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Abstract 

 

 Microenvironmental changes associated with apoptotic neural degeneration may instruct a 

proportion of newly transplanted donor cells to differentiate towards the fate of the deteriorating host 

cellular phenotype. In the work described in this thesis, this hypothesis was tested by inducing 

apoptotic retinal ganglion cell (RGC) death in neonatal and adult rats and mice, and then examining 

whether intravitreally grafted cells from a range of sources of donor neural tissue became 

incorporated into these selectively depleted retinae. Donor tissues were: a postnatal murine 

cerebellar-derived immortalised neural precursor cell line (C17.2); an adult rat hippocampal-derived 

clonal stem-like line (HCN/GFP); mouse embryonic day 14 (E14) primary dissociated retinal cells 

(Gt[ROSA]26); and adult mouse ciliary pigmented margin-derived primary neurospheres 

(Gt[ROSA]26).  

  

 In neonates, rapid RGC death was induced by removal of the contralateral superior colliculus 

(SC), and in adults, delayed RGC death was induced by unilateral optic nerve (ON) transection. 

Some adult hosts received ON transection coupled with an autologous peripheral nerve (PN) graft. 

Donor cells were injected intravitreally 6-48 h after SC ablation (neonates) or 0, 5, 7 or 14 days after 

ON injury (adults). Cells were also injected into non-RGC depleted neonatal and adult retinae. At 4 or 

8 weeks, transplanted cells were identified, quantified and their differentiation fate within host retinae 

was assessed.  

  

 Transplanted male C17.2 cells were identified in host retinae using a Y-chromosome marker 

and in situ hybridisation, or by their expression of the lacZ reporter gene product Escherichia coli 

beta-galactosidase (beta-gal) using Xgal histochemistry or a beta-gal antibody. No C17.2 cells were 

identified in axotomised adult-injected eyes undergoing delayed RGC apoptosis (n = 16). Donor cells 

were, however, stably integrated within the retina in 29% (15/55) of mice that received C17.2 cell 

injections 24 h after neonatal SC ablation; 6-31% of surviving cells were found in the RGC layer 

(GCL). These NSC-like cells were also present in intact retinae, but on average there were fewer 

cells in GCL. In SC-ablated mice, most grafted cells did not express retinal-specific markers, although 

occasional donor cells in the GCL were immunopositive for beta-III tubulin (TUJ1), a protein highly 
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expressed by, but not specific to, developing RGCs. Targeted rapid RGC depletion thus increased 

C17.2 cell incorporation into the GCL, but grafted C17.2 cells did not appear to differentiate into an 

RGC phenotype. 

  

 HCN/GFP cells were identified within host retinae by means of their expression of enhanced 

green fluorescent protein (eGFP) or by using an anti-GFP antibody. A proportion of neonatal hosts 

received HCN/GFP cells which were treated prior to transplantation, either with the neuropeptide 

somatostatin (SST, n = 9), or by co-culture with E14 retinae (n = 10). Grafted HCN/GFP cells were 

found in all neonatal hosts (n = 29) and in 64.7% of adult hosts (22/34). On average, a greater 

number of non-treated HCN/GFP cells were found within the GCL of SC-lesioned hosts (mean 7,704 

cells) compared with the NL group (mean 6,733 cells). Co-culture of cells with embryonic retinal 

explants prior to transplantation resulted in an over four-fold proliferation of grafted cells within 

neonatal retinae, 18-58% residing in the GCL. Pre-treatment with SST was associated with a 

reduction in the overall retinal engraftment of HCN/GFP cells within lesioned retinae.  However, after 

neonatal  SC lesions, there was a significant increase (P = 0.024, ANOVA) in the proportion of 

engrafted cells residing in the GCL in the SST-treated group (mean 50.07%) compared with the 

proportion of non-treated cells found within this layer (mean 29.05%). In adult hosts, the greatest 

proportion of donor cells within the GCL was found in the ON+PN-14d group, with 14-86% of cells 

residing in the retina located within this layer. Of all 7d grafted animals, the addition of a PN graft 

resulted in a significant increase (P = 0.016, ANOVA) in the proportion of cells located in the GCL 

(improved by 27.59%). A small proportion of grafted cells within the GCL or inner nuclear layer (INL) 

expressed neuronal antigens Map5 or TUJ1.  This did not occur in all groups, but was seen in both 

lesioned and non-lesioned retinae. Although SST treatment of HCN/GFP cells increased cellular 

integration within the host GCL, SST-treated cells did not express neuronal or glial markers. In both 

neonatal and adult hosts, grafted cells elaborated processes within retinal layers, and along the nerve 

fibre layer. In three hosts, grafted cells extended processes up to about 100µm into the proximal optic 

nerve. Interestingly, GFP-labelled axons were not detected in any PN grafts.   

  

 Grafted Gt[ROSA]26 cells from primary E14 retinal dissociations or adult neurospheres were 

localised in host eyes by their expression of beta-gal using Xgal histochemistry or a beta-gal 
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antibody. After 4 weeks, grafted Gt[ROSA]26 cells (both primary-derived and neurosphere) were 

restricted to the vitreous humour and there was no clear evidence of cellular integration within host 

retinae. None of the Gt[ROSA]26 cells confined within the vitreous stained for any of the neural 

markers tested, suggesting that although cells had survived within the host vitreous, none had 

undergone differentiation within this compartment. Difficulties with non-specific staining of host retinal 

tissue were encountered which highlight the importance of using appropriate markers for donor cell 

identification within host tissue. 

  

 In conclusion, this study reports the survival and stable integration of cells derived from 

postnatal cerebellum and adult hippocampus, following their transplantation into normal and ganglion 

cell-depleted neonatal and adult retinae. Retinal-derived donor tissue was not observed to integrate 

within host retinae, a surprising result considering this presented a homotypic source of neural tissue. 

Specific ganglion cell-depletion increased integration of C17.2 cells and untreated HCN/GFP cells 

within the GCL in neonatal hosts. A small number of C17.2 cells in the GCL within the SC-lesioned 

group only, expressed the neuronal marker TUJ1. In ON-axotomised adult hosts, the addition of a PN 

graft enhanced the proportion and number of grafted HCN/GFP cells residing within the GCL. The 

greatest number were identified in ON+PN-14d hosts, suggesting this time point to be most 

conducive for HCN/GFP cell engraftment within the depleted host GCL. A fraction of HCN/GFP cells 

expressed Map 5 or TUJ1 within the host GCL or INL, although immunopositive cells were not 

confined to RGC-depleted retinae. Rarely, grafted cells extended processes into and beyond the host 

ON head. These results provide encouraging and useful comparisons of the capability of specific 

neural tissue sources as cell replacement tools for various types of retinal pathology.      
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 Chapter 1 

Review of Literature 
 
 
1.1  An ageing population 

Over the past one hundred years humans have achieved incredible improvements in 

medicine, immunisation, sanitation and public health care. Preventative health measures 

coupled with advances in medical technology now allow recovery from previously debilitating 

or terminal illnesses and the extension of life for patients with various slow degenerative 

diseases. As a result, our life expectancy has increased substantially. In the year 2000, the 

life expectancy at birth of males and females was 74.1 and 79.5 years of age, respectively, 

compared with 46.3 and 48.3 years of age in the year 1900 - an increase of almost thirty 

years. This figure is expected to increase by a further 5-7 years by the year 2051. In Australia 

in 1901 the median age of both sexes was 22.3 years and only 4 percent were aged 65 years 

and over. It is obvious that the proportion of the population that are aged has steadily 

increased; by 2001 the median age had risen to 35.5 years, and the 65 years and over age 

group had tripled to 12.4 percent. It is estimated that by the year 2051 these numbers will 

have risen further to 44.1 years and 24.2 percent respectively (Australian Bureau of Statistics 

[ABS], 1997a,b,c).  

 

There have also been significant decreases in infant mortality rates during this period. 

In Australia, infant mortality decreased four fold between 1960 (20.2 deaths/1000 live births) 

and 1998 (5.0 deaths/1000 live births), with similar declines seen in other developed countries 

(Centre for Disease Control and Prevention [CDC], 2002). In 1961, at the height of the baby 

boom, the total fertility rate had risen to 3.6 babies per woman. Subsequently, with the 

introduction of oral contraceptives, altered perception of desired family size, and the 

acceptance of woman’s role and participation in paid employment, birth rates declined and 

have continued to do so until the present day (ABS, 1997a,b). Based on assumptions of 

sustained low fertility and continued small declines in mortality, Australia’s population is 
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projected to continue ageing into the next half century. As a result, it is estimated that by the 

year 2010, 60 percent of the Federal Discretionary Budget will be budgeted towards the 

elderly (Simpson, 2001). 

 

As the body ages, there are associated physiological, psychological and social 

changes giving rise to different medical needs in the elderly compared with younger adults. 

The majority of chronic age-related diseases are associated with a reduction in the efficiency 

of brain circuits, or the slow degeneration of populations of neurons associated with particular 

motor functions or cognitive processes; the most consistent risk factor for developing a 

neurodegenerative disease is age (Tanner, 1992). An expanding aged population has brought 

with it an elevation in the number of cases of chronic age-related conditions including 

Alzheimer’s disease (AD), Parkinson’s disease (PD), cerebrovascular diseases, glaucoma, 

macular degeneration, diabetic retinopathy and neuropathy, and motor neuron disease. Not 

only does this place increasing demands on the public health system and on medical and 

social services as the proportion of aged in our society increases, but these conditions have 

devastating effects on the individual and severely affect their quality of life. For many older 

people, chronic age-related conditions such as AD, PD, memory loss, dementia, blindness, 

physical incapability and associated depression pose a direct threat to their ability to live 

independently.  

 

In 2002 it was estimated that 320,000 people in Australia suffered from dementia, AD 

being the most common form and accounting for between 50-70% of all dementia cases. 

Figures from the Centre for Mental Health Research predict that the number of people with 

dementia will increase by about 250 percent by the year 2041 (Alzheimer’s Association of 

Australia URL). Dementia is not exclusively observed in neurodegenerative disorders; it is 

also observed in ischemic, metabolic, toxic, infectious and traumatic insults of the brain 

(Przedborski et al., 2003). It is estimated by the Medical Journal of Australia that the 

incidence of PD in Australia between 2000 and 2003 has risen 100 percent to stand at almost 

80,000 people. The high prevalence of chronic age-related diseases is exemplified by 

examining the leading causes of death in both males and females of all races in the USA in 



 3

the years 1980 and 2000, listed below (Table 1.1, CDC, 2002). In the last two decades the 

rates of death from most prevailing causes including heart and cerebrovascular disease have 

remained constant, whilst neurodegenerative “ageing” diseases including AD and PD have 

substantially increased. In the USA in the year 2000, there were over four million sufferers 

and 49,558 deaths from AD, making it the eighth leading cause of death, and placing it for the 

first time in the top ten leading causes of death (Table 1.1, CDC, 2002).  

 

 

1980 2000 
Cause of Death Deaths Cause of Death Deaths 
All persons 
 
    All Causes 
 
1. Diseases of heart 
2. Malignant neoplasms 
3. Cerebrovascular diseases 
4. Unintentional injuries 
5. Chronic obstructive pulmonary diseases 
6. Pneumonia and influenza 
7. Diabetes mellitus 
8. Chronic liver disease and cirrhosis 
9. Atherosclerosis 
10. Suicide 

 
 

1,9889,841 
 

761,085 
416,509 
170,225 
105,718 
56,050 
54,619 
34,851 
30,583 
29,449 
26,869 

 

All persons 
 
    All Causes 
 
1. Diseases of heart 
2. Malignant neoplasms 
3. Cerebrovascular diseases 
4. Chronic lower respiratory diseases 
5. Unintentional injuries 
6. Diabetes mellitus 
7. Influenza and pneumonia 
8. Alzheimer’s disease 
9. Nephritis/nephrotic syndrome, nephrosis 
10. Septicemia 
 

 
 

2,403,351 
 

710,760 
553,091 
167,661 
122,009 
97,900 
69,301 
65,313 
49,558 
37,251 
31,224 

Male 
 
    All Causes 
 
1. Diseases of the heart 
2. Malignant neoplasms 
3. Unintentional injuries 
4. Cerebrovascular diseases 
5. Chronic obstructive pulmonary diseases 
6. Pneumonia and influenza 
7. Suicide 
8. Chronic liver disease and cirrhosis 
9. Homicide 
10. Diabetes mellitus 

 
 

1,075,078 
 

405,661 
225,948 
74,180 
69,973 
38,625 
27,574 
20,505 
19,768 
18,779 
14,325 

 

Male 
 
    All Causes 
 
1. Diseases of heart 
2. Malignant neoplasms 
3. Cerebrovascular diseases 
4. Unintentional injuries 
5. Chronic lower respiratory diseases 
6. Diabetes mellitus 
7. Influenza and pneumonia 
8. Suicide 
9. Nephritis/nephrotic syndrome, nephrosis 
10. Chronic liver disease and cirrhosis 

 
 

1,177,578 
 

344,807 
286,082 
64,769 
63,817 
60,004 
31,602 
28,658 
23,618 
17,811 
17,214 

 
Female 
 
    All causes 
 
1. Diseases of the heart 
2. Malignant neoplasms 
3. Cerebrovascular diseases 
4. Unintentional injuries 
5. Pneumonia and influenza 
6. Diabetes mellitus 
7. Atherosclerosis 
8. Chronic obstructive pulmonary diseases 
9. Chronic liver disease and cirrhosis 
10. Certain conditions originating in the 
perinatal period 
 

 
 

914,763 
 

355,424 
190,561 
100,252 
31,538 
27,045 
20,526 
17,848 
17,425 
10,815 
9,815 

 

Female 
 
    All Causes 
 
1. Diseases of heart 
2. Malignant neoplasms 
3. Cerebrovascular diseases 
4. Chronic lower respiratory diseases 
5. Diabetes Mellitus 
6. Influenza and pneumonia 
7. Alzheimer’s disease 
8. Unintentional injuries 
9. Nephritis/nephrotic syndrome, nephrosis 
10. Septicemia 
 
 

 
 

1,225,773 
 

365,953 
267,009 
102,892 
62,005 
39,699 
36,655 
35,120 
34,083 
19,440 
17,687 

 

 

Table 1.1 Leading causes of death and numbers of deaths according to sex: United 

States, 1980 and 2000. Sourced from the Centers for Disease Control and Prevention (2002).  
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Of course, the rapid upsurge in the proportion of today’s society that is aged leads to 

the prediction that other chronic age-related diseases such as cerebrovascular disease and 

diabetes mellitus, are also on the rise (Bamford et al., 1987, 1990; Dennis et al., 1989; Chang 

& Halter, 2003). Current therapies for diseases such as AD, PD, diabetes and 

cerebrovascular disease aim to alleviate symptoms but do not alter the progression of the 

disease, and the chronic use of some of these therapies may be associated with debilitating 

side effects. The lack of definitive cures for a significant number of increasingly prevalent 

diseases emphasises the need for the development of novel therapies which act to allow or 

induce some recovery of lost or altered function in affected patients. 

 

The work presented in this thesis focuses on investigating possible therapeutic 

avenues for patients with chronic neurodegenerative disease, or any condition where 

populations of neural cells are compromised, by assessing the cell-replacement potential of 

various sources of donor cellular tissue following transplantation into animal models of CNS 

neuronal degeneration. Instead of promoting the survival of compromised neurons, which 

most often degenerate over time following insult, the non-disruptive and functional integration 

of grafted cells is encouraged within the neurally-deficient host. By focusing on the 

replacement of lost or slowly degenerating populations of neurons, those suffering from 

neurodegenerative diseases including AD and PD, motor neuron diseases and various forms 

of blindness resulting from visual cell loss, can benefit from the implications of this work. 

Depending on the injury sustained and the mechanism by which neural cells die, patients with 

stroke, spinal lesions or traumatic brain injury, which may not be primary neuronal diseases 

but involve secondary neuronal death, may also benefit from approaches similar to those 

attempted in this study.  

 

1.2  Apoptosis: Naturally occurring cell death 

During development there is an initial overproduction of neural cells, many of which 

are eliminated prior to maturation. The underlying mechanisms by which this occurs during 

development is hypothesised to be the competition of individual neurons for limited amounts 

of trophic factor(s) produced by their central targets (Barde, 1989; Oppenheim, 1992), which 
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either results in the success and therefore functional survival of a neuron, or the lack of 

sufficient trophic support and subsequent demise of the cell. Thus developmental cell death is 

termed naturally occurring or programmed cell death (PCD), and is usually by the process of 

apoptosis. 

 

In normal physiological processes, apoptosis acts as a means to remove superfluous 

cells in order to ensure structural and functional design during embryonic development, and 

maintain constant cell number in adults by balancing cell division with the elimination of 

dysfunctional or damaged cells by prompting the cells to commit PCD (Ellis et al., 1991). 

Apoptosis is a non-inflammatory form of cell death which allows the controlled removal of 

cells, characterised by a series of distinct morphological and biochemical alterations in the 

cell. The commitment of a cell to PCD is reliant on the outcome of a complex interplay of 

signalling pathways before the terminal apoptotic pathway is triggered. The critical balance 

between necessary cell death and the maintenance of essential cells is mediated by a 

number of pro-and anti-apoptotic proteins including a family of cysteine-dependent, aspartate-

specific proteases called caspases; apoptosis protein activating factor-1 (apaf-1); anti-

apoptotic regulatory protein family Bcl-2; transcription factor p53; members of the 

transmembrane tumour necrosis factor receptor (TNFR) family; the TNF-receptor associated 

death domain (TRADD); trans-membrane protein Fas Ligand (FasL); Fas-associated protein 

with death domain (FADD); and ceramide, the product of the sphingomyelin pathway (Liou et 

al., 2003; Cohen, 1997; Los et al., 1999; Schulz et al., 1999).  

 

The Bcl-2 family contains not only members which block apoptosis (Bcl-2, Bcl-xL and 

Mcl-1) but also others that initiate cell death (Bax, Bak, Bcl-xS, Bad, Bid, Bik and Hrk) by 

either suppressing or inducing the release of cytochrome c from the mitochondria. The 

majority of proteins encoded by the Bcl-2 gene family are located in the outer mitochondrial 

membrane and endoplasmic reticulum and can regulate Ca+ fluxes and protein translocation 

across membranes, with some members (Bcl-2, Bcl-xL and Bax) forming ion channels 

(Schultz et al., 1999). Expression of Bcl-2 regulates the activation of caspases, major 

executioners in the apoptotic program. Initiator caspases initiate the apoptotic pathway and 
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activate effector caspases (caspases-3, -6, and -7); the release of cytochrome c, an essential 

co-factor for the activation of initiator caspases, is regulated by Bcl-2.  

 

The intrinsic caspase-mediated pathway is activated by apoptotic stimuli such as 

growth factor withdrawal, hypoxic stress, chemotherapeutic agents or irradiation. In the 

presence of the pro-apoptotic Bcl-2 family protein Bax, mitochondrial membrane permeability 

increases, facilitating the release of cytochrome c into the cytosol. In the presence of dATP, 

cytochrome c associates with Apaf-1, resulting in its conformational change and the 

production of a ternary complex of Apaf-1 and procaspase-9. Upon formation of this complex, 

two molecules of caspase-9 are brought into proximity and the small and large subunit 

components of procaspase-9 interact with each other forming an active enzyme which 

cleaves caspase-3. This activated form of caspase-3 then instigates the execution of the 

apoptotic pathway (Figure 1.1, Liou et al., 2003; Waldmeier, 2003).  

 

The extrinsic caspase-mediated pathway commences following activation of death 

receptors such as the ligation of FasL to the Fas receptor, or TNF alpha to TNF receptor 1. In 

the case of the Fas receptor, FADD is recruited causing procaspase-8 to form death-inducing 

signalling complex (DISC). In turn, FADD brings two caspase-8 molecules into close 

proximity, auto-activating caspase-8 to elicit the apoptotic pathway. Caspase-8 can mediate 

apoptosis in two ways; by cleaving and activating caspase effectors including caspases-3, -6, 

and -7 thereby activating the terminal stages of the apoptotic pathway, or; by cleaving and 

activating Bid which translocates to the mitochondria stimulating Bax, altering MMP and 

resulting in the release of cytochrome c into the cytosol. Cytosolic cytochrome c then triggers 

the intrinsic pathway, completing the apoptotic process (Figure 1.1, Liou et al., 2003; 

Waldmeier, 2003).  

  

 There are also caspase-independent pathways that can be mediated either by the 

mitochondrial protein AIF or protease families including lysosomic proteases called 

cathepsins, cytoplasmic neutral cysteine proteases termed calpains and serine proteases,  
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Figure 1.1 A schematic representation of the apoptotic pathways potentially involved in 

the induction of neurodegenerative disease. The circle in the centre depicts the mitochondrion 

as a major coordinator, and the boxes represent other organelles as major sites of pro-

apoptotic signalling or damage sensing, and which activate local signalling transduction 

pathways allowing inter-organelle communication. These organelle-specific death responses 

lead either to MMP or caspase activation, therefore acting as final effectors of apoptosis. 

MMP = mitochondrial membrane permeabilisation, ER = endoplasmic reticulum; Ly = 

lysosomes; Golgi = golgi apparatus. Sourced from Waldmeier (2003).  

 

 

granzymes (Figure 1.1). Organelles including the golgi apparatus, lysosomes and the 

endoplasmic reticulum act as major effectors of apoptosis by providing some of these pro-

apoptotis signals which act to initiate mitochondrial membrane permeabilisation or directly 

stimulate caspase activation (Figure 1.1; Ferri & Kroemer, 2001). Stress-activated apoptotic 

signalling pathways are also well characterised and typically comprise a series of signal-

transducing protein kinases, of which three classes of mitogen-activated protein kinase 
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(MAPK) cascades are best understood; the extracellular signal-regulated kinase (ERK) 

signalling pathway; the c-Jun-N-terminal protein kinase (JNK) pathway; and the p38/HOG1 

pathway. 

 

1.3  Apoptosis: A pathophysiology of neurodegeneration. 

Inappropriate apoptosis and aberrant caspase activation underlies the pathology of 

many human diseases (Mattson, 2000) including chronic neurodegenerative conditions such 

as PD (Michel et al., 2002, Tatton et al., 2003; Lev, 2003), AD (Smale et al., 1995; Wolozin et 

al., 1996; Vito et al., 1996; Anderson et al., 1996; Passer et al., 2000; Marx, 2001) HIV 

encephalitis (Petito & Roberts, 1995; Bartz & Emerman, 1999), epilepsy (Roux et al., 1999) 

and ALS (Troost et al., 1995; Cookson & Shaw, 1999; Guégan & Przedborski, 2003; 

Friedlander, 2003) and is implicated in the secondary brain damage seen after stroke (Ni et 

al., 1998; Namura et al., 1998; Hara et al., 1995; Nitatori et al., 1995; Schulz et al., 1999) and 

traumatic brain injury (Yakovlev et al., 1997). In order to introduce the scope of potential 

applications emerging from the research presented in this thesis, I would first like to briefly 

describe the pathophysiology of some of these chronic conditions, their incidence, effects to 

the individual and current therapeutic measures offered to patients for each. 

 

1.3.1  Alzheimer’s disease 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterised 

by memory loss, language deterioration, impaired visuospatial skills and poor judgment with 

preserved motor function. AD can be subdivided into two distinct types, ‘familial’ (early onset) 

and ‘sporadic’ (late onset) forms. The discovery of genetic linkages and the identification of 

genes responsible for AD as well as specific mutations in genes that have been linked with 

the disease have increased our understanding of the molecular changes responsible for the 

pathophysiological processes typical of AD. Three different gene products have so far been 

shown to cause early-onset familial AD; these are amyloid precursor protein (APP), presenilin 

1 (PS-1) and presenilin 2 (Tanzi & Bertram, 2002). The onset of sporadic AD, which accounts 

for 85-90% of all AD cases, is typically after age 65. Although several genetic risk factors are 

associated with late onset dementia, only the gene encoding apolipoprotein E type 4 (apoE4) 
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has been repeatedly linked with sporadic AD (Poirier et al., 1993; Strittmatter et al., 1993). For 

people in the early stages of AD, medication can alleviate some cognitive or behavioural 

symptoms or dementia for a limited time, however currently there is no cure or effective way 

to slow the progression of the disease.  

