 
mRNA without Rz 8; Lane 1, DNA ladder. Red arrows on left side of autorad from top to bottom mdicate 
peripherin/r^. mRNA target of 489 bases and cleavage products of 251 and 238 bases respectively. Blue 
arrow on right side of autorad indicates adapted replacement penphenn/rd. mRNA of 331 bases.
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Figure 9; MgCh  curve for Rz 9 vs unadapted and adapted human peripherin/rc/s mRNA. Lane 1, DNA 
ladder- Lane 2 to 5 Rz 9 V5 unadapted human peripherin/r* mRNA at 0, 5, 10 and 15mM MgClz 
respectively for 3 hours at 37T ; Lane 6 to 9, Rz 9 vs adapted human peripherin/rcfe mRNA (hPerHl) at 0, 
5, 10 and 15mM MgClj respectively for 3 hours at 37°C; Lane 10, unadapted human penpherin//-c* mRNA 
alone- Lane 11 adapted human peripherin/rd!s mRNA (hPerHl) alone. Red arrows on left side of autorad 
from top to bottom indicate peripherin/rds mRNA target of 489 bases and cleavage products of 295 and 
194 bases respectively. Blue arrow on right side of autorad indicates adapted replacement penphenn/rt* 
mRNA of 331 bases.
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Figure 10: Timepoint cleavage reaction of Rz 9 V5 unadapted and adapted human peripherin/ri/s mRNA. 
Lane 1 and 2, DNA ladder; Lane 3 to 6, Rz 9 vs unadapted and adapted human peripherin/rcfe mRNA at 0, 
1, 2, and 3 hours respectively for 3 hours at 37°C; (Time 0 was taken after the addition of ribozyme). Lane 

intact unadapted and adapted human peripherin/rcfc mRNA without Rz 9; Lane 8, DNA ladder. Red 
arrows on left side of autorad from top to bottom indicate peripherin/A-rfs mRNA target of 489 bases and 
cleavage products o f 295 and 194 bases respectively. Blue arrow on right side of autorad indicates adapted 
replacement peripherin/rd!s mRNA of 331 bases.



Figure 11; Autoradiograph o f varying ratios of Ribo2yme 8 V5. liuman peripherin/rtfe mRNA. Reactions 
were incubated for 3 hours at 37”C in the presence of 15mM MgC^. Lane 1 to 8 represent ratios o f 
Ribozyme 8:targetm R N A of 1:0, 1:1, 1:2, 1:5, 1:10, 1:50, 1:100 and 1: 200 respectively. Red arrows from 
top to bottom indicate full length targets and cleavage products of 251 and 238 bases respectively.
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Figure 12: Autoradiograph of varying ratios of Ribozyme 9 vs. human peripherin/rcfe mRNA. Reactions 
were incubated for 3 hours at 37°C in the presence of 15mM MgClj. Lane 1 to 9 represent ratios of 
Ribozyme 9:target mRNA of 1:1, 1:5, 1:10, 1:25, 1:50, 1:100, 1:250, 1:500 and 1: 1000 respectively. Red 
arrow?s from top to bottom indicate full length targets and cleavage products of 295 and 194 bases
respectively.
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CHAPTER 4
Ribozymes targeting  caspase effector molecules in the  apop to tic

cascade.
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4.1  Introduction

The phenom enon of active cell death was first described by Gliicksman (1950) over 50 

years ago bu t was largely ignored until its near universal significance became 

apparrent in the early 1970s. Apoptosis, or programmed cell death, is a  mode of cell 

death characterised by distinct morphological changes (Kerr, 1972). Cellular blebbing, 

nuclear and cytoplasmic condensation, oligo-nucleosomal laddering and 
m itochondrial depolarisation are hallmark changes observed under several 

experimental system s (Martin, 1997). Cells may be observed to shrink and  become 
fragmented in to apoptotic bodies, which are removed either by macrophage or by 
neighbouring viable cells (Wyllie, 1980).

Despite the complexity in the primary genetic lesion the majority of RP retinopathies 

are thought to progress by m eans of a  continual apoptotic degeneration. Apoptotic 

cell death  in anim al models of RP has been recorded both through histological 
analysis and DNA fragmentation assays (Chang, 1993, Portera-Caillau, 1994) while a 

variety of external exogenous stimuli such as excessive light, hypoxia or lead similarly 
exhibit an  apoptotic phenotype (Hafezi, 1997; Buchi, 1992; Chang, 1995; Cook, 1995; 

Fox, 1997; and LaVail, 1992). Tissue loss mediated by apoptosis has been intensively 

investigated over the past ten years generating considerable da ta  on the m olecular 

biology of apoptotic cell death. A novel family of cysteine proteases, known as 

caspases (Table 1) th a t cleave their substrates after specific asp arta te  acid residues 

have been identified as fundamental components of the apoptotic m achinery 

(Lazebnik, 1994; Alnemri, 1996; Fernandes-Alnemri, 1994). Detailed biochemical 
cascades have recently been described for a num ber of these caspase molecules (Slee, 

1999). Caspases are generally synthesised as inactive zymogens w hich undergo 

autocatalytic processing in response to upstream  signalling. However, response a t the 

transcriptional level has been observed in a num ber of cases and th is becomes a 

critical factor in the context of a slow degenerative illness over a  long period of time, 

such as is the case with Retinitis pigmentosa.

Procaspase -3 mRNA levels have been shown to be elevated in m ouse neurons in vitro 

and in vivo following apoptosis-promoting insults. In a ra t model of axotomy-induced 

motor neuron death (Guarin, 1999) mRNA levels of caspase -3 have been shown to be 

significantly elevated in comparison to control subjects. Consequently, it may be 

reasonable to employ suppression agents such as ribozymes in th is model to in terrupt 

translation of elevated mRNA to prevent caspase effectors from mediating apoptotic 

cell death. A separate study of caspase -3 mRNA activity in  a ra t model of focal 
ischem ia has used quantitative reverse transcrip tion and polymerase chain reaction 

(RT-PCR) to assay the apoptotic response induced through subm itting anesthesised
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subjects to mid-cerebral arterial occlusion (Harrison, 2000). In response to such  
arterial occlusion caspase -3 mRNA levels increased by 41% within 6 hours and  to 

220% within 24 hours while housekeeping genes, assayed in parallel, showed no 
change. It is worth noting tha t such experimental results were observed over a  time 

course of 24 hours. In animal models exhibiting a slower apoptotic demise it is 

reasonable th a t the translation of de novo caspase -3, rather than  inactive caspase -3 

zymogens, would be critical to executing the apoptotic programme. Similarly, in 

tissue culture experiments increases in the level of caspase -3 mRNA have been 

reported in response to apoptotic stimuli. In cultured cerebellar granule neurons a 
reduction of extracellular K+ reliably induces apoptosis and stim ulates the 

overexpression of IRP (ICE related protease) mRNA, a gene cloned from the ra t brain  

which displays strong sequence identity to human caspase -3 (Ni, 1997). Induction of 

IRP mRNA and of apoptotic cell death can be completely blocked in th is model by 

adding depolarising concentrations of K'̂ . A further example of increases in levels of 
caspase -3 mRNA have been observed in a transient cerebral ischemic ra t model of 
neuronal cell death (Chen, 1998). In this study in situ hybridisation. N orthern and 

W estern blot analyses and double labelled immunohistochemistiy recorded increases 
in both caspase -3 mRNA and protein expression in the ra t brain. W hat is significant 
about these studies is the fact tha t in animal models of neural degeneration the  key 

regulatory elements for commiting cells to an apoptotic phenotype may be m ediated a t 

the RNA level in contrast to tissue culture observations of zymogen processing. This 

contrast may hold significant implications in the development of therapeutic 

strategies for degenerative illnesses. Where the pathology of m any retinopath ies is 
characterised by a  slow degenerative loss of photoreceptors it may be possible to 

interfere with apoptotic cell death at the genetic level.
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Table 1 Selected properties o f known caspases:

Name Preferred substrate 
amino acid sequence

Inhibited by 
crmA p35 XIAP

Caspase 1 

Caspase 2 

Caspase 3 

Caspase 4 

Caspase 5 

Caspase 6 

Caspase 7 

Caspase 8 

Caspase 9 

Caspase 10

VEIDjX

DEVDJ.X

lETDiX

LEHD^X

lEADjX

YEVDiX

VDVADiX

DMQDiX

LEVDiX

(W/L)EHD|X

+

+

+
+
+

+

+
+

+

+

Caspase 11 

Caspase 12 

Caspase 13 

Caspase 14

*Aside from Caspase 12 and Crm A, the preferred substrate amino acid sequence and the effects 
of Crm A, p 3 5  and XIAP on Caspase 11, 12, 13 and 14 have ye t to be defined.(XIAP, X-linked 
inhibitor o f  apoptosis protein).

Apoptosis may be divided into three separate phases namely, initiation, execution and 

engulfment. C aspases are a family of cellular proteases responsible for m ediating the 

execution of the cell death programme and bringing about the co-ordinated 

deconstruction of the cell from within.

H um an caspases were implicated in this deconstruction of the cell by their homology 
with the CED-3 gene of C. elegans tha t was known to be required for program m ed cell 

death (Thornberry 1992; Horvitz 1993). CED-3 is related to m am m alian interleukin- 

1 P-converting enzyme (ICE or caspase 1) the first of a large family of proteases with 

distinct roles in inflammation and apoptosis (Horvitz, 1993). Caspase proteases share 
a  num ber of similarities with respect to their amino acid sequence, their structure 

and their substrate specificity (Nicholson, 1997). All are expressed as inactive 

proenzymes th a t become activated following proteolytic processing between distinct 

domains. Activated caspases cleave their target substra tes  after an  aspartic acid 

residue th a t requires a minimum of four amino acids NH-2 term inal to the cleavage 

site (Thornberry, 1997).

The relationship of caspase cleavage to cell death a t the molecular level is currently 

understood for a  num ber of substrates (see Table 2).
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Table 2. Selected polypeptides cleaved during apoptotic cell death

Polypeptides Cleavage
site

Responsible
caspase

Effect of cleavage Reference

Fodrin DETD/S 3 Plasma membrane 
blebbing

Ciyns, 1996

Lamin A VEID/N 6 Nuclear lamina 
disassembly

Lazebnik, 1993

70kD protein 
of UlsnRNP

DGPD/G 3 i RNA processing Casiano, 1996

Gas-2 SRVD/G ? Cytoskeleton
rearrangement

Brancolini, 1995

PARP DEVE/G 3, 7 ,9 J, synthesis of poly 
(ADP-ribose)

Kaufmann, 1989

PKC8 DEVD/K 3 Constitutively 
active kinase

Emoto, 1995

NFkB not known 3 1 NFkB dependent 
transcription

Ravi, 1998

pRb DEAD/S 3 ,7 Unoppossed E2F-1 
action

Janicke, 1996

BclXL HLAD/S 1, 3 Generates proapoptotic Clem, 1998 
fragment

Bid LQTD/G 8 Generates proapoptotic Li, 1998; 
fragment Lou, 1998

ICAD DEPD/S 3 Liberates CAD 
endonuclease

Sakahira, 1998

One clear example of caspase action from cause to effect is the  cleavage ^

ICAD/DF445 which releases CAD (caspase-activated deoxyribonuclease) to function 

as a  nuclease (Wang, 1997; Enari, 1998). Cleavage of ICAD/DF445 resu lts  in the 
activation of the CAD nucleolytic enzyme which is capable of cleaving chromosomal 
DNA at internucleosomal junctions. Cleavage a t such junc tions produces the 

characteristic DNA laddering effect often observed in cells undergoing apoptotic cell 

death.

At time of writing 14 mammalian caspases have been identified (Thornberiy, 1998) 

with varying functional overlap however three of the m ost widely studied apoptotic 

proteases, caspases -3, -8 and -9 show highly specific roles in both the initiation and 

execution phases of apoptotic cell death, (see figure 1). As indicated previously, 

caspase -3 mRNA has  been shown to be elevated in a  variety of experimental systems 

subjected to apoptotic stimuli.

In designing a genetic strategy to interfere with apoptotic cell death  the caspase 
targets th a t may be preferable to modulate are those whose actions are mediated at
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the apex of the apoptotic cascade (Slee, 1999). Several studies have dem onstrated th a t 
cytochrome c translocates from the mitochondrion to the cytosol during apoptosis 
(Liu, 1996; Kluck, 1997 a  and b; Reed, 1997; Yang, 1997; Bossy-Wetzel, 1998) and  

tha t this event may be regulated by proteins such as Bcl-2 (Kluck 1997 a; Yang, 1997; 

Li, 1998; Luo, 1998). In addition, studies of cell free systems have shown tha t 

cytochrome c, in conjunction with dATP, is capable of intiating apoptosis in a  num ber 
of different cell types. Furtherm ore, an  ordering of events immediately following 

cytochrome c release has shown cytochrome c binding and activating Apaf-1 (Zou,

1997) followed by the clustering of caspase -9 with activated Apaf-1 (Pan 1998 a; 

Srinivasula, 1998) to form the “apoptosome” (Li, 1997) and subsequent activation of 
caspase -3, caspase -6 and  -2 and caspase -8 and -10. Caspase -8 may also be 

activated independently of cytochrome c through ligand induced apoptosis (Muzio M,

1998). Notably, depletion of caspase -9 from experimental cell free system s rendered 
the majority of remaining caspases unresponsive to cyotchrome c activation (Slee,
1999).

Based on the molecular ordering of caspase activation, in addition to a  num ber of 

reports dem onstrating increased levels of caspase -3 mRNA in apoptotic cells (Ni, 
1997; Chen, 1998; Guarin, 1999; Harrison, 2000), Apaf 1, caspase -3, caspase-8  and 

caspase -9 were selected as targets for suppression using sequence specific 
ribo^m es. Given the central role of caspase -9 in orcheastrating cytochrome c 
m ediated apoptosis and caspase -8 in orcheastrating ligand induced apoptosis these 

two caspases were chosen as potentially valuable therapeutic targets for r ib o ^ m e  

suppression. Ribozymes, as described in chapter 1 and chap ter 3, are highly specific 

RNA nucleases which possess catalytic activity combined w ith a high degree of 

specificity allowing for the discrimination and down regulation of nucleic acid 

transcrip ts differing at as little as a single base. Ribozymes designed to cleave Apaf-1, 

caspase -3, -8 and  -9 mRNA should prevent subsequent translation  of these 
transcrip ts as the cleaved RNA is rapidly degraded w ithin the  cytoplasmic 

environment. Removing these RNA transcrip ts and consequently their protein 

products should inhibit cells so treated from mediating the  apoptotic cascade. 

Consequently, such a  strategy may be capable of stabilising a  cell population 

undergoing apoptotic cell death. In a disease pathology such  as RP, or indeed in a 

num ber of other neurodegenerative disorders which progress over a  long period of 

time, delaying or halting apoptotic cell death may be sufficient on its own to provide 

disease rescue (Davidson, 1998). However, even in the absence of functional rescue 

delaying cell death provides a window of opportunity w ithin which a  more direct 
approach to address the primary genetic fault may be attem pted. As em phasised in 

chapter 1, RP may be viewed as a disorder in which a  wide variety of m utations in 

m any different genes (the primary defect) eventually lead to the apoptotic cell death of 
photoreceptor cell populations (the secondary effect). The first step in addressing the
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primary gene defect is to ensure tha t there is a sufficient cell population to receive 

such a  treatm ent as there may be little hope of photoreceptor cell rescue if there are 
no photoreceptor cells. Devising strategies to interrupt the secondary effects of 

primary m utations leading to retinal degeneration are accordingly of critical 
im portance in the design of potential treatm ents for degenerative retinopathies.

Furtherm ore, as discussed extensively in chapter 6 of this thesis, attem pting to 

inhibit cell death in the cone photoreceptor population is an extremely desirable aim 

when one considers their function in photopic vision. It is notable th a t in m ost 

instances of RP the genetic fault lies within the rod photoreceptor population and  th a t 
cone cell degeneration appears to derive from a bystander effect despite the norm al 

healthy functioning of such cells. Accordingly, ribozymes directed against Apaf-1 and 

caspase family members may prove to be valuable tools to sustain  daylight vision in 

patients suffering a  degenerative retinopathy arising from m utations in rod specific 

genes.
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4.2  M aterials and  M ethods

4.2.1 Apoptotic target constructs

H um an clones of Apaf -1, caspase -3  and caspase -8 as detailed below, were kindly 
provided by Prof SJ Martin, Molecular Biology Lab, TCD

Apaf-1 full length cDNA cloned into pcDNAS.O (Zou, 1997 Cell, 90, 405-413).

Caspase -3 full length cDNA cloned into the EcoRl/Xbal sites of pcDNA3.0.

Caspase -8 full length cDNA cloned into the Kpnl/Bam H l sites of pcDNAS.O.

All target sequences were PCR amplified with a 5’ T7 promoter under the following 

conditions: lOOng target DNA was used as the substrate with prim ers a t a 
concentration of 10pM/|al using the reaction protocol of denaturing a t 94.0°C for 30 

seconds followed immediately by annealing at 55.0°C for 20 seconds and an  extension 

a t 72.0°C for 30 seconds, cycle repeated 35 times on a PTC 200 DNA Engine.

The following oligonucleotide primers were used to PCR amplify the apoptotic target 

molecules, underlined sequence refers to 5’ T7 promoter, and base num ber references 

in brackets refer to the base numbers as reported in the relevant accession # files:

Apaf-1 PCR 1:(accession# afO13263)
Forward prim er : TTAAATACGACTCACTATAGGGGGTCACCATACATGG (base#991-1005) 

Reverse prim er : GCGATTGGGAAAATCACGTA (base# 1536-1545)

Apaf-1 PCR 2:
Forward primer : TTAAATACGACTCACTATAGGGGGTGTTGAAAGCTTT (base# 1291-1305) 

Reverse prim er : GGGCCTACAAGTTCTGTTT (base#208l-2l00)

Caspase 3: (accession# u26943)
Forward prim er : TTA A ATACGACTCACTATAGGGATGGAGAACACTGAA (base# 1-15) 

Reverse prim er : CAGGTCCATTTGTTCCAAA (base# 386-400)

Caspase 8 PCR 1: (accession# u58M 3)

Forward primer : TTAAATACGACTCACTATAGGGGAAGCAAGAACCCA (base# 99-112) 

Reverse prim er : TCATGTCATCATCCAGTTT (base# 394-412)

Caspase 8 PCR 2: (accession# u58143)
Forward prim er : TTAAATACGACTCACTATAGGGGAGAGAAGCAGCAGC (base# 550-564) 

Reverse prim er : TCCAGCAAGGGAAGGGCACT (base# 1036-1050)
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PCR prim ers were designed to amplify 558, 803, 834, and 503 bases of the substra te  

targets of Apaf 1 PCR 1, Apaf 1 PCR 2, caspase 3 and caspase 8 respectively. The 
forward prim er for each PCR incorporated the T7 promoter. The resulting products 
and sizes obtained are provided in Table 4.

4.2.2 Hammerhead ribozymes designed against apoptotic constructs

Four ham m erhead ribozymes were designed in total and may be sum m arised as 
follows:

Table 3: List of rib o ^m es targeting apoptotic effectors and their target NUX site.

Ribozyme Target Cleavage site

Rz 1196 Apaf-1 CUU
Rz 1424 Apaf-1 AUU
Rz 192 Caspase 3 GUC
Rz 695 Caspase 8 CUC

Predicted mRNA structures were obtained using the RNA Mfold and  Plotfold 

programm es from GCG Wisconsin and ribozymes were designed to target open loop 

structu res in RNAs th a t were likely to be accessible to ribozymes (Figures 2-5).

Ribozyme sequences (figure 6-9) indicated below are w ritten in  the 5 ’-^3’ direction, 
with an tisense arm s underlined flanking either side of the ribozyme’s catalytic core:

Rz 1196 ; TAAGTGGCTGATGAGTCCGTGAGGACGAAAA G CCTCT

Rz 1424 : AGGGATAACTGATGAGTCCGTGAGGACGAAAATTTCAA

Rz 192 : TGTACCACTGATGAGTCCGTGAGGACGAAACCGAGAT 

Rz 685 : TATCCCCCTGATGAGTCCGTGAGGACGAAAAGGTTTG

Each construct was a ham merhead ribozyme and contained a  consensus sequence 

identified by Haselhoff (1989) (see chapter 1). DNA sequence w as synthesised as two 

single stranded forward and reverse oligonucleotides (Sigma-Genosys) which were 
cleaned by phenol/chloroform extraction, electrophoresed on a  2% agarose gel and 

visualised. Equal concentrations of forward and reverse oligonucleotides were heated 

to 94°C for 3 m inutes and allowed to anneal overnight in 25mM NaCl a t room 
tem perature. Double stranded inserts were cu t and ligated into pcDNA 3.0 (using
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standard  protocols described in chapter 2) using the Hind III and Xba I  in  the Multiple 
Cloning Site (MCS) permitting expression from either the T7 or CMV promoters.

4.2.3 Cloning and transformation

Both PCR samples of apoptotic targets and hammerhead ribozyme sequences were 

cleaned by phenol/chloroform extraction, cloned into pCDNAS.O and transfected into 
E.coli XL IB using the following protocol. Ligations and transform ations were 

performed as described in chapter 2 following which positive clones dem onstrating 

ampicillin resistance were picked with a sterile toothpick and grown in lOmL LB 

overnight prior to amplification in XL IB from which purified recom binant constructs 
were prepared using a Qiagen plasmid purification kit in accordance w ith the 
m anufacturer’s instructions.

4.2.4 Predicting RNA secondary structure

The prim ary DNA sequence for each of the apoptotic targets were retrieved from the 

Genbank database: Human Apaf-1, accession # af013263; hum an caspase -3 , 
accession # u l3737 ; hum an caspase -8, accession # u58143; and  hum an  caspase -9 , 

accession # u56390. Two-dimensional secondary RNA structu res of hum an  Apaf-1, 

hum an caspase -3  and caspase -8 were predicted using RNA Mfold and  PlotFOLD from 

GCG W isconsin (Figures 6-9) (Zuker, 1989). Ten predicted secondary s truc tu res, in 

order of a  negative AG (free energy), were assessed to accomodate variation in in ternal 
energy values. Each AG prediction was evaluated to insure the stability of open loop 

structures.

4.2.5 A ssessing RNA cleavage sites

The com puter programmes Mfold and PlotFold from GCG W isconsin were used to 
generate two-dimensional RNA secondary structu res by employing the m ost recent 

energy minimisation methods of Zuker (1989). The 10 m ost probable folding 

struc tu res with the lowest free energy (AG) value were evaluated for large open loop 

struc tu res containing NUX ham m erhead ribo2ym e cleavage sites flanked by suitable 

an tisense arm s. Cleavage sites were chosen by assessing th ree basic criteria: (1) an 

NUX site (N=A,U,C or G; U=Uracil; X=A,U or C bu t not G) was chosen with a 

particu lar bias based on the findings of Zoum adakis and Tabler (1995) who tested the 
cleavage efficiencies of the 12 combinations available in an  NUX conformation using 

the four bases (in order of cleavage efficiency: AUC> GUC> UUC> AUA> GUA> AUU> 
CUC> UUA> GUU> CUA> CUU> UUU). Where possible AUC, would be a first 

preference possessing 40 times greater efficiency than  UUU. (2) Uneven and even
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an tisense  a rm s (of 8 a n d  7, or 7 and  7 bases) were designed by com prom ising betw een 

specificity of the  ribozym e and  ribozyme turnover time. Statistically, a  m in im um  

sequence of -1 5  b ases  is required to score a  unique hit in th e  3x10^ base  h u m a n  

genome {The chance of any one base been  an  A, G, C or T is 1 in  4, the  ch an ce  of, for 

exam ple, six p a rticu la r bases  occurring beside each other is (1/4)® w hich  is 1 /4096 ; 

the chance  of getting a  un ique  1 /3  XIO^ h it is (1/4)" and therefore n , the  n u m b er of 

bases requ ired  to score 1 un ique  h it in 3 X 10^ is calculated by; (1/4)" = 1 /3  X 10^; 

n lo g (l/4 ) =log (1/3X109); a n  therefore n=log (l/3X109)/log (1/4) w hich equa ls  15.7, 

therefore a  sequence of approxim ately 15 bases is sufficient to score a  u n iq u e  h it in  

the  h u m a n  genome of 3 X 10® bases}. Longer antisense arm s m ay either in te rac t w ith  

each  o ther or decrease the  ra te  of ribozyme disassociation ( k c a t )  while sh o rte r  a rm s 

m ay be insufficiently specific to b ind the correct target ( k m ) .  In addition, ribozym es 

were designed to reflect a  balance between the purine and pyrim idine m oieties. (3) 

The NUX site m u st be p resen t, preferably in the middle, of a  large open conserved 

loop in  th e  predicted  mRNA stru c tu re  with the antisense targe ts  in a  s ing le -stranded  

conform ation.