 

Pathologically AD presents with neuronal loss, synaptic damage, deposition of beta-

amyloid (plaques), accumulation of neurofibrillary tangles and loss of cholinergic activity. The 

most widely accepted hypothesis regarding the pathogenesis of AD is the amyloid hypothesis, 

which states that the abnormal proteolytic processing of β-amyloid precursor protein (β-APP), 

a protein found throughout the body whose function yet remains unknown, yields Aβ peptides 

which aggregate into Aβ plaques and which are thought to become the key factor leading to 

nerve cell damage and destruction. Gervais and others (1999) showed that the cytoplasmic 

domain of β-APP can be cleaved by caspase-3, which would facilitate the generation of 

excess Aβ and is supported by an increased level of caspase-3 in pyramidal neurons in 

patients suffering from AD. Based on these results it was hypothesised that caspase 

activation promotes the overproduction of Aβ, stimulating apoptosis of neurons and further 

increasing the level of caspase activation. The tau hypothesis assigns a causative role to tau, 

a protein which normally organises and stabilises the cells internal skeleton. In AD tau 

deforms and loses its ability to organise the cell, then accumulates within nerve cells causing 

‘neurofibrillary tangles’ and neuronal damage. These highly insoluble NFT’s persist in the 

extracellular space following neuronal degeneration and are proposed to cause neuronal 

damage in the pathogenesis of AD. Recent reviews, however, suggest that the rate of 

neuronal death in the hippocampus and entorhinal cortex exceeds NFT density by several 

fold (Gomez-Isla et al., 1997; Leuba & Kraftsik, 1994) and that NFT’s may not be the principal 

cause of neuronal degeneration due to their intracellular localisation in the majority of neurons 

(Vickers et al., 2003).  

 

The first immunotherapeutic compound to reach clinical trials in 2001 was the AD 

vaccine AN-1792 (Elan Corporation/Wyeth-Ayerst Laboratories), which aimed to stimulate an 

immune response targeting and destroying excess Aβ but leaving functionally-relevant forms 
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of Aβ and its precursor protein untouched. Phase I trials of the vaccine, however, failed 

following serious neurological complications in some patients and Phase II trials in 2002 were 

suspended. A more recent study on the effects of the vaccine found that the β-amyloid 

antibodies enhanced the neurotoxic effect of the peptide (Nath et al., 2003). Proposed 

therapeutic agents for the treatment of AD broadly include cholinesterase inhibitors, 

muscarinic agonists, anti-oxidants and anti-inflammatories. A cholinesterase inhibitor for the 

treatment of AD, Tacrine, has been widely available since 1998 and has demonstrated 

modest symptomatic improvements in cognition and behaviour, although the response is 

dose-dependant and is less effective in female patients (Qizilbash et al., 1998; MacGowan et 

al., 1998). Current research into the treatment of AD includes mining key molecules in the 

production of Aβ which can be targeted, the application of neurotrophic factors to encourage 

affected neurons to survive and repair, and investigating the role of tau and inflammation in 

AD pathology. For APP to produce Aβ, it must be cut enzymatically into smaller pieces by 

secretases, from a class of enzymes called proteases. A number of Pharmaceutical 

companies are currently involved in therapeutic trials developing drugs which alter the 

function of these secretases. Overstimulation of the N-methyl-D-aspartate (NMDA) receptor 

by glutamate is prevalent in a number of neurodegenerative diseases including AD, 

suggesting anti-glutamatergic treatments may also be effective. In Germany in 1989, the 

NMDA-antagonist drug compound “memantine” was launched by Merz for the treatment of 

moderately-severe to severe dementia and is now under mass production in the US where it 

has reached Phase III trials (Riesberg et al., 2003). The effects of oestrogens are also being 

investigated following observations that women taking oestrogen hormone replacement to 

relieve the symptoms of menopause are at reduced risk of AD (Inestrosa et al., 1998; Fillit et 

al., 1986). 

 

In summary, all current therapeutic measures in place for patients with AD can 

reduce various symptoms of the disease initially, however do not alter the progression of 

apoptotic neuronal death in the course of the disease. 
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1.3.2  Parkinson’s disease 

Parkinson’s disease (PD) is a slowly progressive disease, believed to primarily affect 

the dopaminergic neurons of the nigrostriatal pathway, involved in the integration of muscle 

action for posture and the planning and execution of movements. The pathologic hallmarks of 

PD are degeneration of the dopaminergic neurons of the substantia niagra and intracellular 

inclusions of Lewy bodies (deposits of alpha synuclein protein) within these pigmented brain 

stem neurons (Spillantini, 1997). There is also death of neurons in other brain regions 

including the thalamus (Henderson et al., 2000), cortex, and brainstem (For review; Jellinger, 

1991). In PD, motor information becomes less efficient and characteristic symptoms of the 

disease include tremors, muscle rigidity, postural instability, slowness and difficulty of 

movement (bradykinesia), temporary paralysis (‘freezing’), poor co-ordination, sleep 

disruption, loss of facial expression (hypomimia), and can also include alteration of character 

and moods, depression, anxiety, dementia, and visual hallucinations (Beatty, 2003; Garcia-

Borriguero et al., 2003).  

 

Current therapeutic measures for PD patients include dopamine-replacement drugs, 

dopamine agonists or anticholinergics, which lessen the symptoms initially by enhancing the 

level of dopamine in the corpus striatum and correcting neurotransmitter imbalance. 

Levodopa remains the single most effective medication for symptomatic treatment, however 

in patients with advanced stages of PD there are motor complications with dopaminergic 

therapy (Martin & Wieler, 2003) which appears to be mediated by synaptic plasticity in striatal 

neurons (Derkinderen & Vidailhet, 2002). Once more, these medications do not obviously 

alter the progression of the disease and drug therapy becomes more difficult to manage over 

time. Symptoms continually worsen and the disease ultimately becomes completely 

debilitating. Experimental surgical approaches have been developed for patients with 

advanced stages of PD when therapeutic drugs are no longer effective. These include 

ablating cells by generating lesions in the subthalamic nucleus or globus pallidus internus 

(pallidotomy) or deep brain stimulation by placing deep brain stimulating electrodes into these 

areas which can be connected to a pacemaker-like device grafted under the skin, and which 

patients can turn on or off as symptoms dictate (Abosch & Lozano, 2003; Krack, 2002). 
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Surgery can relieve refractory tremor and dyskinesias, but does not permanently alter disease 

progression or need for drug therapy. More recently, cell transplantation has completed 

Phase 2 clinical trials to assess its potential to treat PD patients. These trials have revealed 

that not all patients respond to this therapy and in some cases cell transplantation caused 

dyskinesia, possibly due to striatal lesions or indicating that grafted neurons were partially 

harmful to the motor pathways. Trials using xenografts with porcine neurons also led to poor 

survival (Cesaro, 2002). Perhaps more appropriate sources of donor cells need to be found. 

Other Parkinsonian-like conditions that might benefit from cell replacement therapy include: 

Multiple System Atrophy; Olivo-Pontocerebellar Atrophy; and Cortico-Basilar Degeneration. 

 

1.3.3  Amyotrophic lateral sclerosis  

 Amyotrophic Lateral Sclerosis (ALS) is one of the most common in a group of 

disorders termed motor neuron diseases, characterised by the progressive degeneration of 

motor neurons. ALS is a fatal paralytic disorder which usually affects people between the 

ages of 40 and 60. In ALS both the upper cortical and lower spinal motor neurons 

degenerate, ceasing to send stimulation to the muscles of the body, however motor neuron 

disease can also present as involving only the upper, or only the lower motor neurones. The 

corticospinal tracts at the level of the spinal cord are also often extremely degenerate in ALS. 

Morphological evidence for apoptosis, internucleosomal DNA fragmentation and caspase-3 

activation has been reported in the anterior horn of the spinal cord, brainstem and motor 

cortex in ALS (Troost et al., 1995; Cookson & Shaw, 1999; Martin, 1999; Guégan & 

Przedborski, 2003; Friedlander, 2003). 

 

Approximately 5-10 percent of ALS cases are familial, 20 percent of these resulting 

from a genetic defect on chromosome 21 which leads to the mutation of the Cu/Zn superoxide 

dismutase 1 enzyme (SOD1), a powerful antioxidant and one of the most effective enzymes 

in removing free radicals (Rosen et al., 1993; Cudkowicz et al., 1997;Fridovich, 1986). Other 

genetic causes remain unidentified, however excess glutamate in the serum and spinal fluid 

of ALS patients may suggest a causative role to this neurotransmitter imbalance (Rothstein et 
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al., 1990, 1991). Autoimmune responses have also been implicated (Niebroj-Dobosz et al., 

1999).  

 

The sole medication approved by the Food and Drug Administration for the treatment 

of ALS is riluzole (Rilutek), which has been shown to slow the progression of the disease. 

Riluzole acts to reduce motor neuron damage by decreasing the presynaptic release of 

glutamate. Clinical trials with ALS patients have shown its application prolongs survival by two 

months, reducing difficulty in swallowing and extending the period before a patient relies on 

ventilation support, however administration of the drug also has significant side effects, and 

its effectiveness in older patients has not yet been clarified (Miller et al., 2003). Treatment 

with riluzole slows, but does not halt the progression of the disease. Treatment with 

neurotrophic factors such as IGF1, BDNF and GDNF or antioxidants including coenzyme Q10 

and creatine (Muscular Dystrophy Association, 2003) is also being assessed, as is the 

possible use of anti-inflammatory agents (Kriz et al., 2002). ALS is yet one more progressive 

neurodegenerative disease that may benefit from successful cell replacement therapies.  

 

1.3.4  Cerebrovascular disease 

 Cerebrovascular diseases result from disorders of the cerebral circulation and include 

any disease of the vasculature which cause ischaemia or infarction of the brain, or 

spontaneous haemorrhage into the brain or subarachnoid space. Fifty percent of stroke 

victims are over 75 years of age, with one third of patients dying within a year (Hankey et al., 

2000) and one quarter remaining permanently disabled (Bonita et al., 1994). Over 50 percent 

of surviving stroke victims require long-term care provided by an institution or a carer in their 

home (Bonita et al., 1997).  

 

In ischaemic stroke, reduced blood flow to an area of the brain starves cells of 

nutrients causing their demise. Neural cells found in the core of the lesion, where hypoxia is 

most severe, experience resulting energy depletion, calcium homeostasis and swelling of 

organelles and cells, and die within 3-5 minutes of the infarction by necrosis (inflammatory 

cell death). The core is surrounded by the ischemic penumbra, which contains cells which 



 14

have been affected and are not functioning, but can survive in the reduced blood flow for up 

to three hours by collateral blood flow reducing the degree of hypoxia. Hypoxically insulted 

cells in the penumbra, where oxygen deprivation may not be sufficient to cause energy 

failure, may survive and undergo necrosis to a lesser extent than found in the core. The 

severity of the insult correlates with the size of the infarct core and the surrounding penumbra. 

Secondary brain damage following stroke results from the subsequent removal of cells in the 

penumbra via apoptosis (Hara et al., 1995; Guglielmo et al., 1998; Ni et al., 1998; Namura et 

al., 1998; Nitatori et al., 1995; Schulz et al., 1999). Neurons in the penumbral region exhibit 

elevated activated caspases-1, -3, -8, and -9 (Ferrer & Planas, 2003; Namura et al., 1998; Ni 

et al., 1998) and exhibit morphological changes typical of apoptosis including a reduction in 

cell volume, membrane blebbing, chromatin condensation, internucleosomal DNA 

fragmentation and apoptotic bodies (Lipton, 1999; Liou et al., 2003). It has also been reported 

that the stress activated MAPK pathway, p38, is activated following ischemic injury (Barone et 

al., 2001; Irving et al., 2000) which elevates inflammatory cytokines TNF-α and IL-1β resulting 

in the recruitment of FADD and TRADD, and subsequent caspase-mediated apoptosis.  

 

Current therapies, such as tissue plasminogen activator (tPA) which was proven 

neuroprotective in 1995 (NINDS, 1995) and is used to recanalize occluded arteries, must be 

applied within three hours; however, before administration of tPA, bleeding in the brain must 

be ruled out by a computer tomography scan. For this reason, only four percent of stroke 

patients receive treatment in time, and much of the permanent damage has already occurred. 

Patients who receive tPA are more than thirty percent more likely than non-tPA treated 

patients to recover from stroke with little or no disability, although despite improvement in 

brain blood flow, cell damage continues to progress many hours following insult (Schulz et al., 

1999).  

 

Haemorrhagic stroke resulting from hypertension, rupture of an aneurysm, vascular 

malformation or complications with anticoagulation medicines require neurosurgical 

treatment. Intracerebral Haemorrhage (ICH) usually forms clots within the brain whereas 

subarachnoid haemorrhage (SAH) causes spontaneous constriction of the arteries on the 
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surface of the brain inducing vasospasm. During ICH the blood clot can be neurosurgically 

removed and intracranial pressure relieved. Microsurgical clips or neuroendovascular coils 

can be utilised to prevent rupture of aneurysms. Several drugs are at differing stages of 

clinical trial, including GV150526, gavestinel, licostinel and remacemide hydrochloride, which 

all aim to reduce excitotoxicity by functioning as glycine-site antagonists or NMDA- receptor 

channel blockers (Liou et al., 2003).  

 

1.3.5  Traumatic brain injury  

The Individuals with Disabilities Education Act defines that traumatic brain injury (TBI) 

is “...an acquired injury to the brain caused by an external physical force, resulting in total or 

partial functional disability or psychosocial impairment, or both, that adversely affects a 

person’s performance. The term applies to open or closed head injuries resulting in 

impairments in one or more areas, such as cognition; language; memory; attention; 

reasoning; abstract thinking; judgment; problem-solving; sensory, perceptual, and motor 

abilities; psycho-social behaviour; physical functions; information processing; and speech. 

The term does not apply to brain injuries that are congenital or degenerative, or to brain 

injuries induced by birth trauma.” [34 Code of Federal Regulations §300.7(c)(12)]. 

 

Direct mechanical injury related to impact is primarily necrotic, however a significant 

amount of PCD occurs in damaged neural tissue after TBI, the proportion of necrotic to 

apoptotic death relating to the type of injury, extent of the injury, brain region, and various 

other secondary factors such as haemorrhage, excitotoxicity, electrolyte and mitochondrial 

disturbances, oxidative radicals and immunological disturbances (Liou et al., 2003; 

Northington et al., 2001). Caspase-dependent intrinsic, extrinsic and caspase-independent 

apoptotic pathways have been observed following TBI in humans and in animal models (Buki 

et al., 2000; Qiu et al., 2002; Zhang et al., 2002). The release of apoptogenic factors AIF and 

cytochrome c have also been observed following TBI (Buki et al., 2000; Lewen et al., 2001; 

Zhang et al., 2002) mediated in part by Bcl-2 proteins which are upregulated in injured rat 

cortex and hippocampus (Clark et al., 1997). Increased TNF-α is found in brain tissue, serum 

and cerebrospinal fluid (CSF) in both the rat and human in TBI (Ross et al., 1994; Taupin et 
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al., 1993). Fas and FasL expression is upregulated within the first 72 hours (Beer et al., 

2000). The majority of protein kinase systems are also activated following TBI in the rat with 

the ERK, p38 and JNK pathways all observed to be upregulated with a rapid peak activation 

at 5 minutes post-insult (Otani et al., 2002; Mori et al., 2002), phosphorylation of the ERK 

pathway being a pro-apoptotic response. At present there are therapeutic agents that are 

specifically targeted towards reducing apoptosis in TBI patients. Most drugs attempt to 

decrease the magnitude of the initial inflammatory response.  

 

1.4  Cell replacement therapy in the treatment of degenerative cell loss    

Of all the various CNS insults I have described, the common denominator is that they 

are progressive, degenerative and irreversible, leading to permanent functional impairments. 

Therapeutic compounds that attempt to reduce cell death include Bcl-2 and glia-derived 

neurotrophic factor (GDNF) gene therapy compounds, Apaf-1 modulators, broad spectrum 

caspase inhibitors, specific inhibitors of caspases-8 and 9, and JNK inhibitors, although there 

are no definitive treatments which completely halt the progression of symptoms. Thus, 

currently available experimental therapeutic strategies provide temporary but not indefinite 

protection to dying neurons, and there is a need for new, more permanent, therapeutic and 

surgical approaches. 

 

Increasing attention has been focused on the replacement of lost neural populations 

by delivery of new populations of cells, such as neural precursor cells or stem cells, into 

neuronal-deficient regions. The targeted and stable engraftment of grafted cells, coupled with 

their specific integration within the neurally deprived region is especially relevant in the 

treatment of traumatic, ischaemic and degenerative cell loss within the CNS. In addition, 

donor cells can be genetically ‘customised’ in vitro to express a reporter gene or deliver 

therapeutically appropriate amounts of neurotransmitter or desired substrate once grafted 

within the neuronal deficient region (Snyder et al., 1995; Lacorazza et al., 1996; Åkerud et al., 

2001; Himes et al., 2001). When promoted with a specific responsive vector, substrate 

production can be turned on or off (Rossi & Blau, 1998; Clackson, 2000) thereby allowing 
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control over the delivery of various molecules following engraftment (Auricchio et al., 2002; 

Dejneka et al., 2001; McGee Saftner et al., 2001).  

 

1.4.1  The death of a dogma: Adult neurogenesis and the neurogenic-permissive 

recapitulation of development in neurodegenerative disease 

With the advent of studies describing the occurrence of neurogenesis in isolated 

regions of the adult brain (Altman & Das, 1965; Reynolds & Weiss, 1992; Gross, 2000; Gage, 

2002), and the subsequent isolation of neural stem cells from these regions, the classical 

understanding of adult capability for central nervous system plasticity and repair has recently 

been re-evaluated. Cells derived from regions including the spinal cord, prefrontal cortex, 

hippocampus, substantia nigra, ependymal layer of the lateral ventricles, adult ciliary 

pigmented epithelium and sclera-choroid cells of the eye, can be expanded in vitro and 

apparently differentiate into both neurons and glia in-vitro or in-vivo (Reynolds & Weiss, 1992; 

Weiss et al., 1996; Rietze et al., 2001; Song et al., 2002; Lie et al., 2002; Arsenijevic et al., 

2003). More recently it has been demonstrated that it may be possible to stimulate 

endogenous adult neural precursors/stem cells to intrinsically generate new neurons in situ 

without transplantation of exogenous cells, and manipulate these precursors in situ to 

selectively replace lost or damaged neurons (Magavi et al., 2000; Scharff et al., 2000; Magavi 

& Macklis 2001, 2002; Arlotta et al., 2003). 

 

Furthermore, recent reports suggest that the apoptotic degeneration of endogenous 

neurons creates a milieu permissive for the stable and directed integration of newly 

transplanted cells, or neurons newly recruited from pools of endogenous neural precursors 

(Fricker-Gates et al., 2002; Shin et al., 2000; Macklis, 1993; Macklis et al., 1994; Sheen & 

Macklis, 1995; Snyder & Macklis, 1996; Snyder at el., 1997; Scharff et al., 2000; Magavi et 

al., 2000). This involves the expression of specific environmental cues acting to guide cellular 

migration and phenotypic development within the degenerated region - a result not seen in 

intact hosts or in hosts with necrotic or inflammatory lesions (Wang et al., 1998). The 

successful integration of grafted cells within areas of apoptotic degeneration may be due to 

sparing of intermixed interneurons, glia, axons or connective tissue and the resultant changes 
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in local microenvironmental signals including the up-regulation of BDNF, NT-4/5 or the trkB 

receptor, all of which have been observed within regions of non-inflammatory neuronal 

degeneration (Wang et al, 1998, Sheen et al., 1999). 

 

1.4.2   The retinal neurodegenerative microenvironment and retinal ganglion cell 

replacement 

Blindness often results from the degeneration of a specific population of retinal 

neurons, causing subsequent degeneration of much of the retinal circuitry. In potential retinal 

cell replacement therapies there are a number of possible sources of cells, including neural 

precursors, retinal pigment epithelium, embryonic and postnatal retinal progenitor cells, neural 

stem cell lines and bone marrow stem cells (del Cerro et al., 1988, 1989, 1991; Kwan et al., 

1999; Chacko et al., 2000; Nishida et al., 2000; Young et al., 2000; Kurimoto et al., 2001; 

Radner et al., 2001, 2002; Mizumoto et al., 2001; Pressmar et al., 2001; Lu et al., 2002; 

Sauve et al., 2002; Tomita et al., 2002; Wojciechowski et al., 2002; Kicic et al., 2003). To 

date, the majority of ocular transplantation studies concentrate on photoreceptor preservation 

or replacement; however there is loss of retinal ganglion cells (RGCs), in a number of 

diseases including glaucoma, diabetes, Leber’s congenital optic nerve atrophy, ischemic optic 

neuropathy, and retinitis pigmentosa (Quigley et al., 1995; Nickells, 1996; Kerrigan et al., 

1997; Berninger et al., 1989; Barber et al., 1998; Levin & Louhab, 1996; Villegas-Peréz et al., 

1998). No studies have yet focused specifically on the attempted replacement of RGCs. 

Furthermore, although a large number of these studies describe the successful integration 

and differentiation of grafted cells by their expression of various neuronal or glial markers, 

they generally fail to provide immuno-specific assays of the cells in vitro, and very few 

quantify the survival of grafted cells in the long term.  

 

The present study uses an intravitreal approach to assess the potential of various 

sources of neural progenitors and stem cells to replenish lost RGCs within neonatal and adult 

murine and rat retinae that have been selectively depleted of these centrally projecting 

neurons. This study does not focus on trying to reduce the amount of cell death that occurs 

following injury in our depletion models, but makes use of its time course, and the possibility 
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of employing the specific microenvironmental alterations surrounding RGC apoptosis to 

induce the appropriate integration and neuronal differentiation of grafted cells for retinal 

ganglion cell replacement (Snyder et al., 1997).  

 

A number of reviews suggest that the processes involved in neurodegeneration in the 

adult stimulates quiescent pathways normally active during development, and that this may 

be permissive for the integration of newly grafted cells (Fricker-Gates et al., 2002; Shin et al., 

2000; Macklis, 1993; Macklis et al., 1994; Sheen & Macklis, 1995; Snyder & Macklis, 1996; 

Snyder at el., 1997). Interestingly, in retinal transplantation experiments, insertion of the ‘dry’ 

cell delivery vehicle into the eye in control animals without transplantation material, or with 

saline alone, was enough to rescue degenerating cells in two studies (Faktorovich et al., 

1992; Mansour-Robaey et al., 1994). Reports that mechanical injury to the retina may also 

activate endogenous trophic support signals in the adult was confirmed following a study by 

Cao and others, which reported that needle incision into the rat eye resulted in an increase in 

survival factors including bFGF, FGFR-1 and CNTF, and this effect increased with age (Cao 

et al., 2001). Therefore, it is hoped that the apoptotic-inducing lesion models adopted in this 

study, in combination with the intravitreal transplantation of cells, will facilitate the appropriate 

engraftment of donor cells within host retinae by the re-activation of developmental signals in 

the adult. Furthermore, maturing RGCs can produce inhibiting factors which limit the 

production of new RGCs (Waid & McLoon, 1998; Zhang & Yang, 2001). Thus, it is 

hypothesised that reduction of this endogenous population might facilitate the production of 

new RGC-like neurons from grafted cells within these apoptotic-induced, potentially 

neurogenic permissive retinal environments.  

 

The necessity for exploring the potential of various sources of cells in this novel 

environment is obvious, and it is hypothesised that different sources of grafted cells will vary 

in their integration and phenotypic expression capacities within the host. The transplantation 

material assessed within the scope of this thesis includes: embryonic day 15 (E15) 

dissociated retinal cells from gtROSA-26a transgenic mice; immortalised postnatal cerebellar 

cells from the C17.2 neural progenitor cell line; adult hippocampal progenitor cells from the 
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green fluorescent protein (GFP) expressing stem cell-like clonal HCN/GFP line; and primary 

cultures of adult pigmented ciliary epithelial neurospheres derived from gtROSA-26a 

transgenic mice. In additional experiments, GFP-positive adult hippocampal HCN/GFP cells 

were co-cultured with embryonic retinae on media-absorbent floating rafts, as described in 

Bairstow (1990), OR treated in vitro with somatostatin prior to transplantation.  