4.2.6 Automated sequencing

All clones an d  various PCR fragm ents were sequenced by Dr. Sophie Kiang, Dr. Avril 

K ennan, and  the a u th o r  on an  Applied Biosystems (ABI) 373A DNA seq u en cer u s in g  

s ta n d a rd  protocols

4.2 .7  In vitro transcription ofRNA

O ptim al yields of RNA from in vitro transcrip tion  reactions were ob tained  u s in g  Qiagen 

p repared  or CsCl prepared DNA (see M aterials & M ethods, c h a p te r  2). DNA c o n stru c ts  

(either ribozyme clones or target PCR products) w ere linearised  a n d  expressed  in vitro 
u sin g  the  Promega Ribomax expression k it and  s ta n d a rd  protocols. Radiolabeling of 

RNA w as achieved by incorporating [aP^^JrUTP (Amersham) in  the  expression  reaction  

(M aterials & M ethods, Chap 2). Resulting mRNA w as ru n  on 4%  polyacrylam ide gels 

an d  w as purified from the gels using  0.3 M sodium  ace ta te  an d  0.2%  SDS. All 

ribozym e construc ts  were linearised w ith Xbol. The size of th e  ta rg e t RNA clones and  

the  expected size of the RNA products following ribozym e cleavage are  given in  Table 

4.
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Table 4: Details of target mRNAs and  predicted ribozyme cleavage products.

Target clone Length of target RNA Expected cleavage products

Apaf-1 -PCR 1 558 bases 360 + 198 (Rz 1196)
-PCR 2 803 bases 674 + 129 (Rz 1424)

Caspase 3 834 bases 642 + 192 (Rz 192)

Caspase 8 503 bases 3 5 3  + 150 (Rz 695)

4.2.8 Determining molar ratios o f template : ribozyme for cleavage reactions

The levels of r ib o ^ m e required to achieve efficient cleavage were estim ated for Rz 
1196, Rz 1424, Rz 192 and Rz 695 by using varying molar ratios of ribozyme to 
template RNA in 180 minute reactions a t 37°C. Ratios of ribozyme to tem plate varied 

between 1:1, 1:10, 1:25, 1:50, 1:100, 1:250, 1:500, 1:1000. Molar ratios of ribozyme: 

template were calculated as follows: [a]/ [c/d] x [e/f] = b = 1:1 ratio where

a  = num ber of disintegrations of template used in reaction, 

b = num ber of disintegrations of ribozyme to be used in reaction, 
c = ratio of “ho t’ rUTP to ‘cold’ rUTP in template reaction, 

d = ratio of “ho t’ rUTP to ‘cold’ rUTP in ribozyme reaction, 

e = length of tem plate (bases) and
f = length of ribozyme (calculated as -60 bases for each ribozyme).

D isintegrations per m inute (dpm) were quantified in a liquid scintillation counter and 

values were used to calculate the required cleavage reaction volumes for 100:1 

reactions.

4.2.9 RNA cleavage

RNA ham m erhead ribozyme cleavage reactions were performed a t ratios of 100:1 of 

r ib o ^ m e  : target under standard conditions a t 37»C (as described in detail in chapter 

2). MgCb curves (0, 5, 10 and 15mM) for the cleavage reactions were performed in 

order to optimise the MgCb concentration in the  reaction normally for 3 hours 

covering time intervals of 0, 5, 10, 30, 60, 90, 120 and 180 m inutes. Time-points of 
up  to 5 hours were taken for cleavage reactions using the pre-determ ined optimal 

MgCb concentration (generally found to be 15mM MgCb. Radiolabeled target RNAs 

and cleavage products were run  on 4-8% polyacrylamide gels. Labeled RNA products
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were visualised by autoradiography and  quantified using a phospho-imager. The 
expected sizes of cleavage products are given in table 4.

4.2.10 Constructing a DNA ladder

MspI cu t pBR322 vsras end-labeled using standard protocols (see m aterials 8s Methods, 

Chap 2). This was used as an  approximate size estimate for RNA in all the 

experiments (figure 6, chapter 3). DNA and RNA do not, however, m igrate a t exactly 

the sam e speed; hence the m arker serves as a means to roughly estim ate RNA size.
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4.3 Results

4.3.1 Mfold and Plotfold algorithms:

The GCG Wisconsin software package provided the 10 m ost probable folding 

structu res with the lowest free energy (AG) value. As can be seen from figures 2-5 

(RNA plotfolds of hum an apaf-1, caspase -3  and caspase -8  respectively) there are a 
num ber of open loop structu res tha t would appear to present ideal ham m erhead 

ribozyme targets. For example loops indicated by blue arrows in figure 3 of caspase -  
3 mRNA secondary structure represent loops that are conserved in the 10 m ost 

probable RNA conformations based on free energy inputs of the algorithm designed by 

Zuker (1989). Unfortunately, the nucleotide sequence in these regions contain no 
NUX sites ruling them  out for consideration as a hammerhead ribozyme target. The 

loops indicated by red arrows in figure 2-5 illustrate the target sites for Rz 1196, 

1424, 192 and 695 which, despite not been the largest accessible open loops w ithin 

the predicted RNA structures the presence of NUX target sequences suggest th a t such 
sites might be effective sites for in vitro hammerhead ribozyme cleavage. In silica 
suggestions however always require in vitro verification as the three dim ensional 

environm ent of the actual ribozyme cleavage reaction cannot be described in entirety 
by the com puter algorithms used. Consequently, positive in silico indications may 

resu lt in contradictory in vitro results, i.e., no ribo^m e cleavage in vitro a t a  large 

open loop with an  NUX target site flanked by single stranded conformation an tisense 

arms.

4.3.2 R z 1196 vs Apaf-1 and Rz 1424 vs Apaf-1:

Cleavage of Apaf-1 RNA by Rz 1196 and Rz 1424 was evaluated. A ratio of 100:1 

r ib o ^ m e  : target was used in all cleavage reactions. Following 180 m inutes 

incubation a t 37°C in the presence of 15mM MgCb electrophoresis in 4% 

polyacrylamide gel and autoradiography the target RNA rem ained in tact a t the correct 

size of 558 bases and 803 bases for Rzl 196 and Rz 1424 respectively. No degradation 

was observed in repeated cleavage reactions and no cleavage of RNA target substrate  

was observed with either ribozyme.

4.3.3 R z 192 vs Caspase 3:

Cleavage of the caspase -3 834 base mRNA target by Piz 192 w as evaluated in vitro as 

previously described. Following 180 m inutes incubation of 100:1 ribozyme excess 

with target mRNA substrate at 37°C in the presence of 15mM MgCb electrophoresis 
in 4% polyacrylamide gel and autoradiography efficient cleavage w as recorded as
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dem onstrated in figure 10. RNA cleavage products of approximately 640 and  190 
bases were observed to emerge as a function of time over the course of the 3 hour 

assay while the target mRNA substrate concentration diminished in accordance with 
cleavage. In an in vivo environment such cleavage would resu lt in the rapid 
disintegration of cleavage products by cellular endo- and exo-nucleases leaving no 

mRNA transcrip t for ribosomal attachem ent and translation. Cleavage reactions were 

quantified using a phosphoimager (table 5a) and values obtained were calculated as a 
percentage of starting target substrate a t the initiation of the reaction and  plotted 

against time as illustrated in Figure 12. As may be observed from table 5a and  figure 

12 alm ost 50% of caspase -3 RNA target has been cleaved within 30 m inutes of 
exposure to Rz 192. Although in vitro results are not the most optimal indicator of in 
vivo performance the rapid rate  of cleavage of caspase -3 target is nevertheless 

encouraging in term s of ribozyme access to target site and successful cleavage of 
phosphodiester moieties.

4.3.4 R z 695 vs Caspase -8:

Cleavage of the caspase -8 503 base mRNA target by Rz 695 was evaluated in vitro. 

Following 180 m inutes incubation of 100:1 ribo2ym e excess w ith target sub stra te  a t 
37°C in the presence of 15 mM MgCb electrophoresis in 4% polyacrylamide gel and 

autoradiography efficient cleavage was recorded as dem onstrated in  table 5b and  

figure 11. RNA cleavage products of approximately 350 and 150 bases were observed 

to emerge as a function of time over the course of the 3 hour assay while the  target 
substra te  concentration diminished in accordance with cleavage. Cleavage reactions 

were quantified as with caspase -3 mRNA cleavage by Rz 192 using a  phosphoim ager 
and  values obtained were calculated as a  percentage of starting  target substra te  a t the 

initiation of the reaction and plotted against time as illustrated in figure 12. Again, as 

may be observed from table 5b and figure 12, alm ost 50% of the target caspase -8 

mRNA has been cleaved within 30 m inutes exposure to Rz 695. If similar cleavage 

efficiencies were reproducible within cell environm ents there would m ost likely be a 
dram atic fall in the de novo translation of caspase -8 protein. Such a fall off in 

available caspase -8 would most likely d isrupt the course of ligand induced apoptosis 

m ediated through the FADD receptor as described in chapter 1 and in chapter 6.
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Table 5: Q uantitation of template cleavage using a  phosphoimager.

(a) Rz 192 vs. caspase -3 mRNA target:

Rz
192

Time (in 
m inutes)

0 5 10 30 60 90 120 180

Gross
count*

28.477 24,324 15,621 14,435 6,362 5,342 2,419 1,175

Percentage 
o f total**

100 85.5 54.9 50.7 22.3 18.7 8.5 4.1

(b) Rz 695 vs. caspase -8 mRNA target:

Rz
695

Time (in 
minutes)

0 5 10 30 60 90 120 180

Gross
count*

118,345 104,342 82,643 62,229 47,174 30,230 19,155 8,902

Percentage 
o f total**

100 88.1 69.8 52.5 39.8 25.5 16.1 7.5

*  G ross count is  e x p re sse d  a s  a n  arb itrary  unit calculated b y  particle  de tectio n  on a  B ecton  D ick in son  
ph osph o im ager.
* *  P ercen tage  o f  to ta l ca lcu la tes  th e  percen ta g e  o f  remaining target su b stra te  a t ea ch  in d ica te d  tim e  p o in t.
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4.4 Discussion

The immense genetic heterogeneity found in the etiology of individuals diagnosed with 
RP has  served to focus considerable research into the development of m utation- 

independent therapeutic strategems. It has become increasingly apparen t tha t 
devising therapies for individual m utations would be both technically and 

economically unviable (Millington-Ward, 1997; Peng, 2000). The application of such 

therapies may only be attem pted if there is a sufficient population of photoreceptors 
remaining in the retina. The development of caspase specific ribozymes is aimed a t 
stabilising a degenerating cell population such that either a  degree of functional 

rescue is achieved (Davidson, 1998) or, that a sufficient window of opportunity is 

provided to attem pt a  corrective gene therapy strategy addressed a t the prim ary 

m utation. Such a corrective gene therapy strategy, termed GeneXchange, is described 

both in chapter 1 and  in chapter 3. If such a therapy is to be tested rigorously it is 

critical th a t sufficient photoreceptors survive in the retina. Additionally, the 
development of therapeutic strategies aimed at simply m aintaining rod 

photoreceptors, albeit non-functional rod photoreceptors, is strongly desirable in 
consideration of the subsequent cell death of normal healthy and  functioning cone cell 

photoreceptors. As previously indicated, the goal of sustaining the  cone photoreceptor 

cell population represents a significantly valuable objective for patien ts undergoing 

rapid loss of scotopic vision (night-time vision).

This chapter describes the design and testing of four ham m erhead ribozymes directed 

against caspase transcrip ts in the apoptotic cascade (Table 3). Apoptosis, as a  final 
common pathway in retinal degenerations, has been well established in  both  anim al 

models of retinitis pigmentosa (Portera-Caillau, 1994; Chang, 1993) and  in hum an 

subjects (Li, 1994). Given these pathologies m anifest as a  slow degenerative 

deconstruction of the retina it is most likely tha t blocking the translation  of de novo 

caspase protein may have a potentially positive effect in preventing apoptosis in 

photoreceptor cells. A variety of detailed studies on neuronal cell death in a  ra t model 

have confirmed the upregulation of caspase -3 mRNA in response to apoptotic stimuli 

(Ni, 1997; Chen, 1998; Gaudin, 1999; Harrison, 2000). Photoreceptor cells represent 

one of the m ost sophisticated post-mitotic cells in the body and  are known to persist 

for the duration of the adult life span with a veiy minimal, if any, de novo synthesis. 

As the half-life of proteins within such cells is generally on the  order of days de novo 

synthesis of the cell proteome is a continuing process. This cell proteome, among 
other components, includes the caspase family of asparta te  proteases which mediate 

the apoptotic cell death programme in a wide variety of cell types. The rationale to 
in terrup t such de novo translation of caspase cell death molecules is aimed at 

minimising caspase protein availability within photoreceptor cells. Blocking the 
expression of caspase proteins should protect photoreceptors from apoptotic cell
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death initiating from an as yet uncharacterised pathway originating with a m utation  
in retinal specific transcrip ts and other genes as described in chapter 1. Accordingly, 

four ham m erhead ribozymes were designed to target NUX sites in mRNA transcrip ts  of 
Apaf-1, caspase -3 and  caspase -8. A further ribozyme was designed to target caspase 

-9  mRNA but the relevant molecules were not tested during the course of these 
studies bu t will be examined as part of future research projects.

A description of the structure and kinetics of hammerhead ribozymes is provided in 

chapter 1 of this thesis. The four ribozymes utilised in this section of the work 
conform to the consensus sequence for hammerhead ribozymes established by 

Haselhoff and Gerlach (1989). Two ribozymes, Rz 1196 and Rz 1424, were designed 

to cleave apaf-1 PCR products containing NUX sites 1,196 bases and 1,424 base 3 ’ of 
the ATG s ta rt site respectively. No cleavage was observed with either ribozyme. 

Several control experiments were performed to eliminate potential difficulties 
including mRNA degradation, absence of NUX sites or absence of access to NUX sites, 

and  insufficient ratio of ribozyme to target substrate. RNA degradation may arise 

from contam ination of laboratory materials (pipettes, tips, glassware, plastic w are etc.) 
with nucleolytic enzymes from the general environment or bacterial load w ithin the 

vicinity of the bench or from the skin of workers using shared equipm ent. While every 
reasonable precaution possible is employed to minimise such  contam ination there 

may always be a small potential risk. To minimise such a risk all glassware, pipettes 
and  eppendorfs used were chemically treated and heat treated to destroy RNase and 
DNase contam inants. Nuclease free materials were purchased from Robbins Scientific 

and  autoradiograph films of electrophoresed gels were exam ined to detect any 

evidence of sm earing which would suggest the presence of a  contam inant nuclease. 
No evidence for such was found. A second possibility for the lack of target mRNA 

cleavage with Rz 1196 or Rz 1424 may be the absence of an  actual NUX site in the 

target transcript. Given the potential for many commercially available DNA 
polymerase enzymes to incorporate incorrect nucleotides, especially polymerases 
w ithout a  proof reading enxyme included in the mix, it may be possible th a t the NUX 

site was lost during the course of PCR amplification. To eliminate th is possibility the 

relevant sites of PCR products (apaf-1 PCRl and PCR2) were sequenced prior to in 
vitro transcription of mRNA to confirm the presence of a  NUX site. ABI (Applied 

Biosystems) sequence analysis confirmed the presence of both NUX ribozyme cleavage 

sites a t base #1195 and base #1424 for Rz 1196 and Rz 1424 respectively. A third 

possibility for the lack of apaf-1 target RNA cleavage may have been an insufficient 
ratio of ribozyme : target, especially if the ribozyme under study was an inefficient 
molecule. To test this hypothesis increasing ratios of ribozyme : target for both Rz 
1196 and  Rz 1424 were established a t 200:1, 400:1, 800:1 and 1,000:1. Even at 

ratios of 1000:1 of excess ribozyme : target no cleavage was observed following 
autoradiography of electrophoresed reactions. A final possibility is the folding of the
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mRNA target molecule in three dimensional space in such a conformation as to 
occlude the target NUX site from being accessed by either ribozyme. Although the 

com putational algorithms of Zuker (1989) have been shown to be reliable in m any 
instances they are nevertheless limited to the degree of information inpu tted  to the 

algorithm which is used to build a two dimensional representation using a  num ber of 

basic chemical and physical properties of ribonucleic acid. No adjustm ents are built 
into th is com putational algorithm to account for chemical and physical properties 
deriving from the buffer composition or from tertiary complexes th a t may form at 

distinct sites between the target and hammerhead ribozyme structure. There are a 

num ber of possibilities to test for occlusion from the NUX site one of which includes 
using a  random  library of single stranded probes in combination with a  nuclease 

digestion assay to selectively degrade all single stranded molecules in a  test sample 

leaving only double stranded nucleic acids which may subsequently be identified by 
employing appropriately labelled transcripts. Further analysis is required to 

satisfactorily resolve the reasons for the inactivity of both of these ribozymes the first 
of which will involve “wet” lab methods, as described above, to determ ine the 
accessibility of NUX target sites in both apaf-1 PCRl and PCR2.

Caspase -3 has been shown to be a key mediator of apoptotic cell death  in a  wide 

variety of cell types and animal models under a range of experimental system s. Cell 

and anim al models from which caspase -3 has been removed either th rough im muno- 
depletion techniques or by gene modification have dem onstrated an  excess of cell 
num bers consistent with an  inability to mediate apoptosis. Decreasing or removing 

caspase -3 protein availability within the cell blocks cell death and  consequently may 

provide an  im portant therapeutic target in the context of hum an  degenerative 

disorders such as Huntington’s chorea, Alzheimers disease, Parkinsons disease and 

retinal degenerations characterised by inappropriate cell death. One highly efficient 
m echanism  to inhibit caspase translation is to remove the source of de novo protein 

by cleaving mRNA transcripts thereby preventing mRNA transcrip t engagem ent with 
the ribosomal apparatus. Ribozymes have been singularly successful in th is role (see 

chapter 1, section 1.2.10).

Rz 192 was designed to cleave caspase 3 mRNA a t an  NUX site 192 bases downstream 

of the ATG start codon. Rz 192 was shown to be effective a t cleaving its substrate 

target a t a ratio of 100:1 excess ribozyme. W ithin 30 m inutes alm ost 50% of the 
target substrate  had been cleaved and by 180 m inutes only 4.1% of the target 
rem ained intact (figures 10 and 12). Prior to cleavage reactions a MgCb curve was 

generated to determine the optimal MgCh concentration required for ribo^m e 
cleavage. As with previous constructs an  optimal concentration of 15mM MgCb 

yielded m ost complete cleavage of target substrate. Caspase 3 is one of the central 
effector molecules in the apoptotic cascade and knockout studies have dem onstrated
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tha t suppressing caspase 3 activity interferes lethally with the apoptotic programm e 

(Kuida, 1996; Woo, 1998). Two independent lines of caspase 3 deficient mice have 

been reported with variable phenotypes, the first that dies in utero and  a  second line 
tha t dies 4-5 weeks post-partum. Phenotypic variation may arise from the 

involvement of additional components such as inhibitor-of-apoptosis (lAP) proteins 
however the gross effect is conclusive and  potent. Post-mortems on anim als from 

both lines reveal substan tial malformations in numerous organ system s arising from 

aberran t developmental programmed cell death. Given such phenotypes ribozymes 
such as Rz 192, which in terrupt apoptotic cell death, would require careful 

transcriptional control. This may be achieved by delivering anti-apoptotic r ib o ^ m es  

specifically to fully differentiated target cells in addition to the control of their 
expression under a tightly regulated promoter such as the rhodopsin or 
peripherin/ rds promoter.

R ibo^m es directed against ra t caspase -3  mRNA transfected into cerebellar granule 

cells have recently dem onstrated effective down regulation of their target transcrip t 

(Eldadah, 2000). Maximal protection in this experimental system following apoptotic 
induction observed after 24 hours was 18% cell death in ribozyme treated  cu ltu res 

compared to 32% cell death in control cells demonstrating an  abrogation of caspase 
activity of statistical significance. Assuming a method of effective delivery to the 

retina, rib o ^ m e  mediated destruction of caspase mRNA effectors in the  context of a  

slow degenerative retinopathy represents a potentially valuable approach to halting 

photoreceptor cell death.

Caspase -8, as discussed in chapter 1 and in chapter 6, is specifically involved in 

ligand induced apoptosis as mediated through the Fas receptor (Boldin, 1996; Muzio, 

1998). Cells stim ulated to die by membrane bound receptors such as Fas mediate 
their death signal through indirect activation of caspase -8. C aspase -8 is a  critical 

effector molecule in the apoptotic cascade mediating its death  signalling by a  distinct 

molecular mechanism. It is known th a t several cell types contain m em brane 

receptors tha t trigger cell death pathways through a  process of ligand binding in 

contrast to the apoptosome model of apoptotic induction (Boldin MP, 1996; Muzio M, 

1996). Such receptors contain cytoplasmic sequences term ed “death  dom ains” which 

enable the  receptors to mediate a signal to the apoptotic m achinery (Tartaglia, 1993). 
One of the best characterised membrane receptor pathw ays leading to apoptosis is the 

Fas/CD 95/A PO -l system. Fas and Fas ligand play im portant roles in the down 
regulation of the immune response, the killing of virally infected and cancerous cells 

and in the killing of inflammatory cells a t im m une privileged sites such as the eye, 

brain, placenta, ovary or testes (see chapter 1, section 1.3.1). Fas ligand is a 
homotrimeric molecule tha t may bind the Fas receptor causing the clustering of the 

receptors’ death domains. The clustering facilitates the recruitm ent of an adaptor
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protein called FADD (Fas associated death  domain) which itself contains a  “death  

effector domain” (DED) tha t in tu rn  binds caspase -8 directly. The oligomerization of 

caspase -8 may then  drive its own activation by self-cleavage followed by the 
activation of downstream  effector caspases such as pro-caspase -9 amplifying the 

signal and committing the cell to an apoptotic fate (Muzio M, 1998). Rz 695 was 

designed to cleave caspase -8 mRNA at an  NUX site 695 bases downstream  of the ATG 

s ta rt codon. Rz 695 was shown to be effective at cleaving its substra te  target a t a 
ratio of 100:1 excess ribozyme. Within 30 minutes just under 50% of the target 

substra te  had been cleaved and by 180 minutes only 7.5% of the target rem ained 

in tact (figures 11 and  12). Again, prior to cleavage reactions, a  MgCla curve w as 
generated to determine the optimal MgCb concentration required for ribo2ym e 

cleavage which dem onstrated an  optimal concentration of 15mM MgCb for complete 
cleavage of target substrate. Caspase 8 -/-  mice develop normally until embryonic day 

11.5 w hen they begin to die (Varfolomeev, 1998). Again, as in caspase 3 defecient 

anim als, severe organ disruption may be observed in several systems including the 

heart, lungs, liver and  lens. As expected caspase 8 -/- cell cultures are res is tan t to 

Fas-induced cell death  while remaining sensitive to apoptotic insu lt th rough serum  
starvation, UV and etoposide (Varfolomeev, 1998). Such studies underscore the 

requirem ent to control the expression of caspase antagonists such  as Rz 695. It is 

known th a t Fas ligand is abundantly expressed within ocular tissues including the 

retinal pigment epitheial cells and the photoreceptors where it plays a pivotal role in 

protecting these sensitive neurons from the potential indiscrim inatoiy toxic chem ical 

damage associated with inflammation. The connection between prim ary m utation 

and  secondary effect (apoptosis) in the pathogenesis of RP has yet to be elucidated. 