 

In summary, in this thesis I have assessed the survival, integration, location and 

differentiation of grafted cells derived from diverse CNS locations (cerebellum, hippocampus, 

retina and pigmented ciliary margin) and spanning all age groups (embryonic, postnatal and 

adult) using various transgenic markers and reporter genes for their identification (GFP and 

lacZ) in both neonatal and adult models of selective RGC-depletion. This study describes 

specific neonatal and adult RGC depletion models that can be applied to various animals, and 

a non-invasive cell suspension transplantation technique that allows for non-disruptive 

integration of grafted cells into a host retina. 

 

1.5  Retinal development and anatomy  

In order to assess the RGC-replacement potential of the donor tissues used in this 

study, it is important to understand the architecture, cellular composition and molecular and 

cellular microenvironment of the normal and RGC-depleted retina, in both neonates and 

adults. In the next section I will provide an overview of retinal development and anatomy, and 

later on in this chapter, some ocular pathologies relevant for RGC-replacement therapies, 

followed by a detailed description of each of the lesion models employed in this study.   

 

Embryologically derived from the neural tube and a component of the CNS, the retina 

is a transparent neural tissue responsible for processing visual information. The eye derives 

from the lateral walls of the diencephalon which protrudes laterally early in development and 

gives rise to the optic bulge, then the optic vesicle, and contacts the ectoderm which then 

becomes the optic placode (Frade et al., 1999). The retina is then formed by the invagination 

of the optic vesicle from the anterior neural tube creating the optic cup, which comprises an 

inner nuclear layer (later forming the neural retina) and an outer layer (the future retinal 
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pigment epithelium) and which remains attached to the brain via the optic stalk. The anterior 

neural plate forms the lens, then the optic vesicle and lens induce the overlying surface 

ectoderm to form the cornea as the peripheral margin of the of the optic cup differentiates into 

the ciliary body and iris (Bao & Cepko, 1997). All the cell types of the neural retina are formed 

by waves of dividing progenitor cells ceasing mitosis and migrating to the vitreal side of the 

optic cup, closest to the lens. As fate-restricted progenitors exit the cell cycle they migrate to 

fixed positions in the retina, resulting in the formation of the retinal laminae, and establish 

connections to neighbouring neurons.  

 

In the mouse, retinal neurons and glia differentiate over a period between embryonic 

day 11 and postnatal day 21 (Rachel et al., 2002; Brown et al., 2001). The birth order of 

retinal cell types is distinct within species, and in mice and rats usually occurs in the 

sequence of RGCs, cones, amacrine and horizontal cells, then rods, bipolar cells and Mϋller 

glia, with some overlap in the production of each cell type (Figure 1.2, Marquardt & Gruss, 

2002; Cepko et al., 1996). In all vertebrate species examined, the retinal ganglion cells are 

the first born (Young, 1985; Altusher et al., 1991; Snow & Robson, 1994), and normally 

appear in a central to peripheral gradient (Dräger, 1985). In response to a combination of 

molecular guidance cues (including the inhibitory chondriotin sulfate proteoglycan), 

neuroepithelial cells (the axon guidance molecule Netrin-1) and glia surrounding exiting RGC 

axons (transcription factor Pax2), RGCs extend their axons towards the presumptive optic 

nerve head and exit the eye, their axons forming the optic nerve (Nornes et al., 1990; Brittis 

and Silver, 1994, 1995; Deiner et al., 1997). Growth promoting molecules on RGC axons, 

such as the homophilic cell adhesion molecule L1, act to encourage axons to travel together 

to the optic nerve head, with newer born axons closer to the optic nerve head fasciculating 

with older axons travelling from the periphery (Yu & Bargmann, 2001; Oster & Sretavan, 

2003). In the mouse the first RGC axons leave the optic nerve head at E11.5, originating from 

the earliest born RGCs in the dorsal central retina (Deiner et al., 1997). All RGC axons enter 

the optic nerve by E18 (Dräger, 1985). These events occur slightly later in the rat, the first 

RGC axon fascicles entering the optic stalk at E14.5 (Horsburgh & Sefton, 1986).  
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Figure 1.2 The order of retinogenesis in the mouse during embryonic and postnatal 

periods. Neurogenesis proceeds in a fixed order, commencing firstly with the production of 

RGC and horizontal cell types, followed by overlapping phases of cone-photoreceptors, 

amacrine cells, rod photoreceptors, bipolar cells and finally Müller glial cell production. 

Cellular production curves reflect the relative proportion of cells produced for each cell type. 

Sourced from Marquardt & Gruss, 2002, originally modified from Young, 1985.     

 

 

RGC axons run in the optic nerve to the optic chiasm, then in the optic tracts to the 

visual centres in the brain. At the chiasm a series of visual projection choices are made by 

RGC axons; a proportion of fibres continue on to the visual centres ipsilaterally, and others 

cross at the chiasm to project contralaterally. The first evidence of the chiasm in the rat can 

be seen at E15.5 as ipsilaterally-projecting axon fascicles diverge from those crossing 

contralaterally (Horsburgh & Sefton, 1986).  

 

The mature retina comprises of seven major cell types (Figure 1.2) forming three 

distinct cellular layers which are connected by two plexi (Figures 1.3, 1.4). Hyperpolarisation 

of photoreceptors causes the generation of an electrical signal which is conducted to bipolar 

interneurons whose cell bodies constitute the inner nuclear layer (INL). 
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Figure 1.3 Basic anatomy of the eye and an enlarged view of the retinal cellular types 

and their laminar distribution within the retina. Sourced from Webvision at 

http://webvision.med.utah.edu/intro.html.  

 

 

Bipolar cells transmit visual information to the RGCs found in the innermost nuclear layer, the 

ganglion cell layer (GCL), whose axons project to the visual centres in the brain. Axons of 

neighbouring RGCs project to neighbouring sites in CNS targets to faithfully recreate a 

visuotopic map. This phototransduction signalling circuit is modulated by two cell types 

making lateral connections in the INL - horizontal cells which interconnect photoreceptors and 

bipolars, and amacrine cells which have synaptic connections with bipolar and ganglion cells 

(Masland 2001). Bipolar cells can be classified as either ON of OFF according to whether 

they are activated by light onset or cessation, respectively. Amacrine cells have a number of 

functions: feeding back inhibitory GABA-ergic signals to bipolars making their output transient; 

forwarding movement visual information on to certain ganglion cells sensitive to moving 

stimuli; and controlling the sensitivity of retinal neurons during light and dark adaptation by 

sending waves of inhibition across the retina. It has also been documented that amacrine 

cells provide signals to maturing RGCs which causes them to irreversibly switch their process 

extending program from axonal to dendritic by postnatal day 8 (Goldberg et al., 2002). The 
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complexity of the role of amacrine cells is exemplified by the existence of up to 22 

morphologically distinct amacrine cell subtypes in some species, all of which are believed to 

play different roles in visual processing (Masland, 2001; Kolb, 1997; MacNeil & Masland, 

1998). Some amacrine subtypes can be identified by their expression of neuroactive 

molecules such as calbindin, calretinin, parvalbumin or choline acetyltransferase. 

  

Two types of glial cells are also found in the mammalian retina; Mϋller glia and 

astrocytes. Mϋller glia are the principal glial cells of the retina, possessing apical processes 

which traverse the entire retinal depth from the outer limiting membrane to the retinal ganglion 

cell layer, with their somas situated in the inner nuclear layer. During retinal development 

Mϋller glia play an important role in co-ordinating retinal laminar organisation, as well as 

providing trophic support to RGCs, releasing soluble factors necessary for RGC neurite 

outgrowth (Raju & Bennett, 1986). In the mature retina, Mϋller glia are critical for the buffering 

of extracellular potassium, their primary conductance by the inwardly rectifying potassium 

channel Kir4.1 which is highly concentrated at the end feet at the vitreal border and those 

contacting blood vessels (Connors & Kofuji, 2002). Mϋller cells modulate neuronal activity by 

acting as a neuroactive substance degradation system; breaking down excess extracellular 

glutamate, GABA, amino acids, potassium and hydrogen (Newman & Reichenbach, 1996), or 

by acting as an inhibitory modulator of RGCs by releasing ATP (Newman, 2003). Retinal 

astrocytes are less abundant than Mϋller glia. These cells are not derived from the retina itself 

but are immigrants from the optic nerve during retinal maturation (Watanabe & Raff, 1988; 

Ling et al., 1989), forming a monolayer superimposing the nerve fibre layer in the mature 

retina (Barber, 2003) and visible by their expression of glial fibrillary acidic protein (GFAP). 

Astrocytes are connected by gap junctions and many of their processes end in external 

expansions on blood vessels, called perivascular feet, which function to transport metabolites  

or other substances to neurons without releasing them into the extracellular space (Snell, 

1997). Similiar to the role of Mϋller glia, astrocytes absorb gamma-aminobutyric acid (GABA) 

and glutamate and buffer excess K+ from the extracellular space. Astrocytes in the CNS also 

influence the formation of synapses and are required for synaptic maintenance and perhaps 

plasticity (Ullian et al., 2001). 
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1.5.1  Retinal genesis 

 Birthdating studies in the retina reveal that each of the retinal cell types are generated 

at characteristic times during development from multipotent progenitor cells (Figure 1.2; 

Turner & Cepko, 1987; Turner et al., 1990; Wetts & Fraser, 1988). Furthermore, at any given 

stage of retinal development experimental evidence suggests that progenitors are competent 

to generate a subset of mature phenotypes only, which is thought to result from evolving 

environmental cues causing progressively fate-restricting changes in progenitor cell 

competence during development (Cepko et al., 1996; Cepko, 1999). Individual cell fate during 

development is also largely governed by the precise timing of the exit from the cell cycle in 

order to obtain correct proportions of each of the retinal cell types. Excess numbers of early 

born cells exiting the cell cycle will increase the proportion of early born cell types at the 

expense of later born cells (Dyer & Cepko, 2000). 

 

 In rats and mice the majority of retinal neurons including RGCs, 

photoreceptors, amacrine cells and horizontal cells have been born, are differentiated and 

downregulating morphogenic genes by postnatal day 5 in the centre of the retina (Bao & 

Cepko, 1997; Young, 1985) and by P11 in the peripheral retina (Young, 1985). In mouse, 

retinal cells differentiating postnatally include rods (73%), bipolar cells (20%), Mϋller cells 

(6%) and a small number of amacrine and RGCs (1%) (Young, 1985). Retinal cell type 

specification, differentiation, survival and viability depend on a complex interplay of cell-

intrinsic and extrinsic factors with retrograde, anterograde, paracrine and trophic support, 

which in synchrony give rise to a refined and functional retinal neural morphology. 

  

1.5.1.1   Genesis of retinal ganglion cells 

 Ganglion cell genesis in the mouse commences on embryonic day 11 (E11, with day 

after mating = E0) and is complete by E18 (Figure 1.2; Rachel et al., 2002), and in the rat 

occurs between E13 and E20 (Reese & Colello, 1992). Islet genes 1 and 2 are expressed in 

the nuclei of RGCs during development and adulthood in the mouse, with Islet 1 expressed 

by all RGCs and Islet 2 by 50 percent of RGC nuclei (Brown et al., 2000).  
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Figure 1.4  Schematic of the retinal laminae and their cellular compositions. As = 

astrocyte, G = ganglion cell, M = Mϋller cell, Am = amacrine cell, B = bipolar cell, H = 

horizontal cell, R = rod photoreceptor, C = cone photoreceptor. Adapted from Webvision. 

http://webvision.med.utah.edu. 

 

 

Brn3b, a POU family transcription factor is also expressed in 70% of developing murine RGCs 

in early development (Xiang, 1998).Islet genes and Brn3b are co-expressed in the majority of 

cells late on E11. BrdU-positive S-phase cells can be found throughout the neural portion of 

the eyecup at this stage, and Islet expression commences during this phase of terminal 

division. In the mouse, by E12 the entire retina has expanded in circumference, with a central 

to peripheral gradient of differentiation, as postmitotic Islet-positive cells surround the future 

optic nerve head (Rachel et al., 2002). The expression of doublecortin, a microtubule-

associated protein associated with migratory cells of the cerebral cortex and RGCs, can be 

localised in mouse RGCs following their arrival within the RGC layer (Gleeson et al., 1999) in 

both ganglion cell bodies and nascent processes at E12. The first axons extend into the optic 
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nerve head and leave the retina at this time point (Collelo & Guillery, 1990, 1992; Marcus & 

Mason, 1995). A study by Waid and McLoon in the chick revealed that less than 15 minutes 

following the cessation of terminal mitosis ganglion cells begin to differentiate, suggesting 

some determination to the RGC fate at the onset or before the occurrence of mitosis (Waid & 

McLoon, 1995). Ipsilaterally projecting RGCs in pigmented mice are born over the period of 

E11-E16, whereas contralaterally projecting axons are born between E11-E19. Interestingly, 

the spatial and temporal aspects of neuronal production are altered in the albino retina. The 

birth of ipsilaterally projecting neurons in albino mice is completed between E11-E14, with a 

greater proportion of axons choosing a contralateral fate at the optic nerve head when 

compared with pigmented mice (Rachel et al., 2002). In the rat RGCs are born between 

E12/13 and E19 (Reese & Colello, 1992; Dallimore et al., 2002). Axons from surviving RGCs 

in the rat reach their visual targets in the contralateral dorsal lateral geniculate nucleus 

(dLGN) and superficial layers of the superior colliculus by E16 and E16.5 respectively (Lund & 

Bunt, 1976; Bunt et al., 1983) at which point synaptic connections are made. A recent study 

by Dallimore and others (2002) revealed that late born (E19) RGCs in the rat do not reach 

their central targets until four or five days following birth with completion of mature innervation 

by P6. These axons take about three times as long to project from the GLC to the SC 

compared to their earlier generated counterparts (Dallimore et al., 2002). 

  

1.5.1.2  The existence of morphologically distinct ganglion cell types 

This section describes the various classes of RGCs that exist in the mouse and rat, 

and is necessary in order to be able to assess any differentiation of donor cells towards a 

mature RGC phenotype in grafted eyes. In the mature retina a number of subclasses of 

RGCs exist that have differing functions. They can be classified as alpha (Y), beta (X), or non-

alpha or beta (W) according to soma size, dendritic morphology and their central connectivity. 

 

Alpha ganglion cells have been identified in all mammalian species studied (Peichl et 

al., 1987). They have somata that are spaced regularly across the retina and comprise 1-4% 

of all ganglion cells (Peichl, 1989b). In cat, beta cells have medium sized somata, small  
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Figure 1.5 Somal and dendritic morphology of alpha and beta ganglion cells in the cat, 

and the increase in dendritic field size with eccentricity from the area centralis. Scale bar = 

50µm. Sourced from Webvision. http://webvision.med.utah.edu. 

 

 

receptive fields, and are responsible primarily for form detection (Figure 1.5; Watanabe & 

Fukuda, 2002). Non-alpha or -beta cells in the cat consist of a range of morphologically 

different soma with varying dendritic formations and a range of terminal connections. They 

have a range of visual response properties (Stone & Fukuda, 1974). The multiplicity of 

responses elicited by ganglion cell receptive fields in adjacent retinal regions is reflected in 

the huge diversity of morphologically distinct subtypes of ganglion cells within each class and 

the input that each cell receives in the IPL, as well as the inherent properties of each cell type 

(Xiang et al., 1996). 

 

In the rat, RGCs are also classified on the basis of their morphology and dendritic 

arborisation (Brown, 1965; Partridge & Brown, 1970; Perry, 1979; Perry & Walker, 1980; 

Schall et al., 1987; Thanos, 1988; Peichl, 1989a) and correlate reasonably well with the 

alpha, beta and non-alpha/beta cells described in the cat. The morphology and receptive field 

organisation of RGCs has also been studied in the mouse (Stone & Pinto, 1993; Dio et al., 

1995; Sun et al., 2002) which has resulted in the description of RGC classes that are 
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considered analogous to those seen in the cat and rat. Further subclasses of rat RGCs have 

recently been characterised, based on their axonal identification and the elucidation of more 

complete dendritic arborisation patterns (reviewed in Huxlin & Goodchild, 1997).  

 

 

 

 

Figure 1.6 Camera lucida drawings of RGA1 and RGA2 ganglion cells in the rat. RGA1 

cells display large but sparse dendritic fields with dendrites which branch some distance from 

the cell body. RGA2 cells have radially oriented dendrites which branch closer to the cell body, 

giving a more dense dendritic appearance. Axons are indicated with arrows. Scale bars = 

50µm. Sourced and modified from Huxlin & Goodchild, 1997. 
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According to these authors, rat RGCs can be identified as belonging to one of three 

broad RGC groups dictated by soma and dendritic field size, and with subclasses existing in 

each of these groups arranged in decreasing order of dendritic field size and according to 

stratified branching patterns within the IPL and eccentricity of the cell body in the dendritic 

field. 

  

 Group RGA cells, similar to alpha cells of the cat, have large somata (15-39µm in 

diameter) with large, radially branching dendritic fields (235 - 748µm in diameter). Based 

primarily on differences in dendritic field architecture and arborisation patterns, this group can 

be further divided into subgroups RGA1 and RGA2 (Figure 1.6).  

 

 

 

 

Figure 1.7 Camera lucida drawings of RGB1, RGB2 and RGB3 cells in the rat. RGB1 cells 

have eccentrically placed dendritic fields of medium density. RGB2 cells are similar to RGB1 

cells but with very dense dendritic fields. RGB3 cells have a more centrally placed soma 

surrounded by a relatively sparse, uniform dendritic field. The RGB cell displayed depicts a 

morphological variant of these subtypes which showed sparse dendrites covered with spine-

like processes. Axons are indicated with arrows. Scale bar = 50µm. Sourced and modified 

from Huxlin & Goodchild, 1997. 
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 Group RGB contains the smallest RGCs in the rat retina, sharing similarities 

with beta cells in the cat. These RGCs have small somata (12 - 24µm), small dendritic fields 

(99-289µm) and axons of a small diameter (0.4 - 0.7µm). Again, based primarily on 

differences in dendritic arborisation, three morphologically distinct RGB subtypes have been 

identified (Figure 1.7). Finally, RGC cells have small to medium cell bodies, and medium to 

large dendritic fields of relatively low density (Figure 1.8). RGC1 cells display small somata (14 

+/- 0.5µm in diameter) with large, assymetrical dendritic fields (356 +/- 57µm; Figure 1.8). 

This subtype appears to match cells projecting to the medial terminal nucleus of the 

accessory optic system first described by Dann and Buhl (1987). RGC2 cells are 

morphologically similar to delta ganglion cells described by Peichl (1989a), displaying small to 

medium centrally placed somata (19 +/- 4.2µm), fine axons (0.6 +/- 0.1µm) and two to four 

primary dendrites which branch close to the cell body (Figure 1.8).  

 

 

Figure 1.8 Camera lucida drawings of RGC cells in the rat. The RGC1 cell displays a 

typically large, asymmetrical dendritic field of medium to high density. RGC2 cells have smaller 

dendritic fields than that of RGC1 cells comprising of twisted, small gauge dendrites and 

centrally placed somata. Axons are indicated with arrows. Scale bar = 50µm. Sourced and 

modified from Huxlin & Goodchild, 1997. 
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1.5.2  Factors affecting retinal development, survival, injury and disease  

1.5.2.1  Neurotrophins and receptors 

Neurotrophins (NT’s) are trophic molecules that play crucial roles in neurogenesis, 

neuronal survival, differentiation, maintenance and axon elongation during the developmental 

period and in adulthood. Neurotrophins also influence the formation and stability of synaptic 

contacts as well as the elaboration of dendritic morphology and their plasticity (Cohen-Cory & 

Fraser, 1995; Rickman & Brecka, 1995; Lo, 1995; Cellerino et al., 1998). It has been 

proposed that NT receptors are synthesised in ganglion cell bodies and transported to the 

axon terminals in order to bind and internalise trophic factors released by the target, which 

are then retrogradely transported back to the cell body to initiate a number of regulatory 

events (DiStefano et al., 1992; Chao, 1992; Bhattacharyya et al., 1997; Watson et al., 1999). 

The importance of locally derived neurotrophins is also evident; it has been reported that 

RGCs in the Xenopus and chick appear to rely predominantly on intraretinally-derived trophic 

support as opposed to target-derived trophic factors (Cohen-Cory et al., 1996; Ary-Pires et al., 

1997; Herzog and von Bartheld, 1998). Similar influences may also operate in the young 

postnatal rat (Spalding et al., 2004). The NT family consists of nerve growth factor (NGF), 

brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5) 

and growth factors such as fibroblast growth factor (FGF). Neurotrophins mediate their effects 

by binding to their respective high affinity tyrosine kinase (trk) proto-oncogene trk receptors 

including trkA, trkB and trkC, and/or to the low-affinity neurotrophin receptor p75 which binds 

NGF, BDNF and NT-3 (Johnson et al., 1986; Rodríguez-Tebar et al., 1990, 1992).  

 

In the chick, NT-3 and BDNF are expressed in the pigment epithelium and NGF in the 

neural retina at the onset of neuron birth (Frade et al., 1999). The receptors for NT-3 and 

BDNF, trkC and trkB respectively, as well as the low-affinity receptor p75, are co-expressed in 

the retina during the same developmental period. The roles of these neurotrophins and their 

receptors in the chick are defined and distinct. NT-3 plays a part in the generation of retinal 

neurons by promoting the differentiation of neuroepithelial cells into neurons. The number of 

newly generated neurons is controlled by BDNF and NGF acting via the apoptotic pathway. 

BDNF, via its trkB receptor, acts as a survival factor in the apoptotic pathway for early 



 33

postmitotic neuroblasts, and the binding of NGF to the p75 receptor initiates the programmed 

cell death of these early postmitotic cells (Frade & Barde, 1999; Frade et al., 1999). Blockade 

of NT-3 activity inhibits the neuronal differentiation of RGCs coupled with a prolongment in the 

period of precursor cell proliferation (Frade et al., 1999). BDNF is synthesised by RGCs in the 

rat (Perez & Caminos, 1995; Vecino et al., 2002) and mouse (Bennett et al., 1999), 

suggesting the survival of RGCs in these species relies also on intraretinal trophic support 

(Spalding et al., 2004). A reduction in the number of RGCs in neonatal rat and vertebrate 

retinae, and therefore a reduction also in the level of intraretinal BDNF, decreases the viability 

of cells in the inner nuclear layer (Cui & Harvey, 2000b; Cusato et al., 2002), and most likely 

also has an adverse effect on target neurons. Furthermore, Xenopus RGCs respond 

differently to local and target sources of BDNF during development; increased levels of 

intraretinally-derived BDNF has an inhibitory effect on the arborisation of RGC dendrites in 

the IPL, whereas elevated tectal BDNF encourages axon terminal arborisation in central 

visual targets (Cohen-Cory & Fraser, 1995; Lom & Cohen-Cory, 1999).   

 

The high affinity NGF receptor trkA is expressed in the rat retina, optic nerve and 

superior colliculus during development, and is maintained in the adult retina in RGCs 

(Zanellato et al., 1993; Rickman & Brecha, 1995). Trophic actions of NGF on RGCs may in 

part be mediated through the retinal macroglia (Carmignoto et al., 1991; Lee et al., 1998), 

consistent with findings that soluble factors released by Müller glia are necessary for RGC 

neurite outgrowth in vitro (Raju & Bennett, 1986). The trophic influence of NGF remains 

questionable however, following contrary results obtained by Cui and Harvey (1995) which 

showed that the intravitreal delivery of NT-4/5 and BDNF, but not NGF, significantly increased 

RGC survival during the period of naturally occurring cell death and following target ablation 

(Cui & Harvey, 1995; Cui et al., 1999). The high affinity TrkB receptor can also be observed in 

the inner retina of the developing rat, primarily in RGCs and axons in the nerve fibre layer, 

and this expression is coincident with the production of BDNF in the superficial layers of the 

SC at birth (Tropea & Domenici, 2001; von Bartheld, 1998). Production of BDNF continues 

into adult life in the rodent SC (Hofer et al., 1990; Wetmore et al., 1990), suggesting a 

maintenance role for existing RGCs as well as a survival role during the period of NOCD in 
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the first few postnatal days (Gall et al., 1992). Furthermore, BDNF mediates the development 

of the retinal dopaminergic system – wide field amacrine and interplexiform cells - which 

extend processes between the inner nuclear and inner plexiform layers transmitting 

information from cone bipolar cells, but not directly to RGCs instead connecting with another 

subtype of amacrine cells. Light increases dopamine release by these cells, which are 

thought to be involved in light adaptation. Increased BDNF results in hypertrophy of 

dopaminergic neurons and the dopaminergic network, however without disrupting the lamina-

specific pattern of innervation (Cellerino, 1998).         

 

The fibroblast growth factor (FGF) receptor family of tyrosine kinases and their 

ligands are expressed in the developing rat and mouse eyes during development and appear 

to induce formation of the neural retina and are also implicated in retinal cell fate choice and 

eye patterning (McFarlane et al., 1998; Russell, 2003). Various isoforms of the FGF receptor 

continue to be expressed in the adult rat and human retina in ganglion and amacrine cells 

(Kinkl et al., 2002). The source of FGF during embryonic retinogenesis appears to arise from 

the overlying ectoderm as the optic vesicles grow out laterally from the neural tube, promoting 

neural retinal development and providing positional cues which organise the neural retina and 

the pigment epithelium (Pittack et al., 1997; Russell, 2003). The addition of FGF antibodies 

causes a lack of differentiated neurons by retarding the wave of neurogenesis in the neural 

retina and, interestingly, the overexpression of FGF in the optic vesicle results in an additional 

retina being formed from the primitive RPE, a normally non-neuronal tissue (McCabe et al., 

1998). Further to this the FGF family members, of which seven isoforms are known to be 

expressed in the retina (Ford-Perriss et al., 2001), function to promote RGC axonal elongation 

and sprouting by modulating growth cone decisions mediated by various adhesion molecules, 

most likely by the activation of ERK or the expression of synthesised heparin sulphate (Chai & 

Morris, 1999; Russell, 2003), shown in chick to bind to FGF and mediate axonal growth. 

       

1.5.2.2  Transcription Factors and signalling molecules 

The patterned morphogenesis of the vertebrate nervous system requires regional 

domains of gene expression of various homeobox genes and signalling molecules. This 



 35

results in the generation of diverse cell types and influences cell fate decisions and survival, 

contributing to laminar organisation, cellular maturation and differentiation, in addition to 

axonal and dendritic formation.  

 

In the eye, the lak locus encodes for Ath5, the zebrafish eye-specific ortholog of the 

drosophila basic helix-loop-helix (bHLH) transcription factor Atonal, critically required for R8 

neuron formation during drosophila eye development. Combined birth-dating and cell marker 

analysis has demonstrated that lak/Ath5 is essential for the generation of the earliest born 

retinal cells, the RGCs, during the first wave of neurogenesis in the zebrafish retina (Kay et 

al., 2001). During RGC genesis in the zebrafish retina, mutation of the lakritz (lak) locus 

completely eliminates RGCs, instead generating excess amacrine, bipolar and Müller glial 

cells. Cone photoreceptors remain unaffected by this mutation however the excess amacrines 

can be found displaced within the ganglion cell layer.  

 

In the mouse, Math5 (Atoh7) is homologous to Atonal and encodes a bHLH 

transcription factor expressed specifically by mouse retinal progenitors. The expression of 

Math5 in the mouse coincides with the differentiation of RGCs, initially detected at E11 and 

down-regulated at E16.5 (Brown et al., 1998). Although Math5 mutant mice display a small 

number of nascent RGCs during embryogenesis, these fail to develop and following birth 

these mice lack RGCs and an optic nerve. In contrast to the zebrafish, the number of 

amacrine cells (Wang et al., 2001) and cone photoreceptors is significantly increased in 

Math5-/- retinae, suggesting a change in cell fate from RGCs to these other cell types in the 

Math5 null mutant. The shift to an increased number of amacrine cells and cones in Math 5 

mutants can be understood by the similar time of genesis and some overlap between the 

production of these three retinal cell types (Cepko et al., 1996). The function of Math 5, 

therefore, appears to be required for the earliest stages of neuron development as well as the 

maturation of committed RGCs in the mouse (Brown et al., 2001; Wang et al., 2001). 

 

The role of the Brn3 POU domain transcription factor genes, Brn3a, Brn3b and Brn3c 

(also called Pou4f1, Pou4f2 and Pou4f3, respectively) in sensorineural development and 
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survival have also been demonstrated, and appear to act in conjunction with Atonal and its 

homologs (Liu et al., 2001). In chick, the Brn3b gene is expressed in early postmitotic 

ganglion cells and is required for their early and terminal differentiation. In the developing 

mouse retina co-expression of this gene with the homeobox gene Dlx2 is localised to 

postmitotic ganglion cells (de Melo et al., 2003). Expression of Brn3a and Brn3c genes 

appears later in chick RGCs, and overexpression of Brn3c in chick retinal progenitors has 

been shown to promote ganglion cell differentiation (Liu et al., 2000b). All Brn3 protein 

products have comparable capabilities in promoting the development of RGCs when 

expressed in chick retinal progenitors (Liu et al., 2000b). In the mouse the Brn3 proteins are 

expressed relatively early in the embryonic retina when progenitor cells first become 

postmitotic between E12-15 (Xiang et al., 1996). Not all ganglion cells express Brn3b, 

however the presence of this factor appears necessary for the normal differentiation and 

survival of RGCs. In Brn3b-null mice, RGC processes are disorganised and appeared to form 

dendrite formations in favour of axons (Gan et al., 1999) with a reduction in the size of the 

optic nerve. Thus, the presence of Brn3b may control the activity of genes required for the 

successful formation of RGC axons or the establishment of RGC polarity. Math5 is expressed 

in mouse retinal progenitors prior to the detection of Brn3b (Brown et al., 1998). The 

activation of Math5 in the mouse retina by the downregulation of Notch may therefore result in 

the activation of the Brn3b transcription factor. Indeed, forced expression of Math5 in mouse 

retinal progenitors activates the expression of Brn3c in a central to peripheral and temporal to 

nasal gradient, establishing a genetic relationship between Atonal homologs and Brn3 genes 

during RGC development (Liu et al., 2001). In the adult mouse, Brn3 expression is maintained 

in a subset of RGCs; Brn3a and Brn3b generally colocalise and are present in around 40 

percent of RGCs, and immunoreactivity for Brn3c can be found in a subset of Brn3a/b positive 

RGCs, constituting about 15 percent of cells in the ganglion cell layer (Xiang et al., 1996; de 

Melo et al., 2003). 

 

Notch encodes a large transmembrane receptor with extracellular domains that 

interact with ligands Delta and Serrate. Activation by ligand-binding causes the intracellular 

Notch cascade. The function of Notch is strongly conserved between species, and mammals 
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have several homologs of this gene. In the rat, Notch1 (and its ligand delta) and Notch 2 (and 

its ligand Jagged, the rat homolog of Serrate) are expressed in the eye during distinct phases 

of development. Notch 1 expression correlates with neurogenesis in the retina; it and its 

ligand are only expressed within the neural retina between E14 through to P10, peaking 

around P0 during the period of greatest neurogenesis. This is consistent with the expression 

of this receptor and its ligand in undifferentiated progenitor cells in the developing brain 

(Weinmaster et al., 1991). In contrast, Notch 2 expression is found only in non-neural 

derivatives of the optic cup including the pigment epithelium, optic stalk and ciliary body. 

Following expression in the lens placode at E12.5, Jagged expression is confined to the 

ciliary body - apart from at P0 and P5 when this ligand is found in a subset of INL cells and 

GCL cells (Bao & Cepko, 1997), suggesting expression of this ligand coincides with areas of 

morphogenesis. Reductions in Notch 1-mediated signals results in an increased production of 

RGCs, possibly by the upregulation of the Brn3b transcription factor, with activation of the 

Notch receptor having the converse effect (Zhang & Yang, 2001). Notch therefore appears to 

act as a cellular receptor which regulates cell fate specification by keeping cells in an 

undifferentiated state until suitable cues become available, and until the cell can respond 

appropriately to these cues. There is increased differentiation in the retina as Notch1 

signalling is reduced. Thus, Notch appears to source competent cells for cell fate specification 

at appropriate developmental periods (Ahmad et al., 1997). A recent study indicates that the 

Notch signalling pathway mediates its effects in a Pax6-dependent manner (Onuma et al., 

2002), outlining the interplay between differing factors during vertebrate eye development.    

 

The bHLH transcription factor NeuroD is detected in undifferentiated cells and 

maturing amacrine and photoreceptor cells in the developing rat retina, and is implicated in a 

number of roles during development including regulation of neuronal versus glial fate of retinal 

progenitors, interneuron cell fate specification, and the survival of rod photoreceptors. In the 

rat, NeuroD can be found in pre-mitotic cells and early differentiating photoreceptors and 

amacrine cells (Morrow et al., 1999). Forced expression in rat progenitors blocks gliogenesis 

and hastens cell cycle withdrawal, and causes a fifty percent increase in the population of 

cone photoreceptors (Yan & Wang, 1998). In complimentary experiments, NeuroD-null mice 
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have up to fourfold the normal number of Mϋller glia, a twofold increase in bipolar neurons, 

and delays in amacrine differentiation (Morrow et al., 1999). The absence of bHLH genes 

Math3 and NeuroD in double mutant mice results in complete lack of amacrine cells and 

increased numbers of Müller glia and RGCs, and with forced expression of both genes in 

combination with the homeobox gene Pax6, amacrine production is greatly enhanced (Inoue 

et al., 2002; Morrow et al., 1999). 

   

Drosophila Hegdehog (Hh) and its vertebrate homolog Sonic Hedgehog (Shh) are 

cell-extrinsic factors that have been documented as crucial molecules regulating the 

development of the eye. The Hh family of proteins mediate their effects through the 

transmembrane Smoothened protein receptor complex and the Patched 1 receptor which act 

to either activate or repress target gene expression. Shh is expressed in the retinal ganglion 

cell layer in the developing and adult mouse retina (Jensen & Wallace, 1997; Wang et al., 

2002) by ganglion cells soon after differentiation (Dabuko et al., 2003). Shh has a number of 

already identified roles in the development of the visual system (Zhang & Yang, 2001; Wang 

et al., 2002). The bilateral compartmentalization of the optic cup and dorsoventral patterns of 

the retina arise from Shh signalling from ventral midline tissues, and mutations in or absence 

of Shh are shown to result in severe cyclopia (eye fusion) or ocular hypotelorism (eyes close 

together) in both mice and humans (Russell, 2003). Shh protein also promotes rodent retinal 

progenitor cell proliferation, differentiation of late-arising cell types, differentiation of the RPE, 

optic disc and neuroepithelial cells (Perron et al., 2003; Dabuko et al., 2003), and Shh 

production by RGC axons in the rat optic nerve stimulates astrocyte proliferation (reviewed in 

Zhang & Yang, 2001; Wang et al., 2002; Dabuko et al., 2003). Furthermore, it has been 

hypothesised that Shh is required for appropriate retinal laminar organisation by acting 

directly to promote the normal development and orientation of Mϋller cells, which then act to 

organise retinal laminae, especially the outer nuclear layer (Wang et al., 2002). In Shh-/- mice 

there are retinal laminar defects which can first be seen at E17, consistent with the timing of 

Mϋller cell development, however the GCL appears relatively normal. Furthermore, laminar 

organisational defects are also seen in Math5 null mice, which lack RGCs and an optic nerve 

(Wang et al., 2001; Cepko et al., 1996), most likely the result of abnormal Mϋller development 
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due to the loss of Shh signalling from RGCs (Wang et al., 2002). Mutant mice lacking either 

Hh signalling or its receptors appear to disrupt axon guidance and exit from the eye, and 

disruption of retinotectal pathfinding (Russell, 2003).  

 

Shh molecules produced by postmitotic chick RGCs negatively regulate RGC 

production in a paracrine fashion by influencing uncommitted progenitor cells to adopt other 

retinal phenotypes, whilst promoting the expansion of RGCs at the differentiation wave front 

across the retina (Zhang & Yang, 2001). Adding to negative regulatory effects of Shh for RGC 

differentiation, mature RGCs also produce two inhibitory molecules which further inhibit RGC 

genesis as the ganglion cell population is produced, with one fraction less that 3kDa and the 

other containing inhibitory molecules higher than 10kDa (Waid & McLoon, 1998). 

 

The homeobox transcription factor Pax6 is thought to be the control gene for 

morphogenesis of the eye. It is expressed in the retina, iris and lens at E13.5 in the embryonic 

mouse and its absence also causes severe CNS abnormalities (Xiang et al., 1996; de Melo et 

al., 2003). Homozygous mice lacking Pax6 lack eyes and nasal cavities (Schedl et al., 1996). 

The absence of eye structures is most likely due to the lack of formation of the lens placode, 

which plays a key role in the organisation of the optic cup. Lack of function of the Pax6 gene 

in the human leads to absence of the iris, making it impossible for the eye to control incoming 

light and eventually causing light-induced blindness. Pax6 is expressed in early amacrine and 

ganglion cells, suggesting an extra function of Pax6 in the differentiation of neural tissue in 

addition to ocular ectoderm (Jones et al., 1998), most likely in combination with transcription 

factors including Prox-1 and Chx-10 (Belecky-Adams et al., 1997). A combination of Pax2 and 

Pax-6 can be localised in the optic vesicle prior to retinal determination, and together appear 

to play a role in directing the maturation of the RPE, possibly by controlling the expression of 

a number of other RPE factors (Baumer et al., 2003). Furthermore, overexpression of Pax6 in 

mutant mice caused a complete lack of photoreceptors which may be due to a sensitivity of 

photoreceptor cells to enhanced levels of Pax6 during retinal development (Jones et al., 

1998). In addition to these, bHLH genes Hes1 and Hes5 are expressed in the developing 

retina (Furukawa et al., 2000; Hojo et al., 2000; Ohtsuka et al., 2001). Hes1 is expressed in 
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retinal progenitor cells and Muller glia but is downregulated in differentiated retinal neurons 

(Furukawa et al., 2000), and Hes5 is expressed exclusively by differentiating Muller glial cells 

(Hojo et al., 2000). Overexpression of Hes1/5 promotes retinal gliogenesis at the expense of 

neurons, and inactivation of these genes results in defects in Muller glial development. Thus, 

Hes1/5 induce Muller glial cell fate choice.   

 

Proteins Bcl-2, Bax and Bad are implicated in cell survival, the modulation of naturally 

occurring cell death and the death that occurs following axotomy. The anti-apoptotic molecule 

Bcl-2 reduces apoptosis of axotomised RGCs; its overexpression during development leads 

to a massive reduction in the number of cells removed by NOCD, giving rise to double the 

number of surviving RGCs surviving compared with wild types (Bonfanti et al., 1996). 

Furthermore, mice over-expressing Bcl-2 appear resistant to stress, a large number of RGCs 

surviving axotomy (Martinou et al., 1994; Cenni et al., 1996; Porciatti et al., 1996; Chierzi et 

al., 1998). However greater expression of Bcl-2 does not seem to have an effect on the 

regeneration of axons following axotomy (Watanabe & Fukuda, 2002). There are also a 

greater number of RGCs in knockout mice lacking Bad (Mosinger Ogilvie et al., 1998).   

 

1.5.2.3  Axon Guidance Molecules 

The presence of a number of axon guidance molecules correlates with the early 

events of RGC differentiation and axonal extension to the tectum. The direction and motility of 

growth cone extension and retraction depends on the interaction of the various guidance 

molecules in the extracellular matrix or on neighbouring cells with the growth cone surface 

receptors. The activation of these receptors triggers intracellular signalling cascades which 

result in the modulation of axon extension or retraction, due to the addition or dissassembly of 

cytoskeletal components (Review by Oster & Sretavan, 2003). Axonal pathfinding, however, 

does not only depend on the presence of a pre-determined combination of guidance 

molecules and proteins acting on growth cone receptors; the attractive and inhibitory effects 

of guidance cues are determined downstream of growth cone receptors, a result of the 

interplay of various intracellular signalling cascades affecting the intrinsic state of the cell 

(Ming et al., 1997; Song et al., 1998; Song & Poo, 1999). These events steer developing 
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axons through specific pathways towards their targets, allowing the formation of functionally 

appropriate connections, and have been highly conserved throughout evolution (Oster & 

Sretavan, 2003).  

 

Axonal elongation requires the presence of several substrates in the extracellular 

matrix that are both adhesive and permissive for axonal growth, including molecules such as 

laminin and fibronectin (Letourneau, 1975; Tessier-Lavigne & Goodman, 1996). The 

homophilic cell adhesion molecule L1 is expressed on pathfinding RGC axons, and acts to 

encourage axons to travel together to the optic nerve head, with younger axons closer to the 

optic nerve head picking up and fasciculating with older axons travelling farther from the 

periphery (Yu & Bargmann, 2001; Oster & Sretavan, 2003). Homophilic binding molecules 

Robo1 and Robo2 are also expressed on the extracellular domains of retinal neurons 

extending neurites, and have been shown to promote axonal growth (Hivert et al., 2002).  

 

The secreted axonal attractant protein, Netrin-1, first identified as an important 

guidance molecule in the formation of the spinal commisural axons, is released by 

neuroepithelial cells positioned at the optic nerve head and acts as an attractant guidance 

molecule which facilitates the exit of RGC axons from the eye and their entry into the 

developing optic nerve (Serafini et al., 1996). The effects of secreted attractants can act at a 

distance from their source, affecting remote growth cones as well as those found locally 

(Oster & Sretavan, 2003). Inhibitory guidance molecules can have a range of effects, 

including the slit protein family which have the ability to regulate the formation of the optic 

chiasm by channeling RGCs (Brose & Tessier-Lavigne, 2000; Plump et al., 2002), and 

semaphorins (Sema3A) which collapse both invertebrate and vertebrate growth cones in vitro 

(Raper, 2000). Although the role of Sema3A in visual development is not yet clear, its ability 

to collapse growth cones may allow the pruning of misguided axons making connection 

errors, following reports from a study which showed that mice deficient in Sema3A displayed 

abnormal innervation patterns of the facial and trigeminal nerves due to axon guidance errors 

(Taniguchi et al., 1997). It is now clear that young postnatal rat RGCs and other retinal 
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neurons express other class 3 semaphorins (e.g. 3B, 3C, 3E, 3F) and their receptors (de 

Winter et al., 2004), but their role in axonal guidance remains to be elucidated.  

 

A number of proteoglycans are expressed or co-localise with neurites during 

retinotectal pathfinding. During the period of retinal axon growth in the chick, proteoglycans 

chondriotin sulfate and keratan sulfate are found on retinal axons throughout the entire 

retinofugal pathway (McAdams & McLoon, 1995). The transmembrane heparan sulfate 

proteoglycan N-syndecan is also localised on long extended RGC neurites during the 

postnatal period of P0-P14, reaching a maximum at P14. Neuroglycan C has recently been 

identified on developing ganglion cell fibres in the rat retina (Inatani et al., 2000), which also 

appears to function during neuritogenesis following a study which showed that neurite 

extension can be blocked after the application of an anti-Neuroglycan antibody (Schumaker et 

al., 1997). The inhibitory effects of proteoglycans have also been highlighted, in that a ring of 

chondriotin sulphate proteoglycan in the extracellular matrix closest to the youngest RGCs 

encourages axonal extension away from the periphery and towards the optic nerve, 

preventing abnormal axonal trajectories (Brittis et al., 1992; Snow & Letourneau, 1992). 

Purified chondriotin sulphate proteoglycan isolated from the rat superior colliculus has been 

shown to promote the survival of explanted neonatal rat and mouse RGCs for up to seven 

days in vitro, causing a 72% decrease in the number of pyknotic nuclei when compared with 

controls 24 hours following explantation (Huxlin et al., 1993). In another study, intravitreal 

injection of this collicular-derived 480 kDa proteoglycan during the early postnatal period of 

RGC death prevented the demise of a significant number of surplus cells which are normally 

removed during this developmental period (Huxlin et al., 1995a), confirming the neurotrophic 

properties of this proteoglycan in situ.  

 

A family of inhibitory axon guidance molecules identified in Drosophila, Slit proteins, 

of which three homologs exist in the mouse, play a role in the channelling of RGC axons and 

thereby the formation and position of the optic chiasm (Plump et al., 2002). Interestingly, 

absence of the muring bHLH transcription factor Math5 (also referred to Atoh7) important for 

the determination of mammalian RGCs, results in the complete absence of the optic nerve or 
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chiasma (Brown et al., 2001). The Eph family of receptor tyrosine kinases and their ligands, 

ephrins, also provide axon guidance cues by their graded expression in the retina and 

superior colliculus during development (Drescher et al., 1997; Flanagan et al., 1998). These 

are discussed in more detail alongside other protein kinases involved in retinogenesis in 

section 1.4.2.4.   

 

1.5.2.4  Protein Kinases 

 The majority of signal transduction cascades in cells are controlled by 

phosphorylation events catalysed by protein kinases. In the eye, these act to regulate retinal 

cell growth and maturation. 

 

The protein kinase Ras/Raf/Map signalling cascade is a pivotal pathway in the 

transmission of growth factor stimuli. Chicken homologs of c-Raf and B-Raf, termed c-mil and 

c-Rmil respectively, are both found in the embryonic retina, and affect the survival and 

morphogenesis of embryonic retinal ganglion cells. The experimental reduction of C-Raf has 

been shown to increase the number of TUNEL-positive cells in embryonic retina (Pimentel et 

al., 2000). Overexpression of this protein kinase causes a modest decrease in retinal 

apoptosis in the chick (Pimentel et al., 2000). In negative mutants of Raf the number of Islet 

1/2 and TUJ1-positive cells in the ganglion cell layer are reduced, and there are severe 

disruptions in the optic fibre layer (Pimentel et al., 2000). 

  

Cyclin kinase inhibitors (CKI’s) also play a critical role in cell proliferation during 

development, and it has been shown that the CKI p75Kip2 of the Cip/Kip family is expressed at 

distinct stages of retinal development. During embryonic stages the expression of this CKI is 

necessary for the appropriate exit from the cell cycle by a subset of mitotic progenitor cells in 

the outer neuroblastic layer. CKI first appears at E14.5, and increases in expression from the 

central to peripheral retina over the following two days following the progression of retinal 

development, before expression ceases at E17.5. In the absence of this protein, cells re-enter 

the cell cycle and undergo apoptosis. Following the cessation of mitosis p75Kip2 can be 

identified in a subset of differentiating amacrine interneurons at the lower half of the inner 
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nuclear layer at P2 and appears to be required for the allocation of this subtype in the retina 

(Dyer & Cepko, 2000). p75Kip2 protein expression peaks at P10-12, corresponding with the 

height of expression of amacrine markers within the retina at this time point. p75Kip2-deficient 

murine retinae contain significantly high numbers of calbindin-positive amacrines compared 

with other subpopulations. Other cell types including photoreceptors and ganglion cells are 

apparently unaffected by this CKI (Dyer & Cepko, 2000). 

 

The function of phosphoinositide 3-kinase (PI3-kinase) in the retina, which is known 

to regulate cell division and survival during CNS development, has recently been 

documented. PI3-kinase is involved in cell division and the balance of cell proliferation and 

cell death at early stages of retinal development. Transgenic mice overexpressing this kinase 

possess severely disrupted retinal morphology with ectopic cell masses in the 

neuroepithelium (Pimentel et al., 2002). 