Ribozymes such as Rz 695 directed against caspase -8  mRNA may prove to be 
valuable tools in testing the hypothesis of Fas ligand involvement in photoreceptor cell 

death  in the context of a primary genetic lesion. For instance it may be instructive to 

observe the phenotype of a  conditional caspase -8 knockout on an  anim al model 

exhibiting a  retinal degeneration. If such a  phenotype dem onstrated  a  protection from 

cell death  or, a retardation in the rate of photoreceptor cell loss com pared to control 

siblings, this would strongly implicate the involvement of the caspase -8 m ediated cell 

death  pathway in retinal degeneration. Consequently, a whole host of molecules 

including FADD and other adaptor proteins may then  be presented as valid targets for 

the treatm ent of retinal degeneration. The more d a ta  th a t can be gathered to build a 

picture of how the primary defect (a genetic m utation) leads to the secondary effect 

(apoptosis) the more avenues become available to in terrup t the  connection between 
these two events. Such a pathway may involve 1, 10 or 100 proteins however, it is 

m ost likely tha t one or more will perform sufficiently critical signalling tha t its removal 

may cu t off the apoptotic programme before it begins.
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The common degenerative mechanism characteristic of the vast majority of RP 
retinopathies may provide an  ideal target for therapeutic intervention. Several studies 

have dem onstrated the validity of targeting components of the caspase cascade, m ost 
notably, studies performed on a transgenic Drosophila model of RP employing the use 

of the baculoviral cell survival factor p35, which acts as a broad spectrum  caspase 

inhibitor. In addition to rescuing photoreceptor cells from apoptotic death  the 

functionality of such cells, as assayed through walking optomotor studies, w as shown 

to rem ain intact (Davidson, 1998). Ablation of certain species of caspases a t the 

genetic level may present a m echanism  to prevent neuronal loss. This in  itself may 

provide a  viable therapy to rescue photoreceptor cells in the retina or, m ay provide a 

window of opportunity for the introduction of other gene based therapies or 

m edicam ents (Chapter 3). Ribozymes 192, 695 and others are shortly to be tested  in 
cell system s to assess how such molecules behave in the complex environm ent of a 

cell. Generating stable cell lines in a cone photoreceptor cell line such as 6 6 IW cells 

discussed in chapter 6 will provide an opportunity to observe the capacity for these 

ribozymes to halt or slow apoptotic cell death initiated with a variety of stim uli such  

as excessive light, UV irradiation or chemotherapeutic agents. It may also be 

instructive to generate clones of both Rz 192 and Rz 695 under a  variety of expression 

prom oters to assess for example if an RNA polymerase promoter, as d iscussed  in 
chapter 1, or a retinal specific promoter such as opsin or perip h e rin /rd s  shows any 

appreciable difference in the degree of protection afforded against apoptosis. 

Additionally, the comparison of cell lines expressing Rz 192 only and  lines expressing 
Rz 695 only should contribute to understanding which apoptotic stim uli initiate 

which cell death pathway. In the context of double stable transfec tan ts  carrying 

m u tan t transcrip ts known to cause RP in hum ans such an  experim ental design 
should also contribute to clarifying which cell death pathway is initiated in response 

to a  genetic m utation (the primary defect). Such information may be valuable in 

serving to focus the targeting of future suppression agents to m olecules involved in 

the cell death pathways used in degenerating populations of photoreceptor cells. As 

the photoreceptors of RP patients may survive for u p  to 50 years before com mitting to 

an  apoptotic demise the long term expression of these molecules in a  model system 

will also be addressed in term s of both transien t and  stable transfection into a  cone 

photoreceptor cell line. Transient transfection should indicate the minimal 

concentration of ribozyme required to affect an  am elioration of cell death in response 

to apoptotic stimuli while stable transfection of ribozyme m olecules may provide some 

insight into how cells blocked from apoptotic cell death  react in the presence of 

continuing apoptotic stimuli. Additionally, should the ribozymes, Rz 192 and Rz 695, 
prove to effectively and efficiently block cell death it may be valuable to either generate 

transgenic animals expressing such constructs in a anim al model of retinal 

degeneration and to build viral vectors (as d iscussed in chapter 1) to delivery these 

ribozyme genes to the retina.
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Figure 1: Schematic role of caspases in apoptotic pathways. The pathways may be broadly divided into 
extrinsic pathways (e.g Fas induced death) and intrinsic pathways (e.g cellular stress), (a) An apoptotic 
signal is mediated through direct ligand binding to membrane bound “death receptors” . This initiates the 
recruitment of adaptor proteins (such as FADD) which directly promotes the clustering o f procaspase -8  
through DED domains. Procaspase -8  activation leads to the processing of the executioner caspases -3 , -7 
and -6. Genetic damage, potent chemicals or ionizing radiation activate the intrinsic pathway wherby 
cytochrome c is released from the mitochondria to complex with procsapase -9  and A paf-1  leading to the 
subsequent activation of downstream caspases. Alternatively, procaspase -12, located in the ER, may be 
activated by calcium flux again leading to the activation of downstream executioner caspases. The 
inflammatory cytokine pathway may be activated by caspase -1. (b) Caspases are synthesised as inactive 
zymogens which may be activated through the cleavage of the N-terminal peptide at Asp 119 and at the 
conserved sites Asp 296 and Asp 316. The specificity determining residues R179, H237, C285 and R341 
form the structural arrangement for catalysis.



Figure 2: RNA secondary structure of human apaf-1 mRNA. A prediction of mRNA secondary structure 
was generated through the computational algorithms of Mfold followed by a schematic representation 
plotted through PlotFold from GCG Wisconcsin. Red arrows indicate the cleavage sites for Rz 1196 and 
Rz 1424.



Figure 3: RNA secondary structure of human caspase -3 mRNA. A prediction of mRNA secondary 
structure was generated through the computational algorithms of Mfold followed by a schematic 
representation plotted through PlotFold from GCG Wisconcsin. A red arrows indicates the cleavage site for 

192, blue anrows indicate attractive open loops for cleavage but contain no NUX ribozyme sites.
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Figure 4: RNA secondary structure of human caspase -8 mRNA. A prediction of mRNA secondary 
structure was generated through the computational algorithms of Mfold followed by a schematic 
representation plotted through PlotFold from GCG Wisconcsin, A red arrowindicates the cleavage site for 
Rz695.
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Figure 6: Sequence structure of Ribozyme 1196 designed against human apaf-1 mRNA
Antisense arms o f Rz 1196 are in red, conserved ribozyme sequence is in blue, the unpaired uracil base i
in green and indicated by an arrow and target apaf-1 mRNA is in black.
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Figure 7: Sequence structure of Ribozyme 1424 designed against human apaf-1 mRNA 
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Figure 8; Sequence structure of Ribozyme 192 designed against human caspase -3 mRNA 
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green is indicated by an arrow and target caspase -3 mRNA is in black.
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Figure 9: Sequence structure of Ribozyme 695 designed against human caspase -8 mRNA 
Antisense arms of Rz 1424 are in red, conserved ribozyme sequence is in blue, the unpaired cytosine 
green is indicated by an arrow and target caspase -8 mRNA is in black.
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Figure 10: Ribozyme 192 vs human caspase -3 mRNA. Lanes 1 to 9 are time-points 0, 5, 10, 30, 60, 90, 
120, 180 minutes and DNA ladder respectively, foliwing incubation of human caspase -3  mRNA and Rz 
192 at 37°C with 15 mM MgC12. Red arrows, from top to bottom, indicate full length intact caspase -3 
mRNA of 834 bases and the cleavage products of 642 and 192 bases. Numerals on right hand side of gel 
adjacent to DNA ladder indicate approximate size markers.
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Figure 11: Ribozyme 695 vs human caspase -8 mRNA. Lanes 1 to 9 are DNA ladder, time 0, 5, 10, 30, 
60, 90, 120 and 180 minutes respectively follwing incubation of human caspase -8 mRNA and Rz 695 at 
37°C with 15 mM MgC12. Red arrows, from top to bottom, indicate full-length intact caspase -8  mRNA of 
503 bases and the cleavage products of 353 and 150 bases. Numerals on left hand side of gel adjacent to 
DNA ladder indicate approximate size markers.



Figure 12: Plot of time vs percentage cleavage of caspase -3  and caspase -8  mRNA by for Rz 192 and Rz 
695 respectively.
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CHAPTER 5
E stab lishm ent of a light-induced rapid retinal degeneration

LAC A mice.



5.1 Introduction

The recently  pub lished  d raft nucleotide sequence of the  H um an  Genom e 

(In ternational H um an Genome Consortium , 2001) and the pending pub lica tion  of the  

m ouse genomic sequence (International Mouse Mutagenesis C onsortium , 2001), in 

addition  to several o th e r m am m alian  genome projects in the pipeline, a re  expected to 

form ally an d  quantifiably  confirm  w hat h a s  generally been accepted  since the 

pub lication  of The Origin of the  Species (Darwin, 1859) -  nam ely, d escen t by 

m odification. In the  context of Retinitis pigmentosa  the practical im plication of su c h  

knowledge m ay be observed in  the  anatom ical and functional o rgan isa tion  of the  

re tina. Such  a  complex an d  in trica te  organisation is self-evidently conserved ac ro ss  

ve rteb ra tes  an d  th is  fact m akes it possible to create and  s tudy  m odels of re tin a l 

d iseases in  diverse species (Dowling, 1987).

The availability of an im al m odels for the development of m ethods to p reven t RP an d  

o th er re la ted  pathologies have been critical to the progress of rese a rc h  over th e  p a s t 

15 years. Anim al m odels of RP have been generated in species a s  diverse a s  fru it flies, 

m ice, ca ts , dogs, ch ickens an d  pigs. The prim ary focus however, for th is  labora to ry  

an d  m any  resea rch  laboratories worldwide, h as  involved th e  s tu d y  of re tin a l 

degeneration  in  m urine  m odels (Table 1). Despite certa in  d isad v an tag es  su c h  a s  

sm all eye size an d  a  h igher rodxone ratio th an  h u m an s  the  m ouse  h a s  been  a  m odel 

of choice for the  s tudy  of pathologies representative of h u m a n  RP due to its  sh o rt 

gesta tion  period, well docum ented genetics, genom e size an d  developm ental 

sim ilarities in  addition  to the ability to u n d ertak e  gene targe ting  in  th is  species. 

Among the  variety of m urine models of re tinal dystrophy th e  m ost widely u se d  include 

the  rd, rds, rho-/-, Pro23His, Gln344ter, Ser334ter  an d  Pro347Ser. T here  are  several 

o th er m urine  m odels for RP in existence (see table 1) however, for th e  p u rp o ses  of th is  

c h ap te r d iscussions are  confined to the above listed.

Defects in  the com ponents of the  pho to tran sd u c tio n  cascade  com prise the  largest 

category of photoreceptor d isorders (reviewed in  G regory-Evans, 1998). M any of the 

m odels employed in research  derive from n a tu ra lly  occurring  m u ta tio n s  in  in-bred 

stocks while more recently, the technologies of gene targe ting  have perm itted  the 

deliberate in troduction  of specific retinal m u ta tio n s  in to  a  variety  of m ouse lines. The 

rd (retinal degeneration) m ouse, a  n a tu ra lly  occurring  m u ta n t, carries a  C-+A 

tran sv ers io n  a t codon 347 w ithin the  P -su b u n it of th e  cGMP phosphodiesterase  gene 

(Bowes, 1990) first identified phenotypically by C arter-D aw son (1978). Retinal 

degeneration  in th is  model is rap id  w ith th e  m ajority  of photoreceptors destroyed by 

PD (post-natal day) 47 however, the  bu lk  of degeneration  occurs from PD 9-15. 

Heterozygotes (rd+/-) are  m orphologically norm al b u t  show reduced levels of re tinal
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cGMP, altered phosphodiesterase kinetics and abnormal ERGs. The rd model has  

been an invaluable resource for both the testing of transgene expression and  the 

testing of the gene delivery to retinal tissues (Benett, 1996; 1998; Jom ary, 1997; 
Kumar-Singh, 1998; Takahashi, 1999).

A second naturally occurring mouse model for the study of retinal degeneration is the 

rds mouse. Originally identified by van Nie (1978) the rds (retinal degeneration sloŵ ) 

m ouse arises from a  9.2kb insertion of a repetitive genomic element into exon II of the 

rds/peripherin  gene (Ma, 1995). Homozygotes (rds-/-) fail to develop outer segm ents 

in their rod or cone photoreceptors and retinal degeneration may be observed by PD 

14. By PD 270 m ost if not all photoreceptors have been lost from the peripheral 

re tina while photoreceptors of the central retina may persist up  to PD -365. Despite 
the formation of outer segments in heterozygote (rds +/-) anim als the anatom ical 

morphology is disorganised and the process of disc shedding and phagocytic uptake is 

clearly compromised. While the rds mouse may be the slowest degenerating model of 
RP it may consequently be argued that it is the most representative model in term s of 

similarity to the hum an pathology. Accordingly, it has proved to be m ost suitable in 

the context of long term  assessm ent of potential therapeutics.

In 1997 this laboratory successfully generated a  rho-/- m ouse by targeted 

m utagenesis of the rhodopsin gene (Humphries, 1997). Homozygote (rho-/-) anim als 

do not elaborate rod outer segments and have lost the majority of their photoreceptors 
by PD 90 while heterozygotes (rho+/-), although retaining the  m ajority of their 

photoreceptors, display structural disorganisation in the retina



Table 1: Properties from a selection of widely used murine models of retinal
degeneration:

rd p-subunit of 
cGMP-PDE

Recessive RP Rapid loss of 
photoreceptors

ONL destroyed by 
PD47

Carter-Dawson,
1978
Bowes, 1990

rds rds/peripherin Recessive or 
dom inant RP

Homo^gosity not 
found in humans

Slow, ONL 
destroyed by PD 
-365

van Nie, 1978 
Ma, 1995

rho-/- Rhodopsin Dominant RP ONL destroyed by 
PD 90 H um phries, 1997 

Lem, 1999

Pro23His Rhodopsin Dominant RP Rapid, ONL 
destroyed by PD 45

Olsson, 1993 
Roof, 1994

Gln344ter Rhodopsin Dominant RP Rapid, ONL 
destroyed by PD 20

Sung, 1994 
Liu, 1997

Ser334ter Rhodopsin Dominant RP Rapid, ONL 
destroyed by PD 20

Chen, 1995

Pro347Ser Rhodopsin Dominant RP Slow degeneration Li, 1996

Lys296Glu Rhodopsin Dominant RP Li, 1995

rd-3 Unidentified Rapid, ONL 
destroyed by PD35

Chang, 1993

rd-4 Inversion(4) 56Rk 
on chromosome 
4

Dominant RP Homozyeous
lethal

Rapid, ONL 
destroyed by PD42

Roderick, 1997

rd-5 Usher syndrome-type 1 ONL destroyed by 
PD240

Heckenhvely,
1995

with the outer segments becoming shorter in older anim als. Two years later, (Lem, 

1999), a  second similar report also employing targeted gene disruption produced 

alm ost identical results.

The Pro23His mouse model of RP (Olsson, 1993) resu lts from an amino acid 

substitu tion  in the rhodopsin gene resulting in a  dom inant photoreceptor 

degeneration. The Pro23His pathology resu lts  in a  rapid degeneration of the ONL 

(outer nuclear layer) between PD9-15 m aking it an  ideal model to test therapeutic 

strategies either targeting the P23H m utation specifically or, a t circumventing the
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allelic heterogeneity of dominant acting disorders (Millington-Ward, 1997). The 

pathology in the Pro23His animal arises from the inappropriate transport of newly 

synthesised rhodopsin (Roof, 1994). A further example of inappropriate tran sp o rt was 
reported in the Gln344ter model (Sung, 1994; Liu, 1997) which dem onstrated  an  

absolute requirem ent for five amino acids a t the carboxy terminus of rhodopsin for its 
transport to rod outer segments. The retinal histology of the Gln344ter anim al shows 

an  abnorm al accum ulation of GlnS44ter protein in both the plasm a m em brane and 

inner segments of photoreceptor cell bodies. Additionally, one of the first reports of 
photoreceptor apoptosis in the context of retinal disease was made in the Gln344ter 

anim al alongside analysis in the rd and rds experimental models (Portera-Caillau, 
1994).

The Ser334ter mice carry a  truncated  form of rhodopsin (Chen, 1995) lacking the sites 

required for phosphorylation consequently compromising the ability of rhodopsin to 
function correctly w ithin the photo transduction cascade. Photoreceptor degeneration 

in these anim als is rapid and  has been detected as early as PD 8 and by PD20 only 

one of the original 12 rows of nuclei remain in the ONL

The Pro347Ser mouse model substitutes serine for proline a t codon 347 in the 

rhodopsin gene resulting in a failure of rod photoreceptors to renew  outer segm ents a t 

the norm al rate. The proline at position 347 in rhodopsin has  been shown to be 

highly conserved in all visual pigments examined, including hum ans, suggesting its 

critical im portance to rod cell viability (Berson, 1991). The pathology recorded in 

these anim als (Li, 1996) is that of a slow degeneration again m aking it an  ideal 
candidate for the long term analysis of both the m olecular pathology of retinal 

degeneration and rescue of the pathology by gene therapy or other m eans.

In the anim al models described briefly above the majority of cell death  in the context 

of retinal disease occurs from ~PD8 to -PD25. Shortly after developmental 

programm ed cell death in the retina has  been completed the  phenotypic effects of the 

relevant m utations become apparent. Apoptosis, in the context of RP, has  received 

m uch attention in the last 5 years, m ost noticeably since the reports of Chang (1993) 

and  Portera-Caillau (1994) dem onstrating apoptotic cell death  to be a  final common 

pathway of photoreceptor degeneration in rd, rds, Gln344ter and  Pro347Ser mouse 

models of retinal dystrophy. The publication of such reports led to therapeutic 

strategies directed at antagonising the function of key molecules known to be central 
to the apoptotic programme. Over expression of the anti-apoptotic bcl-2 gene in 

ganglion cells after optic nerve transection (Cenni, 1996) was shown to increase 

survival however, rescue of photoreceptors in light-induced lesions and mutation- 
induced models of RP over-expressing bcl-2 w as less clear (Tsang, 1997; Joeseph, 

1996; Chen, 1996; Bennett, 1996). Consequently, it is of primary importance to gain
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an understanding of the m echanisms of gene regulation and s ig n a ll in g  w ithin the 
retina for a focused experimental design to be conducted aimed a t in terrupting  the 
course of apoptotic cell death.

In studying the molecular sequence of events that leads the retina into aberran t cell 

death  the heterogeneous natu re  of the retinal cell populations contribute an  order of 

complexity in attem pting to isolate the specific pathways involved in the apoptotic 
degeneration. Additionally, as photoreceptors make up approximately 50% of the 

retinal cell population any apoptotic signal is automatically halved fu rther 

compromising its detection. For instance if, as the research team  of Liu et al (1999) 

have suggested, the maximal apoptotic cell death observable a t a  single tim e-point in 
the Ser334ter model is of the order of ~30%, then it would be necessary to be able to 

identify a signal on the  order of ~ 15% in either a retinal section or a  solubilised retina 

subjected to biochemical analysis in which 85% of the cells are not undergoing 

apoptosis. In our experience the detection of clear apoptotic m arkers in  th is 
heterogenous population of cells is in fact much lower as none of the retinopathy 

models studied to date dem onstrate photoreceptor cell death occurring en masse. If 

anything, the majority of m urine models of RP dem onstrate a degeneration spanning  

a t least 10-14 days. In an effort to increase the resolution of th is  system  it m ay be 

necessary to compact a  maximal activity of apoptotic cell death  into as small a  tim e

frame as possible to maximise the signals specifically deriving from apoptotic cell 

death  physiology. Exposure of the retina to high levels of visible light h a s  been shown 

to induce apoptotic cell death of photoreceptors (Reme, 1998; Organisciak, 1994). 

Photons of the damaging light are absorbed by the visual pigm ent rhodopsin creating 

an  in tracellular death signal tha t stim ulates the apoptotic degeneration of 

photoreceptor cells (Grimm, 2000). Apoptosis of photoreceptors un d er these 

circum stances is rapid (24-48 hours) which should provide an  opportunity to observe 

the cell death  machinery operating in a  higher proportion of cells th an  in m utation- 

induced retinopathies

To achieve rapid induction of apoptosis this chapter describes the  establishm ent of a 

light-induced model of retinal degeneration in th is  laboratory and  characterises a 

num ber of features of apoptotic cell death in the re tina  in response to light. Although 

such an artificial model may contain several digressions from m utation-induced 

models of RP it is nevertheless valuable in attem pting to decipher the presence and 

activation of apoptotic cell death in the context of a degenerating retina. Such 

findings may then be employed in the design of strategies to ha lt photoreceptor cell 

death.
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5 .2  M aterials and M ethods

5.2.1 Animals

All investigations using animals were conducted in compliance with the ARVO 

statem ent for the Use of Animals in Ophthalmic and Vision Research. R d  m ice were 

obtained through the kind permission of Dr. Ian Flitcroft of University College Dublin, 
Ireland.

5.2.2 Light Exposure

Six to eight week old LACA (Laboratory Animal Centre, Carshalton, Surrey, England) 

mice were dark adapted for 36 hours and the pupils were dilated, under red light, 

with cyclopentolate 0.5%. Animals were either immediately sacrificed or exposed to 

-5 5 0 0  lux of diffuse, cool white fluorescent light for up to 2.5 hours. During light- 

exposure, particular care was taken that the eyes were evenly illuminated. Mice were 

sacrificed by cervical dislocation at the following times: immediately after a 2 .5  hours 

light exposure; after 6 hours, 12 hours, 24 hours, 36 hours and 48  hours.

5.2.3 Epon Wax Em bedding

Control and light-induced animals were sacrificed at the time points indicated and 

whole eyes were removed for processing. Primary fixation w as in 2%

paraformaldehyde (BDH Chemicals) buffered in 0.2M PBS (Sigma Chemicals) for 12 to 

24 hours at 4°C. Eyes were then washed 6 times in O.IM PBS before a secondary  

fixation in 2% Osmium for 30 minutes followed by graded dehydration in 50%, 70%, 

95%, 100% and 100% solutions of ethanol for 15 m inutes each at 4°C. Sam ples were 

then infiltrated with propylene oxide for 15 and 30 m inutes before resin embedding. 

Epon resin (Durcupan) made up in a 10:10:0.3:0.3 gram ratio of kit com ponents A, B, 

C and D were mixed thoroughly and aliquoted in a 50:50 mix with propylene oxide 

and rotated for 2.5 hours at room temperature and then in 100% resin for a further 

2.5 hours. Eyes were placed in an embedding m ould with 100% resin and any air 

pockets present were removed by vacuum before baking at 65°C over-night. Eyes 

were subsequently sectioned on a glass blade microtome at between 0.5(im and 

l.Ojam.

5.2.4 DNA Laddering

To visualise the inter-nucleosomal cleavage products on a gel, two or four retinas were 

removed rapidly through a slit in the cornea of control and light-induced animals. 

Retinas were solubilised in 400p,l of lysis solution (50mM Tris pH 8.0, lOOmM EDTA 

pH 8.0, lOOmM NaCl and 1% SDS) and 30[xl proteinase K (20mg/ml solution 

dissolved in 50mM Tris pH 8.0, ImM CaCla) and incubated over-night at 55 C. 

Sam ples were cleaned in an equal phenol : CHCI3 mix and centrifuged at l l ,5 0 0 g  for 

4 m inutes, followed by a pure CHCI3 wash, ethanol precipitation and resuspension in
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SOfil of double distilled H2 O. S-lO^ig of each sample was electrophoresed on a  1% 

agarose slab gel over-night at 40 volts. All general lab reagents, un less otherwise 
stated, were purchased from the Sigma Chemical Company.

5.2.5 DNA Nick End Labelling by the TUNEL method

Paraffin embedded sections (described in chapter 2) (5|um) were de-waxed in xylene for 

20 m inutes at 60°C and then  re-hydrated in solutions of xylene, xylene, 100%, 100%, 

90%, 80%, 70%, 50% ethanol and finally H2O. Sections were w ashed twice for 5 

m inutes each in O.IM PBS, pH 7.4 and then incubated in 0.3% H2 O2 (Sigma 

Company) for 30 m inutes a t room temperature before permeabilisation with a  drop of 
0.1% Triton-X-100 in 0.1% sodium citrate (Sigma Company). The in situ  cell death  

detection kit assay (Boehringer Mannheim Cat. # 1684795) was applied in 10|li1 

aliquots per sectioned material. The kit is composed of a term inal deoxynucleotidyl 

transferase (TdT) from calf thym us in storage buffer and a  nucleotide mixture in 
reaction buffer which perm its the identification of DNA strand breaks by labelling free 
3 ’ -OH term ini with the modified nucleotides in an  enzymatic reaction. Fluorescein 

labels incorporated in nucleotide polymers are subsequently detected and  quan tita ted  

by fluorescene microscopy.

5.2.6 Western Blot Analysis

At time points indicated above four retinas were solubilised in runn ing  buffer 

(62.5mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 5% |3-mercaptoetahnol) followed by 

im m ersion in a  90°C water bath for 10 minutes. Lysates were cleared of particulate 

m atter by centrifugation at 13,000^ for 10 m inutes a t 4°C and  were th en  stored a t - 

70°C until required. Retinal lysates were assayed for protein content using the 

BioRad microassay (Life Sciences). Prior to loading on the gel, brom ophenol blue dye 

w as added to each sample (0.002% final concentration), equal am ounts of total 

protein were loaded per lane, and proteins were separated under reducing conditions 

for 2 hours a t lOOV in 8-15% SDS-polyaciylamide gels and  then  transferred  to PVDF 

m em branes at 40mA overnight. Blots were blocked for 1 hour in TBST (lOmM Tris- 

HCl, pH 8.0, 150mM NaCl, 0.05% Tween 20) containing 5% non-fat dried milk 

(Marvel), then probed for 2 hours with the appropriate prim ary antibody diluted in the 

same buffer, washed for 1 hour in several changes of TBST followed by probing for 1 
hour with a  peroxidase-coupled secondary antibody of the appropriate specificity 

(Amersham) and detection of bound antibody by enhanced chemiluminescence 

(Amersham). In some experiments, blots were stripped for re-probing by wetting the 

m em brane in double distilled w ater and incubating the blot for 5 m inutes in 0.2M 
NaOH (Suck and Krupinska, 1996). Blots were then  rinsed in H2 O, incubated in 

TBST, blocked and exposed to antibodies as described above. All antibodies, unless 

otherwise stated, were purchased from S an ta  Cruz Biotechnology, California, USA.
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5.3  Results

5.3.1 Histological analysis o f  murine retina undergoing rapid apoptosis:Sectioned 

samples of resin embedded retinas from control animals dark-adapted b u t no t light 

exposed exhibited a  healthy cell structu re with distinct cell boundaries and 

distinguishable cellular organelles (figure l[a] and [b]). In contrast, sectioned samples 
of retina from the light-induced anim als at time-points of 12 hours and, more 

specifically, a t 24 hours, revealed classical characteristics of apoptotic cell death 

including nuclear condensation, cellular shrinkage, structural disorganisation, 

cellular com partm entalisation and the presence of apoptotic bodies (figure l[a] and  
[b]). Apart from the obvious nuclear changes and cell shrinkage, there w as significant 

disruption in the outer segm ents of the photoreceptor cells where the initial light 
insu lt would have registered. In the 24-hour time point apoptotic bodies are visible 
and concur with the loss of certain cells revealed through the reduced num ber of 

nuclei compared to the control. Sections at a magnification of lOOOx were counted for 

control sam ples and for time-points of 6, 12 and 24 hours and are recorded in Table 2 

and  in figure 2.

Table 2: Quantification of apoptotic nuclei in light-induced model of retinal

degeneration using LACA mice.

1 a 109 0 0.00 0.59 1.02

1 ^ 121 0 0.00

1 c 111 2 1.77

1 a 113 2 1.74 0.91 0.87

1 b 118 0 0.00

1 c 100 1 0.99

I a 110 7 5.98 7.39 1.45
1 b 113 11 8.87

I c 114 9 7.32

1 a 108 53 32.92 33.35 1.73

1 b 112 61 35.26

1 c 109 51 31.88

5.3.2 Identification o f oligonucleosomal laddering in light-induced murine retina:

Control mice show a  background level of DNA fragm entation as  is expected in the 

LACA animals. This is thought to be due to their lack of pigm entation which, when 

present, confers a  degree of protection to the light-sensitive retinal tissue. At 6 hours 
and 24 hours extensive oligonucleosomal DNA fragm entation is found in the light- 

induced samples. It is also evident th a t a  com parison of the control samples with the 

light-induced samples dem onstrates th a t the majority of genomic DNA extracted from
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the light-induced anim als has run  into the gel whereas in the control, a  significant 

proportion of the genomic DNA rem ains resistant to electrophoresis through the  gel 

matrix. Figure 3 dem onstrates the oligonucleosomal fragm entation p a tte rn  
characteristic of apoptotic cell death.

5.3.3 DNA Nick End Labelling by the TUNEL (TdT-mediated dUTP nick end labelling) 
a ssay  on apoptotic sections o f  murine retina:

Analysis of DNA strand  breaks by in situ nick-end labelling (TUNEL) in the re tinas of 

control anim als showed no signals in photoreceptor nuclei. However, a t 12 hou rs and 

24 hours in the light-induced anim als, there were abundant TUNEL positive cells in 

the photoreceptor cell layers (figure 4). The TUNEL method specifically labelled 

individual apoptotic nuclei in the photoreceptor cell layer of the retina and  TUNEL 

positive cells always appeared surrounded by unstained cells. There were no 
indications of aggregation of apoptotic cells into multicellular c lusters or no blanket 
labelling of sections. The num ber of TUNEL positive cells were observed to increase 

with time in agreem ent with the morphological progression of death  recorded in the 

histological analysis of resin embedded tissue samples. There w as an  obvious 

increase in labelling in the 12- hour sample over the controls and  a  significant pa tte rn  

of positive cells had emerged by the 24-hour time point (figure 4 and  5).

5.3.4 Quantification o f  DNA Nick End Labelling by the TUNEL:

Positively stained nuclei (figure 4) were counted in sam ples from th ree separate 

experim ents a t a  magnification of 400x and the data  was plotted in  figure 5.

Table 3: Quantification of TUNEL positive nuclei undergoing apoptotic cell death  in 

light-induce model of retinal degeneration.

5.3.5 Western blot analysis o f murine retina undergoing rapid apoptotic cell death:

The light-induced model in principle should enable detailed analysis of the molecular 

com ponents contributing to photoreceptor apoptosis. Protein analysis of solubilised 
retinas provided clear evidence of a t least one caspase-dependent substrate cleavage
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(a-fodrin cleavage), and  the activation of members of the Bcl-2 family. Analysis of 

electrophoresed (i) Fodrin, (ii) Bcl-2 and (iii) B c1-Xl proteins all show significant 

alterations over control samples subsequent to the onset of apoptosis (Figure 6 and  
7).

a-Fodrin:

a-Fodrin, generally a  s tructu ral protein of 240kD, is cleaved into fragments of 150kD 

and 120kD during apoptotic cell death. Samples of control and light-induced retinas 

were processed as described in Material & Methods and electrophoresed on 

denaturing SDS gels. In a  pattern  concomitant with the time course of cell death 

observable in the morphological data a-fodrin cleavage was observed and  was 

consistent with the predicted product sizes associated with a-fodrin cleavage in an  

apoptotic phenotype (figure 6). Additionally, it was observed th a t cleavage of a-fodrin 

appeared to be evident in early time-points suggesting a-fodrin cleavage occurred 

early in the molecular sequencing of apoptotic events consistent with independent 

reports showing a-fodrin to be an early target of caspase cleavage in  apoptosis 
(Martin, 1995; 1996).

Bcl-2 and B cI-Xl:

An elevation in the signal from Bcl-2 and B c 1-Xl proteins in the light-induced anim als 

in excess of th a t present in the controls was also recorded (figure 7). The Bcl-2 

protein family are key regulators of the apoptotic programme and  both Bcl-2 and  Bcl- 

Xl are thought to mediate an anti-apoptotic phenotype in an  effort to rescue cells from 

inappropriate cell death. The increase in band intensity detected by W estern blot 

analysis appears to be confined to time-points up to and including 3 hou rs post- light 

insu lt indicating a rapid response by these proteins to the bleaching of the retinal 

photoreceptors. After 3 hours the effect is less intense bu t still well in excess of th a t 

observed in control samples.

For assays detecting a-fodrin, Bcl-2 and B c1-Xl blots were stripped and  re-probed for 

m ouse p-actin as shown in figure 6 and 7. As may be observed from such  gels the 

detection bands recorded for p-actin indicate no change in the expression pattern  and 

in addition, indicate an  equal loading of protein lysate in each well suggesting tha t the 

observations made with a-fodrin, Bcl-2 and  B c1-Xl are a  function of the apoptotic 

stim ulus.

pRb in rd mouse:
A num ber of independent assays conducted w ith a  variety of retinoblastoma 

antibodies failed to detect any signal in the retinas isolated from light-induced LACA 

anim als. However, as may be observed from figure 8, retinoblastoma protein was 

detectable in retinal preparations from the rd mouse, a  rapid m utation-induced model
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for retinal degeneration. Repeated analysis demonstrated a shift of approxim ately 

5kDa in the signal detected which, as indicated from other independent studies (Tan, 
1997; Dou, 1997; Tan, 1998), is consistent with the execution of an  apoptotic 

phenotype. The retinoblastom a protein is a  negative regulator of cell proliferation 

(Weinberg, 1995) and  pRB - /-  cells exhibit a  general commitment to apoptotic cell 

death (Clarke, 1992). pRb in its hypo-phosphorylated state binds a  family of 

transcription factors known as E2F which are required for entry to the S phase of the 
cell cycle while hyper-phosphoiylated pRb releases E2F family members. pRb has 
been shown to contain a consensus caspase family cleavage site, A s p 8 8 3 - G l u - A l a - A s p -  

Gly887 (DEADG) situated approximately 5 kDa from the COOH- term inus of pRB. 

Cleavage of pRb by caspase effectors contributes to the apoptotic demise by ensuring  
th a t neither growth arrest or cell cycle progression can occur. M utational stud ies in 

which the consensus caspase cleavage site is removed from pRb confers resistance to 

apoptosis from a  variety of stim uli (Tan, 1997) further underscoring its im portance as 

a caspase substrate  in apoptotic cell death. It is therefore rational th a t cells 

stim ulated to die target the pRB protein for degradation to facilitate the rapid removal 

of cell num bers. The observation of an electrophoretic shift of approxim ately 5kDa in 

pRb in the rd model of retinal degeneration strongly im plicates the presence and  

functioning of caspase effectors in photoreceptor cells.

C hapter 1 describes a  variety of caspase substrates th a t have been shown to be 

cleaved during the course of apoptotsis, many of which are used  as  m arkers of 

apoptotic cell death. Numerous probings aside from retinoblastom a protein (pRb) 

were performed on western blots of light-induced sam ples including lam in B, Num A, 

PARP, Gas-2, UlsnRNP and several other com ponents involved in the apoptotic 
m echanism . However, blots failed to reveal any consistent detection of a clean 

specific signal despite the capacity to obtain clean signals with the sam e antibodies 

using homogenous transformed cell lines as controls. The ability to detect clear 

signals from the homogenous cell populations may suggest the antibodies used do not 

perform optimally when applied to lysates from a  heterogenous cell population. Other 

groups have found similar difficulties in detecting clean signals from th is  tissue (Dr. 

Charlotte Reme, personal communication). The heterogeneous cell na tu re  of retinal 

preparations, in addition to the use of non-m urine specific antibodies, may not be the 

m ost optimal conditions under which to perform such  protein analysis and may have 

been in part the cause of the lack of success with W estern blots of retinal extracted 

proteins
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5.4 Discussion

In their original publication of 1972 Kerr and colleagues introduced apoptotic cell 

death as an  energy dependent physiological phenomenon distinct from the necrotic 
phenotype. As apoptosis was originally defined in term s of morphological 

observations (Kerr, 1972) it is critical th a t any assessment of a potential apoptotic 
phenotype include careful and direct analysis of individual cell morphology 
independent of additional assays such as DNA laddering or caspase cleavage events. 

Consequently, exam ination of resin embedded sections from the retina of light- 

induced anim als w as undertaken to provide objective material from w hich to 
determine whether light-induced retinas were dying by apoptotic or necrotic cell 

death. Figure 1 represents typical sections taken from the retina of light-induced 
anim als examined by light microscopy. The observations recorded from such  analysis 

include the appearance of markedly condensed cell nuclei, cell shrinkage and 

“rounding”, the presence of classical apoptotic bodies and, the presence of noticeably 

dying cells adjacent to healthy cells. Additionally, as may be observed from sections 

a t the lower and  higher magnifications (figure 1) there is a  complete d isruption  of the 
outer segment layer containing the rod outer segment discs. These d a ta  are no t only 

consistent with the original classification of apoptotic cell death  bu t also clearly rule 

out a  necrotic phenotype. Were necrosis occurring in these re tinas one would not 

expect to find healthy cells adjacent to dying cells as the potent release of intracellular 

milieu characteristic of necrosis would precipitate a  wave or b lanket of cell death 

across the retina. This is evidently not the case and  accordingly, it is reasonable to 

suggest from the data  that light insult a t -5500 lux delivered to the re tina  of LACA 

mice resu lts in an apoptotic phenotype. The ability to experim entally condense an 

apoptotic phenotype in the murine retina into a  relatively confined and  rapid time

frame (24 hours) has been well established by Reme (1998), Hafezi (1997), Grimm 

(1999) and  others. Their studies focused on the contribution of c-fos, a  com ponent 

with c-jun of the transcription factor AP-1. This chapter attem pts to build on this 
model of in vivo photoreceptor degeneration by assessing  a  num ber of molecular 

m arkers established in the literature to be specific to and  characteristic  of apoptotic 

degeneration. Such a  light-induced model may provide a  valuable research tool to 

investigate protocols directed a t antagonising cell death  in addition to investigating 

the molecular basis and temporal sequence of such cell death in photoreceptor cells.

Beyond morphological analysis one of the m ost characteristic biochemical features of 

apoptotic cell death has  been endonuclease activation leading to the oligonucleosomal 

fragm entation of genomic DNA to create a  laddering effect when visualised on an 

agarose gel. The molecular basis of such DNA laddering has been dem onstrated to 
derive from the interaction of two molecules: caspase-activated deoxyribonuclease
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(CAD) and its inhibitor (ICAD) (Enari, 1998; Sakahira, 1998; Liu, 1997; Halenbeck, 

1998; Liu, 1998). CAD is a protein of 343 amino acids which carries a  nuclear 

localization signal and  exists in non-apoptotic cells as a complex with ICAD in the cell 

cytoplasm. Upon com m itm ent to an apoptotic phenotype ICAD becomes cleaved by 
caspase effectors removing its inhibition of CAD which may then translocate to the 

nucleus to cleave chromosomal DNA at internucleosomal spacers. The formation of 

oilgonucleosomal-length DNA fragments is readily visualised by agarose gel 
electrophoresis as may be observed in figure 3. The appearance of such  DNA 

laddering in genomic DNA preparations from light-induce retinas may suggest the 
presence of activated caspases within this model of retinal degeneration.

A further read out of endonuclease activation during apoptosis w as conducted in situ 
by taking advantage of the m echanism  through which chromosomal DNA is cleaved. 
The resu lt of CAD activity produces DNA strands with free 3’-0H  groups th a t m ay be 

used in reactions mediated by the enzyme, terminal deoxyonucleotide transferase 
(TdT). Incorporation of bio tiny lated dUTP introduced by TdT and  subsequent 

detection using avidin-conjugated peroxidase (Boehringer Mannheim) perm its the 

quantification of endonuclease activity in paraffin-embedded sections of light-induced 

retinas. As may be observed in figure 4 and table 3 there is a  dram atic increase in the 

level of signal detected by the TUNEL assay in 24 hour samples com pared to controls. 

Although TUNEL labelling in isolation is not significantly indicative of apoptotic cell 

death  the combination of data to include morphological exam ination, DNA 

fragm entation and W estern blot analysis strongly suggest th a t light in su lt resu lts  in 

an  apoptotic phenotype under experimental conditions. Furtherm ore, the well 

established m echanism s through which endonuclease activation occurs (Enari, 1998; 

Sakahira, 1998; Liu, 1997; Halenbeck, 1998; Liu, 1998) serves to support the 

suggestion tha t the mode of cell death been observed is m ediated through activated 

caspases.

Fodrin is an abundant and highly conserved m em brane-associated cytoskeletal 

protein th a t has been reported to undergo proteolysis during apoptotic cell death 

induced by a variety of distinct stimuli (Martin, 1995). Apoptotic cleavage of the 240 

kDa a-fodrin subunit into 150- and 120 kDa fragm ents h a s  additionally been 

dem onstrated to be caspase dependent, capable of inhibition by small peptide 

inhibitors such as YVAD-CHO (discussed in chapter 6) and  to occur early on in the 

course of apoptotic cell death (Ciyns, 1996). Furtherm ore, it is known tha t a-fodrin is 
composed of heterodimers (a- and P- subunits) w hich are capable of self association 

into te tram ers serving to anchor the plasm a m em brane and  bind to actin, calmodulin 

and  micro tubules providing architectural s truc tu re  to the cell. Accordingly, upon 
cleavage of a-fodrin during apoptotic cell death , such architectural support is 

compromised leading to a num ber of morphological tra its associated with apoptotsis,

103



including m em brane blebbing and cytoplasmic shrinkage. Analysis of a-fodrin 

cleavage by W estern blot during the course of light-induced retinal degeneration 

revealed cleavage of this substrate into the  predicted products of 150- and  120 kDa 

sub-units, in addition to supporting the morphological data (figure 1 [a] and  [b]) 

indicating m em brane blebbing and cytoplasmic shrinkage. In contrast, re tinas 
analysed from control anim als which received no light insult showed no evidence of 

fodrin cleavage indicating th a t the cleavage of fodrin in the light induced model arises 

from the apoptotic stim ulus provided. Due to the abundant support in the literature 

th a t such  substrate  cleavage is a  caspase-dependent event (Cryns, 1996; M artin, 
1996; M artin 1995; Vanags, 1996; Janicke, 1998; Wang, 1998) it is consequently 

reasonable to suggest th a t caspases may be present in the light-induced model of 

apoptotic photoreceptor death. This evidence contrasts strongly w ith a  caspase- 
independent model of light-induced apoptosis as suggested in recent reports (Donovan 

2001; Carmody, 2000) and discussed in detail in chapter 6. Moreover, it may be 

observed from figure 6 th a t the degree of a-fodrin cleavage observed in the earlier 

tim e-point of 6 hours is, a t a minimum, equivalent to th a t recorded a t la ter time- 

points. These data  are th u s  consistent with independent research findings (Cryns, 

1996) suggesting th a t cleavage of a-fodrin is an early event in the choreography of 
apoptotic cell death. Finally, retinal lysate preparations from the rd model of 

photoreceptor degeneration were similarly subjected to W estern blot analysis and 

probed for a-fodrin to determine if a comparable m echanism  w as occurring in the 

photoreceptors of anim als undergoing apoptotic cell death  induced via a  well 

characterised  m utation in the cGMP phosphodiesterase gene ra th e r th a n  via light 

insult. As may be observed from figure 6[c], a similar pattern  of a-fodrin cleavage was 

identified in samples isolated at post-natal day 10, 17, 30 and 43 while analysis of the 

retinas from control subjects showed no evidence of a-fodrin cleavage. These data 

serve as both a  positive control suggesting th a t the mode of cell death  recorded in the 

light-induced model is indeed characteristic of apoptotic degeneration and, th a t the 

occurrence of a-fodrin cleavage in both models, in an  alm ost identical form, 

potentially implicates the caspase family of proteases as the  m ediators of such 

cleavage in light-induced cell death.

Members of the Bcl-2 family of proteins fall into two broad categories based on their 

ability to either promote (Bcl-Xs, Bax, Bak, Bad, Bik, Bid and  Harakiri) or suppress 

(Bcl-2, Bc1-Xl, Bcl-w, A1 and Mcl-l) apoptosis (Boise, 1993; Oltavi, 1993; Boyd, 1995; 

Kiefer, 1995; Yang, 1995; Han, 1996). Bcl-2 w as originally identified by virtue of its 

involvement in t(14;18) chromosomal translocations commonly reported in B-cell 
lym phom as (Tsujimoto, 1985). The t(14;18) translocation event positions the bcl-2 

gene adjacent to the IgH (Immuno globulin H) prom oter enhancer resulting in a  gross 

upregulation of bcl-2 leading investigators to suspect a classic oncogenic mechanism 

however, it was soon established th a t bcl-2, w hen over expressed, was a potent
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repressor of apoptotic cell death (Vaux, 1988; Hockenberry, 1990). It is now known 

tha t pro-apoptotic m em bers of the Bcl-2 family (referred to as the “BH-3 only su b 

family ) promote mitochondrial mediated apoptosis by interaction with ano ther set of 

pro-apoptotic Bcl-2 mem bers termed the Bax sub-family (which include Bax, Bak and  
Bok). The interaction causes Bax to oligomerize and insert into the m itochondrial 

m em brane triggering the release of cytochrome c and other proteins from the 

m itochondria (Eskes, 2000). The three dimensional structure of Bc1-Xl, a  potent 
apoptosis suppressor, has been shown to be similar to the pore-forming dom ains of 

bacterial toxins (Muchmore, 1996) leading to the postulation th a t Bc1-Xl may inhibit 
apoptosis by regulating the permeability of the mitochondrial m em branes to which it 
is distributed (Minn, 1997). Once the integrity of the mitochondria has been breached 

and there is a translocation of cytochrome c to the cytosol, the cytochrome c h as  been 

shown to complex with Apaf-1 (apoptotic protease activating factor-1) (Cain, 1999; 
Zou, 1999; Saleh, 1999; Rodriguez, 1999) facilitating dATP binding and  subsequen t 

recruitm ent of pro-caspase -9 through the CARD motif at the N H 3 term inus of Apaf-1. 

This complex, known as the “apoptosome”, may then release activated caspase -9 to 

trigger the downstream  effector caspases (caspase -3, -6 and  -7) or, dow nstream  
effector caspases m ay become recruited to the apoptosome via su itable adaptor 

proteins (Slee, 1999). The observations recorded under the experim ental conditions of 

light-induced retinal damage demonstrate a rapid and potent increase in the 

expression signal of Bcl-2 and Bc1-Xl, consistent with other independent reports of 
up-regulation a t both the mRNA and protein level in neuronal apoptosis (Luetjens, 

2001; Tam atani, 1999). Despite such upregulation, apoptosis appeared to proceed 

unhindered as is clearly shown in parallel assays of cell death  exam ined including 

histology, DNA laddering and TUNEL labelling (figures 1, 3 and  4). Consequently, 

these da ta  are not in agreement, in so far as the molecular biology of apoptosis as 

defined in cell system s correlates an upregulation of Bcl-2 or B c1 -X l w ith cell survival 

ra ther th an  cell death. There are a num ber of possibilities to reconcile such  findings 

with a  reasonable approximation of w hat may occur w ithin the light-induced retinas: 

(i) the increase in signal of Bcl-2 and Bc1-Xl may represent an  attem pt by the 

photoreceptors to block the pro-apoptotic intracellular signals precipitated by light 

insu lt however, the threshold of pro-apoptotic signalling is beyond th a t capable of 

effecting a  rescue. In other words the light insu lt un leashes an  irreversible cascade of 
events which are immune to suppression by Bel- family m em bers; (ii) the antibodies 

employed are picking up an un-specific signal no t representing Bel- motifs (iii) the 

resu lt is an  experimental artefact with little physiological relevance; (iv) the role of Bcl- 

2 and  Bc1-Xl, as presented in the general literature, possesses distinct modes of 

interaction in photoreceptor cells and  finally (v) photoreceptor cell death induced by 

light-insult may be mediated by cell death pathw ays not regulated by Bcl-2 or Bc1-Xl. 
As antibody specificity was confirmed using previously w e l l - c h a r a c t e r i s e d  cell lines (as 

positive controls) it would seem m ost likely th a t the signals detected from light-
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induced retinal lysates were those of Bcl-2 and B c1-Xl. Additionally, blots were 

stripped after Bel- probings with 0.2M NaOH and re-probed for the housekeeping 

control -  p-actin (figure 7 [c]). As may be observed from figure 7 [c] the (3-actin signal 
indicates an  equal loading of protein concentration across all wells suggesting th a t the 

observed increase in Bcl-2 and B c1-Xl signal are real events rather th an  artefactual. 
Finally, the overwhelming volume of evidence by numerous research groups 

investigating the role of Bcl-2 family members in apoptotic cell death  strongly 
suggests tha t the established models of action for these proteins is accurate. 

Accordingly, the first possibility, which suggests a threshold of pro-apoptotic 

signalling a t a level beyond th a t capable of permitting a reversal in phenotype would 
seem to represent the m ost likely explanation for the inability of upregulated Bcl-2 or 

Bc1-Xl to prevent apoptotic cell death in the light-induced model of retinal 

degeneration. A num ber of transgenic animal studies have attem pted to assess  the 

effects of Bcl-2 and B c1-Xl over-expression in the context of retinal degeneration 
(Joeseph, 1996; Chen, 1996; Nir, 2000, Bennett, 1998). Joeseph  (19 9 6 ) concluded 

th a t over-expression of Bcl-2 and Bc1-Xl afforded no protective effect against 
photoreceptor cell death  in either an rd or a  dominant rhodopsin anim al model of RP. 

Although the same study recorded a resistance to light-induced photoreceptor death  

in the presence of Bcl-2 and B c1-Xl transgenes, it has been suggested th a t th is  may 

be more a  function of a reduced rhodopsin concentration th a n  any anti-cell death  

activity. In contrast, Chen (1986) conducted similar studies testing the effects of Bcl- 

2 over-expression on the rd model, on a dominant rhodopsin model, and  on a  light 

induced model of retinal degeneration but reported a  positive protective effect from the 

presence of the transgene. A number of other independent reports dem onstrated  

various levels of apoptotic protection by Bel- proteins (Nir, 2000; Bennett, 1998). 

Obviously, additional research will be required to resolve such  con trasting  results.

In term s of this study it may be possible to test the hypothesis of the light-insult been 

of too high a  threshold through conducting a series of experim ents in which the light 

intensity delivered to the retina is titrated against initiating an  apoptotic phenotype. 