  

The formation of the retinotopic map is dependent on molecular signals including 

transcription factors, guidance molecules, adhesion factors, extracellular matrix proteins and 

cell death mediators of the Bcl-2 and caspase family (Isenmann et al., 2003). The formation of 

a precise retinotectal map is, in part, reliant on members of the Eph family of receptor tyrosine 

kinases and their ligands, ephrins, which provide axon guidance cues by their graded 

expression in the retina and superior colliculus during development (Drescher et al., 1997; 

Flanagan et al., 1998). The gradient of ephrin expression and its receptors has been well 

defined and provides vital guidance cues to allow axons to find their target areas, with 

strongest expression of ephrins at the superior/inferior colliculus border and a broad band of 

expression extending into the deeper layers of the SC, weakening towards the anterior 

portion of the SC (Wilkinson, 2000; Knöll et al., 2001). Temporal RGC axons exhibiting a 

large number of Eph receptors avoid the high ephrin expression of the posterior colliculus, 

preferentially making connections in the anterior portion of this central target, whilst nasal 

RGC axons with fewer Eph receptors continue to form visual connections in the posterior 

superior colliculus (Wilkinson, 2000; Oster & Sretavan, 2003), assisting in the generation of 

an ordered representation of the visual field.  
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1.6  Neurodegenerative retinal disorders 

The proportion of people with age-related eye-disease and the vision impairment that 

results is expected to double in the next three decades. The prevalence of blindness and 

vision impairment increases predominantly after age 75, and is particularly high in females of 

all ages (Attebo et al., 1996). There are currently 34,500 legally blind persons in Australia 

aged over 50 years (Attebo et al., 1996; Taylor et al., 1997) and over 1 million people in the 

US aged over 40 years of age. The estimated cost to the US Federal Government is $4 billion 

annually in benefits and lost taxable income (Shoemaker, 2002).  

 

A number of retinal diseases involve the apoptotic degeneration of RGCs over time 

including glaucoma, diabetes, Leber’s congenital optic nerve atrophy, ischemic optic 

neuropathy, and retinitis pigmentosa (Quigley et al., 1995; Nickells, 1996; Kerrigan et al., 

1997; Berninger et al., 1989; Barber et al., 1998; Levin & Louhab, 1996; Villegas-Peréz et al., 

1998). There is also extensive ganglion cell loss in the central retina in AD patients (Blanks et 

al., 1996).  

 

1.6.1  Glaucoma 

 Glaucoma is a progressive optic neuropathy associated with progressive visual field 

loss and excavated appearance of the optic disc. The disease can present in a variety of 

forms; open-angle, angle-closure, secondary and infant, with all forms leading to RGC death. 

The worldwide prevalence of glaucoma is estimated to be over 67 million people (Quigley, 

1996), 7 million of these patients bilaterally blind and making it the second most common 

cause of blindness following cataract (Quigley, 1998). The various forms are distributed 

differently with ethnicity, but with increasing prevalence with age in all populations (Quigley & 

Vitale, 1997).      

 

The cause of RGC death in glaucoma is unknown, but it may be due to raised 

intraocular pressure (IOP) causing vascular insults, or a reduction in the quality of blood 

supply to the ON head thereby damaging the axons and causing retrograde RGC 

degeneration. There may also be direct physical effects on RGC axons in the ON or optic 
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disc. Blood supply to the retina is derived from the posterior ciliary artery via the peripapillary 

choroid and the short posterior ciliary arteries. Alterations in the blood supply from these 

vessels can be triggered by increased IOP. Raised IOP also causes damage to the lamina 

cribrosa, a small cartilaginous section of the sclera through which the optic nerve passes, 

essentially a weak spot in the outlet from the eye, which may further contribute to constriction 

of the arteries at the ON head. Although increased IOP appears to be the strongest risk factor 

for the development of glaucoma, a proportion of glaucoma patients do not initially have 

raised IOP, possibly suggesting weakness of their lamina cribrosa even at normal IOP levels 

(Gupta & Weinreb, 1997). In addition, in glaucoma the nutritional supply to the optic nerve 

head is compromised, leading to a hypoxic insult affecting retinal astrocytes, microglia and 

RGC axons.  

 

Astrocytes in the lamina cribrosa at the optic nerve head provide structural and 

cellular support and assist in the formation of the extracellular (EC) matrix. After insult at the 

ON head, these astrocytes become reactive and induce a variety of responses including the 

disruption of axoplasmic transport, biochemical and physiological changes including the non-

physiological production of various potential toxins (glutamate, TNFα, TGFβ, nitric oxide), and 

matrix remodelling (Chaum, 2003; Osborne et al., 2002; Liu et al., 2000a; Ridet et al., 1997). 

This is thought to lead to overstimulation of ionotropic glutamate receptors found throughout 

the retina, making glutamate particularly toxic to RGCs due to hypoxic insults to their axons at 

the ON head. Excess glutamate may also be derived from RGCs functioning at a reduced 

homeostatic state, leaking glutamate into the EC space (Osborne et al., 2002). Inhibited 

axoplasmic flow at the lamina cribrosa by acute IOP elevation has been shown to block 

neurotrophic signalling of BDNF and neurotrophin 4/5 from axon terminals to RGC bodies 

(Johnson et al., 2000; Quigley et al., 2000), causing apoptotic RGC death following 

neurotrophin withdrawal (Kerrigan et al., 1997). RGC axon terminals in the dorsal lateral 

geniculate nucleus also disappear (Chaturvedi et al., 1993). The vitreous of glaucoma 

patients contains increased levels of glutamate (27µM) compared with controls (11µM), which 

may further contribute to RGC toxicity and death (Osborne et al., 2002; Dreyer et al., 1996). 

In summary, RGC axonal damage at the optic nerve head, increased IOP and elevated 
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glutamate most likely all contribute to eventual RGC death; untreated glaucoma leads to 

atrophy of the optic disc and loss of vision.     

 

Decreased metabolic demands of the glaucomatous retina result in morphological 

and physiological changes, including a reduction in the number of optic nerve and retinal 

capillaries and migration of astrocytes to fill spaces previously occupied by axons, 

phagocytosing cellular debris and remodelling EC matrix molecules. The loss of myelinated 

axons from the ON also results in a corresponding loss of oligodendrocytes (Quigley et al., 

1998). Elastin fibres found in the lamina cribrosa become progressively more curled with 

increasing glaucomatous damage which may be due to disconnection from the surrounding 

connective tissue matrix. In glaucoma, magnocellular RGC axons, involved in transmitting 

information about movement patterns across the visual field and accounting for 10% of ON 

axons, have been reported to die faster than small axons (Quigley et al., 1998). 

  

A number of reviews show RGC loss to occur by apoptosis in human glaucoma 

(Kerrigan et al., 1997) and in glaucomatous monkey (Quigley et al., 1995; Nickells, 1996) and 

rodent models (Garcia-Valenzuela et al., 1995; Palanza et al., 2002) consistent with the 

identification of TUNEL-positive RGC profiles and DNA fragmentation. Initiation of RGC 

apoptosis may result from the blockade of neurotrophins resulting in a critically low level being 

reached in RGCs (Quigley et al., 1995). A high incidence of glaucoma is also found in PD and 

AD patients (Bayer et al., 2001) although the link with these pathologies remains unknown. 

One gene located on chromosome 1q which codes for an EC matrix molecule present in the 

aqueous outflow channels in the eye has been associated with glaucoma, mutations in this 

gene presumably causing high IOP by blocking fluid outflow from the eye (Stone et al., 1997).     

 

Treatments for glaucoma involve lowering IOP and/or blocking glutamate with 

glutamate receptor antagonists. IOP can be lowered with a range of miotics or carbonic 

anhydrase inhibitors, which increase fluid outflow from the eye, or beta-blockers, which 

decrease the influx of fluid into the eye. Laser surgery can open drainage canals to ease the 

flow of fluid out of the eye, or alternatively a small part of the trabecular meshwork, used to 
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drain the aqueous fluid from the anterior cavity of the eye, can relieve IOP. Complications are 

common however, with one third of glaucoma surgery patients developing cataracts within 

five years and 10-15% requiring follow-up surgery (The Glaucoma Foundation, 2002). 

Neurotrophin delivery can also alleviate symptoms initially by promoting the prolonged 

survival of RGCs (Mey & Thanos, 1993), however axons in the ON in glaucoma continue to 

degenerate with time. Free radical scavengers, calcium channel blockers and nitric oxide 

synthase inhibitors can also slow the events leading to RGC death (Cui & Harvey, 1995; 

Osborne et al., 2001).  

 

There is currently no definitive cure for glaucoma, therefore patients must be treated 

for life. As the glaucomatous retina, even in a completely blind eye, has a substantial 

complement of other retinal neurons which remain able to synapse with RGCs, transplanting 

cells to replace lost neurons may be the most feasible option. This may also require the 

creation of a growth-promoting matrix to allow growing ‘replacement’ axons to reach their 

appropriate targets in the brain, as opposed to employing the existing atrophied and probably 

inhibitory ON. Some success has been achieved in encouraging the regrowth of adult CNS 

axons (Richardson et al., 1980; David & Aguayo, 1981) including the regeneration of RGC 

axons (So & Aguayo, 1985; Aguayo et al., 1991; Villegas-Perez et al., 1988b; Sauve et al., 

2001) using peripheral nerve (PN) grafts. Reformation of some retinotectal and 

retinogeniculate connections has been reported. RGC axons will also regrow through 

reconstituted chimeric PN grafts filled with adult Schwann cells (Cui et al., 2003a).        

 

1.6.2  Diabetic retinopathy 

 Diabetic retinopathy (DR) is a common complication of diabetes that affects 90% of 

patients in which the blood vessels supplying the retina break down, leak or become blocked. 

The number of adults with diabetes has tripled since 1981. The disease affects an estimated 

940,000 Australians aged 25 years and over (Diabesity, 2000), and is responsible for 12,000 

to 24,000 new cases of blindness in the USA each year (Will et al., 1990). 

  



 49

DR can be divided into non-proliferative and proliferative forms. Non-proliferative DR 

(non-DR) is characterised by intraretinal microaneurysms, haemorrhages, nerve-fibre layer 

infarcts, deposition of hard exudates or ‘Drusen’ (masses of lipoprotein or hyaline deep to 

retinal vessels) and microvascular abnormalities. It presents primarily with macular edema 

which appears to be the principal cause of visual loss and loss of visual acuity. In non-DR, 

microaneurysms in existing macular capillaries cause vessels to become porous and leak 

blood into the retina resulting in focal and diffuse leakage, causing blurred vision. Macular 

edema is the thickening of the macula in areas of leakage over time. Proliferative DR (pro-

DR) is characterised by the formation of new blood vessels (neovascularisation) which arise 

from the optic disk or retinal blood vessels and grow on the vitreous surface or extend into the 

vitreous. The pathogenesis of retinal neovascularisation is not well understood, but may be 

induced by the production of angiogenic factors in areas of ischemic and hypoxic retina 

(Merimee, 1990). Such factors include vascular endothelial growth factor (VEGF) which is 

elevated in the vitreous of DR patients (Aiello et al., 1994). Neovascularisation causes severe 

clinical consequences. Traction on neovascular tissue by the vitreous can cause vitreal 

haemorrhage and/or retinal detachment, resulting in loss of vision. Both proliferative and non-

proliferative forms of Diabetic retinopathy can lead to total blindness if not treated.  

 

Increased apoptosis within the inner retina is a component of the retinal pathology 

observed in diabetes. It has been demonstrated that there is increased apoptosis of RGCs 

(Barber et al., 1998) and significantly fewer RGCs (10% less in DR when compared with 

controls) in experimental DR in the rat (Zeng et al., 2000; Barber et al., 1998) and human 

(Bloodworth, 1962) with a concomitant reduction in the number of axons in the optic nerve 

(Scott et al., 1986). It has been reported that the gradual loss of RGCs occurs early in 

diabetes and that this may be the primary pathology leading to vascular changes observed in 

the diabetic retina (Wolter, 1961; Barber et al., 1998). In human DR a reduction in thickness 

of the nerve fibre layer is consistent with a loss of axons as seen in animal DR models (Lopes 

de Faria et al., 2002) and a reduction in retrograde transport in the optic nerve, suggesting a 

loss of fibre is coupled with a loss of function (Zhang et al., 1998). The activity of Bax 

(Podesta et al., 2000) and several caspases (Mohr et al., 2002) is also increased in the 
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retinas of diabetic rats. Mϋller cells, the principal macroglial cells of the retina, also appear to 

be affected in DR. In many neurodegenerative diseases, glial fibrillary acidic protein (GFAP) 

expression changes in astrocytes and is thought to be an indicator of CNS injury 

(O’Callaghan, 1991). In the diabetic retina GFAP expression is lowered in astrocytes, but is 

substantially increased in the cell body and processes of Mϋller glial cells throughout the 

retina in both rat and human, indicating a differential response of retinal macroglia to diabetic 

trauma (Barber et al., 2000; Mizutani et al., 1998). Mϋller activation is thought to cause further 

stress to RGCs not only by modulations in the regulation of vascular blood flow and 

permeability, but by the production of large amounts of nitric oxide (NO), which is toxic to 

mature RGCs in vitro (Goureau et al., 1999). 

  

Treatment strategies for non-DR include managing blood sugar levels, administration 

of high blood pressure medication, and laser surgery used to seal leaking vessels or 

eradicate abnormal fragile vessels. Inadequate insulin action is associated with the incidence 

and progression of DR. Sugar-derived advanced glycation end products (AGEs) form intra- 

and extracellularly as a function of glucose concentration, with reactive oxygen species (ROS) 

playing a central role in AGE formation as well as AGE-induced alterations in gene 

expression associated with pathology (Brownlee, 2000). Control of blood sugar levels and 

possible inhibition of ROS may be effective in slowing the progression of DR. Laser surgery, 

or argon laser photocoagulation, can be used directly on leaking microaneurysms or can be 

applied on a large surface area of the retina in a grid pattern to control diffuse areas of 

leakage or thickening (L’Esperance, 1968; Early Treatment Diabetic Retinopathy Study 

Research Group, 1987). Photocoagulation treatment is successful in 50% of cases, however 

does not reverse vision loss and must be repeated in half of these patients (Blankenship, 

1991). Complications of non-DR surgery are rare but may include subretinal 

neovascularisation, expansion of the laser scar and subretinal fibrosis (D’Amico, 1994). Since 

the development of laser photocoagulation, there have been no advances in the treatment of 

the disease despite many clinical trials (Barber, 2003). Discovery of anti-angiogenic/apoptotic 

molecules or angiogenic/apoptotic inhibitors could limit the progression of neovascularisation 

and RGC death in DR, although none are available as yet. 
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1.6.3  Leber’s hereditary optic neuropathy 

 Leber’s hereditary optic neuropathy (LHON) was first described in 1871 when 

Theodore von Leber documented four families with adult-onset optic atrophy and observed 

evidence for inheritance of the disease in two of the families (Leber, 1871). LHON is a rare 

maternally inherited disease, a severe form of retinal dystrophy responsible for blindness, 

occurring shortly after birth or in early adulthood (Hechenlively et al., 1998; Larrson, 2002). 

The median age of onset of LHON is 20-30 years of age. It is characterised by the sudden 

occurrence of acute or subacute sequential or simultaneous visual loss in early adulthood 

(Nikoskelainen, 1994) and by mass degeneration of RGCs (Carelli et al., 2002) leading to 

blindness with concurrent degeneration of the optic nerve (Howell, 1997). If onset is unilateral, 

the second eye is normally affected within a few weeks of onset. Patients develop progressive 

visual loss, acquired dyschromatopsia (colour blindness), and characteristic centrocecal 

scotomas (gaps in the visual field central in the line of vision to the blind spot, representing 

lesions of the nerves between the macula and the papilla [medical definitions from the 

International Foundation for Optic Nerve Disease URL]). Magnetic resonance Imaging (MRI) 

has revealed signal alterations of lenticular nucleus components including the globus pallidus 

and the putamen, suggesting LHON is associated with neurological abnormalities (Meire et 

al., 1995). Males are more likely to be affected than females and there is often a high 

occurrence of electrocardiographic abberations, dystonia, and multiple-sclerosis-type 

neurological abnormalities in LHON pedigrees (Larsson, 2002). The current incidence of 

LHON remains unknown, but 80% of the time the disease affects males in their early 

twenties. LHON can also present in individual with no prior family genetic history of the 

disease, and risk factors are thought to include tobacco, alcohol, paint and varnish fumes, 

endogenously-released stress-induced bodily chemicals, cyanogens, and a range of 

treatments including anti-cancer and anti-malaria drugs (International Foundation for Optic 

Nerve Disease URL).   

 

Three mitochondrial DNA (mtDNA) mutations coding for the ND1,4 and 6 genes 

involved in electron transfer in the mitochondria have been implicated in the pathogenesis of 

LHON (Wallace et al., 1988; Man et al., 2002) and account for 90-95% of all LHON cases, 
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however other underlying pathology remains poorly understood. These mutations lower the 

rate at which adenosine tri-phosphate (ATP) is produced, affecting the ability of neuronal 

mitochondria to produce sufficient energy, thereby damaging axons in the optic nerve due to 

their high demand for ATP. Patients with severe forms of the disease carry up to 70% 

defective mitochondria, and those with mild LHON mitochondrial defects of up to 30% (Berro, 

1997). It has been hypothesized that this dysfunction leads to axoplasmic stasis and swelling, 

thus affecting ganglion cell function. This loss of function can be reversible in a substantial 

number of ganglion cells in some LHON patients, however in others, an irreversible cell death 

pathway (most likely apoptotic) is activated with subsequent extensive degeneration of the 

retinal ganglion cell layer and optic nerve (Berninger et al., 1989; Howell, 1997; Ghelli et al., 

2003). No advances in the treatment of LHON have emerged as yet (Johns and Colby, 2002) 

therefore the degeneration of RGCs in LHON currently remains untreatable. 

 

1.6.4  Ischemic optic neuropathy  

 Ischemic Optic Neuropathy (ION) is a condition which presents with sudden unilateral 

loss of vision due to infarction of the short posterior ciliary arteries supplying the anterior optic 

nerve head resulting in vascular insufficiency (Hayreh, 1995). ION can be classified as 

arteritic or non-arteritic. Arteritic ION (aION), also known as temporal arteritis or giant cell 

arteritis, results from inflammation of the blood vessels, and presents with sudden loss of 

vision in one eye, jaw claudication (pain upon chewing), scalp tenderness, anorexia, general 

fatigue and malaise (Jennings, 1938). Inflammation of blood vessels causes idiopathic 

infiltration of the vessel walls by inflammatory macrophages, lymphocytes and multinucleate 

giant cells. Patients can be treated with corticosteroids (methylprednisolone) for two to four 

years following aION onset, which does not necessarily treat vision loss in the affected eye, 

but helps prevent aION affecting the contralateral eye. Administration of corticosteroids 

recovered visual function in 13% of patients in one study (Foroozan et al., 2003) and 10.5% of 

patients in another (Hayreh et al., 2002). Non-arteritic ION (n/aION) results from 

arteriosclerosis of ON vessels, occurring more commonly in elderly patients with a history of 

hypertension, atherosclerosis, smoking or diabetes (Buono et al., 2002), and has also been 

documented to occur following exposure to high altitude (Bandyopadhyay et al., 2002). There 
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are no current treatments for n/aION and bilateral n/aION develops in 35 percent of 

unilaterally-presenting n/aION patients (Hayreh et al., 1997; EyeMDLink URL).   

 

Apoptosis of RGCs in human ischemic optic neuropathy has been observed and 

occurs at a frequency of 9 per 10,000 RGCs (Levin & Louhab, 1996; Salazer et al., 2001). In 

rats, pressure-induced ischaemia-reperfusion insults lead to retinal cell death with 

ultrastructural morphologies typical of both necrosis and apoptosis. Apoptosis is seen in the 

RGC and inner nuclear cell layers, and observed 3 hours until 3 days following reperfusion 

(Bϋchi, 1992). Axon interruption and trophic deprivation causes a slower wave of apoptotic 

cell death in retinal neurons. It is thought that the infarct at the anterior optic nerve causes its 

functional transection, and is therefore similar in result to axotomy of RGC axons, causing 

RGC axon-induced apoptosis likely from the loss of neurotrophin transport (Levin & Louhab, 

1996). Apoptotic neurons in ION abberantly express the protooncogenes encoding c-Jun and 

cyclin D1 (Kuroiwa et al., 1998), factors which can cause apoptotic cell death when over-

expressed in neuronal cell lines in culture (Kranenburg, 1996). Anti-infammatory and anti-

apoptotic treatments may alter the progression of aION and n/aION respectively, however the 

eventual degeneration of RGCs over time makes ION another candidate for retinal 

transplantation therapies aimed at replacing lost neurons.  

 

1.6.5  Retinitis pigmentosa 

Retinitis pigmentosa (RP) is an inherited form of a group of retinal diseases which 

primarily cause loss of vision by the apoptotic degeneration of rod and cone photoreceptors 

(Wong, 1994). The incidence of RP worldwide is approximately one in four thousand (Windsor 

& Windsor URL). Age of onset is varied, from infancy to mid-fifties, however in the majority of 

patients the onset of RP is at early adolescence and rods are predominantly affected causing 

night blindness (nyctalopia) and progressive tunnel vision due to the gradual loss of the 

peripheral visual field (ring scotoma). Patients often experience photopsiae as the disease 

progresses, presenting as small flashes of light or shimmers in the peripheral visual field, 

believed to represent aberrant electrical impulses from the degenerating retina, although 
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ventral visual acuity and colour discrimination is normally preserved until the very late stages 

of the disease.  

 

RP is usually associated with dysfunction of, and hyperpigmentary changes, in the 

retinal pigment epithelium, responsible for the breakdown of photoreceptor outer segment 

disc membranes. When the function of the RPE is compromised the metabolic by-products of 

phototransduction accumulate and result in the disruption of retinal function. This involves a 

range of effects including photoreceptor loss, retinal gliosis, RPE hyperplasia (invasion of the 

sensory retina by RPE cells), condensation of blood vessels causing ligation of bundles of 

optic axons, and lipofuscin deposition (a pigment produced by photometabolism which 

normally increases with age). The RPE may become hypertrophic or atrophic due to greatly 

increased metabolic demand. At later stages of RP, the blood-retina barrier is also usually 

compromised leading to subretinal haemorrhage and macular edema.  

 

Secondary to photoreceptor degeneration is the transneuronal degeneration of a 

number of ganglion cells (Stone et al., 1992) with associated nerve fibre loss and reduction in 

size of the optic nerve (Newman et al., 1987). Indeed, RP results in neuronal cell loss in all 

visual layers, with most profound loss in the ONL followed by the GCL (Humayun et al., 

1999). Patients with progressive forms of RP lose 4.6% of their remaining visual field per year 

(Berson et al., 1985), although even in severe RP 30% of RGCs are histologically intact, with 

78-88% of cells in the inner nuclear layer preserved in severe-moderate RP (Santos et al., 

1997). This is an important observation given that neural retina requires at least some 

endogenous functional cells in order for transplantation strategies to be successful. 

 

There are number of hypotheses regarding the pathophysiology of RP. Disturbance 

of RPE function may stem from a single amino acid alteration in the visual pigment protein 

rhodopsin on chromosome arm 3q (Nathans & Hogness, 1984), which may cause 

photoreceptor cell death. Up to 150 mutations of the rhodopsin gene have been identified in 

autosomal dominant RP (Dryja et al., 1990, 1991; RetNet, 2003; Retina International, 2002). 

Mutations in the RDS/peripherin gene on chromosome arm 6p (McNally et al., 2002; Farrar et 
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al., 1991) are also found in pseudo-RP diseases. Mutations in beta-phosphodiesterase, an 

essential protein for the phototransduction cascade, are also linked to some cases of 

autosomal recessive RP (reviewed in Phelan & Bok, 2000). In addition to these mutations 

there is also thinning of the vascular plexus, causing axonal dystrophy and cell death.     

 

There is no standard treatment available for RP patients. Antioxidants such as 

vitamin A (Norton et al., 1993), ascorbic acid (Naka et al., 1998) and vitamin E (Berson et al., 

1994) may be useful treatments, although there is lack of solid scientific evidence supporting 

these suggestions. However the study by Norton et al (1993) showed that high daily doses of 

the vitamin A dimer, palmitate, could slow progression of the disease by 2% per year. 

Calcium channels blockers administered to rd mutant mice decreased degeneration of the 

retina by reducing the toxic levels of cyclic GMP (Frasson et al., 1999) and carbonic 

anhydrase inhibitors have been shown to improve visual function by acting on remaining 

functional RPE to enhance water transport, thereby decreasing intraocular pressure (Fishman 

et al., 1994). Retinal prosthesis are being developed in the form of subretinal chips designed 

to replace photoreceptors, or epiretinal devices designed to directly stimulate remaining 

RGCs and bipolar cells (reviewed in Microelectronic Retinal Implants, 2000). Currents 

generated in the device in response to light stimulation act to alter the membrane potential of 

adjacent neurons, thereby activating the visual pathway, however these microelectronic 

implants require a functional optic nerve for appropriate conduction, and there are currently 

no human protocols. Subretinal adenoviral or lentiviral gene therapies provide another 

therapeutic option for development, although this may be limited by the heterogeneity of RP 

defects, as viral vectors need to be directed towards a specific mutation.  

 

To date no studies have focused on the replacement of ganglion cells in RP, although 

a large number of studies attempt selective photoreceptor replacement or functional gain with 

photoreceptor sheet transplantation (Sagdullaev et al., 2003; Seiler et al., 1999), in animal 

models of this disease. The Royal College of Surgeons (RCS) rat and retinal degeneration 

(rd) mouse are commonly studied animal models of RP, which carry an autosomal recessive 

genetic mutation leading to nearly complete loss of rod photoreceptors by three months of 
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age in the rat (Bourne et al., 1938; Dowling & Sidman, 1962) and by 21 days following birth in 

the mouse (LaVail & Sidman, 1974). Surgery can remove cataracts, common in the 

progression of RP, yet most hope lies in the transplantation of new populations of cells in 

order to replace degenerate neurons. In one study, adult human cadaver photoreceptors were 

transplanted into advanced RP patients, however at twelve months following surgery the 

visual field, contrast sensitivity and visual acuity was not significantly improved in the 

operated eye (Berger et al., 2003). Clearly alternative transplantation paradigms incorporating 

all retinal neuronal types affected by the progression of RP need to be performed.     

 

1.7  Retinal transplantation   

 There are an increasing number of transplantation studies in various animal models 

of retinal degeneration, although none employ the specific neonatal RGC depletion technique 

used in this thesis. These various graft studies will be discussed in the mouse and rat 

sections of this thesis where appropriate. 

 

1.8  The selective induction of retinal ganglion cell death in this study 

The removal of surplus cells by apoptosis has been documented during development 

of the retina in a number of mammals including the human (Penfold & Provis, 1986), rhesus 

monkey (Rakic & Riley, 1983), rat (Finlay & Pallas, 1989) and mouse (Young, 1984). 

Compared to the adult, there are as many as three times the number of embryonic RGCs as 

are present at birth in the Rhesus monkey (Rakic & Riley, 1983) and rat (Crespo et al., 1985; 

Lam et al., 1982; Perry et al., 1983; Sefton & Lam, 1984). In the first postnatal week the 

number of rodent RGCs drops dramatically, consistent with the presence of pyknotic nuclei in 

the GCL. Numbers reach mature values by P10 in the rat (Perry et al., 1983) and P11 in the 

mouse (Young, 1984). In the mouse, retinal differentiation is complete by P24 (Young, 1985). 

RGC degeneration reaches a maximum 3-5 days after birth and slowly decreases thereafter 

until P11 (Young, 1984). This is concurrent with a reduction in the number of axons in the 

optic nerve and terminals in the central visual targets. In this species, the peak of amacrine 

cell death occurs between P3 and P8, and that of bipolar and Müller cells at P8-P11 (Young, 

1984). In the rat, there is a 35% reduction in centrally-projecting RGCs in the first ten days 
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after birth (Potts et al., 1982). The fine tuning and final connectivity of RGCs with their visual 

targets is therefore undertaken in the early postnatal life of higher vertebrates, during the 

period of massive RGC death (Rickman & Brecha, 1995; Dallimore et al., 2002). Interestingly, 

horizontal cells do not appear to undergo NOCD during this developmental period (Young, 

1984).   

 

1.8.1  Superior colliculus ablation in the neonate 

 In the rat virtually all ganglion cells project to the contralateral upper layers of the 

superior colliculus, maintaining visual field topographic organisation, and with a smaller 

proportion terminating in the dLGN (Linden & Perry, 1983; Dreher et al., 1985; Stein & 

Gaither, 1983; Toga & Collins, 1981). In the immature mammalian visual system, RGCs are 

particularly sensitive to target removal in the first few days following birth. This is during the 

period of competition for target-derived trophic factors and formation of retinotectal contacts in 

the SC (Perry & Cowey, 79, 82; Dreher et al., 1983; Carpenter et al., 1986; Horsburgh & 

Sefton, 1989). Tectal (superior colliculus) ablation results in a rapid and massive increase in 

the death of afferent neurons (Harvey & Robertson, 1992), ensuing the death of 

approximately fifty percent of SC-projecting RGCs in the first two days following the lesion 

(Dreher et al, 1983; Cui & Harvey, 1994, 1995; Harvey & Robertson, 1992; Harvey et al., 

1994; Rabacchi et al, 1994).  

 

In the rat, target ablation on postnatal day 4 results in a significant increase in 

apoptotic RGC death 4-8 hours following lesion. The rate of RGC death then reaches a 

maximum 20-28 hours after target ablation at a rate that is eight to ten times the control levels 

at this time point (Harvey & Robertson, 1992; Harvey et al., 1994). A similiar time course of 

RGC death is also observed in the neonatal mouse following target removal (Spalding, 2003). 

As described above, neonatal target ablation results in the removal of approximately half of 

the normally surviving RGCs.  

 

The early wave of cell death which occurs 4-8 hours following SC ablation appears to 

occur by different mechanisms from that which occurs at the peak of apoptotic death, 24 
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hours later. The early phase of RGC death is thought to be dependant on glutamate receptor 

activation, involving the production and upregulation of nitric oxide synthase (NOS) and free 

radicals. Thus, RGC pyknosis 6 hours following target ablation in the neonatal rat is reduced 

following the administration of neurotrophic factors, glutamate receptor antagonists, and the 

NOS inhibitor L-NAME (Cui & Harvey, 1995). The later peak in cell death at about 24 hours 

after the lesion is an active process which requires protein synthesis (Harvey et al., 1994; 

Rabacchi et al., 1994). The susceptibility of RGCs to target removal reduces as the animal 

matures, perhaps due to trophic support received from collateral connections with other visual 

areas (Perry & Cowey, 1982; Harvey et al., 1994).  

 

1.8.2  Optic nerve transection in the adult 

Mammalian optic nerve transection in the adult results in the irreversible degeneration 

of RGCs, thought to be the result of various factors including cellular isolation from target-

derived growth factors, altered gene expression and the presence of reactive oxygen species 

(Choi et al., 2003). Mammalian optic nerve transection has proven to be an extremely useful 

model of apoptotic degeneration, and is potentially useful in studies that test the effectiveness 

of retinal transplantation for the restitution of visual function in the adult (Rabacchi et al., 

1994; Quigley et al., 1995; Garcia-Valenzuela et al., 1994; Berkelaar et al., 1994). In adult 

rats and mice, removal of connectivity with the superior colliculus by optic nerve transection 

results in a much slower retrograde apoptotic response than target removal in the neonate. 

Transection of the adult rat optic nerve near the eye induces the death of approximately 80 

percent of RGCs within the first 14 days, with apoptotic profiles appearing 5 days following 

axotomy and reaching a maximum on day 7 (Berkelaar et al., 1994; Garcia-Valenzuela et al., 

1994; Isenmann et al., 1997b).  

 

The physiological responses of axotomised adult cat ganglion cells at 5 and 14 days 

following optic nerve cut include low spontaneous activity, reduction in the size of receptive 

fields, and weaker visual responses. Ganglion cell dendritic field sizes remained constant at 

both time points studied, indicating smaller receptive fields were most likely due to a reduction 

in input from synaptic afferents, or changes in ganglion cell membrane physiology (Takao et 
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al., 2002). In feline and rodent models of optic nerve transection, the initial loss of RGCs in 

the early phase (5-7 days) following transection is rapid, and this is followed by a more 

conservative loss of cells 7 to 15 days following axotomy (Berkelaar et al., 1994; Villegas-

Pérez et al., 1993; Watanabe & Fukuda, 2002). In the adult, beta RGCs undergo apoptosis in 

the early phase of RGC death between 5 and 7 days, whereas alpha cells undergo a much 

more gradual cell death over the 5 to 14 day period after transection (Berkelaar et al., 1994; 

Villegas-Pérez et al., 1993; Takao et al., 2002) with 64 percent of alpha cells surviving at this 

time point and up to two months following injury (Watanabe et al., 1995; 2001). This occurs in 

synchrony with a reduction in the proportion of medium-sized axons when compared with 

large axons from alpha cells in the cat optic nerve (Inukai & Watanabe, 1997), confirming the 

preferential survival of alpha over beta ganglion cells.  

 

The activation of the apoptosis cascade in axotomised adult RGCs is mediated by 

activation of the cell death promoting protein Bax and calcium influx into the mitochondria, 

resulting in the downstream activation of caspases (Isenmann et al., 1997b; 1999). In the 

adult rat following transection of the ON, initiator caspase-9 activates caspase-3 and most 

likely mediates apoptosis by the release of cytochrome c from the mitochondria (Chaum, 

2003). Apoptosis of RGCs may be exacerbated by macroglial cells, activated by antigens 

released from RGCs as the apoptotic cascade is initiated (Thanos, 1991). Basal RGC levels 

of Bax are upregulated as little as 30 minutes following optic nerve lesion, and reach maximal 

levels at 3 days, which precedes the early period of RGC death, and remains at this elevated 

level for one week (Isenmann et al., 1997b). A further study into the role of this protein 

showed that its induction was necessary for the initiation of apoptotic death in axotomised 

RGCs (Isenmann et al., 1999).  

 

Axotomy of RGCs in the adult reduces the expression of members of the bZip 

superfamily of transcription factors Fra-2 and ATF-2 which appear to mediate axonal regrowth 

(Robinson, 1996). Unlike the goldfish, expression of the guidance molecule Netrin-1 is not 

upregulated post-optic nerve lesion in the rat, and its receptors on ganglion cells disappear 

two days following transection (Petrausch et al., 2000). Protein transport in the cut retinal 
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axons ceases a few days after axotomy (Redshaw & Bisby, 1981). The extracellular matrix 

molecule thrombospondin can be found in the normal goldfish optic nerve, and is upregulated 

after axotomy in this vertebrate along the path of regenerating axons before returning to 

normal levels after the period of axonal outgrowth. In the mouse, thrombospondin is absent 

from the adult optic nerve and is only transiently expressed in macrophage-rich regions distal 

to cut RGC axons (Hoffman & O’Shea, 1999). Interestingly however, expression of the axon 

guidance proteins ephrins has been found to be maintained in the adult mouse superior 

colliculus following optic nerve lesion, in a similar fashion to its developmental gradient 

pattern (Knöll et al., 2001). Similar upregulation following optic nerve transection has been 

seen in the rat (Wizenmann et al., 1993), showing that topographic guidance information 

exists in these species following lesion and suggesting that with the right cues topographic 

map formation may be possible in the adult.  

 

1.8.3  Adult optic nerve transection with peripheral nerve (PN) graft 

 The largely inhibitory environment surrounding CNS trauma does not readily allow the 

regeneration of axons, thus the axonal-growth-inhibitory environment may have to be 

overcome, or bypassed, in order to re-establish connections with central visual targets. PN 

grafts are known to support the regeneration of RGC axons when used as an alternative to 

the ON. When segments of sciatic nerve are grafted directly onto the cut portion of the optic 

nerve close to the back of the eye, regenerating RGC axons are able to extend a number of 

centimetres along the peripheral conduit (Aguayo, 1985; So & Aguayo, 1985; Berry et al., 

1988; Politis and Spencer, 1986; Cui et al., 2003b). A small proportion of these axons form 

new functional connections in the superior colliculus (Aguayo et al., 1991; Mansour-Robaey et 

al., 1994). Although the topographical organisation of new connections appears to be 

maintained in the rostro-caudal axis of the SC, reformation of the topographic map has not 

been shown (Sauvé et al, 2001; Watanabe & Fukuda, 2002). The expression of Netrin-1 and 

its receptors transiently appears in the adult rat 14 days following optic nerve transection with 

a peripheral nerve graft (Petrausch et al., 2000), suggesting a positive effect of the graft on 

guidance signals.   
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1.9  Requirements for reconstitution of visual function by retinal transplantation      

 The research to be presented in this thesis assesses the potential of transplanting 

new populations of cells into neonatal and adult animal models of selective RGC 

degeneration.  The reconstitution of visual function by cellular transplantation requires the 

successful completion of a number of interactions by the newly grafted cells within the injured 

adult host. A number of important factors need to be considered for the appropriate and 

functional integration of grafted cells. 

 

Firstly, whether donor cells will survive is likely to depend on their immunogenicity 

within the eye. Will a robust immune response be elicited following transplantation and 

eradicate the graft population? This highlights the importance of choosing cells that are likely 

to be immunologically compatible in the host transplantation site. Immunosuppression may be 

required to increase the proportion of surviving grafted cells in the host.  

 

Replacing the correct number of cells for the restoration of visual acuity is another 

important consideration in the complex path to visual regain. Overpopulating the retina will 

cause detrimental effects to the patient, whilst repopulation with too few cells may not replace 

circuits sufficiently well to restore visual transmission to the brain. How many RGCs are 

required for visual function is unknown, although it is understood that in many 

neurodegenerative diseases neuronal populations may be significantly reduced before the 

onset of detectable primary symptoms, indicating normal function can be attained using 

reduced numbers of neurons. This may be due to the fact that, generally, visual responses 

are the collective output of a number of retinal cells, and lost RGCs may be compensated for 

by nearby neurons until RGC density reaches a defined limit. In one study, between 25-35% 

of RGCs on average were reported to be lost before the onset of obvious visual symptoms in 

glaucoma patients (Kerrigan-Baumrind et al., 2000).  

 

In addition, grafted cells must make appropriate synaptic contacts with retinal 

interneurons, and then conduct appropriate visual information to their central target structures 

in the brain. Transplanted cells must therefore be neurotransmitter-equivalent to normal 



 62

RGCs, so that their responses to input resulting from visual stimulation can elicit appropriate 

responses in the brain. Added to this is the type of role carried out by successful donor cells 

that have made contact with visual centres and are functioning to transmit visual information. 

For example, in the cat, beta cells, found at high density in the central retina provide the 

transmission of information for high acuity vision in the central retina. Replacing lost RGCs 

with grafted cells that are able to function in a manner which allows basic visual acuity is a 

main priority for the reconstitution of visual function in human retinal transplantation patients. 

This also has implications for graft placement, highlighting the importance of the integration of 

an appropriate number of functional cells in the central retina, and implying that peripherally-

placed grafts may not be as effective in regaining visual function.  

  

Therefore, in order to functionally replace reduced numbers of host retinal cells, 

grafted cells must survive transplantation, integrate in sufficient numbers within appropriate 

retinal laminae, and make functional synaptic contacts with the right retinal subtypes in order 

to mediate an appropriate output response. This output must be transmitted to central visual 

targets and axons from transplanted cells must establish connections in a topographically 

ordered manner for the recreation of visual maps. The work described in this thesis explores 

the early steps in this complex sequence of events. I have examined the success or failure of 

various sources of donor tissues, transplanted into the eye, in achieving the hypothesised 

goals of selective ganglion cell replacement within both neonatal and adult models of retinal 

ganglion cell degeneration. These studies provide information to help solve methodological 

and immunological problems of neural grafting, improve techniques for the assessment of 

transplant viability and function, improve efficacy of transplantation procedures and aid in the 

development of alternative sources of cells as implants to reduce or even eliminate the need 

for foetal donor tissue. It is hoped that the results presented herein will increase the body of 

information which works towards achieving success in adult neural restoration, and add to the 

progress being made in this highly important and clinically applicable field. 
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Chapter 2 

C17.2 Cerebellar Neural Precursor Cells 
 
 
2.1  Introduction  

Pools of neural progenitor cells reside within some regions of the postnatal brain for a 

short period of time following birth. Only a few brain regions remain neurogenic throughout 

adulthood, including the subventricular zone and hippocampus (Altman and Das, 1965, 1966; 

Hinds, 1968; Altman, 1969; Kaplan & Hinds, 1977; Luskin, 1993; Lois and Alvarez-Buylla, 1993; 

Garcia-Verdugo et al., 1998; Eriksson et al., 1998; Gould et al., 1999; Kornack & Rakic 1999, 

2001; Belluzzi et al., 2003). In other neural regions, progenitors exit the cell cycle during the 

postnatal period and undergo terminal differentiation as the region assumes a state of replicative 

quiescence. Such a proliferative zone exists in the external germinal layer (EGL) of the rodent 

cerebellum, which gives rise to granule neurons and contains proliferative progenitors during the 

first two postnatal weeks (Ramon y Cajal, 1911; Altman & Bayer, 1996). Various progenitor 

populations and clonal cell lines have been derived from this postnatal region (Ryder et al., 1990; 

Redies et al., 1991; Gao & Hatten, 1994; Jankovski et al., 1996; Kenney & Rowitch, 2000).  

 

The EGL originates from the rostral portion of the metencephalon, unlike other neurons of 

the cerebellum that are derived from the caudal aspect of the metencephalon (Alvarez Otero et al., 

1993; Hallonet & Le Douarin, 1993; Hatten & Heintz, 1995). It has been suggested, due to the 

ectopic origin of the EGL and the close apposition of the granule cell precursors within this layer, 

that the differentiation fate of EGL progenitors is restricted to a granule cell fate (Gao et al., 1991; 

Alder et al., 1996). Primary cerebellar progenitors isolated from P5-6 mouse EGL give rise to 

neurite bearing granule cells in culture (Gao et al., 1991), and give rise to granule neurons 

exclusively following re-transplantation into the mouse EGL on P6 (Gao & Hatten, 1994). In 

contrast, purified postnatal EGL progenitors immortalised using the SV40 large T antigen 
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oncogene, are reported to differentiate into granule neurons, stellate interneurons, neurons and 

astroglia following re-transplantation into the EGL (Gao & Hatten, 1994). From these experiments 

it appears that the immortalisation process modifies the differentiation fate of EGL progenitors by 

altering granule cell fate restriction and entering progenitors into an increased multipotent state.  

 

The work described in this chapter utilises cells from the C17.2 cerebellar progenitor cell 

line, which was previously clonally derived from the EGL of postnatal day 4 (P4) Kstrain mice 

(Ryder et al., 1990). The C17.2 cell line has been modified to express the lacZ reporter gene and 

its product β-galactosidase (Ryder et al., 1990). This allows for the histochemical identification of 

C17.2 cells by the formation of a dense blue precipitate upon reaction with the chromogenic 

substrate XGal. The mouse-derived stem cell-like clonal C17.2 neural progenitor line was 

immortalised by retroviral vector-mediated transduction with the avian myc oncogene (Ryder et al., 

1990). Cells from the C17.2 cell line have been shown in previous experiments to successfully 

engraft and differentiate within various regions of the juvenile and adult CNS (Snyder et al., 1992, 

1993; Yandava et al., 1999; Warfinge et al., 2001; Zlomanczuk et al., 2002). Cell migration and 

engraftment is most effective when C17.2 cells are placed in CNS regions with reduced numbers 

of neurons (Rosario et al., 1997; Snyder et al., 1997). In one study, a sub-population of grafted 

C17.2 cells differentiated into pyramidal neurons within neuron-deficient regions in the adult 

neocortex, but formed only glia in the brain of intact or excitotoxically lesioned hosts (Snyder et al., 

1997). C17.2 precursor cells are also capable of expressing foreign genes in vivo (Snyder et al., 

1995; Lacorazza et al., 1996; Åkerud et al., 2001; Himes et al., 2001; Lu et al., 2003) which can be 

detected up to 8 months post-transplantation. 

 

The subretinal transplantation of C17.2 cells in normal adult rats was recently described 

(Warfvinge et al., 2001). In this study xenografted C17.2 cells were shown to integrate within all 

host retinal layers, migrating laterally across the retina with time. At two to four weeks post 

transplantation without immunosupression cells displayed morphologies similar to those of bipolar 

and photoreceptor cells and occasionally colocalised with synaptophysin suggesting donor 
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synapse formation with host retinal cells, although grafted cells did not express neuronal-specific 

markers to match their morphologic appearance (Warfvinge et al., 2001).  

    

The present study uses an intravitreal approach to assess the potential of the stem cell-

like C17.2 line to replenish lost RGCs within neonatal and adult murine retinae that have been 

selectively depleted of their centrally projecting neurons. In this chapter, mouse cerebellar-derived 

neural progenitor cells were introduced into the eye at various times after initiation of RGC death 

in order to determine at what time point the most extensive integration of grafted C17.2 cells could 

be observed. The expression of neuronal and glial markers in vitro as well as the survival, 

engraftment and differentiation of donor cells within RGC-depleted and normal neonatal and adult 

host mouse retinae were characterised and quantified. 
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2.2  Methods 

2.2.1  Experimental Animals 

Postnatal day 4 (P4) and adult BalbC albino mice were used in this study. All animals 

were cared for and used in adherence with the ARVO Statement for the Use of Animals in 

Ophthalmic and Vision Research. Experiments were also approved by the local (UWA) Animal 

Ethics Committee and conformed to NHMRC guidelines. Extensive RGC death was induced in 

neonates by removal of the contralateral SC on P4, and in adult mice by unilateral ON transection. 

Hosts were maintained for a period of 4 to 8 weeks following intravitreal C17.2 cellular 

transplantation.  

 

2.2.2  Neonatal Superior Colliculus ablation 

P4 BalbC pups (n=67) were anaesthetized with diethyl ether and placed on a cooling pad. 

A mid-sagittal incision was made over the skull and a small flap was cut in the skull overlying the 

SC. This flap was displaced to reveal the underlying brain. The left SC was aspirated by means of 

a pulled glass pipette attached via tubing to a suction pump (Harvey and Robertson, 1992). After 

SC removal, a small piece of gel foam was placed into the cavity, the flap was replaced and the 

wound was closed using 6/0 silk sutures. 

 

2.2.3  Adult optic nerve transection  

Adult female BalbC mice (n=16) were anaesthetised with halothane (induction 5%, 

maintenance 2% in 3:1 N2O/O2 mixture) for the duration of surgery. The skin overlying the orbit 

was shaved and cleaned with ethanol. An incision was made from the midline, circling around the 

eye on the occipital torii and the temporal lip of the incision pulled laterally to reveal the connective 

tissue superimposing the eyeball. This tissue was dissected away with fine forceps and small 

scissors, avoiding blood vessels, thus exposing the top of the orbit and the eye. The connective 

tissue below the corneo-scleral junction and the extraocular muscle was cut, exposing the 

posterior portion of the eyeball. Fine forceps were used to bluntly dissect the tissue at the back of 

the eyeball until the ON was clearly visible. The upper portion of the ON was cut with iridectomy 
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scissors and the lower portion bluntly dissected with fine forceps, taking care to spare the 

underlying artery, thus maintaining blood supply to the retina (Cui & Harvey, 2000a). Animals were 

administered an intramuscular injection of the analgesic buprenorphine (0.001mg in 0.1ml) while 

recovering from anaesthesia. 

 

2.2.4  Preparation for transplantation 

Early passages of the C17.2 cell line (p3-11) were thawed 3-5 days prior to transplantation 

and grown in 25cm2 uncoated tissue culture flasks at 37˚C in a feeding medium consisting of 

Dulbecco’s Modified Eagles Medium (Invitrogen) + 10% foetal calf serum (FCS, Multiser, Trace 

Biosciences) + 5% horse serum (HS, Invitrogen) + 2mM L-glutamine (CSL) + 

penicillin/streptomycin/fungizone (ICN, 100X stock, 1ml/100ml media). For transplantation, cells 

from flasks near confluence were washed in fresh DMEM, trypsinised, washed in DMEM + 10% 

FCS, centrifuged at 1000rpm for three minutes until pelleted, washed once more in DMEM, then 

suspended at a density of 20,000 and 50,000 cells per µl in Hanks (Invitrogen) balanced salt 

solution. Cells were maintained on ice until transplantation, and triturated carefully before each 

injection. 