As light-induced apoptosis may be conducted with as  little as 2000 lux of fluorescent 

light (personal communication, Charlotte Reme) it would be of in terest to quantify the 

extent of cell death with increasing light intensity in  parallel w ith analysis of the Bcl-2 

and  B c1-Xl expression profiles. Such studies may potentially indicate a correlation 

between intensity of light insult and Bcl-2 response in the  context of retinal 

degeneration. Given the well-documented contributions of direct light on the 

pathology of retinal degeneration in hum an  RP subjects such  information would 

clearly be of value.

The accum ulation of evidence presented in this chapter indicate that apoptotic cell 

death  occurs in the retina of LACA mice exposed to 5500 lux of cool white fluorescent
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light following dark adaption overnight. The condensation of an  apoptotic phenotype 
in the retina into a  manageable 24 hours contrasts strongly with the next nearest 

model of retinal degeneration (in term s of time) in which the apoptotic portion of the 
pathology extends over the course of a t least 10-14 days. If one assum es th a t the 

molecular pathways underlying mutation-induced retinal apoptosis and light-induced 
apoptosis are the sam e then the latter model becomes a most valuable research  tool 

w ithin which to test a variety of strategies to interrupt apoptosis. However, recent 

studies both in this laboratory and elsewhere (Hobson, 2000; Hafezi, 1998; Hafezi, 

1997) have provided evidence to the contrary, i.e., despite comparable apoptotic 

phenotypes there may be considerable and fundamental differences between the 
pathw ays leading to cell death when induced by mutation or by light insult. In a  

report from the laboratory of Charlotte Reme significant data has  been presented to 

indicate th a t the absence of c-fos (a component along with c-jun of the  AP-1 

transcription factor) prevents light-induced apoptotic cell death of photoreceptors in 
retinal degeneration in vivo (Hafezi, 1997). Such findings provided a  strong rationale 

for postulating tha t inhibition of c-fos expression might represent a  novel therapeutic 

strategy to retard  apoptotic cell death in models of both retinal dystrophy and  light- 
induced retinal degeneration. Accordingly, studies were undertaken  to a ssess  the 

absence of c-fos on the course of retinal degeneration in rd (Hafezi, 1998) and  rho-/- 

(Hobson, 2000) anim als. Morphological, histochemical and biochemical analyses 

showed th a t the time course of apoptosis and the effect on photoreceptor degeneration 

in rd/rd, c-fos-/- and rho-/-, c-fos-/- double m utants and their relative control subjects 

was indistinguishable. Extensive experimentation may be required to isolate the 

m olecular basis of these distinctions and may require investigations involving a 

dispersed retinal culture system such as 6 6 IW cone photoreceptors as  d iscussed in 

detail in chapter 6 of th is thesis.

In the m eantim e w hat of the light-induced model of apoptotic cell death? While the 

initial resu lts  with c-fos may suggest a  distinction between m utation- and  light- 

induced retinal degeneration there nevertheless rem ains a  variety of potential uses to 

which th is model may be employed. For instance, Grimm (2000) has  shown tha t 

rhodpsin is necessary to mediate the transduction of the in tracellu lar death  signal by 
com paring light-induced apoptosis conducted in wild type and  rho-/- anim als. The 

later appear to be protected from light-induced dam age which, although instinctive, 

such findings begin to build a biochemical pathway of the m olecular route through 

which light insult may precipitate apoptosis in the retina. The light-induced model 

may also be extended as previously discussed into defining the significance of Bcl-2 

and Bc1-Xl response to the experimental conditions of light insult. Furthermore, it 

may be significantly valuable to m aintain a  light-induced model of retinal 

degeneration to study the activation of caspase family proteases. Due to the 

heterogeneous composition of the retina n a tu ra l occurring models of retinal
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degeneration m ay n o t exhibit sufficient quantities of apoptosis a t  any  given tim e to 

allow for the detection of m olecular events characteristic of apoptosis. C ondensing  

su ch  m olecular events into m ore defined spaces of time will undoubted ly  facilitate  th e  

identification of pa thw ays involved in  apoptotic retinal degeneration , a lbeit 
precip itated  by a  light insu lt.

Finally th e  availability of a  light-induced model in this laboratory will be u sed  shortly  

in tes tin g  the  degree of protection from apoptosis th a t m ay be afforded by the  

presence of baculoviral p35. A rhodopsin driven p35 transgen ic  m ouse  will be 

generated  to determ ine if p35 expression in the retina may in te rru p t the  cou rse  of 

photoreceptor cell dea th . W hile th is  model may then be crossed  w ith  a  n u m b er of 

re tina l degeneration  an im al m odels such  as the rho-/-, the  rd m odel a n d  th e  P23H  

m odel, the  availability of the  light-induced experimental system  m ay provide a  rap id  

ind ication  of p35 efficiency. Additionally, a  p35/light-induced system  m ay serve a s  a  

valuable tool in  com paring the  degree of protection conferred by p35 in  o th er re tin a l 

degeneration  m odels.
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Figure 1: Control [panel (a) and (c)] and 24 hour time-point [panel (b) and (d)] sections from resin 
embedded retinas following light-insuh with ~5,500 lux of cool white fluorescent light for 2,5 hours. Red 
arrow in (b) indicates disorganized outer segment layers while red arrows in (d) indicate apoptotic cells 
adjacent to healthy cells.

(a) Control retinal section (X400) (b) 24 hour time-point after light-induction (XIOOO)

i

(c) Control retinal section (XIOOO) (d) 24 hour time-point after light-induction (XIOOO)

Anatomical key: 

G IP IN OP ONL I O PE

G: Ganglion cell layer 
IP: Inner plexiform layer 
IN: Inner nuclear layer 
OP: Outer plexiform layer

ONL: Outer nuclear layer 
I: Inner segment layer 
O: outer segment layer 
PE: pigment epithelium
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Figure 2: Percentage o f apoptotic cells recorded from light-induced 
apoptosis in LACA animals following morphological analysis
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Figure 3: Gel electrophoresis of genomic DNA isolated from the retinas of control and light-induced 
experimental animals. DNA laddering representing caspase dependent endonucleolytic fragmentation of 
genomic DNA into oligonucleosomal fragments.

Lane 1: Control genomic DNA -  no light insult 
Lane 2; 6 hour time-point of genomic DNA 
Lane 3; 12 hour time-point of genomic DNA 
Lane 4; 24 hour time-point of genomic DNA



Figure 4: DNA nick end labeling by the TUNEL assay on apoptotic sections of light-induced murine 
retinas:

(a) Control section (received no light insult) indicating an absence of any TUNEL positive nuclei.

*

(b) 12 hour time-point indicating a comparatively increased signal of TUNEL labeled nuclei.

V,-.

•  «

(c) 24 hour time-point indicating abundant TUNEL positive nuclei consistent with an apoptotic phenotype.
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Figure 5: Percentage TUNEL labelled nuclei recorded in light-induced LACA animals
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Figure 6: Western blot analysis of (a) a-fodrin in the light-induced model, (b) actin in the light-induced 
model and (c) a-fodrin in the rd mouse model of retina degeneration. Panels (a) and (b): Lane [l]-control; 
Lane [2]- 6 hour time-point; Lane [3]-12 hour time-point; Lane [4]-24 hour time-point; Lane [5]-36 hour 
time-point. Panel (c): Lane [l]-control wild type; Lane [2]-43 day old rd animal; Lane [3]-30 day old rd 
animal; Lane [4]-17 day old rd animal; Lane [5]-10 day old rd  animal. Red arrows aside (a) and (c) from 
top to bottom respectively indicate 240kDa, ISOkDa and 120kDa.



Figure 7; Western blot analysis of (a) Bcl-2 in the light-induce model, (b) Bc1-Xl in the light induced 
model and (c) P-actin in the light-induced model. Lane [l]-control, no light insult; Lane [2]-3 hour time- 
point; Lane [3]-6 hour time-point; Lane [4]-12 hour time-point; Lane [5]- 24 hour time-point; Lane [6]-30 
hour time-point.



Figure 8: pRb shift in apoptotic fractions of solubilised retinas from rd animals

L anel: Control (wild-type) animal 

Lane 2; 43 day old rd animal 

Lane 3: 30 day old rd animal 

Lane 4: 17 day old rd animal 

Lane 5: 10 day old rd animal



CHAPTER 6
In h ib itio n  o f casp ase  a c tiv ity  and  prevention o f ap o p to sis  in  6 6 IW

cone p h o to recep to r cells.
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6.1 Introduction;

Rod and cone photoreceptor cells of the mammalian retina represent fully 
differentiated photo-reactive neurons deriving from the internal neuroepithelium  of 

the optic cup (Adler, 1986; Adler, 1989). Within the entire hum an retina rods 

outnum ber cones by approximately 20:1 (Curcio, 1993) however, it is the loss of cones 
among patients suffering retinitis pigm entosa (RP) that is frequently the source of the 

more severe functional, social and  psychological stress associated w ith the la ter 

stages of the disorder. Typically, patients affected by retinitis pigm entosa initially 
report difficulty in n ight time vision due to a loss of photoreceptor rod function, in 

m any cases attributable to m utations in rod specific genes (Kim, 1995; Ratner, 1999; 

Berson, 1993; Dryja, 1995; Bird, 1995). As vision progressively deteriorates RP 

patien ts experience gradual narrowing of the visual field accompanied by difficulties 

in daytime vision resulting from loss of cone photoreceptors (Berson, 1993; Bird, 
1995). One of the more challenging aspects of on-going RP research  is to define the 

m olecular mechanism(s) of how a  mutation within the genes of rod photoreceptors 

may lead to the death of cone photoreceptors. A recent study in th is  field (Peng, 2000) 

reported th a t ectopic synaptogenesis between cones and rod bi-polar cells, driven in 

an  attem pt to re-wire the synaptic circuitry of the retina, w as dem onstrable prior to 

cone cell degeneration in a  number of different anim al models of RP. These 

unscheduled  attem pts by the retina to prolong the com m unication netw orks achieve 

little o ther th an  a  short delay in the onset of cone cell degeneration. The attem pt to 

re-route the rod/rod-bipolar synapse to cone photoreceptors is in terpreted  as  an  

inappropriate cell signal and through an as yet unknow n m echanism  the  cone cells 

begin to die by apoptosis. The loss of cone cell function h a s  obvious medical 

consequences and it is therefore of significant in terest to investigate m eans through 
which cone photoreceptor longevity may be extended in the context of Retinitis 

pigmentosa. Indeed, one might argue th a t while several degenerative retinopathies 

may originate from m utations within rod photoreceptor cells, the real and  immediate 

clinical problems for such patients is tan tam oun t to a  cone cell dystrophy. In other 

words while the loss of rod photoreceptors and  night-tim e vision is a  significant 

handicap it is an  order of magnitude more preferable th a n  the subsequen t loss of 

cone photoreceptors and  day-time vision in patien ts suffering RP. Such a  rationale 

would th u s  dem and th a t the primary focus of therapeutic intervention, in the short 

term , addresses the cone photoreceptor cell degeneration to ensure that, a t a 

m inim um , a  degree of functional vision may be secured for as long as is possible. 

Consequently, studies of cone photoreceptor cells m ay provide critical information 

and  potential novel lines of intervention for the trea tm en t of Retinitis pigmentosa

C urrent research in the field of retinal dystrophies has been conducted, in large 

m easure, on transgenically produced anim al models. While these systems have
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provided un-paralleled insights into the pathology of photoreceptor degeneration they 

are unsu ited  to determ ining cell-based biological questions such as the molecular 

signalling within photoreceptors prior to apoptotic death. Additionally, attem pting to 

decipher the potentially complex sequence of events to bridge the present gap in the 

literature between the primary defect (a m utation in a photoreceptor specific gene) 

and  the secondary effect (photoreceptor apoptosis) characteristic of retinal 

degenerative pathologies is similarly unlikely in animal systems. Accordingly, there is 

a  significant dem and for an  alternative experimental model to address such questions 

as are recalcitrant to the curren t methodologies of transgenic anim al m anipulation. 

Retinal cell culture m ay be capable of providing such an alternative system  for the 
study of photoreceptors cells a t a  degree of resolution previously un-obtainable.

Although retinal cell culture has been practised since the 1950s (Moscona, 1957; 

Moscona, 1960) there rem ain a  num ber of significant technical difficulties in  the 
artificial culture of fully differentiated photoreceptor cells. The key difficulties derive 

from the opposing requirem ents to develop an experimental system  th a t perm its fully 

differentiated photoreceptor cells to be studied in conjunction w ith a reasonable cell 

doubling time for the performance of quantitative analyses. Superim posed on such  a  

requirem ent is the caveat tha t such cells replicate a similar environm ent to th a t found 

in  whole anim al models. In broad terms there are two approaches to add ress these 

difficulties: explant cultures and dispersed cell cu ltures (Seigel, 1999). Retinal 

explants, while m aintaining many histological and biochemical features of the  n a tu ra l 

sta te  for periods of up  to several weeks, cannot be propagated, exhibit un-acceptable 

degrees of experimental variation between cultures and  prove inappropriate for m any 

quantitative based assays due to variations in geometry and  com position (Freshney, 

1992). Contrastingly, dispersed cell cultures derived from embryonic, post-natal or 

adu lt tissues may lack the cell-cell organisation of the re tina  b u t have proved 

invaluable in term s of ease of culturing, transfection ability, patch-clam p recordings, 

videomicroscopy and detailed quantitative analyses. It m ust however, be recognised 

th a t no cell culture experimental system can replace the in tac t eye and  so the 

relevance of retinal cell culture experim ents m u st rem ain a  subject of debate. 

Nevertheless, careful interpretation of cell cu lture d a ta  in  conjunction with 

observations recorded from animal system s may be combined to provide valuable 

inform ation for retinal research. The studies undertaken  in  th is  chapter have been 

extended into the generation of a  transgenic anim al to fu rther te st the hypotheses 

generated from cell culture investigations.

Cone photoreceptor 6 6 IW cells represent a  genetically engineered dispersed cell 

cu lture employed in the course of these stud ies for the  investigation of apoptotic cell 

death  and  its inhibition. Originally transform ed and kindly provided by Dr. Al-Ubaidi 

of the University of Illinois, the 6 6 IW cell line w as cloned from retinal tum ours of a
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transgenic mouse line expressing the SV-40 T antigen under the control of the 

interphotoreceptor retinal binding protein (IRBP). SV-40 (Simian Virus 40) is a  small 

DNA virus originally discovered as a  concom itant of the earliest preparations of polio 
vaccine. Replication of the viral genome from its origin requires a virally encoded 

protein, large T antigen (SV-40 T-Ag), in addition to several other proteins provided by 

the host cell. SV-40 T-Ag has  been shown to bind the retinoblastoma protein (pRb) in 

m am m alian cells, a key regulator of the cell cycle (De Caprio, 1988; Huang, 1990). 

The retinoblastom a protein (pRb) participates in controlling the G i/S  phase transition  

of the cell cycle by binding and  inactivating a group of transcription activator family 

m em bers known as E2F. The sequestration of pRb by SV-40 T-Ag perm its the cell 
cycle to progress unchecked leading to cellular transformation. Under the control of 

the interphotoreceptor binding protein (IRBP) promoter such cellular transform ation 
has been confined to the  photoreceptor cell population.

6 6 IW cells have been shown to express opsin, arrestin, phosphodiesterase (PDE), 3- 

transducin  and  rds/peripherin  by RT-PCR (reverse transcriptase-polym erase chain 

reaction) analysis. Immunohistochemical analysis of cultured 6 6 IW cells 

dem onstrated expression of arrestin, IRBP, opsin, peripherin /rds, phosducin, a-rod 

transducin  and recoverin. Additionally, co-culturing studies w ith retinal pigm ent 

epithelial (RPE) cells dem onstrated formation of outer segm ent like s tru c tu res  

(Agarwal, 1998). Consequently, 661W cone photoreceptors rep resen t a  unique 

com bination of characteristics to facilitate the study of photoreceptor degeneration 

and  potentially extend the findings recorded therein to anim al models of retinal 

degeneration.

Apoptosis, in the context of retinal degeneration, h as  been well established (Chang, 

1993; Chang, 1997; Jomary, 1995; Li, 1995; Lolley, 1994; Naash, 1996; Nambu, 

1996; Portera-Cailliau, 1994;Smith, 1995; Tso, 1994) and  several stud ies in anim al 

system s employing anti-apoptotic approaches have been performed to varying degrees 

of success (Tsang, 1997; Joseph, 1996, Chen, 1996, Porciatti, 1996; Rabacchi, 1994, 

Cayouette, 1997). Despite this there are relatively few insights into the molecular 

pathw ays of apoptotic cell death occurring within the  retina of experim ental anim al 

models. This is primarily due to (i) the technical difficulties of performing quantitative 

analyses on mixed populations of cells, (ii) the complexities of experimental 

interrogation of highly specialised neuronal m olecular system s in anim als (iii) the 

isolation of photoreceptor specific signals against a  heterogeneous background of 

varying cell type. The 66 IW cell line, while representing a  transformed cell 

population, is nevertheless one of a  few m am m alian photoreceptor cell lines available 

shown to express a broad range of photoreceptor specific transcripts and thus 

represen ts an  extremely valuable tool for the design of focused studies into the 

apoptotic cell death of retinal neurons.
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A critical param eter to be defined in the context of designing strategies for therapeutic 

intervention of cone cell degeneration is the expression, activation and specificity of 
the caspase protease family within fully differentiated retinal tissues. Although there 
are few studies on the molecular signalling processes occurring within photoreceptors 

committed to apoptotic cell death  one report performed on an S334ter transgenic ra t 

model of photoreceptor degeneration (Liu, 1999) has demonstrated the detection of a  

single caspase —3 cleavage product. One difficulty with such studies is to determ ine 

w hat proportion of the  signal detected derives specifically from the photoreceptor 

population compared to th a t been derived from the remaining cell types which 
comprise the m am m alian retina. In this regard Liu et al (1999) have been singularly 

successful a t isolating the postulated activation events in their model of RP and  it is 

intended to apply these m ethods to a  rhodopsin driven p 3 5  transgenic anim al on a  

degenerative retinopathy background. As described in chapter 1, caspases exist as 

inactive zymogens which undergo autocatalytic processing to the ir active 
conform ations in response to a  variety of internal and external factors (Thornberiy, 

1998). Activation of caspase -3  has been shown to participate in the initiation of 

apoptosis in several studies involving neurons (Kuida, 1996; Armstrong, 1997; 

Yakovlev, 1997; Cheng 1998; Namura, 1998) and consequently in the context of 

retinal degeneration caspase -3  is one of the primary targets for m olecular studies. 

C aspase -3 , upon initiation of apoptosis, is cleaved from its  32kD a inactive 

conform ation into p l7  and p l2  subunits (17 kDa and 12 kDa respectively) (Nicholson, 

1995) while the active caspase enzyme is formed as hetero tetram ers of the  two large 

and  two small subunits. The detection of such  cleavage events is generally perceived 

to be the “smoking gun” of apoptosis and consequently the stud ies described in this 

chap ter focus both on caspase -3  itself and on a  num ber of key m olecular events 

associated with its role in apoptotic cell death.

In the p resent chapter evidence for apoptotic cell death  and  caspase involvement in 

6 6 IW cone photoreceptor cells is examined by m eans of cytological, immunological, 

enzymatic and cell transfection analyses. In addition, three potentially anti-apoptotic 

agents, Z-Val-Ala-DL-Asp- [Ome] fluoromethylketone [C2 1 H2 8N3 O7 F] (Z-VAD.FMK), 

thyrotropin releasing hormone (TRH) and  baculoviral p35 were employed to 

investigate the capacity to interfere with the process of cell dea th  within cone cell 

photoreceptors. Each of these agents has proven to be successful inhibitors of cell 

death  in a  diverse range of contexts. Z-VAD.FMK is a  commercially available 

tripeptide pan-caspase irreversible inhibitor widely u sed  as a  research tool in studies 

aim ed a t describing the molecular biology of caspase proteases. Caspase inhibitors 

have been developed on the bases of substra te  cleavage sites and therefore act as 

pseudo-substrates for active caspases behaving as competitive inhibitors. They range 

from those containing a  single asparta te  residue to trim ers and tetramers. The
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u n u su a l substrate specificity for aspartic acid at the cleavage site has  perm itted the 
inference tha t peptides shown to function against such amino acid sequence strongly 
suggest the presence of caspase proteases.

Table 1: Preferred substrate  recognition for a  selection of caspase effectors:

Enzyme
C asp ase -1 
C a sp ase -4 
Caspase -3 
C asp ase -2 
Caspase -6 
Caspase -7

Note: The caspases listed above all show a preference for aspartic acid (D) in the PI 
position and a small amino acid [valine (V), methionine (M) or alanine (A)] in the P2 
position.

Employing a  method of positional scanning of a combinatorial sub stra te  library, the 

optimal tetrapeptide substra te  sequences for ten caspases found th a t caspase -1 , -4 

and  -5  preferred the sequence WEHD, caspase -2 , -3 and -7  preferred the m otif 
DEXD and caspase -6 , -8, -9 and -10 preferred the motif L/V EXD (Thornberry, 

1997). Such data  was used to design and investigate a wide range of tetrapeptide 

inhibitors. The consistent feature emerging from these stud ies show th a t each 

preferred cleavage site has an  Asp residue in the PI position and  a  small am ino acid 

in the P2 position. The sufficiency of a P4-P1 tetrapeptide for caspase recognition and 

high affinity binding has been the basis for most of the currently  available caspase 

inhibitors including the flurogenic and chromogenic substra tes. Because these 

s truc tu res  represented only “preferred” amino acid sequences it w as possible to 

design inhibitors capable of binding a broad selection of the  caspases known to be 

involved in cell death. The chemical m echanism  of action of such  synthetic inhibitors 

is partly determined by the chemical groups to which the peptides are linked. Fluro- 

or chloro-methyl ketones (-FMK, -CMK) produce irreversible competitive inhibitors 

w hereas peptides linked to aldehyde groups such as -CHO, or to nitriles such  as pNA 

act as reversible inhibitors. These moieties act a s  caspase su b stra tes  w ithout 

chemically altering the pro tease. Z-VAD.FMK is thought to inhibit apoptosis a t an 

early stage due to its suppression of all the u ltras tru c tu ra l m arkers of apoptosis such 

as PARP cleavage, caspase -3  processing and  internucleosom al DNA cleavage (Slee, 

1996; Jacobson, 1996; Zhu, 1995).

Thyrotropin releasing hormone (TRH) is a  tripeptide hypothalmic regulatory hormone 

originally identified to have a  central role in endocrine signalling in the hypothalmic- 

pituitary-thyroid axis and, in common with other neuropeptides, its actions have been 

shown to be mediated through the stim ulation of cell surface receptors (Reichlin, 
1986; Lechan, 1986; Gershengorn, 1986). Intracerebroventricular injection of TRH

Substrate
YEVD P4 P I
LEVD j I
DQMD D Q M D
DVAD
VQVD
DQVD
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has been shown to behave as a powerful analgesic been almost twice as effective as 
m orphine (Cao, 1998) but, most relevant in the context of these studies, TRH has 

been shown to function as a motor neuron trophic agent capable of slowing the ra te  of 

neuronal loss in disorders such as amyotrophic-lateral sclerosis (Brooks, 1986; 
Faden, 1999, Kelly, 1995). TRH is synthesised from the post-translational cleavage of 
a  larger pre-cursor peptide (pre-pro-TRH) which contains five copies of the TRH 

polypeptide (Jackson, 1986). The molecular mechanisms underlying the beneficial 
effects of TRH are not clearly understood bu t are thought to involve the potentiation of 
a  num ber of neurotransm itter systems (Kelly, 1995). A complicating factor in 

attem pting to harness the beneficial advantages of TRH is its rapid elimination in vivo 
following its release from the hypothalmus. Degradation is m ediated by three 

enaymes, pyroglutam ate aminopeptidase, pyroglutamyl peptidase II (also known as 

thyrotropin releasing hormone-degrading enzyme, TRH-DE) and prolyl endopeptidase. 

The specificity, location and distribution of TRH-DE have identified it as the  principal 
enzyme for term inating the actions of neuronally released TRH (Bauer, 1997). 

Significant levels of TRH, TRH receptor and TRH-DE have been detected in the 

m am m alian retina (Wilk, 1998; Satoh, 1993) precipitating the stud ies reported herein  

to determ ine a potential therapeutic effect on retinal cone photoreceptors induced to 

undergo apoptotic cell death. It is clearly of value to establish if TRH has  the  potential 

to prolong the survival of cone photoreceptors subjected to a  strong apoptotic signal. 

If positive, such a  finding may permit the development of therapeu tic  strategies aimed 

a t either promoting the expression of TRH and /o r  blocking the action of TRH-DE.