 

2.2.5  Transplantation of C17.2 cells  

2.2.5.1  Neonates 

At 6 (n=6), 24 (n=55) or 48 (n=6) hours following SC-ablation, or at P5 (n=11) in the non-

lesioned group, pups were anaesthetised with diethyl ether and placed onto a cooling pad. An 

incision was made overlying the line of fusion between the future eyelids, exposing the eye. Cells 

(between 0.5µl and 1.0µl of 20-50,000 cells/µl) were injected into the eye from a nasal or temporal 

approach, behind the lens and into the vitreous humor by means of a finely pulled glass 

micropipette attached to an oil-filled (50µl) Hamilton syringe. The micropipette was inserted 

through the corneo-scleral junction until its tip just touched the posterior surface of the eyecup, 

retracted slightly, then the C17.2 suspension slowly injected into the vitreous, close to the retina. 

Eyelids were left open following the procedure. Animals were placed onto a heating pad to recover 
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before being returned to their mother. In a proportion of neonates before cell transplantation (n=7 

in lesioned group, n=11 in non-lesioned group), the tip of a sterile glass pulled micropipette was 

inserted a small way into the corneal-sclera junction prior to transplantation and a small amount of 

fluid (0.1-0.5µl) was removed by capillary action from the vitreous. This was to reduce ocular 

pressure prior to transplantation and gauge any effects on graft viability. 

 

2.2.5.2  Adults 

On the same day as ON transection (n=7), 7 days following (n=9), or in non-lesioned 

controls (n=14), adult BalbC mice were anaesthetised with halothane for the duration of surgery 

and received C17.2 grafts into the eye ipsilateral to ON transection. An intravitreal injection of 

35,000 C17.2 cells in 1µl was performed as described above. In some short-term non-lesioned 

animals (n=3) cells were also injected into the cortex, animals were sacrificed 3 days later and 

cells localized in both retinas and cortex to investigate the location of the inoculum and the viability 

of grafted cells at this time point. 

   

2.2.6  Preparation of tissue sections 

Four or 8 weeks post-transplantation animals were deeply anaesthetized by an 

intraperitoneal injection of pentobarbitone sodium 60mg/ml (Nembutal) and perfused transcardially 

with either 4% paraformaldehyde (for Y1 and immunochemical processing), or modified 

Karnovsky’s fixative consisting of 2% paraformaldehyde in PIPES (pH 6.9) + MgCl2 + EGTA (for 

Xgal histochemistry). Eyes were removed, the cornea and lens dissected and then the eyecup 

was immersion-fixed for 1 hour in the respective fixative, and stored in PBS at 4°C. Tissue was 

cryoprotected, embedded in tissue embedding medium (Jung), sectioned at 20µm on a cryostat at 

-20ºC and mounted on gelatinised slides or positively charged glass slides (Superfrost plus). 

Alternately, tissue was dehydrated, embedded in paraffin wax then sectioned on a polycut at 10µm 

before being mounted on glass slides.  
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2.2.7  In vitro immunostaining of C17.2 precursors 

Cultured C17.2 neural precursors were seeded into 4 chamber tissue culture treated glass 

slides (Falcon) at a density of 25,000 cells per well with normal feeding medium. Two days later 

cells were fixed in 4% paraformaldehyde and processed with rabbit anti-β-galactosidase antibody 

(1:100, Cappel) and/or anti-glial fibrillary acidic protein (GFAP, 1:50, Dako), anti-neuronal-specific 

β-tubulin type III (TUJ1, 1:100, BAbCo), anti-microtubule associated protein 2a+2b (MAP2ab, 

1:50, Sigma), anti-microtubule associated protein 1b (MAP5, 1:50, Sigma), anti-neurofilament 68 

(1:100, Sigma), anti-neurofilament 200kD clone RT97 (RT97, 1:100, Boehringer), anti-calbindin D-

28K (1:100, Sigma), Rabbit anti-parvalbumin (PV-28, 1:100, Swant) or anti-Protein Kinase Cα 

(PKCα, 1:100, BD Transduction Laboratories), for half an hour in antibody diluent (PBS with 10% 

Normal Goat Serum [NGS]). Cells were washed in PBS then incubated with secondary antibody 

conjugated to fluorescent labels FITC (1:300, Sigma), Alexa Fluor 488 (1:600, Molecular Probes) 

or Cy3 (1:300, Jackson Laboratories) for half an hour in antibody diluent. Slides were coverslipped 

with Citifluor and sealed, then stored at 4˚C. For in vitro cell counts, slides were coverslipped with 

Citifluor containing 1% Hoechst dye 33342 to label all cell nuclei, then sealed with nail varnish. 

 

2.2.8 Xgal histochemistry 

Xgal histochemistry for light microscopic analysis was performed as previously described 

(Snyder et al., 1992, 1995). Briefly, sections were washed multiple times before and following the 

reaction in ice cold PBS containing 2mM EGTA. Sections were processed for lacZ activity with the 

chromogenic substrate “Xgal” (5-bromo-4-chloro-3-indoyl-β-D-galactosidase) (1mg/ml, Molecular 

Probes) plus 2mM MgCl2, 5mM potassium ferricyanide and 5mM potassium ferrocyanide in PBS 

at 37˚C for 1-3 hours. This reaction forms a blue, electron-dense precipitate in lacZ-expressing 

cells. Incubation in the reaction mixture was stopped at the first evidence of blue cells, which was 

often within 1 hour. After Xgal histochemistry, retinae containing blue cells were usually mounted 

onto a glass slide and photographed as wet wholemounts before being cut and further processed.     
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2.2.9  Immunostaining of retinal sections 

The C17.2 clone was derived from a male cerebellar precursor (Harvey, 1999). Thus, 

C17.2 cells transplanted into female hosts were also identified with a Y chromosome-specific 

probe and in situ hybridisation or with the rabbit anti-β-galactosidase antibody (1:500). Some 

sections were also immunostained with the following antibodies; anti-glial fibrillary acidic protein 

(GFAP, 1:400), anti-neuronal-specific β-tubulin type III (TUJ1, 1:1000), anti-neurofilament 200 

clone NE14 (NF-200, 1:200, Sigma), anti-neurofilament 200kD clone RT97 (RT97, 1:200), anti-

neuronal nuclei (NeuN, 1:1000, Chemicon), anti-pan neurofilament (PanNF, 1:800, Zymed), anti-

microtubule associated protein-2 (MAP2, 1:800, Boehringer), anti-microtubule associated protein 

2a+2b (MAP2ab, 1:250), anti-microtubule associated protein 1b (MAP5, 1:500), anti-calbindin D-

28K (1:3000), Rabbit anti-parvalbumin (PV-28, 1:5000) or anti-Protein Kinase Cα (PKCα, 1:1000), 

anti-Brn-3b (1:100, Santa Cruz Biotechnology) or anti-Pax6 (1:20, DSHB). 

 

For immunofluorescence, retinal sections were double-stained with anti-β-gal and another 

neuronal or glial marker. Some sections were triple-stained with anti-β-gal, GFAP and a supposed 

neuronal-specific antibody. For Pax6 localisation, sections were treated for 10 mins in PBS plus 

0.1% Triton X-100, washed twice in PBS, then blocked for 30 mins in PBS with 10% normal goat 

serum. Sections were incubated overnight with Pax6 primary antibody diluted in PBS in a 

humidified chamber at 4˚C, followed with three washes in PBS, then incubation for two hours at 

room temperature with anti-mouse fluorescent conjugated antibody in PBS. For all other 

immunofluorescence, sections were washed in PBS before being incubated in primary antibodies 

diluted in antibody diluent (1% Bovine Serum Albumin [BSA] with 0.2% Triton X-100 in PBS) 

overnight in a humidified chamber at 4˚C. After three washes in PBS the primaries were detected 

with FITC (1:300, Sigma), Alexa Fluor 488 (1:600, Molecular Probes), Amca or Cy3-conjugated 

secondary antibodies (1:600, Jackson Laboratories) in antibody diluent for two hours at room 

temperature. Sections were washed, coverslipped with Citifluor and sealed. Confocal microscopy 

was carried out on material of particular interest, and to confirm or discount double labelling of 

donor cells. 
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For Y-chromosome and immunohistochemical double labelling, retinal tissue was stained 

with antibody using immunoperoxidase methods and then processed for in situ hybridisation 

(Symons et al., 2001). Endogenous peroxidase activity was quenched with 0.6% H2O2 and the 

sections were washed with PBS. Sections were then incubated in primary antibody in antibody 

diluent (1% BSA with 0.2% Triton X-100 in PBS) overnight at 4˚C in a humidified chamber. 

Unbound antibody was washed off and the primary antibody detected with biotinylated secondary 

antibody in antibody diluent for 2 hours at room temperature. Sections were washed again, then 

treated with the avidin-biotin complex (1:200 in PBS, Elite ABC Kit, Vector) at room temperature 

for one hour. The immunohistochemical product was visualised with 3’,3’-diaminobenzidine (DAB, 

Pierce) until the desired colour was obtained, and sections rinsed several times in PBS. Sections 

were brought through increasing concentrations of ethanol to toluene before being coverslipped 

with DePeX. 

 

For immunohistochemistry and in situ double labelling, tissue was reacted as per 

instructions for immunoperoxidase, but reacted with the AEC reagent (substrate chromogen 

mixture, Zymed) in place of DAB, resulting in a red chromogen product. After 

immunohistochemistry and before commencing the hybridisation step, sections were treated with 

triethanolamine-acetic anhydride by immersion into triethanolamine buffer (13.3ml/L dH20, pH8.0) 

with acetic anhydride (200µl) for 10 minutes, followed by two washes in PBS. In situ hybridisation 

was then carried out.  

 

2.2.10  Y-chromosome in situ hybridisation 

Dot blots were performed on DNA from C17.2 cells using the Y-chromosome specific 

probe, which confirmed cells to be of male origin (Harvey, 1999). To detect donor C17.2 male cells 

within female hosts, paraffin sections (10µm) were hybridised in situ with a Y-chromosome-specific 

probe as previously described (Harvey et al., 1992, 1997, Symons et al., 2001). Briefly, after 

dewaxing, sections were post-fixed in 4% paraformaldehyde for 15 minutes before treating with 

0.2% Triton-X-100 for 5 minutes followed by 0.2M HCl for 20 minutes. Sections were digested with 
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proteinase K (100µg/ml) in 0.1M Tris and 0.05M EDTA, pH8 at 37˚C for 11-13 minutes. Digestion 

was stopped by washing tissue with 0.1% glycine in PBS for 2 minutes, the sections were washed 

another time in PBS, then post-fixed in 4% paraformaldehyde for a further 15 minutes. Sections 

were prehybridised in hybridisation buffer at 37˚C for 30 minutes, followed by hybridisation with the 

Y-chromosome probe 145SC5 (Harvey et al., 1992) firstly for 10 minutes at 95-100˚C then 

overnight in a damp chamber at 42˚C. Hybridisation buffer consisted of 50% formamide, 10% 

dextran sulphate, 25% 20X SSC and 14% ddH2O. Post-hybridisation washes in 2X, 1X and 0.1X 

SSC were performed at 37˚C. Sections were then washed in Buffer 1 (DIG DNA Detection Kit, 

Boehringer), blocked in 2% blocking solution (DIG DNA Detection Kit, Boehringer) in Buffer 1 for 

20 minutes before being washed once more in Buffer 1. Sections were incubated in anti-

DIG/alkaline phosphatase antibody diluted 1:500 in Buffer 1 for 1 hour at room temperature. 

Unbound antibody was washed off sections with Buffer 1, then sections equilibrated in Buffer 3 

(DIG DNA Detection Kit, Boehringer) for 2 minutes. Tissue was incubated with BCIP/NBT colour 

solution in the dark for 1-3 hours until developed, then the reaction stopped in Buffer 4 (DIG DNA 

Detection Kit, Boehringer). Positive (male) cells showed a dark blue/purple spot in the nucleus 

(Harvey, 1999). 

 

2.2.11  Cell counts in vitro 

Immunofluorescently-labelled C17.2 cells were counted at 20x magnification under a 

fluorescent microscope (Leitz). Ten fields were randomly sampled in each 1.7cm2 chamber, and 

photographed using Magnafire 2.1. (Optronics, Goleta, California, USA).  This resulted in the 

collection of a digital image for each sample representing a 1.126mm2 field of view. A grid of the 

same area was superimposed on each image and all cells falling within its confines were counted. 

This resulted in the sampling of 7.5% of the total surface area of each chamber. Hoechst-labelled 

nuclei, β-gal-positive cells, antibody-positive cells (using both neuronal and glial markers), and 

double-labelled cells were photographed and counted. The proportion of Hoechst-labelled nuclei 

immunopositive with β-gal was also recorded for measures of transgene down-regulation. For 

each antibody or combination of antibodies used in vitro on C17.2 precursors, this procedure was 
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repeated at least three times. From these counts, the proportion of cells labelled with various 

antibodies and the level of transgene downregulation as a function of β-gal expression in the 

C17.2 cell line could be determined. 

 

2.2.12  Donor cell counts in vivo 

Serial sections were mounted in a one in ten series through each retina and 

immunofluorescent, immunoperoxidase, or Y1-labelled donor cells were counted in the retinal 

layers of an average of 12 sections per retina. Cells were counted at 50x magnification under 

fluorescent or transmitted light illumination. Sections were slowly brought into focus until donor 

cells could first clearly be seen. The focus was moved into the tissue just past this point, and this 

was the designated focal plane at which donor cells were counted. Only donor cells that were 

clearly in focus at this focal plane were counted to avoid an overestimation of cell numbers in 

accordance with the optical dissector technique (Gundersen et al., 1988; West and Gundersen, 

1990). Cells were only counted if they were clearly positive with the β-gal antibody or hybridized 

with the Y1 probe, and if a clear cellular profile could be seen. Cells were counted as residing 

within a particular retinal layer, from the RGC layer (GCL) through to the photoreceptor layer (PL). 

The number of C17.2 cells counted was pooled by their location and tabulated so as to determine 

the retinal laminar distribution as well as the total number of engrafted cells found within the retina 

of each host. In each host retina, the average number of cells counted per retinal section was 

calculated, and this number multiplied by the total number of sections in order to estimate the total 

number of engrafted C17.2 cells. From this, an estimate of the proportion of cells from the original 

inoculum which survived transplantation, and engrafted within the various retinal layers, could be 

determined. 
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2.3  Results 

2.3.1  In vitro expression of C17.2 neural precursors 

Immunofluorescence of cultured C17.2 cells revealed that these cells can express a 

variety of what many regard as glial and/or neuronal phenotypic markers, including GFAP, 

MAP2ab, PKC α, PV-28, NF-68, RT97 and TUJ1 (Figures 2.1a, 2.2). C17.2 neural precursor cells 

in vitro were most consistently labelled with the astrocytic and Müller cell marker GFAP (56.8% of 

the total population +/- 7.2), and neuronal markers RT97 (50% +/- 18.3) and PV-28 (48.9% +/- 

11.7) followed by PKC α (42.2% +/1 7.5). On average, 26.3% (+/- 5.6) of C17.2 cells in vitro 

expressed the late neuronal marker Map2ab, which increases in expression as neurons mature 

(Matus & Riederer, 1986). This figure was similar to the proportion of cells immunoreactive for β-

III-tubulin (TUJ1, 22.6% +/- 2.7), although cellular immunostaining patterns for Map2ab and TUJ1 

were different. Βeta-3 tubulin immunopositive cells ranged in appearance from round, process-free 

cells with a nuclear diameter of 25-40µm and soma size of 30-80µm, to spindle-shaped cells with 

small nuclei (15-25µm) and somas (<50µm) and with long processes extending up to 320µm from 

the cell body (Figure 2.2b, e). Processes most commonly extended in a bipolar fashion from the 

cell body, however some cells expressed as many as six processes. The TUJ1 antibody clearly 

stained both the cell body and processes (Figure 2.2b, e). Cells stained with Map2, in comparison, 

had nuclei of 15-45µm diameter and rarely extended processes, instead having more ‘splayed’ or 

flattened perikarya (Figure 2.2d). Map2 staining was found to be weak within the cell body but was 

intense in the periphery of immunopositive cells (Figure 2.2d), confirming previous observations 

(Bernhardt & Matus, 1984). A proportion of C17.2 cells was also immunopositive for neurofilament 

68 (16.5% +/- 5.5) and a very small percentage stained for the early neuronal identifier Map5 

(1.2% +/- 0.75, Figure 2.1). C17.2 cells were never immunopositive for calbindin. 

 

 Quantification of the number of C17.2 cells producing the lacZ gene product β-gal 

revealed that only 50.8% +/-4.9 cells expressed the transgene in our in vitro study.  
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Figure 2.1: The expression of various phenotypic markers on C17.2 cells in-vitro following (a) 

single immunofluorescence labelling, and (b) the proportion of C17.2 cells double-labelled with 

GFAP and other phenotypic markers. Cellular immunoreactivity for various antigens in (a) is 

expressed as a percentage of the total number of cells counted (from Hoechst labelled nuclei, 

n=1223, 7 cultures) and in (b) from the total number of GFAP-immunopositive cells.   
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(a) 

The proportion of C17.2 cells in vitro labelled with various neuronal 
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(b) 

The proportion of C17.2 cells in vitro labelled with GFAP and selected 
antibodies
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Figure 2.2: Fluorescent images showing the expression of β-gal and selected phenotypic markers 

by C17.2 precursors in-vitro. (A) Micrograph showing β-gal positive cells (green, arrow) and (B) 

the same field showing these cells are also immunopositive for β-III tubulin (red, arrow). Note the 

strong β-gal immunoreactivity but decreased proportion of β-III tubulin positive cells within the 

dense cellular aggregation (asterisks). (C) Combined fluorescent image of (A) and (B) showing co-

localisation of β-gal and TUJ1 (short arrow) in C17.2 cells. Also note lack of TUJ1 staining in some 

β-gal positive cells (long arrow). (D) β-gal (green) and map2 (red) double-labelling of C17.2 cells. 

(E) GFAP (green), TUJ1 (red) immunostained cells and Hoechst-labelled C17.2 nuclei showing 

co-localisation of the ‘glial’ marker GFAP and ‘neuronal’ marker TUJ1 within a proportion of C17.2 

cells (short arrows) and a GFAP negative but TUJ1 positive cell (long arrow). Scale bars, 150µm. 
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In double-labelling experiments with β-gal there was clear co-expression of β-gal and various 

antibodies, thus there was no evidence that expression of the transgenic protein interfered with the 

phenotypic immunolabelling of C17.2 cells (Figure 2.2a-d). Further to this, C17.2 cells were 

immunoreacted with both GFAP and a supposedly neuronal-specific antibody, which surprisingly 

revealed that many cultured cells expressed both types of marker in vitro (Figure 2.2e). Of all cells 

immunopositive with GFAP, 82.8% were double-labelled with PKC α, 70% with RT97, 50% with 

map2ab, 47.8% with TUJ1 and 29% with NF-68. Although a small number of C17.2 cells in vitro 

labelled with Map5 following single immunofluorescence, no GFAP-positive cells were identified to 

be Map5-positive following double-labelling (Figure 2.1b). When immunoreactivity with selected 

‘neuronal’ markers in this double-labelling study was expressed as a proportion of the total 

population sample, levels of expression were found to be very similar to those depicted in Figure 

2.1, which shows the proportion of immunopositive C17.2 cells when single-labelled with the given 

antibodies. Cells elaborated numerous and often extensive processes in vitro and took on a range 

of morphological shapes and sizes (Figure 2.2).  

 

2.3.2  Survival and integration of grafted cells 

 In preliminary retinal studies we attempted to determine the best time for engraftment 

following neonatal SC ablation. C17.2 cells were grafted into neonates at 6, 24 and 48 hours 

following SC removal. When examined 5 or 8 weeks later, no grafted cells were found in the 48 

hours post-lesion group. However cells were found in the retina of one (16.7%) of the hosts 

grafted at 6 hours and another (16.7%) animal grafted 24 hours post-lesion. Only a small number 

of grafted cells were identified in the 6 hour recipient, and they were found only within the inner 

plexiform layer (IPL). In comparison, many cells were found throughout the retinal layers of the 24 

hour grafted host; 6% of the total number of integrated C17.2 cells were located within the GCL. 

Based on these data, in all subsequent studies it was decided to graft cells into neonates 24 hours 

following SC-ablation.    
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Figure 2.3: (A), (B), (C) Xgal histochemistry and (D), (E), (F) Y1 hybridisation of grafted C17.2 

cells. (A) A montage of images showing the typical scatter of Xgal-positive cells across a retinal 

wholemount from an SC-lesioned host 28 days post-transplant following Xgal histochemistry. 

Grafted cells were often seen at high density and appeared to disperse over the entire retinal area, 

extending out to the periphery. Scale bar, 500µm. (B) Retinal wholemount after Xgal 

histochemistry displaying the appearance of linearly-aligned C17.2 cells (arrows), appearing to be 

dispersing outwards across the retina. Scale bar, 50µm (C) Two Xgal-positive C17.2 cells in a 

retinal wholemount. One of these cells displayed a radial array of processes (arrows). Scale bar, 

20µm. (D, E) Sections through a female host retina showing hybridised male C17.2 cells (arrows) 

within the inner plexiform (IPL) and ganglion cell layers (GCL), 24 days post-transplantation. Scale 

bars, 50µm. The presence of a donor-derived cellular lamina in close adherence to the nerve fibre 

layer can be seen in (E). (F) Y1 and β-gal double-staining of grafted C17.2 cells in a section 

through a female host retina 8 weeks post-transplant showing a hybridised C17.2 cell in the INL 

with elaborate processes (arrows) visualized by their immunoreactivity with the β-gal antibody. 

Scale bar, 20µm.  
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Grafted C17.2 cells were found in host retinae in 29% (16/55) of mice with neonatal SC 

lesions and in 36% (4/11) of non-lesioned control retinae. No donor cells were identified in adult-

injected eyes following ON transection (n=16), but were seen in 21% (3/14) of the non-lesioned 

adult control group. Four weeks after the intravitreal injection of C17.2 cells into SC-lesioned 

neonatal mice, grafted cells were visualised in retinal wholemounts after Xgal histochemistry 

(Figure 2.3a-c). Donor cells were often found in high density, and many were radially aligned as 

though dispersing across the retina (Figure 2.3a,b). Cells displayed various morphologies, many 

expressing numerous processes (Figures 2.3f, 2.7a,c).  

 

The Xgal precipitate within C17.2 cells was often very dense and it was difficult to clearly 

double-label cells using Xgal with other markers (Figure 2.3a). Thus the β-gal antibody was 

utilised to permit localisation as well as phenotypic characterization of grafted cells. At 4 or 8 

weeks, grafted cells were located within host retinae and in all groups cells were found 

predominantly within the IPL, followed by the GCL and inner nuclear layers (INL) respectively 

(Figure 2.4). A similar distribution of grafted cells was seen at both time points suggesting that cell 

survival and transgene expression was stable for this period of time. Y-chromosome in situ 

hybridisation of sections confirmed the survival of male C17.2 cells in female host retinae (Figure 

2.3d-f). 

 

Although grafted cells were able to integrate within host retinae, in some recipients the 

cells formed a non-intrusive lamina in close contact with the nerve fibre layer (NFL), juxtaposing 

the retina (Figures 2.3e, 2.7b). This lamina remained β-gal reactive at the 8 week time point, the 

latest time point studied, and did not disturb retinal morphology although presumably would be 

obstructive for normal vision if not cleared. 
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Figure 2.4: Comparison of donor cell integration patterns in non-lesioned and SC-

lesioned neonatal hosts. Integration of C17.2 precursors in all retinal laminae of 

lesioned hosts was greater, although not statistically significant (p>0.05, ANOVA). 