Baculoviral p35, discussed in detail in chapter 6, w as originally identified through a 

routine expression vector screen for viral m utan ts among baculoviral-infected insect 

cells. The m u tan t of the virus Autographica californica multiply-em bedded nuclear 

polyhedrosis virus (AcMNPV) failed to prevent prem ature death  of AcMNPV-infected 

Spodoptera frugiperda (SF-21) insect cells and, through a  process of m apping by 

m arker rescue, the m utation in question was shown to be a  754 base-pair deletion in 

the viral p35 gene (Clem, 1991). The resulting trunca tion  of 132 am ino acids from the 

carboxyl term inus essentially created a  p35 “knockout” AcMNPV viral particle, 

consequently allowing for its phenotypic identification. S ubsequent studies 

dem onstrated th a t p35, when expressed ectopically, functions as a  general and 

effective suppressor of apoptotic cell death  in a  diverse range of organisms 

(Rabizadeh, 1993; Cartier, 1994; Hay, 1994; Sugimoto, 1994; Beidler, 1995; 

M artinou, 1995; Robertson, 1997; Davidson, 1998). These findings were quickly 

followed by the dem onstration of p35 as an  irreversible, or very slowly reversible, 

inhibitor of the caspase family of m am m alian cell death  proteases (Bump, 1995; Xue, 
1995; Bertin, 1996; Zhou, 1998). In this chapter, 661W cone photoreceptor cells were 

exposed to varying concentrations of a  plasm id containing the baculoviral p35 

transcrip t to determine if its expression confered any observable phenotype.
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Finally, transfection of 6 6 IW cone photoreceptors with ectopically expressed FADD 

(fas associated death domain) was conducted to assess distinct apoptotic pathw ays 

within cone photoreceptors. It is known th a t several cell types contain m em brane 

receptors tha t trigger cell death pathways through a process of ligand binding in 

con trast to the apoptosome model of apoptotic induction (Boldin MP, 1996; Muzio M, 

1996)(section 1.3.2, chapter 1). Such receptors contain cytoplasmic sequences term ed 
“death dom ains” which enable the receptors to mediate a signal to the apoptotic 

m achinery (Goedell, 1993). One of the best characterised m em brane receptor 

pathw ays leading to apoptosis is the Fas/CD95/APO-l system. Fas and  Fas ligand 
play im portant roles in the down regulation of the immune response, the  killing of 

virally infected and  cancerous cells and in the killing of inflammatory cells a t im m une 

privileged sites such as the eye, brain, placenta, ovary or testes. Fas ligand is a  
hom otrim eric molecule th a t may bind the Fas receptor causing the clustering of the 

receptors’ death  domains. The clustering facilitates the recruitm ent of an  adaptor 

protein called FADD (Fas associated death domain) which itself contains a  “death  

effector dom ain” (DED) tha t in turn  binds caspase -8 directly. The oligomerization of 

caspase -8 may then  drive its own activation by self-cleavage followed by the 

activation of downstream  effector caspases such as pro-caspase -9 amplifying the 

signal and  committing the cell to an apoptotic fate (Muzio M, 1998). Transfection of 

6 6 IW cone photoreceptor cells with a construct expressing the FADD protein may 

indicate the susceptibility of this cell line to ligand-induced cell death .
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6«2 M aterials and  M ethods;

6.2.1 Culture retrieval from frozen stocks

For initiating fresh cultures of 6 6 IW cone photoreceptors, between one and four 

500^1 am pules of frozen stocks a t a concentration of ~10^ cells were thawed, briskly a t 

37 C. Once a liquid phase was obtained (generally after 5 minutes) cells were 

resuspended in 20 m is DMEM without foetal calf serum (FCS) to dilute ou t any 
inhibitory effects of DMSO (dimethyl sulfoxide) present in the freezing medium. 
Following dilution the cells were centrifuged a t 1094g for 5 m inutes. The su p ern a tan t 

was removed and the cell pellet was resuspended in 10 mis DMEM containing 10% 

(v/v) FCS with 2mM L-Glutamine and incubated in a 9cm diam eter tissue culture 
plate under the conditions described below.

6.2.2 Culturing and Passaging

6 6 IW cone photoreceptor cells grow readily, with a doubling time of ~24 hours, in 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) (FCS) and  

2mM L-Glutamine. Cultures were maintained in a sterile humidified environm ent a t 

37°C, 95% O2 and 5% CO2 . Depending on starting inoculum  and degree of confluency 

it was required to passage the cultures every 2-3 days. Spent m edia w as removed and 

cells were w ashed twice in phosphate buffered saline (PBS), pH 7.2, to remove any 

residual bovine pancreatic tiypsin inhibitor. Cells were incubated in  ~2mls of 

trypsin/EDTA (0.5m g/ml and 0.2mg/m l respectively) for 5 m inu tes a t 37°C to remove 

them  from the plate surface and facilitate disaggregation by subsequen t m echanical 

agitation. The cell suspension was removed to a 25ml sterile tube and  resuspended  in 

15 mis DMEM (containing no FCS). An aliquot of 20vil w as suspended on a 

haem ocytom eter slide and a cell count was performed as described in  chap ter 2. Cells 

were centrifuged a t 1094g for 5 m inutes and  resuspended in an  appropriate volume of 

growth medium (DMEM supplem ented with 10% (v/v) FCS and  2mM L-Glutamine) 

depending on the desired concentration of cells required as a  starting  inoculum . The 

majority of assays used cultures seeded in a  6 well plate a t a  concentration of 1 X 10^ 

cells in a  volume of 3mls growth m edia expanded to approxim ately 85-90% 

confluency.

6.2.3 Culture storage
It w as im portant as part of good laboratory practice and safety to ensure a ready 

supply of reserve 66 IW cells to provide backup in the  event of either yeast, bacterial 

or viral infection or, in the event of electrical or m echanical failure in cold storage 

m achinery. At intervals not exceeding 21 days between two and four 9cm diameter 

culture d ishes of 66 IW cone photoreceptors were tiypsinised as previously described 

to harvest ~10'^ cells. After cells were collected from plates they were resuspended
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briefly in a small volume (~8mls) of DMEM and centrifuged at 1094-g for 5 minutes. 
Following removal of supernatant the cell pellet was resuspended in 2mls of freezing 

medium comprised of 50% PCS, 45% DMEM and 5% DMSO (dimethyl sulfoxide, 
C2 H6 SO) and aliquoted in volumes of SOOjjl to ciyoprsevative vials. These stocks were 

frozen slowly by wrapping each vial in cotton wool before been placed in a cardboard 

storage box at -80°C to approximate a temperature reduction of 1°C per minute to 
minimise cell damage.

6.2.4 Cytotoxic induction of photoreceptor cell death:

To test the susceptibility of 6 6 IW cone photoreceptor cells to a variety of cytotoxic 
insults the following agents were employed:

(i) Actinomycin D (C6 2 H8 6 N12O16) originally isolated from Streptomyces spp., is a cell 
cycle-phase specific antibiotic capable of complexing with DNA and intercalating 

between oligonucleotide strands to selectively inhibit DNA dependent mRNA 

synthesis, subsequently leading to cell death. Actinomycin D is widely used as a 

chemotherapeutic drug. Actinomycin D was used at a final concentration of 20[iM.

(ii) Cycloheximide (C1 5H2 3NO4 ) derived from the soil bacterium Streptomyces griseus, is 

a potent antibiotic which inhibits protein synthesis in eukaiyotic cells by blocking 

translation of mRNA from the ribosomal machinery. Cycloheximide was used at a 

concentration of SÔ iM.

(iii) Daunorubicin (C2 7 H29NO10) is a natural product isolated originally from 
Streptomyces caeruleorubidus and subsequently from Streptomyces peucetius. 

Daunorubicin is an anthracycline antineoplastic agent which acts in a similar mode 

to Actinomycin D by intercalating between oligonucleotide strands. The formation of 
such complexes with DNA alters the helical structure of nucleic acids inhibiting DNA 

polymerase and RNA polymerase to prevent protein synthesis. Daunorubicin also 

affects topoisomerase II by stabilising the DNA-topoisomerase II complex leading to 

double-strand DNA breaks. Additionally, Daunorubicin may undergo reduction to 

form oxygen free radicals which can induce membrane lipid peroxidation, DNA strand 

scission and direct oxidation of purine or pyrimidine bases, thiols and amines. 

Daunorubicin was used at a final concentration of 2.5|^M.

(iv) Etoposide (C29H32O13) is a semi-synthetic drug derived from the resin of the 
Podophyllum peltatum  (mandrake root or May apple). Etoposide is a cell cycle-phase 

specific antineoplastic agent active during the G2 phase of cell division. The drug 

binds to and stabilises a complex of DNA-topoisomerase II to prevent further 

progression in the cell cycle, leading to DNA strand breaks and cell death. Etoposide 

was used at a concentration of 200nM.
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(v) Staurosporine (C28H26N4O3) is a natural product isolated from the bacterium  
Streptomyces staurosporeus and acts as a potent inhibitor of protein kinase C while 

also inhibiting cAMP- and cGMP-dependent protein kinases. Interruption of 
intracellular signalling subsequently leads to cell death. Staurosporine was used at a 
concentration of 500nM.

(vi) Tumour Necrosis Factor a (TNFa) is a biological multipotent cytokine produced 

predominantly by activated macrophage capabable of mediating a signalling cascade 
leading to cell death by binding the p55 receptor expressed on the surface of most 

cells. The p55 receptor contains an intracellular death domain similar to the 

cytoplasmic domain of Fas. The signal transduction pathway initiated by TNFa 

activates proteases that are directly involved in cell killing. TNFa was used at a final 
concentration of 50ng/ml.

(vii) Ultra Violet irradiation (100-400nm of the electro-magnetic spectrum) causes  

genetic damage by inducing the photochemical fusion of pairs of adjacent pyrimidines 

in a DNA strand to form pyrimidine dimers. Cross linking of thymine residues by 

covalent bonds at carbons 5 and 6 form a cyclobutane ring which distorts the nucleic 

acid helical structure. This distortion subsequently interferes with the ability of 
thymines to form hydrogen bonds with the adenines on the opposite strands. 
Consequently DNA replication and transcription are blocked leading to cell death. UV 

irradiation was conducted on a TFX20M transilluminator for 75 seconds.

6.2.5 Inhibition o f 661W cone photoreceptor cell death with Z-VAD.FMK:

To test the potential effects of Z-VAD.FMK cultures were prepared as described above, 
seeded at 1 X 10  ̂ and allowed to proliferate to -85% confluency. Media was removed 

and cells were washed twice in PBS prior to incubation with 2X Z-VAD.FMK at the 

appropriate concentration. For each Z.VAD.FMK concentration (0 - 80pM) three 

cultures of 6 6 IW cells were tested in duplicate, i.e., six wells in total. After 1 hour 

pre-incubation cells were diluted in 2X of 2.5pM daunorubicin and allowed to 
incubate overnight before plates were scored for live vs. dead cells.

6.2.6 Western blot analysis of caspase -3  in 66IW cone photoreceptor cell lysates:

A standard protein assay (BioRad) was employed to determine protein concentrations 

in samples of control and apoptotic 66 IW cone photoreceptors. Serial dilutions of 
BSA were prepared and concentrations were determined by spectrophotometry. A plot 

was graphed from the data to yield the equation y = 7.3468 X IO-2 + 5.1284 X 10-2x 

which when solved for x using y as the spectrophotometric reading for each test 

sample provided an estimate of protein concentration. Cells were harvested in 200 pi
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lysis buffer (150mM NaCl; 20mM Tris, pH 7.5; 1% Triton-X-100 with protease cocktail 
inhibitor: ImM PMSF (phenylmethylsulfonyl fluoride), O.lpg leupeptin and 2 pg /m l 
aprotinin) and rested on ice for 5 minutes prior to appropriate dilution in IX SDS 

buffer followed by addition to 980 ]il of Biorad colorimetric solution (at 1 /5  dilution) 
and spectrophotmetric analysis at 595 nm. Once samples were equilibrated 20]j.l of 
the lowest concentration was used as the standard with all subsequent samples 

equilibrated to that concentration. 5% p mercaptoethanol and Ipl bromophenol blue 
(l%w/v) was added, samples were boiled for 5 minutes and electrophoresed on a 8- 
15% SDS polyacrylamide denaturing gel at lOOmV and 40mA for 2 hours followed by 

transfer to PVDF membranes at 40mA overnight. Blots were blocked in 5% TBSTween 

Milk (5% dried Marvel milk powder; lOmM Tris-HCl, pH 8.0; 150mM NaCl; 0.05%  

Tween) and incubated with the appropriate primary antibody for 1.5 hours, washed in 

TBST (lOmM Tris-HCl, pH 8.0; 150mM NaCI; 0.05% Tween) and incubated in 5% 

TBSTween Milk with the appropriate secondary HRP (horse-radish peroxidase)- 
labelled antibody for 1 hour. Blots were washed three times in TBST and antibody 

labelling was detected by enhanced chemiluminiscent substrate detection (Pierce 

Biochemicals, Rockford, Illinois, USA) of horse-radish peroxidase using SOOpl luminol 
mixed with 500pl stable peroxide solution and incubation with blots for 5 minutes at 

room temperature prior to auto-radiography.

6.2.7 Ac-DEVD-pNA chromogenic substrate cleavage a ssa ys  in 661W cells
Each experiment used 2 X 9cm culture dishes, for controls and for tests, each 

containing ~5 X 10  ̂ cells. Following induction with 200 pM etoposide cells were 

washed in serum free media, tiypsinised and centrifuged at 1094gf for 5 minutes at 
4°C. Cells were resuspended in 50 pi lysis buffer (150mM NaCl; 20mM Tris, pH 7.5; 
1% Triton-X-100 with protease cocktail inhibitor: ImM PMSF, O.lpg leupeptin and 2 

pg/m l aprotinin) rested on ice for 10 minutes and added to 50pl 2x protease reaction 

buffer (lOOmM Hepes, pH 7.4;150mM NaCl; 0.2% CHAPS [DTT added separately]) and 

lOpl of lOX lOmM Ac-DEVD-pNA (Bachem Chemicals) chromogenic substrate. 
Samples were incubated at 37°C for 60 minutes followed by the addition of 900pl ice- 

cold H2 O prior to spectrophotometric analysis.

6.2.8 Inhibitory studies in 661W cells using TRH
Three sets of 6-well plates containing cultured 6 6 IW cone photoreceptors were pre
incubated for 2 hours with varying concentrations (lO-lOOOpM) of thyrotropin 

reducing hormone (TRH), a kind gift from Dr. Julie Kelly, Dept, of Biochemistry, 
Trinity College Dublin. Following pre-incubation cells were induced into apoptosis 

either by the addition of 2.5pM daunorubicin or by exposure of cultures to 75 seconds 

of UV irradiation. After 16 hours incubation under standard conditions plates were 

scored for live vs. dead cells.
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6.2.9 Transfection of 661W cells withfi-galactosidase, baculoviralp 3 5  and FADD:

Cells were transiently transfected using the commercially available Lipofectamine-Plus 

reagents (Gibco BRL). This transfection protocol employs two reagents, Lipofectamine 

and Lipofectamine-Plus. Lipofectamine is a  3:1 (w/w) liposome formulation of the 

polycationic lipid 2, 3-dioleyloxy- N-[2(sperminecarboxamido) ethyl]-N,N-dimethyl-l- 
propanam inim um  trifluoracetate and the neutral lipid dioleoyl 

phosphatidylethanolam ine suspended in membrane filtered water. Lipofectamine- 
Plus is a  proprietary agent for the optimisation of cell transfection. Transfection 

assays were performed with 3 constructs: (a) cytomegalovirus driven (3-galactosidase, 

(b) cytomegalovirus driven p35 and (c) cytomegalovirus driven FADD (fas associated 
death  domain) using stock concentrations of 500ng/pl, Cells were cu ltured  to ~ 

1X10®, w ashed in PBS and incubated for 3 hours in O.Smls serum  free m edia and  a  
ratio of 1:3:12 p i transfection mix of DNA: lipofectamine: lipofectamine-plus as per 

m anufacturers instructions. Transfection efficiencies were determ ined by conducting 
a  simple assay to detect the activity of p-galactosidase as described in  chap ter 2.
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6.3 Results:

6.3.1 Chemical and physical cytotoxic insult induces apoptosis in 66I W  cone 
photoreceptors:

Cultures of 6 6 IW cone photoreceptors, a t a  concentration of 1 X 10® per well, were 
exposed to varying chemical and  physical cytotoxic insults to determine an  optimal 

experim ental method for inducing apoptotic cell death. Cultures of 66 IW cone 

photoreceptors were exposed to the following concentration of cytotoxic agents 
prepared from stock solutions: 20pM actinomycin D, 50]aM cycloheximide, 2.5viM 

daunorubicin, 200pM etoposide, 500nM staurosporine and 50ng/m l TNFa.

Exposure to UV light was carried out on a TFX20M transillum inator for 75 seconds. 
Cells were incubated from 20-24 hours and scored for live vs. dead cells in 

com parison to a control for each agent. The following table (Table 2) records the m ean 

value of three independent experiments conducted in duplicate:
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Table 2. Percentage apoptosis recorded in 6 6 IW cone photoreceptor cells exposed to a 
variety of cytotoxic agents as indicated below.

Cjrtotoxlc Aeent Test # S  # hive # Dead " %  AooDtosis Mean Std. Dev
Control a 300 2 0,66 0.77 0.19

b 300 2 0.66
c 300 3 0.99

A ctinom ycln D a 69 232 77.08 76.30 0.75
■ b 73 226 75.59

c 67 215 76.24

Cyclohexlm ide a 262 38 12.67 15.74 2.86
. b 254 57 18.33

c 253 49 16.23

Daunorublcin a 53 246 82.27 82.31 1.39

f  . C ■ ; b 49 252 83.72
. ■ ■■ ''V ■ 1 c 57 242 80.94

Etoposide a 111 190 63.12 64.01 1.01

b 109 192 63.79

c 105 196 65.12

Stauro«K «i«e a 86 215 71.43 72.98 1.95

b 74 224 75.17

M- ' ’ ' ■ ■ c 83 217 72.33

■fNF-a . v: a 273 26 8.70 9.02 1.25

b 267 31 10.40

c 277 24 7.97

, U.V. in ad ia tion  * a 137 162 54.18 53.89 2.59

b 131 169 56.33

c 146 153 51.17

* p la te  exhibited evidence o f necrotic cell dea th  and cellular leakage in addition  to apoptosis.

Live vs. dead cells were recorded and the data  plotted as  illustrated  in figure 1. 

Figure 2 represents a  photographic record of the response of 6 6 IW cells to each 

cytotoxic insult.

Morphological changes associated with apoptosis in  66 IW cells were observed to 

follow three distinct phases:

1. There was a  reduction in nuclear size w ith a  condensation of chromatin a t the 

periphery of the nucleus. Cells had  become detached from their neighbours and the 

normally flat and stretched appearance had  given way to a  rounded more spherical 

form. Apoptotic cells were observed adjacent to healthy cells. The cell shrinkage was 

observed to be accompanied by surface bubbling and  blebbing (figure 3).
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2 . As cell surface blabbing became apparen t a crenation of the nuclear outline w as 

observed as the cell became fragmented into particles of various sizes commonly 

referred to as apoptotic bodies . Many cells had by this time lost anchoring stability 
with the substratum  appearing similar in form to cultures immediately following 
tiypsinisation for passaging (figure 4).

3 . The residual nuclear and cytoplasmic structures were observed to undergo fu rther 
degradation; within an  in vivo system this stage of apoptotic demise would normally 

occur within the phagosome as cellular debris is cleared by either healthy 
neighbouring cells or roaming macrophage.

All of the observed changes were indicative of an apoptotic mode of cell death  in 

com parison to necrosis where one may expect to observe a more synchronous wave of 

cell death  with cells showing critically damaged membranes and  organelles. Necrosis 

is generally characterised by defects in the cellular plasm a m em brane eventually 

rup tu ring  as fluid and  ions enter the cell dispersing cytoplasmic elem ents into the 

extracellular space, subsequently stimulating an acute inflammatory reaction in invo. 

None of these characteristics were observed in 6 6 IW cone photoreceptors. 

Additionally, there w as no evidence of mitochondrial swelling or in tra-cellu lar leakage 

to the growth medium, generally characteristic of necrotic death . From the  cell 

counts it w as determined tha t daunorubicin (2.5]aM) yielded the m ost optimal 

percentage of cell death in term s of an apoptotic phenotype (82.31 ± 1.39%) however 

the m ajority of cytotxic agents used, excepting TNFa, yielded an  apoptotic pa tte rn  of 

cell death  a t an  average of 66.8 ± 10.1% (figure 1), more th a n  adequate for 

subsequen t assays directed a t interrupting the course of such  cellular death.

6.3.2 Inhibition o f 661W cone photoreceptor cell death by Z-Val-Ala-DL-Asp-Ome 

fluoromethylketone (Z-VAD.FMK) C21H28N3O7F:

While a  num ber of reports on photoreceptor cell death  strongly implicate caspase 

activity indirectly (Chang, 1993; Portera-Caillau, 1994; ARVO A bstracts, 2001) and 

directly (Liu, 1999), there are also alternative suggestions th a t photoreceptor cells 

undergo apoptotic cell death independent of caspase activity (Donovan, 2001; 

Carmody, 2000). To determine if the apoptotic cell dea th  observed under 

experim ental conditions induced by cytotxic insu lt resulted  in caspase independent 

cell death  the potent pan caspase inhibitor Z-Val-Ala-DL-Asp- (OMe) 

fluoromethylketone (Z-VAD.FMK) was pre-incubated with cu ltu res of 6 6 IW cone 

photoreceptors induced to undergo apoptosis. Due to the m echanism  of Z-VAD.FMK 

action one may expect a caspase independent apoptotic cell death to be entirely 

resis tan t to such peptide inhibitors. C ultures of 66 IW cone photoreceptors were 

seeded a t a  concentration of 1 X 10^ in a  volume of 3 ml growth medium and 

incubated overnight as previously described. Four 6 well plates were established per 

experim ent consisting of two sets of duplicates, (A) Control set with daunorubicm
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(2.5}iM) and (B) Inhibition set with daunorubicin (2.5}iM) and varying concentrations 
of Z-VAD.FMK:

Set (B)
Well # Dnrbcn(2.5uM) Z-VAD.FMK Well # Dnrbcn |2.5uM) Z-VAD.FMK (uM)1 - - 1 + 0

2 + - 2 + 5
3 + - 3 + 10
4 + - 4 + 20
5 + - 5 + 40
6 + - 6 + 80

Prior to cytotoxic insu lt cells were pre-incubated for 1 hour in 1ml 2X Z-VAD.FMK 
over a  concentration range of 5, 10, 20, 40 and 80viM followed by the addition of 1ml 

2X daunorubicin (2.5|iM). Cells were incubated for a period of 20 hours prior to being 
scored for live vs. dead cells by light microscopy. The following table indicates the 

degree of protection from apoptosis afforded by pre-incubation w ith Z-VAD.FMK:

Table 3: Q uantification of 6 6 IW cone photoreceptor cell survival in  the presence of Z- 

VAD.FMK following cytotoxic insult*:

[Z-VAD.FMiq
hH Test # #Dead % Apoptosis % Survival Mean

*  .0 . a 21 281 93.05 6.95 6.99 1.35

' b 25 274 91.64 8.36

c 17 283 94.33 5.67

5 a 36 262 87.92 12.08 12.01 0.98

b 39 262 87.04 12.96

c 33 267 89.00 11.00

10 a 40 261 86.71 13.29 14.49 1.14

> “ '■ b 44 257 85.38 14.62

c 47 255 84.44 15.56

20 a 79 222 73.75 26.25 26.53 1.12

b 77 224 74.42 25.58

c 83 216 72.24 27.76

40 a 102 199 66.11 33.89 36.32 2.21

b 111 190 63.12 36.88

c 115 186 61.79 38.21

80 a 215 85 28.33 71.67 72.36 0.93

b 221 80 26.58 73.42

c 216 84 28.00 72.00

*Figures derive from three separate experiments performed in duplicate

The resu lts  (represented in table 3, figure 5 and  figure 6) dem onstrated tha t even at 

the lowest concentration of Z-VAD.FMK (5|iM) there w as a  significant effect on the 

survival of cone photoreceptor cells undergoing apoptotic cell death induced by 

cytotoxic insult. The survival percentage a t 5]aM nearly doubled that of the control 

(6.99 ± 1.35% for the control vs. 12.01 ± 0.98% for cells incubated with 5pM Z-
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VAD.FMK.). The concentration of Z-VAD.FMK required to inhibit apoptotic cell death  

by 50% in vitro was between 40 and SOpM. At the highest concentration of 80pM  Z- 

VAD.FMK 72.36 ± 0.93% of cone cell photoreceptors were protected from apoptotic 
cell death. It was additionally observed th a t the protection provided by Z-VAD.FMK a t 

20 and  40iaM was readily noticeable to the unaided eye. The potency of apoptosis 

inhibition by pre-incubation with Z-VAD.FMK strongly implicates the presence and 

involvement of caspases in the programmed cell death of cone photoreceptors in th is 
in vitro system.

6.3.3 Western blot analysis o f  caspase activation in 66I W  cone photorecepotrs 

undergoing apoptotic cell death:

In addition to inhibiting photoreceptor cell death it was desirable to determ ine if 

caspase-3 processing (the central caspase effector of the apoptotic programme) could 

be detected directly in 6 6 IW cone photoreceptors induced to undergo cell death  

through cytotoxic insult. Apoptotic assays were set up  as previously described. Cells 

were harvested and lysed in 50]al lysis buffer (150mM NaCl, 20mM Tris, pH 7.5 and  

1% Trition X-100). A protease inhibitor cocktail was added to minimise protein loss 

during the assay and contained PMSF (ImM), leupeptin (10ng/vil)> apro tin in  (2vig/ml) 

and DTT (4mM). Prior to electrophoresis on 8-15% SDS gels, sam ples were diluted 

approxim ately 1 in 500 with BioRad solution and protein content was estim ated by 

spectrophotom etry a t 595 nm.
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Table 4: Protein extraction from 6 6 IW cone photoreceptor cells:

Cytotoxic a.;ent Time harvested Test #
Protein conc. 

(M/ul) Mean StdDev• -

Control 20 hours a 7.33 7.80 0.42
’ 20 hours b 8.14

• . 20 hours c 7.92

Cyclohexlmlde 20 hours a 4.98 5.21 0.21
20 hours b 5,26

20 hours c 5.39

Daunorublcin 20 hours a 5.64 5.44 0.60

20 hours b 4.77

20 hours c 5.91

Etopottidie. 20 hours a 6.62 6.31 0.30

20 hours b 6.28
■ 20 hours c 6.02

THF 20 hours a 9,33 9.20 0.41

20 hours b 8.75p
20 hours c 9.53

UV irradiation 20 hours a 5.25 5.80 0.58

20 hours b 6.41

20 hours c 5.74

Average yields from a  single well of a 6 well plate of confluent cells were as  indicated 

in table 4. Sample volumes were adjusted to equilibrate com parative protein loading 

across the gel subsequently confirmed by probing with actin  antibody. Following 

electrophoresis and transfer to a PVDF m em brane blots were blocked in 5% TBS 

Tween Milk and probed with caspase -3 antibody (Santa Cruz Biotechnology 

#scl225). As may be observed from figure 7 the 32 kDa pro-apoptotic zymogen signal 

is greatly diminished in samples undergoing apoptotic cell death. This observation is 

consistent with the processing of pro-caspase -3  from its 32 kD a conform ation to its 

active p l7  and p l2  subunits as previously described in section 6.1. Replica blots 

probed for p-actin (murine p-actin from ICN Chemicals, #691001 a t a  dilution of 

1/500) as indicated in figure 7. The signal detected from p-actin rem ained consistent 

across all samples indicating an  equal concentration of protein in  each well. As may 

be observed from figure 7 the consistent loss of the  caspase -3  32kDa fragment 

strongly suggests the involvement of processed caspase -3  in  the  apoptotic cell death 

of 6 6 IW cone photoreceptor cells.
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6.3.4 Detection o fcaspase  3 activity in 661W cone photoreceptors using a chromogenic 
Ac-DEVD-pNA cleavage assay:

Additional confirmation of caspase —3 processing within cone photoreceptor cells w as 
obtained by exposing cell lysates to a chromogenic tetrapeptide substra te  com prising 

the preferred target am ino acid sequence of caspase -3. Due to the  potential for the 

bright red colour of daunorubicin to interfere with the spectrophotometric readings 

from the chromogenic tetrapeptide substrate, etoposide, a  clear colourless cytotoxic 

agent, was used in th is assay for the purpose of inducing apoptotic cell death. Five 

6 6 IW cultures were set up  as previously described seeded a t a  density of 1 X 10^ cells 

per plate and  incubated with 200pM etoposide. Cells were harvested a t time intervals 
of 0, 3, 6, 9 and 12 hours post-insult and lysed in 300pl lysis and  protease buffer. 

lOOvil of lysed solutions were incubated either with lOOpM Ac-DEVD-pNA or lOOiiM 

Ac-DEVD-pNA and 50)iM Z-VAD.FMK at 37°C for 60 m inutes followed by 

spectrophotom etric analysis a t 400nm. Table 5 [a] and [b] indicates the resu lts  of 

spectrophotom ertric analysis on control and test samples. Set (A) and  (B) are 

distinguished by the absence or presence of 50pM Z-VAD.FMK.
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Table 5: Results of Ac-DEVD-pNA assay on 66IW cone photoreceptor cells 
undergoing apoptotic cell death.

Set A; (without Z-VAD.FMK):

Sample T est# (lOOiiM)
Z-VAD FMK 

rfSOiaiJ i:':*
o .» .®
400nm Mean Std Dev

Blank a + - 0.0000 0.0000 0.0000
. b + - 0.0000
, '  ' , c + - 0.0000

Control a + - 0.0860 0.0843 0.0015
b + - 0.0830

’ < c + - 0.0840
iT lm e 3  hours a + - 0.0900 0.0920 0.0020

b + - 0.0940
c + - 0.0920

Time 6 hours a + - 0.1180 0.1157 0.0025
b + - 0.1160

••Vk . c + - 0.1130
Time 9 hours a + - 0.1330 0.1363 0.0035

b + - 0.1400
c + - 0.1360

Time 12 hours a + - 0.1750 0.1717 0.0031
b + - 0.1690

i c + - 0.1710

Set B: (with Z-VAD.FMK):

Saiame
Blank

Coittyol

Time 3 hours

... ,  . . ... . 

Time 6 hours

Time 9 hours

TuM.:^2.hou»

DEVD-pNA
(lOOliM)

Z-VAD.FMK
(SOuM)

O.D. ,« 
400nm Mean «v
0.0000 0.0000 0.0000
0.0000

0.0000
0.0910
0.0930
0.0900
0.0990
0.0960
0.0950
0.0940
0.0910
0.0930
0.0880
0.0870
0.0820
0.0900
0.0910

0.0913

0.0967

0.0927

0.0857

0.0910

0.0920

0.0015

0.0021

0.0015

0.0032

0.0010

Results represent the mean values o f three experiments conducted in duplicate.

Figure 8 shows the increase over time of Ac-DEVD-pNA cleavage. Spectrophotometric 

analysis of samples incubated for 60 m inutes with the chromogenic tetrapeptide
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substra te  show an  increase from 0.0843 ± 0.0015 to 0.1717 ± 0.0031 (arbitrary units) 

w hen assayed a t a  wavelength of 400 nm. The hydrolysis of Ac-DEVD-pNA cleavage 

w as alm ost entirely inhibited by the presence of 50pM Z-VAD.FMK as m ay be 

observed from the values recorded w hen Z-VAD.FMK was added to the system. 

Spectrophotometric analysis revealed a  signal detection ranging from 0.0857 ± 0.0032 

to 0.0967 ± 0.0021 (arbitrary units) which is comparable to control samples where no 

substra te  cleavage w as detected. These results clearly indicate the presence and 
activity of caspase specific proteases and the inhibition of such activity with a  highly 
specific caspase inhibitor, Z-VAD.FMK.

6.3.5 Effect o f Thyrotrophin Releasing Hormone (TRH) pre-incubation with 66I W  cone 
photoreceptor cells induced to undergo cell death:

TRH (Thyrotrophin Releasing Hormone) is a tripeptide hypothalm ic regulatory 

horm one shown to elicit neuro-pharmacological and electro-physiological changes in 

the central nervous system (Bauer, 1997; Stocca, 1994), in addition to acting as  a  

trophic agent capable of retarding neuronal loss in models of neurodegenerative 

disease. Significant levels of TRH have been reported in the re tina  (Wilk, 1998; Satoh, 

1993) and  consequently it was of interest to determine if the addition of TRH to 
cu ltu res of 6 6 IW cone photoreceptors undergoing apoptotic cell death  would confer 

any protection against such cell loss. Cultures of 66 IW cone photoreceptors were set 

up  as previously described and induced into an  apoptotic phenotype either by 

incubation with 2.5viM daunorubicin (table 6[a]) or exposure to UV irradiation (table 

6[b]) as previously described. Cultures were m aintained in the absence and  presence 

of TRH.
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Table 6: 6 6 IW cone photoreceptors pre-incubated with varying concentrations of
TRH prior to cytotoxic insult. Experimental values represent the m ean of three 
duplicate tests conducted in parallel with control samples pre-incubated with SO^iM 
Z-VAD.FMK.

[a] Daunorubicin induced cell death:

Sample „  ...T est# TRH (iiM) % Apontosls Mean Std Dev % Survival Mean Std Dev
1 a 0 82.13 82.40 0.90 17.87 17.60 0.90

b 0 83.40 16.60
c 0 81.67 18.33

2 a 10 80.41 80.35 1.00 19.59 19.65 1.00
b 10 79.33 20.67
c 10 81.32 18.68

,a„ a 20 80.12 79.90 0.24 19.88 20.10 0.24
7 b 20 79.65 20.35
■r- c 20 79.92 20.08

4 a 30 79.23 79.31 0.32 20.77 20.69 0.32
■«!#. b 30 79.66 20.34
S u - " : c 30 79.04 20.96

5 a 40 79.12 78.79 0.29 20.88 21.21 0.29

b 40 78.64 21.36
c 40 78.61 21.39

.6 a 50 77.54 77.04 0.50 22.46 22.96 0.50

b 50 77.03 22.97
• c 50 76.55 23.45
' 7 a 100 73.41 73.31 0.40 26.59 26.69 0.40

. .. n TT 1

b 100 72.87 27.13
'' ' ' c 100 73.65 26.35

■ ........... .
s a 200 70.54 70.33 0.82 29.46 29.67 0.82

b 200 69.43 30.57

c 200 71.02 28.98
g a 300 68.23 68.56 0.30 31.77 31.44 0.30

b 300 68.82 31.18

c 300 68.62 31.38

10 a 500 67.78 67.64 0.48 32.22 32.36 0.48
' . r b 500 67.11 32.89

c 500 68.03 31.97

11 a 1000 68.02 68.20 0.49 31.98 31.80 0.49

b 1000 67.82 32.18

c 1000 68.75 31.25
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[b] UV irradiation induced cell death:

Satnple Test # % Aoontosis Mean Std Dev % Survival ' ’'Mean Std Dev
1 a 0 83.17 83.37 0.61 16.83 16.63 0.61

b 0 84.05 15.95
c 0 82.89 17.11

2 a 10 82.61 82.43 0.28 17.39 17.57 0.28
b 10 82.11 17.89
c 10 82.57 17.43

3 a 20 81.23 81.29 0.57 18.77 18.71 0.57
b 20 81.89 18.11
c 20 80.76 19.24

4 a 30 80.76 80.51 0.33 19.24 19.49 0.33
b 30 80.14 19.86
c 30 80.64 19.36

5 a 40 79.43 79.69 0.83 20.57 20.31 0.83
b 40 79.02 20.98
c 40 80.61 19.39

6 a 50 80.64 79.44 1.16 19.36 20.56 1.16
b 50 79.35 20.65
c 50 78.33 21.67

7 a 100 75.22 75.99 0.76 24.78 24.01 0.76
b 100 76.73 23.27
c 100 76.01 23.99

8 a 200 73.98 73.77 0.48 26.02 26.23 0.48

b 200 73.22 26.78
c 200 74.12 25.88

9 a 300 73.01 72.57 0.39 26.99 27.43 0.39

b 300 72.44 27.56

c 300 72.27 27.73
10 a 500 70.33 70.70 0.53 29.67 29.30 0.53

b 500 71.31 28.69

c 500 70.45 29.55

11 a 1000 68.41 67.95 1.08 31.59 32.05 1.08

b 1000 66.71 33.29

c 1000 68.72 31.28

Figure 9 and  table 6 [a] and [b] dem onstrates TRH suppression of cytotoxic induced 

cell death  varied in percentage survival ra te  between 17.6 ± 0.9% and  31.80 ± 0.49% 

across the various concentrations of TRH added to 6 6 IW cultures. This represents an 

average protective effect of 14.20% against daunorubic in  induced cell death. In 

cu ltu res of 66 IW cone photoreceptors exposed to 75 seconds of UV irradiation (figure 

10) sim ilar levels of protection against apoptotic cell death  were observed. The 

percentage survival for UV induced death  ranged between 16.63 ± 0.61% and 32.05 ± 

1.08%. This represents an  average protective effect across all tested TRH 

concentrations of 15.42%. These resu lts  show th a t TRH dem onstrates significant 

anti-apoptotic effects a t concentrations above 20 pM (p<0.001) (statistical analysis 

performed on GraphPad 3.02 using one-way ANNOVA coupled with a  D unnetts  

m ultiple com parison te s t and two tailed t-test). Such statistically significant values 

fu rther suggest a  potential therapeutic role for TRH in the retardation of cone
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photoreceptor cell apoptosis in vitro. As TRH is degraded rapidly by TRH degrading 

enzyme, inhibitors of TRH-DE may have the potential to extend the therapeutic effects 

of TRH and may be used in future studies in collaboration with Dr. Ju lie Kelly of 
Trinity College Dublin who has developed a  num ber of such inhibitors.

6.3.6 Titration o f CMV-driven fi-galactosidase reporter gene transfection using 
Lipofectamine-Plus™ reagent:

To determ ine the possibility of introducing a genetic correction against cone 

photoreceptor cell death it was initially im portant to assess the degree of efficiency 

w ith which plasm ids carrying transgenes could be transfected into 6 6 IW cone cells. 
To quantify such transfection efficiency a series of gene transfection assays of a  

reporter construct, p-galactosidase, were conducted using a  Lipofectamine based 

transfection protocol. To obtain efficient and reproducible transfection resu lts  it is 

necessary  to titrate the DNA construct, the Lipofectamine and the Lipofectamine-Plus 

reagent a t an  optimal ratio defined empirically for each individual cell line un d er 

investigation. The following titration produced the percentage efficiency resu lts  for 

6 6 IW cone photoreceptor cells as indicated overleaf:

133



Table 7: P ercen tage tra n sfec tio n  e ffic ien cy  w ith  CMV driven  P -g a la c to s id a se  rep orter  

g e n e  a ch iev ed  u s in g  vary in g  ratios o f D N A :L ipofectam ine:L ipofectam ine-P lus.

ŜMtiude T eit* DNA (ncl Mpofec-tamine
Lp.
Pius % Transfection Mean Std Dev

1 a 1 2 8 7.34 6.92 0.45
b 1 2 8 6.45
c 1 2 8 6.96

2 a 1 2 10 9.23 9.00 0.24
b 1 2 10 8.76
c 1 2 10 9.02

3 a 1 2 12 12.01 12.12 0.65
b 1 2 12 11.53
c 1 2 12 12.81

4 a 1 3 8 9.87 10.47 0.57
b 1 3 8 10.56
c 1 3 8 10.99

5 a 1 3 10 14.87 15.84 0.87
b 1 3 10 16.54
c 1 3 10 16.11

6 a 1 3 12 19.78 19.75 0.90

b 1 3 12 20.64
c 1 3 12 18.84

7 a 1 4 8 9.88 10.56 1.04

b 1 4 8 11.76
c 1 4 8 10.03

8 a 1 4 10 12.84 13.02 0.20

b 1 4 10 13.24

c 1 4 10 12.97

9 a 1 4 12 17.88 18.53 0.57

b 1 4 12 18.98

c 1 4 12 18.72

10 a 1 6 8 6.44 6.33 0.11

b 1 6 8 6.23

c 1 6 8 6,32

11 a 1 6 10 7.02 7.45 0.39

b 1 6 10 7.54

c 1 6 10 7.79

12 a 1 6 12 5.44 5.06 0.37

b 1 6 12 5.02

c 1 6 12 4.71

13 a 1 8 8 2.34 2.53 0.22

b 1 8 8 2.48

c 1 8 8 2.77

14 a 1 8 10 3.05 2.89 0.16

b 1 8 10 2.89

c 1 8 10 2.73

15 a 1 8 12 1.98 2.17 0.22

b 1 8 12 2.42

c 1 8 12 2.12

Cells were incubated in 1ml of transfection mix for 3 hours before supplementation 

with 3mls fresh media. After 24 hours incubation cells were stained for p-
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galactosidase activity and  the num ber of cells expressing p-galactosidase w as

recorded as shown in table 7. The optimal ratio for transfection w as 1:3:12 of DNA:

Lipofectamine: Lipofectamine-Plus respectively, yielding a  transfection efficiency of
19.75 ± 0.9% in 661W cone photoreceptor cells. Figure 11 and  12 provide a

photographic and graphical representation, respectively of the transfection efficiency 
assay.

6.3.7 Transfection o f the CMV driven p 3 5  gene, a pan caspase inhibitor, into 661W  
cone photoreceptor cells:

As discussed in detail in chapter 6 of this thesis p35 is a baculoviral derived caspase 
inhibitor first identified in the insect virus Autographica califomica. Ectopic 

expression of the p35 gene in a  variety of cell types has indicated a  strong protective 

effect from apoptotic cell death. In a similar experiment as described previously with 

CMV driven p-galactosidase reporter, varying concentrations of the p35 gene were 

transfected into 6 6 IW cone photoreceptor cells. Cultures were incubated  overnight 

prior to cytotoxic insu lt with 2.5]iM daunorubicin and cells were assayed for 

resistance to apoptosis. The experiment and results are recorded in table 8 and  figure 
13.
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Table 8: percentage survival of 6 6 IW cone photoreceptor cells transfected with CMV 
driven p35 following exposure to 2. SjaM daunorubicin.

Sample Test # CMV-B-gal
PCDNA3.0

alone d3S # Live # Dead % Survival Mean Std Dev
lA (i) 75 - 400 196 103 65.55 64.15 1.80

(ii) 75 400 187 114 62.13
(iii) 75 400 195 106 64.78

IB 75 400 - 51 251 16.89 17.49 1.50
(ii) 75 400 - 49 250 16.39
(iii) 75 400 - 58 244 19.21

2A 75 - 600 201 99 67.00 68.77 1.55
) 75 - 600 211 91 69.87

75 600 209 92 69.44
2B 75 600 - 64 245 20.71 20.71 0.84

) 75 600 - 67 244 21.54
75 600 - 60 242 19.87

3A 75 _ 1200 233 68 77.41 75.30 4.23
) 75 1200 212 89 70.43

75 1200 235 66 78.07
3B 75 1200 _ 67 234 22.26 20.64 1.51

) 75 1200 _ 58 243 19.27
75 1200 _ 61 238 20.40

4A 75 38 263 12.62 11.18 1.50
) 75 _ _ 29 272 9.63

75 _ _ 34 267 11.30

4B 75 _ 30 272 9.93 11.77 1.73
) 75 _ 36 264 12.00

75
- - 40 259 13.38

* results represent the mean of three experiments performed in duplicate.

On average (calculated across the three concentrations of p35 transfected) the 

presence of p35 in 6 6 IW cone photoreceptor cells provided a  percentage survival of 

69.41 ± 5.61%, in comparison to vector alone transfected cu ltu res a t  19.61 ± 1.84% 

survival. This represents a rescue from apoptotic cell death  beyond th a t observed in 

controls of over 49.8%, providing a  significant level of protection from cytotoxic insult. 

p35 is known to act as an  irreversible inhibitor (or very slowly reversible) of caspase -  

1, -3, -6, -7, -8 and -10 (Zhou, 1998) preventing the cleavage of key in frastruc tura l 

cell com ponents in addition to suppressing the amplification of caspase signalling 

(Bump 1995). These resu lts of 64.15 ± 1.8% survival w ith 400ng p35, 68.77 ± 1.55% 

survival with 600ng p35 and 75.30 ± 4.23% survival w ith 1200ng p35 (illustrated in 

figure 13), indicate a positive protective effect deriving from the  presence of the 

transgene and  provide a  strong rationale for the development of a  transgenic mouse 

model expressing the p35 pan caspase inhibitor.

6.3.8 Transfection o f 661W cone photoreceptors with CMV-driven FADD:

To determ ine if the caspase-8 specific pathw ay of apoptotic cell death m 66 IW cone 
photoreceptors could be driven by genetic transfection, cells were transfected with
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Table 9: Percentage apoptosis recorded folllowing transfection of 6 6 IW cone 

photoreceptors with CMV driven FADD (200-1200ng DNA):

SdinMe Test # CMV-B-Kal
PCDNA3.0

alone
FADD

(tIKi # Live # DesiAf Uean StdD ev% Survival
lA a 75 - 200 56 247 18.48 19.39 1.75

b 75 - 200 64 235 21.40
c 75 - 200 55 246 18.27

IB a 75 200 - 276 23 92.31 93.33 0.90
b 75 200 - 281 18 93.98
c 75 200 - 283 19 93.71

2A a 75 - 500 30 272 9.93 10.23 0.34
b 75 - 500 32 270 10.60
c 75 - 500 31 274 10.16

2B a 75 500 263 38 87.38 88.60 1.18

b 75 500 _ 271 31 89.74
c 75 500 _ 267 34 88.70

3A a 75 _ 1000 25 276 8.31 8.10 0.72

b 75 1000 22 279 7.31
c 75 1000 26 273 8.70

3B a 75 1000 _ 271 30 90.03 89.91 0.89

b 75 1000 266 33 88.96

c 75 1000 _ 274 28 90.73

4A a 75 1200 11 291 3.64 3.87 1.00

b 75 _ 1200 15 287 4.97

c 75 _ 1200 9 290 3.01

4B a 75 1200 _ 269 30 89.97 89.92 0.80

b 75 1200 _ 273 28 90.70

c 75 1200 - 270 33 89.11

*Results represent the mean of three experiments performed in duplicate.

As the resu lts  from Table 9 (above) and figure 14 indicate, FADD proved to be a  potent 

inducer of cell death in 6 6 IW cone photoreceptors. A further titra tion  of the  FADD 

construct detailed in Table 10 (overleaf) dem onstrated a  significant potency even a t 

concentrations as low as 50 ng FADD DNA.
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Table 10: Transfection of 6 6 IW cone photoreceptors with CMV driven FADD (50- 
200ng DNA):

Sample Test # CMV-B-ual
pcDNAS.O

atone
FADD
(ni!) # Live # D4a« % Sunrival Mean s t d i : ^

lA a 75 - 50 161 141 53.31 53.21 1.33
b 75 - 50 156 145 51.83
c 75 - 50 164 137 54.49

IB a 75 50 - 286 15 95.02 95.90 1.00
b 75 50 - 290 9 96.99
c 75 50 - 288 13 95.68

2A a 75 - 100 102 197 34.11 36.86 2.46
b 75 - 100 112 186 37.58
c 75 - 100 117 184 38.87

2B a 75 100 - 288 14 95.36 94.11 2.76

b 75 100 - 289 12 96.01
c 75 100 _ 271 27 90.94

3A a 75 _ 150 94 207 31.23 29.31 2.20

b 75 _ 150 90 212 29.80
c 75 _ 150 81 220 26.91

3B a 75 150 _ 290 11 96.35 95.57 0.69

b 75 150 _ 286 15 95.02

c 75 150 _ 287 14 95.35

4A a 75 200 53 248 17.61 18.55 1.22

b 75 200 58 233 19.93

c 75 _ 200 54 244 18.12

4B a 75 200 _ 280 19 93.65 93.46 0.69

b 75 200 - 279 22 92.69

c 75 200 - 284 18 94.04

*Results represent the mean of 2  experiments performed in duplicate.

The incidence of apoptotic cell death in the 6 6 IW cone photoreceptors ranged from 

53.21 ± 1.33% when transfected with 50ng FADD to 89.92 ± 0.8% w hen transfected 

w ith 1200 ng of FADD DNA. These resu lts suggest th a t the caspase -8  m ediated cell 

dea th  pathw ay is intact and functional within 6 6 IW cone photoreceptors.
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6.4 Discussion!

6 6 IW cone photoreceptor cells have been employed in this study to facilitate the 

development of an  experimental system through which molecular events, associated 

w ith disease pathology and  treatm ent, may be more readily interrogated th an  is 
currently  possible with transgenically modified animal systems. A major frustration 

encountered in the study of degenerative illness, most especially neurodegenerative 

disease, is the technical lim itations on culturing fully differentiated specialised cells in 

an  artificial environm ent to provide a  close approximation to the na tu ra l state. In an  

effort to establish a num ber of basic param eters and assays to explore the m olecular 

physiology of such cell types the 6 6 IW cone photoreceptor cell line h a s  been used  to

provide a window on the nature of cell death and inhibition of cell death  in  a
photoreceptor cell context.

While not fully representative of cone photoreceptors in vivo, the  66 IW cell line 

provides an  experimental model far surpassing, in term s of m anipulation and  

experim ental design, the next nearest alternative of whole retinal explants. While 

explants are extremely valuable systems for the study of retinal degeneration they 

represen t an  heterogeneous m ixture of cell types, have a  limited life span  and  are 

considerably more res is tan t to many of the procedures employed in  tissue cu lture 

investigations. Contrastingly, due to their rapid rate of growth, the ir comfortable 

existence as  a  m onoculture and their capacity to subm it to a  m ultitude of m olecular 

biological assays, the 66 IW cone photoreceptor cell line has  proved an  invaluable 

resource for research into photoreceptor cell function.

Prior to these studies there were a num ber of questions to be posed in relation to 

retinal photoreceptors:
(i) How susceptible are such cells to cytotoxic insult?

(ii) Is it possible to observe a clear apoptotic phenotype in  such  cells?

(iii) If apoptotic cell death occurs in cone photoreceptors m ight it be inhibited with 

established peptides directed against apoptotic targets?

(iv) Is apoptotic cell death  in photoreceptor cells caspase-independent as has  been 

suggested in a  num ber of reports in the literature?

(v) Is it possible to detect caspases a n d /o r  the  activity of caspases directly in these 

photoreceptor cells?
(vi) How susceptible to gene transfection and  gene therapy are such cone 

photoreceptor cells?
(vii) Do 66 IW cells represent a starting  point in addressing potential therapeutics for 

photoreceptor degenerations prior to advancing into in vivo anim al studies?

The studies performed aimed to address such  questions beginning with the induction 

of apoptosis in 66 IW cone photoreceptor cells using a  variety of cytotoxic agents. The
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agents chosen were standard  cytotoxic compounds established w ithin the literature 

for the induction of apoptotic cell death. The majority of these agents intercalated 

double stranded DNA closing down all growth and metabolism at its source 

subsequently leading to cell death. Presum ably such demise may be mediated by p53 

as has  been shown to be the case in several similar experimental system s bu t not 

investigated in the course of these specific studies. The results reported a significant 

susceptibility to all agents employed except TNFa. Cultures of 6 6 IW cone 

photoreceptors succum bed to cytotoxic insu lt showing a volume of apoptotic cell 

death  ranging from 9.02 ± 1.25% with 50ng/m l TNFa to 82.31 ± 1.39% for 2.5viM 

daunorubicin. Additionally, following detailed analysis by light microscopy, classical 
phenotypic m arkers of apoptotic cell death were observed (figure 2, 3 and 4) including, 

nuclear condensation, cell shrinkage, plasma membrane blebbing and  the 

development of apoptotic bodies. The nature of this phenotypic response to the 

various cytotoxic agents used not only indicate the capacity for these cells to undergo 

apoptosis in a  timely and  reproducible m anner but, furtherm ore, suggest the presence 

and  faithful functioning of the machinery of apoptosis already described in num erous 

experim ental cell system s. Once the presence of such  m achinery was confirmed 

w ithin 6 6 IW cone photoreceptors, it was possible to design and  conduct a  variety of 

experim ents directed a t antagonising the progress of such  apoptotic cell death.

A second series of experiments involved the exposure of apoptotic 6 6  IW cone 

photoreceptor cells to varying concentrations of the pan  caspase inhibitor Z-VAD.FMK 

[Z-Val-Ala-Asp- (OMe) fluoromethylketone, (C2 1 H2 8 N3 O7 F)]. Z-VAD.FMK is a  relatively 

sm all cell perm eable peptide whose permeability is facilitated by th e  presence of the 

benzyloxycarbonyl and OMe (oxy methyl) groups. The peptide is a  synthetic caspase 

sub stra te  designed on the basis of preferred amino acid sequence s tru c tu re  w ith an 

asp arta te  residue in the PI position (Thornberry, 1992; Nicholson, 1995). In studies 

conducted with 6 6 IW cone photoreceptor cells a  concentration a s  low as  5pM Z- 

VAD.FMK w as shown to have a  beneficial effect (6.99 ± 1.35% survival) on the 

percentage of photoreceptor cells capable of resisting apoptotic cell death  as  induced 

both by the addition of 2.5pM daunorubicin or by th e  exposure of cu ltu res to 75 

seconds of u ltra  violet irradiation. At a  concentration of 80|iM  Z-VAD.FMK, 6 6 IW 

cells dem onstrated a  resistance to cytotoxic in su lt of 72.36 ± 0.93%. These results 

indicate th a t caspases are active in th is photoreceptor cell line, th a t their action may 

be inhibited and, th a t the dose-dependent n a tu re  of Z-VAD.FMK inhibition suggests 

th a t the tetrapeptide substrate  behaves as  a  competitive decoy in this system. 

Furtherm ore, the cell permeable na tu re  of th is tetrapeptide inhibitor suggests tha t it 

m ay provide similarly valuable protection w ithin an  anim al system if delivered sub- 

retinally.
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Caspase -3  has been consistently dem onstrated to orchestrate a  key role in the 

deconstruction of mam m alian cells undergoing apoptotic cell death  (Thornberry NA 
and  Lazebnik Y, 1998). A num ber of studies (Donovan M, 2001; Carmody J , 2000) 

have suggested tha t apoptotic cell death in the retina may be mediated via a  caspase- 

independent mode of cell death although in contrast, other reports have suggested 

th a t caspases are active (Liu, 1999). As such findings w^ould carry significant 

im plications for the design, delivery and  timing of therapeutic intervention it would be 
of value to determ ine the s ta tu s  of caspases within 6 6 IW cone photoreceptors and 

establish w hether or not such cell death  machinery was present and in tact in term s of 

functionality. The reports of caspase-independent apoptosis focus on a  model of 
retinal cell death driven by oxidative inactivation of caspase effectors while 

m aintaining a  num ber of key features of apoptotic cell death  including 

phosphatidylserine externalisation, DNA laddering and cell shrinkage. While the 

au tho rs  of these studies p resent some valuable data, m ost specifically on the delivery 

of Z-VAD.FMK to light-induced anim al models of retinal apoptosis, the  evidence for a  

caspase-independent m echanism  is weak on three fronts: (1) the controls used  to 

dem onstrate a  lack of caspase activity in light-induced anim al models of retinal 

apoptosis are inadequate for convincing conclusions to be drawn. The em ploym ent of 

an  hom ogeneous culture of m urine haematopoietic cells as an  equivalent control for 

the heterogeneous complexity of a mammalian retina does not provide the resolution 

required to definitively account for the postulated lack of caspase activity, possibly 

deriving from a  technical limitation on detecting such activity. To overcome such  a 

lim itation it would be necessary to dilute the control m urine cell signal to an  

equivalent proportion representative of the photoreceptor population w ithin the retina. 

With such  a  system it may then be possible to draw a  stronger p icture of the  activity 

(or otherwise) of caspases in a more readily com parable experim ental design. This 

argum ent is equally valid for assays involving im m unohistochem istry. W estern blot 

analysis and  fluorometric substrate cleavage in which a  haem atopoietic cell cu lture is 

used  as the baseline control. (2) Beyond constructing  an  experim ental design in 

which controls are directly comparable with te st sam ples it may be insufficient to 

conclude a  caspase-independent m echanism  of cell death  based solely on an  absence 

of evidence ra ther than  on a more direct evidence for absence of caspases w ithin the 

system . This is critical as apoptotic research h a s  advanced in the p as t decade the bar 

h a s  been significantly raised in term s of the m inim al th reshold  of evidence required to 

definitively conclude, in so far as is possible, the  presence or otherw ise of an  apoptotic 

mode of cellular degeneration. (3) A final difficulty of such  caspase-independent 

apoptosis studies, whereby the inability of Z-VAD.FMK to prevent light-induced 

apoptotic cell death in vivo, centres on the em ploym ent of a single read-out involving 

TUNEL staining of relevant retinal sections. It m ay be necessary to perform a  num ber 

of supporting assays for the conclusions presented  to provide a more robust model. 

Several independent reports in the general literature strongly suggest th a t
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conclusions drawn solely on the evidence of oligonucleosomal digestion alone are 

insufficient for indicating the activation of the cell death machinery (Tomei, 1993; 
Collins, 1992; Wyllie, 1980).

It is necessary to recognise that, in comparing the data from light-induced animal 

models with 6 6 IW  cone photoreceptors, such experimental systems are both 

extremely distinct frames of reference and significantly artificial in comparison to the 

natural state. Arai et al (2000) have reported the detection of caspase -3 and caspase 

-9 activity in the retina of light-induced animals while chapter 5 of this thesis 

demonstrates the proteolysis of a-fodrin (a caspase-dependent event) in response to 

excess light. Contrastingly, if further research suggests that Ught-induced retinal cell 

death is indeed caspase-independent while 66 IW  cone photoreceptor cell apoptosis is 

entirely caspase-dependent and, that if  such a finding was conclusively demonstrated 

the results of both systems would not be inconsistent. In fact if such a distinction 

were reproducibly demonstrable it may provide a valuable model for the design of 

specific experiments addressing the initial molecular switches involved in committing 

cells to the gradation of phenotypic phenomena observed between the extremities of 

necrotic and apoptotic cell death.

In this study two specific experiments were performed to directly determine the 

presence and activity of caspase -3  in 66 IW  cone photoreceptor cells. The first 

experiments involved the preparation of cytosolic fractions from 66 IW  cone 

photoreceptor cultures followed by electrophoretic migration and detection using 

commercially available murine caspase -3  antibody. Pro-Caspase -3  exists as a 

32kDa zymogen in the cytosol of healthy cells and when stimulated to die by 

apoptosis is cleaved to 17kDa and 12kDa subunits. As may be observed from figure 7 

the control sample in lane 1 shows a completely intact 32kDa fragment in comparison 

to adjacent lanes which exhibit, to varying degree, a disappearance of the 32kDa  

intact fragment. There is no detection of the p l7  or p l2  fragments, due to the nature 

of the antigenic site complexing with the antibody. However, when one compares the 

relative degree of signal detected at 32 kDa across the various cytotoxins used with 

the percentage of cell death associated with each cytotoxic agent there is a general 

consensus between the two independent data sets (figure 7 and figure 1). To confirm 

the suggestion of this observation that caspase -3  was being activated a second series 

of experiments were performed in which the ability of cytosolic fractions prepared 

from control and apoptotic induced 66 IW  cone photoreceptor cells were capable of 

cleaving a chromogenic substrate specific to caspase -3  cleavage. A c-D E V D -pN A  (Ac- 

Asp-Glu-Val-Asp-pNA, C26H34N6O 13) is an artificial chromogenic peptide substrate 

(with a p-nitroanilide group attached) which replicates the preferred cleavage amino 

acid sequence for caspase -3 . Cleavage of the peptide is detected by the hydrolytic 

release of p-nitroanilide and is subsequently detected spectrophotometrically at a
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wavelength of 400nm. As may be observed in figure 8 there is a significant increase 
in the detection of the chromogenic cleavage products in samples induced to undergo 
apoptotic cell death compared to control samples. The increase in signal detected 
rises from 0.0843 ± 0.0013 for the control sample to 0.1717 ± 0.0031 (arbitrary units) 
for samples assayed 12 hours following cytotoxic insult. This represents an increase 
in activity of 98% strongly indicating the presence of functional activated caspases 
within 66IW cone photoreceptors induced to undergo apoptotic cell death. 
Furthermore, additional experiments performed under precisely equivalent conditions, 
but including 50]jM Z-VAD.FMK, demonstrated the reverse result i.e., a reduction in 
the detection of the chromogenic signal comparable to that observed in controls 
receiving no cytotoxic insult. These results, when combined, persuasively suggest 
tha t in 6 6 IW cone photoreceptor cells, induced to undergo apoptotic cell death 
through the addition of 2.5pM daunorubicin, caspases are present and activated in 
addition to being capable of inhibition by the caspase antagonist Z-VAD.FMK. If 
similar apoptotic pathways are in operation within photoreceptors carrying a 
mutation associated with a retinal degenerative phenotype then it may be possible to 
interfere in the course of such degeneration by inhibiting the function of the caspase 
family of proteases. Although this in itself does not address the primary dysfunction 
characteristic of RP in mvo it does present the potential to slow photoreceptor cell loss 
in the retina. Retardation of photoreceptor cell loss may provide a  sufficient window 
of opportunity within which a gene based therapy may be applied as discussed in 
Chapter 3. However it is also of note that the rescue of cone cell function would 
represent a significant advance to subjects loosing day-time vision as a consequence 
of an unrelated mutation in genes of the rod photoreceptor cell population.

To establish the response of 66 IW cone photoreceptors to increasing concentrations 
of TRH a series of experiments were undertaken involving the induction of apoptotic 
cell death using two different cytotoxic insults. Following pre-incubation of 66 IW 
cone photoreceptors with aliquots of TRH between 10 and l.OOOpM for 2 hours, cells 
were exposed to either 2.5pM daunorubicin or 75 seconds of ultra-violet irradiation. 
As may be observed from figure 10 apoptotic cell death was suppressed across the 
range of TRH concentrations tested varying between 17.60 ± 0.90% at lOpM and 
31.80 ± 0.49% at l,000pM in daunorubicin induced assays. Similar results were 
recorded for UV induced cell death. Although the inhibition of cell death is not as 
dramatic as that observed when cells were incubated with Z-VAD.FMK the results 
nevertheless indicate a statistically relevant rescue of cone photoreceptor cell death 
under the experimental conditions described. It is worth noting that the system 
studied in this series of experiments involved only the addition of TRH as a peptide to 
the growth medium of 66 IW cone photoreceptor cells. Presumably if assays were 
undertaken to produce either a transient or stably transfected cell line such that the
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expression of TRH within the cell were driven to over-expression it m ay be possible to 
improve the therapeutic effect of the TRH peptide beyond tha t recorded.

Prior to attem pting transfection of 6 6 IW cone photoreceptors with anti-apoptotic 

constructs it was necessary to determine the optimal protocol for the efficient and 

reproducible transfer of vectors. Using a CMV-driven (3-galactosidase reporter gene 
and  the commercially available Lipofectamine-PlusTw reagent it was possible to 

dem onstrate gene transfer with an  average transfection of 20.46% of photoreceptor 

cells. This contrasted starkly with the success of more defined cell lines such  as HEK 

293s (hum an embryonic kidney cell line) where transfection efficiency w as closer to 

100%, Such low rates of transfection are not uncommon with neuronally derived cell 

lines however, the efficiency of transfection obtained was more th an  adequate for the 

design and performance of subsequent experiments directed a t in terrup ting  the 
course of cell death.

To determ ine if apoptotic 6 6 IW cone photoreceptor cells were susceptible to the p an  

caspase inhibitor p35, a  series of transfection experiments were designed to observe 

photoreceptor cell survival following successful transfection. In th is  study  a  p35 

construct under the control of the CMV promoter in the pCDNAS.O vector w as 

transfected  into 66 IW cone photoreceptor cells using a  commercially available lipid 

based  transfer system. Following cytotoxic insu lt 24 ho u rs  after transfection with the 

p35 gene it can  be seen from figure 13 th a t there is a  significant rescue effect 

m ediated by the irreversible inhibition of executioner caspases w ithin the cone 

photoreceptors. The transfection of 400, 600 and 1200 ng of CMV-driven p35 

dem onstrated a  cell rescue effect of 64.15 ± 1.8%, 68.77 ± 1.55% an d  75.3 ± 4.23% 

survival respectively, providing an average resistance for 66 IW cone photoreceptors to 

2.5pM  daunorubicin  of 69.41 ± 5.61%. This d a ta  is consisten t w ith previous studies, 

m ost notably by Davidson et al (1998), in which a  p35 transgenic D rosophila carrying 

an  RP m utation was shown to have functional rescue of photoreceptor cells in 

com parison to retinal degenerative control subjects. Additionally, given the highly 

specific n a tu re  of p35, the inhibition of 66 IW cone photoreceptor cell apoptosis 

provides fu rther evidence of the involvement of caspase pro teases in th is cell line. 

p35 protects from apoptotic cell death  by a  complex form ation between the enzyme 

and  the inhibitor which is thought to involve cleavage of the p35 substrate  (Bump, 

1995; Zhou, 1998). Detailed biochemical studies of p35 have revealed strong 

inhibition of caspase -1 , -3, -6, -7 and -1 0  b u t have dem onstrated  little or no effect on 

12 unrelated  serine or cysteine proteases indicating a  highly specific affinity of p35 for 

the  caspase family of proteases (Zhou, 1998). The anti-apoptotic effect provided by 

p35 activity w ithin 66 IW cone photoreceptors provides a  strong rationale for 

a ttem pting to deliver such  a  construct to anim al models known to undergo a
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degenerative retinopathy, with the aim  of testing the potential therapeutic benefit of 

p35 in uivo. Due to the potent ability of p35 to inhibit caspase activity it is critical 

th a t the expression of such an inhibitor is tightly controlled within cells. 

Inappropriate expression of p35 may have lethal consequences if caspase activity is 
d isrupted  in the course of developmental programmed cell death.

The protection of 661W cone photoreceptors from apoptotic cell death as m ediated by 

the  transien t transfection of p35, while specific to retinal dystrophy, nevertheless 

carries wider im plications for the potential abrogation of un-necessary cell death  in  a 

range of diverse neuro-degenerative disorders. Modulation of apoptosis provides 

opportunities for novel therapeutic development for many disorders in  which an  

apoptotic process contributes to disease pathology (see section 1.3.4, chap ter 1 for a  

full discussion of apoptosis and  disease). The studies presented in th is  chap ter 

represent a  “first-step” into the exploration of therapeutic benefit aim ed a t m odulating 

key regulators of apoptotic cell death  in the context of retinal degenerative disorders.
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CONCLUSION

The last 15 years have w itnessed rem arkable advances both in our understanding  of 

retinal disorders and of the molecular biology underlying some of the clinical 

m anifestations of retinal degeneration. Researchers within th is field presently 

possess a comphrehensive description of the genetic etiology of a  num ber of retinal 

disorders which has enabled the design and  development of therapeutic strategies 

aimed a t am eliorating the disease pathology. However, there are m any questions yet 

to be answ ered critical among which is how to connect, in molecular term s, the 

prim ary genetic defect (a retinal specific genetic mutation) to the secondary effect 
(apoptosis). The recent draft publication of the Human Genome sequence in addition 

to technical advances in cell biology techniques should facilitate the identification of 

additional com ponents involved in photoreceptor cell death. It is quite possible th a t 

such  novel com ponents may represent targets around which therapeutic strategies 
will be designed.

The GeneXchange technologies described in this thesis provide a  realistic opportunity 

for circum venting a  num ber of formidable obstacles to gene therapy  of retinal 

disorders. The suppression and replacement steps described provide a  m echanism  to 

overcome the extensive genetic heterogeneity associated with RP while additionally 

neutralising  the negative effects of a m utated dom inant allele. Ribozyme 8 and  9 

described in chapter 3 illustrate the highly specific na tu re  of ribo2ym e suppression 

agents in their ability to down-regulate endogenous b u t not modified periphe rin /rd s  

mRNA. This represents one step on the road to therapeutic development. The future 

challenge for such ribo2yme suppression agents an d  modified perip h e rin /rd s  

transcrip ts  is to deliver such molecules in a  safe and  effective m anner to 

photoreceptor cells to mediate beneficial effects.

Although apoptosis is a symptom of RP and not a  cause, there have been a num ber of 

stud ies to suggest tha t halting photoreceptor cell dea th  alone, independent of the 

prim ary genetic defect, may provide a  valuable therapeu tic  goal. Stabilising a 

degenerating population of photoreceptor cells may extend visual function beyond 

w hat is currently available. Furtherm ore, preventing cone photoreceptor cell death in 

the retina rescues a  critical proportion of practical sight in addition to preventing the 

debilitating social and  psychological consequences associated w ith loss of photopic 

vision. Ribozyme 192 and 695 directed a t dow n-regulating caspase -3 and caspase -8 

mRNA respectively were successful a t cleaving their ta rge ts in an  efficient and rapid 

m anner. In addition the transfection of 6 6 IW cone photoreceptorc cells with the 

baculoviral anti-apoptotic p35 gene significantly increased the resitance of these cells 

to apoptotic stimuli. Aside from the potential theapeutic benefits to be gained from 

halting photoreceptor cell death it will be critical for gene therapy studies tha t a
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sufficient num ber of photoreceptor cells rem ain in the retina if functional vision is to 

be rescued. Clearly there is little point in a  sophisticated gene therapy strategy if the 

target cell for tha t therapy no longer exists. Consequently, successful delivery and  

expression of a  GeneXchange "therapeutic cassette" may be dependent on a  stabilised 
photoreceptor population in which apoptotic cell death ahs been blocked.

The various tools developed in th is thesis should contribute to providing a  m eans to 

address both phases of the RP pathology previously described, namely the initial 

m utation and the secondary effect. Ribozymes directed against either the prim ary 

defect or the secondary effect may be incorporated into a  single therapy to be 
delivered with either an  AAV viral vector or an adapted retrovirus vector. Given the 

nucleotide length (-60 bases) of ribozyme molecules there is little danger of transcrip t 

size being a  limiting factor for such viral vectors. Consequently, m ultiple ribozymes 

may be potentially delivered within a single concatamer in a  single adm inistration. 

Such an  adm inistration may combine ribo^m e and replacem ent constructs  to target 

a  prim ary defect in addition to including either ribozymes targeting caspase effectors 

(described in chapter 4) or anti-apoptotic genes such as baculoviral p35 (described in 

chap ter 6), or indeed a com bination of both. The GeneXchange technology m ay th u s  

be adapted to encom pass not ju s t a suppression and replacem ent approach  b u t may 

be delivered in concert w ith anti-apoptotic genes to maximise the potential of securing 

photoreceptor cell rescue.

One fu ture project has already been initiated to build on the d a ta  collected in chapter 

6 of this thesis. This new project involves the generation of a  transgenic m ouse 

carrying a  rhodopsin driven copy of the baculoviral p35 gene. If such  an  anim al can 

be shown to reliably express p35 in photorecptor cells and  m ediate an  anti-apoptotic 

phenotype then  there will be a broad range of questions for which such  a transgenic 

m ouse will be an  invaluable research tool for discovery. The variety of anim al models 

of RP available world-wide presents a num ber of genetic backgrounds on which the 

efficacy of p35 may be tested. Additionally, crossing a  rhodopsin-p35 m ouse onto one 

of the available retinopathy models should provide an  opportunity  to test the 

GeneXchange system in vivo in the context of m aintain ing a stable photoreceptor cell 

population for the suppression and replacem ent of dom inant m utations.

Finally, given the intense on-going research  globally, both into degenerative 

retinopathies and  into the field of gene therapy in general, the prospect of a  genetic 

solution to th is group of degenerative retinopathies appears m ost encouraging. The 

next exciting stage will be to assess the  long term  effects of recom binant genes withm 

the num erous models of RP.
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Figure 2: 66 IW cone photoreceptor cells (at 20X magnification) 20 hours following cytotoxic insult with 
the various agents indicated below.

Control Daunorubicin

Actinomycin D Cycloheximide

StaurosporineEtoposide



Figure 3: 661W cone photoreceptor cells undergoing apoptotic cell death. Surface blebbing or blistering 
is visible on the cell surface in addition to the rounded condensed phenotype characteristic of cells in the 
process of apoptotic cell death.



Figure 4; Cultures of 661W cone photoreceptors following exposure to 200nm etoposide

Control

661W (20X) treated with 200n.m etoposide



Figure 5. Protection of 66IW  cone photoreceptors from cell death following exposure of cultures to 
2.5nM  daunorubicin and pre-incubation with varying concentrations ofZ-VAD.FMK.

Control (no Z-VAD.FMK) 5 \iM  Z-VAD.FMK

10 hM  Z-VAD.FMK 20 ^iM Z-VAD.FMK
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Figure 7: Western blot analysis on cytosolic fractions of 661W cone photoreceptors following cytotoxic 
insult of a variety of agents as indicated below and on pg x.

Probed with murine anti-caspase 3 antibody (dilution 1/500) (arrow indicates 32kDa)

Probed with murine anti-actin antibody (dilution 1-2000) (arrow indicates 50kDa)

Lane 1; Control
Lane 2: Cycloheximide (50 |iM) 
Lane 3: Daunorubicin (2.5 nM) 
Lane 4: Etoposide (200 p,M) 
Lane 5; TN Fa (50ng/ml)
Lane 6; UV irradiation
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Figure 9; %Siirvival of 661W cone photoreceptors pre-incubated with. 
TRH and exposed to 2.5uM daunorubicin
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Figure 10: %  Survival of 66Iffi cone photoreceptors pre-icuhated with 
following exposure to 75 seconds UV irradiatinn
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Figure 11: Representative plate (lOX) of transfection titrations performed using CMV-p-galactosidase 
reporter gene. Blue colouration represents expression of the reporter in transfected cells following the 
application of staining solution.
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Figure 13: 661W coin-; photoreceptor cell rescue from apopfntir cell death by p3S 
transfection following cytotoxic insult
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