Donor cells were most frequently encountered in the IPL. Note more cells in the GCL in 

SC-lesioned (RGC-depleted) retinae. Values are the mean +/- SEM. 
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Host retinae were analysed to define the laminar distribution of C17.2 cells and to 

estimate the total number of engrafted cells within each experimental group (Figures 2.4, 2.6). 

There was no engraftment of C17.2 cells into ON transected adult hosts, but it was possible to 

compare the laminar integration patterns between non-lesioned and SC-ablated neonatal mice. 

The number of C17.2 cells in all retinal laminae of lesioned hosts was greater than in non-lesioned 

hosts, although not statistically significant (p>0.05, ANOVA). In both experimental groups, cells 

integrated most extensively within the IPL and were least common in the PL (Figure 2.4). A 

proportion of C17.2 cells were located within the GCL of lesioned as well as non-lesioned 

recipients. Importantly however, the proportion of C17.2 cells within the GCL of RGC-depleted 

hosts was more than double that found in non-lesioned animals (Figure 2.5). On average 13.65% 

(373.8 +/- 235.2) of the total number of C17.2 cells residing in retinae of neonatally-lesioned hosts 

had integrated into the GCL, compared with 5.82% (121.7 +/- 132.5) in the GCL of non-lesioned 

hosts (Figures 2.4, 2.5). The proportion of transplanted C17.2 cells in the GCL (percentage of 

original inoculum) was, in the best case, 1.98% in a lesioned neonatal host (0.64% on average), 

compared with 1.03% in the best case in a non-lesioned recipient (0.57% on average). In contrast, 

the proportion of surviving grafted cells within the IPL of the non-lesioned control group was 1.5 

times higher than in the SC-lesioned group (Figure 2.5). This result, coupled with reduced donor 

engraftment within the GCL of non-lesioned recipients, suggests there was laminar-specific 

integration of transplanted cells into the GCL of specifically RGC-depleted hosts as well as 

reduced non-specific engraftment within the IPL and outer plexiform layers (OPL) of these 

animals.  

 

There was also a difference in the smaller number of C17.2 cells located in the outer 

nuclear layer (ONL).  On average, there was 11.16% (237.4 +/- 211.1) of surviving C17.2 cells in 

the ONL of SC-lesioned hosts compared with 0.55% (9.3 +/- 9.6) in non-lesioned hosts (Figure 

2.4). Perhaps increased donor cell integration in the ONL in neonatally RGC-depleted hosts is due 

to signals arising from retinal interneurons or photoreceptors affected by the initial RGC depletion 

(Cui and Harvey, 2000b).  
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Figure 2.5: A comparison of the proportion of grafted C17.2 cells found in the GCL 

and IPL in SC-lesioned (SC les) and non-lesioned (NL) neonates, expressed as a 

percentage of the total number of engrafted cells counted in retinal sections. The 

mean proportion of donor cells found in the GCL of SC-lesioned animals was more 

than double that of non-lesioned neonatal hosts, suggesting increased site-specific 

integration of grafted cells within the apoptotic environment. In comparison there was 

a higher proportion of C17.2 cells within the IPL of non-lesioned hosts. Values are the 

mean +/- SEM.  
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Figure 2.6: Estimated average number of engrafted C17.2 cells found within retinae of all 

experimental groups. The greatest number of donor cells, on average, was found within 

retinae depleted of endogenous RGCs by neonatal SC-lesions. No engrafted C17.2 cells 

were found to reside in the retinae of ON-lesioned adult hosts (n=16). Values are the 

mean +/- SEM. 
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Of the total number of engrafted C17.2 cells within retinae in all experimental groups, the 

greatest engraftment was found within retinae of neonatally SC-lesioned animals, on average 

14.8% higher than non-lesioned, neonatally grafted hosts (Figure 2.6).   

 

2.3.3  In vivo characterisation of C17.2 neural precursors 

To examine transgene expression of grafted cells, C17.2 cells were identified with Y1 and 

in situ hybridisation and double-labelled with the β-gal antibody (Figure 2.3f). This revealed a lack 

of expression of the lacZ reporter gene in some grafted cells, confirming previous observations 

(Harvey, 1999). Counts of hybridised cells versus β-gal positive cells, showed that 76.7% +/- 6.2 of 

hybridised C17.2 cells had maintained their expression of the lacZ reporter gene 8 weeks following 

transplantation in vivo. The in vitro expression of β-gal in C17.2 precursors was found to be of a 

lower value (50.8% +/- 4.9). These results indicate there was no further transgene down-regulation 

following transplantation, but rather an existing reduced level of transgene expression in the C17.2 

clonal cell line, and highlights differences between sampled populations of cells. It may be that a 

proportion of grafted transgene-downregulated (β-gal negative) C17.2 cells perished following 

engraftment, resulting in a higher number of cells expressing the transgene in the host when 

compared with in vitro values.   

 

Using the β-gal antibody, grafted cells displayed extensive processes, and some 

transplanted cells possessed morphological features similar to amacrine or RGCs within retinal 

laminae appropriate for each phenotype (Figure 2.7a-c). To determine if grafted cells expressed 

retinal-specific markers, sections were immunostained with β-gal or hybridized for the Y-

chromosome and immunostained for either GFAP (astrocytes and Müller cells), TUJ1, NF-200, 

NeuN, PanNF, RT97 (neurons), MAP2ab (mature neurons), MAP5 (early neurons), calbindin 

(horizontal and some amacrine cells), parvalbumin (amacrine cells), PKCα (bipolar cells) or for 

transcription factors Brn3b or Pax6.  No grafted cells were immunoreactive for any phenotypic 

markers in non-lesioned hosts, an unexpected result considering the expression of various 

markers in vitro.   
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Figure 2.7: (A), (B), (C) Grafted cells possessed a range of morphological shapes and sizes and 

often extended elaborate processes. (A) Expression of processes (arrows) by a donor C17.2 cell 

in the host retina visualised following β-gal immunofluorescence (Cy3). Cells often extended 

processes into and within the inner plexiform layer (IPL). Scale bar, 40µm. (B) Grafted C17.2 cell 

(asterisk) resembling a RGC with its cell body within the GCL and extending a process (arrow) into 

and along the IPL. Scale bar, 20µm. (C) Donor C17.2 cell resembling an amacrine cell with its 

soma in the INL/IPL junction and processes extending into the IPL. Scale bar, 20µm. (D), (E) 

Sagittal sections through a female host retina 24 days post-transplant following TUJ1 and Y1 

double-staining. (D) A hybridised donor cell in the host GCL surrounded by endogenous RGCs, 

and (E) three adjacent hybridised male C17.2 cells in the GCL, double-stained with TUJ1 antibody 

(arrows). Scale bars, 20µm. 
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Figure 2.8: (A) Confocal image of a sagittal section through a mouse retina 24 days post-

transplant showing immunopositive RGCs (arrows) following TUJ1 fluorescence 

immunohistochemistry (FITC). (B) β-gal immunofluorescence (Cy3) on the same section as ‘A’ 

displaying an immunopositive C17.2 cell residing within the retinal ganglion cell layer (arrow). (C) 

Combined β-gal/TUJ1 immunofluorescent confocal image, confirming that the donor cell in ‘B’ 

expressed neuronal-specific class β-III tubulin (arrow) within the host retinal ganglion cell layer. 

Scale bars, 10µm. 
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However, in SC-lesioned animals that had received C17.2 transplants, double labelling was seen 

with the neuronal-specific β-tubulin type III antibody TUJ1, a marker normally highly expressed in 

RGCs (Figures 2.7d,e, 2.8a-c; Cui et al., 2003). In one SC-lesioned animal, 4.9% of donor cells 

residing in the GCL co-expressed markers β-gal or Y1 and the TUJ1 antibody. Figure 2.7e shows 

hybridised male C17.2 cells within the GCL and IPL in a sagittal section through a RGC-depleted 

mouse retina at 4 weeks, with three adjacent hybridised donor cells in the GCL double-labelled 

with the TUJ1 antibody. Figures 2.8a-c show confocal images of a section through a retina from an 

SC-lesioned mouse, 28 days post-transplantation. A β-gal positive donor cell co-expressing TUJ1 

in the GCL, surrounded by TUJ1-positive host ganglion cells can be seen. No intravitreally grafted 

C17.2 cells showed evidence of differentiation into astrocytes or Müller cells. 
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2.4  Discussion 

This study shows that cerebellar-derived C17.2 cells grafted intravitreally into the eye in 

both neonatally RGC-depleted and normal host mice survived in the retina for at least 8 weeks 

following transplantation. The C17.2 clonal precursor cell line was male-derived, thus allowing the 

identification of grafted cells in female retinae using a Y-chromosome specific marker, as well as 

by the expression of the lacZ transgene product β-gal. Use of a Y-probe enabled identification of 

donor cells in female host retinae independent of the efficiency of lacZ expression, thus precluding 

any false undercounting of cells. This is important because the lacZ gene can be down-regulated 

in transplanted C17.2 cells (Harvey, 1999). Grafted cells readily dispersed into the host retina and 

assumed various morphologies, the majority of these cells extending elaborate arbors, especially 

within the IPL. Engraftment of C17.2 cells within the GCL of retinae selectively depleted of RGCs 

by a rapid apoptotic process (neonatal SC lesions) was considerably higher than in intact retinae - 

on average more than three times the number found in non-lesioned recipients. 

   

In the apoptotic RGC-depletion models described herein, it was hypothesised that the 

targeted removal of endogenous RGCs and any inhibitory factors they produce (Waid & McLoon, 

1998) might facilitate the differentiation of grafted neural precursor cells into RGCs. A small 

proportion of grafted C17.2 cells expressed characteristics typical of a neuronal phenotype. They 

were immunoreactive for TUJ1, an anti β-3 tubulin antibody. β-3 tubulin is highly expressed in 

developing and mature rat RGCs (Cui et al., 2003; Pimentel et al., 2000; Snow & Robson, 1994). 

Interestingly, this neuron-like phenotype was only seen in grafted cells in the GCL of RGC-

depleted neonatal hosts. Grafted cells did not however express any other neuronal or glial 

markers following transplantation, and cells were also negative for Brn3b and Pax6, known to be 

present in developing and adult RGCs (de Melo et al., 2003; Xiang et al., 1993, 1995). This was a 

surprising result given that precursors from the C17.2 cell line express a range markers in vitro 

including GFAP and NF-68 as well as retinal-specific markers parvalbumin and PKC α. The fact 

that TUJ1 immunoreactivity was only seen within RGC-depleted retinae suggests that the 

microenvironment surrounding the apoptotic degeneration of RGCs in the neonate may have 
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played a role in determining neuronal-specific differentiation, or maintaining a neuronal phenotype 

in newly grafted cells. Such a result using this immortalised stem cell-like line has been reported in 

other parts of the CNS (Rosario et al., 1997; Snyder et al., 1997). In the retina, removal of 

endogenous RGCs and the inhibitory factor they produce may permit renewed RGC differentiation 

(Waid & McLoon, 1998). Receptor competence (Sheen et al., 1999) or the upregulation of various 

neurotrophins and their receptors (Wang et al., 1998) may also create an environment conducive 

to the incorporation of transplanted cells in the GCL. The in vitro expression of various markers 

including NF-68, MAP2ab, RT97 and GFAP in C17.2 cells, but the lack of immunoreactivity for 

these markers in vivo following engraftment into normal and depleted neonatal retinae is intriguing. 

Perhaps such cells did not survive after transplantation, or grafted cells may have de-differentiated 

within their new environment. In this context, it remains intriguing that the only β-3 tubulin-

expressing C17.2 cells that were identified were in the GCL of retinae selectively depleted of 

endogenous RGCs.  

 

The presence of grafted cells in non-lesioned adult hosts but not in ON transected adult 

recipients is contrary to results reported by Nishida et al. (2000). These authors showed that adult 

rat hippocampus-derived neural stem cells grafted intravitreally into rat eyes survived for 2-4 

weeks in mechanically lesioned retinae but not in normal undamaged retinae. Perhaps C17.2 cells 

responded better to environmental changes in neonatal eyes following RGC-depletion but did not 

find the degenerative microenvironment favourable in adult recipients where RGCs undergo a 

much slower retrograde apoptotic response (Berkelaar et al., 1994; Garcia-Valenzuela et al., 

1994; Isenmann et al., 1997). It is known that RGC death following ON transection is primarily 

apoptotic (Isenmann et al., 1997; Garcia Valenzuela et al., 1994; Berkelaar et al., 1994) and is 

generally understood to be non-inflammatory, however immunogenic responses to CNS surgery 

may include the infiltration of macrophages (Schwartz, 2003), which might be exacerbated in this 

study by the secondary injury resulting from transplantation of cellular material 7 or 14 days later. 

This immune response may be amplified further by transplanting non-retinal, allogenic sources of 
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cells into the eye (Anosova et al., 2001) and, in part, may explain the absence of grafted C17.2 

cells in ON-lesioned adults in this study. 

 

Observations of the C17.2 cell line in vitro revealed that, even in the same population, 

cells immunopositive for Map2 and TUJ1 were morphologically different. β-3 tubulin positive cells 

were usually spindle-shaped with small nuclei and long processes extending as far as 320µm from 

the cell body. Map2 labelled cells had much larger nuclei and lacked processes, instead displaying 

large flattened perikarya. This may have resulted from the possible presence of sub-types of 

cerebellar cells within the clone, possibly due to differentiation of cells in culture, or as an effect of 

passaging.   

 

Recent studies describing the presence of stem cells and occurrence of neurogenesis in 

isolated regions of the adult brain has shed new light on the concept of cell replacement in the 

mature CNS. Recently it has been demonstrated that it may be possible to stimulate endogenous 

adult neural precursors/stem cells to intrinsically generate new neurons in situ without 

transplantation of exogenous cells, and manipulate these precursors in situ to selectively replace 

lost or damaged neurons (Magavi et al., 2000; Scharff et al., 2000; Magavi & Macklis 2001, 2002; 

Arlotta et al., 2003). The development of such strategies is potentially relevant in ophthalmic 

pathologies because there are reported to be stem cells or progenitor cells within the pigmented 

ciliary margin of the adult mammalian eye that can give rise to neurospheres and are 

multipotential (Turner & Cepko, 1987; Ahmad et al., 2000; Tropepe et al., 2000). 

  

In this chapter I have described the extensive dispersal, survival, and integration of 

cerebellar-derived C17.2 cells in retinae of neonatally SC-ablated hosts. Some RGC-like 

differentiation was observed, but grafted cells failed to express other retinal-specific markers in 

vivo. The incidence of β-3 tubulin expression was low and it may be that exposing precursor cells 

in culture to factors that normally drive neuronal differentiation during retinal development may 

yield more successful engraftment and appropriate differentiation of grafted cells (Takahashi et al., 
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1999; Morizane et al., 2002; Song et al., 2002). It is also possible that retinal-derived progenitors 

or stem cells would have an increased intrinsic ability to functionally respond to retinal-specific 

cues following transplantation into the eye, limited only by the fate potential of the various cells 

isolated and their compatibility with host tissues (Belliveau et al., 2000). It has been reported that 

the immunogenic response in the host following transplantation into the retina of non-retinal 

material or allogenic retinal material is a major factor in causing subsequent degeneration of 

grafted tissue over time. This, however, may be alleviated by using syngeneic retinal material as a 

source of transplantation tissue for diseased or damaged retina, which has been highlighted by a 

study which showed that allogenic retinal grafts induced a potent alloimmune response in the host, 

while no response was found in mice grafted with syngeneic retinal material (Anosova et al., 

2001). The importance of choosing appropriate transplantation material (both donor species and 

cell type) for each engraftment location begins to address problems associated with long term 

graft survival and the appropriate differentiation of grafted cells. 

 

Results gained from the transplantation study described in this chapter provide useful 

information on C17.2 donor cell properties in the host, the consequences of intravitreally grafted 

cells, and the differences in donor cell integration between neonatal and adult eyes in a targeted 

RGC-depletion model; all relevant for the development of more permanent therapies aimed at the 

replenishment of lost neurons and the reformation of damaged neuronal circuits. 

 

 



 

 131

2.5  References  
Ahmad I, Tang L, Pham H. (2000). ‘’Identification of neural progenitors in the adult mammalian 
eye.’’ Biochem. Biophys. Res. Commun. 270(2);517-521. 
  
Akerud P, Canals JM, Snyder EY, Arenas E. (2001). ’’Neuroprotection through delivery of glial cell 
line-derived neurotrophic factor by neural stem cells in a mouse model of Parkinson's Disease.’’ J. 
Neurosci. 21(20):8108-8128. 
 
Alder J, Cho NK, Hatten ME. (1996). ‘’Embryonic precursor cells from the rhombic lip are specified 
to a granule cell neuron identity.’’ Neuron. 17(3):389-99. 
 
Altman J. (1969). ‘’Autoradiographic and histological studies of postnatal neurogenesis. IV. Cell 
proliferation and migration in the anterior forebrain, with special reference to persisting 
neurogenesis in the olfactory bulb.’’ J Comp Neurol. 137(4):433-57. 
 
Altman J, Bayer SA, (1996). In: Development of the cerebellar system in relation to its evolution, 
structure and functions. New York: CRC. 
 
Altman J, Das GD. (1965). ‘’Autoradiographic and histological evidence of postnatal hippocampal 
neurogenesis in rats.’’ J Comp Neurol. 124(3):319-35. 
 
Altman J, Das GD. (1966). ‘’Autoradiographic and histological studies of postnatal neurogenesis. I. 
A longitudinal investigation of the kinetics, migration and transformation of cells incorporating 
tritiated thymidine in neonate rats, with special reference to postnatal neurogenesis in some brain 
regions.’’ J Comp Neurol. 126(3):337-89. 
 
Alvarez Otero R, Sotelo C, Alvarado-Mallart RM. (1993). Chick/quail chimeras with partial 
cerebellar grafts: an analysis of the origin and migration of cerebellar cells. J Comp Neurol. 
333(4):597-615. 
 
Anosova NG, Illigens B, Boisgerault F, Fedoseyeva EV, Young MJ, Benichou G. (2001). 
‘’Antigenicity and immunogenicity of allogeneic retinal transplants.’’ J. Clin. Invest. 108(8):1175-
1183. 
 
Arlotta P, Magavi SS, Macklis JD. (2003). ‘’Molecular manipulation of neural precursors in situ: 
induction of adult cortical neurogenesis.’’ Exp. Gerontol. 38:173-182. 
 
Barber AJ, Leith E, Khin SA, Antonetti DA, Buchanan AG, Gardner TW. (1998). ’’Neural apoptosis 
in the retina during experimental and human diabetes: Early onset and effect of Insulin.’’ J. Clin. 
Invest. 102(4):783-791. 
 
Belliveau MJ, Young TL, Cepko CL. (2000). ‘’Late retinal progenitor cells show intrinsic limitations 
in the production of cell types and the kinetics of opsin synthesis.’’ J. Neurosci. 20(6):2247-2254. 
  
Belluzzi O, Benedusi M, Ackman J, LoTurco JJ. (2003). ‘’Electrophysiological differentiation of new 
neurons in the olfactory bulb.’’ J Neurosci. 12;23(32):10411-8. 
 
Berkelaar M, Clark DB, Wang YC, Bray GM, Aguayo AJ. (1994). ‘’Axotomy results in delayed 
death and apoptosis of retinal ganglion cells in adult rats.’’ J Neurosci. 14(7):4368-74. 
  
Bernhardt R, Matus A. (1984). ‘’Light and electron microscopic studies of the distribution of 
microtubule-associated protein 2 in rat brain: a difference between dendritic and axonal 
cytoskeletons.’’ J. Comp. Neurol. 226(2):203-21. 
 
Berninger TA, Bird AC, Arden GB. (1989). ‘’Leber's hereditary optic atrophy.’’ Ophthalmic. 
Paediatr. Genet. 10(3):211-27. 



 

 132

 
Cui Q, Harvey AR. (2000a). ‘’CNTF promotes the regrowth of retinal ganglion cell axons into 
murine peripheral nerve grafts.’’ Neuroreport. 11(18):3999-4002. 
   
Cui Q, Harvey AR. (2000b). ‘’NT-4/5 reduces cell death in inner nuclear as well as ganglion cell 
layers in neonatal rat retina.’’ Neuroreport 11(17):3921-4 
 
Cui Q, Yip HK, Zhao RC, So KF, Harvey AR. (2003). ‘’Intraocular elevation of cyclic AMP 
potentiates ciliary neurotrophic factor-induced regeneration of adult rat retinal ganglion cell axons.’’ 
Mol Cell Neurosci. 2003 Jan;22(1):49-61. 
 
del Cerro M, Ison  JR,  Bowen GP, Lazar E, del Cerro C. (1991). ‘’Intraretinal grafting restores 
visual function in light blinded rats.’’ Neuroreport 2:529-532. 
  
del Cerro M, Notter MF, Grover DA, Gash DM, Qi Jiang L, del Cerro C. (1988). ‘’Retinal 
transplants into adult eyes affected by phototoxic retinopathy.’’ Prog. Br. Res. 78:125-130. 
  
del Cerro M, Notter MF, Grover DA, Olchowka J, Qi Jiang J, Wiegand SJ, Lazar E, del Cerro C. 
(1989). ‘’Retinal transplants for cell replacement in phototoxic retinal degeneration.’’ Alan R. Liss 
Inc., 673-686. 
  
de Melo J, Qiu X, Du G, Cristante L, Eisenstat DD. (2003). ‘’Dlx1, Dlx2, Pax6, Brn3b, and Chx10 
homeobox gene expression defines the retinal ganglion and inner nuclear layers of the developing 
and adult mouse retina.’’ J Comp Neurol. 461(2):187-204. 
 
Dreher B, Potts RA, Bennett MR. (1983). ’’Evidence that the early postnatal reduction in the 
number of rat retinal ganglion cells is due to a wave of ganglion cell death.’’ Neurosci. Letters. 
36(3):255-260. 
  
Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg C, Peterson DA, Gage FH. 
(1998). ‘’Neurogenesis in the adult human hippocampus.’’ Nat Med. 4(11):1313-7. 
 
Fricker-Gates R, Shin JJ, Tai CC, Catapano LA, Macklis JD. (2002). ‘’Late-stage immature 
neocortical neurons reconstruct interhemispheric connections and form synaptic contacts with 
increased efficiency in adult mouse cortex undergoing targeted neurodegeneration.’’ J. Neurosci. 
22(10):4045-56. 
 
Gao W-Q, Heintz N, Hatten ME. (1991). ‘’Cerebellar granule cell neurogenesis is regulated by cell-
cell interactions in vitro.’’ Neuron. 6(5),705-15. 
 
Gao W-Q, Hatten ME. (1994). ‘’Immortalizing oncogenes subvert the establishment of granule cell 
identity in developing cerebellum.’’ Devel. 120(5):1059-70. 
 
Garcia-Valenzuela E, Gorczyca W, Darzynkiewicz Z, Sharma SC. (1994). ‘’Apoptosis in adult 
retinal ganglion cells after axotomy.’’ J. Neurobiol. 25(4):431-8. 
 
Gould E, Reeves AJ, Fallah M, Tanapat P, Gross CG, Fuchs E. (1999). ‘’Hippocampal 
neurogenesis in adult Old World primates.’’ Proc Natl Acad Sci U S A. 96(9):5263-7. 
 
Gunderson HGJ, Bagger P, Bendtsen TF, Evans SM, Korbo L, Marcussen N, Moller A, Nielsen K, 
Nyengaard JR, Pakkenberg B, Sorensen FB, Vesterby A, West MJ. (1988). ‘’The new 
stereological tools; dissector, fractionator, nucleator and point sampled intersects and their use in 
pathological research and diagnosis.’’ APMIS. 96:857-81. 
 



 

 133

Hallonet ME, Le Douarin NM. (1993). ‘’Tracing neuroepithelial cells of the mesencephalic and 
metencephalic alar plates during cerebellar ontogeny in quail-chick chimaeras.’’ Eur J Neurosci. 
5(9):1145-55. 
 
Harvey AR. (1999). ‘’Labelling and Identifying Grafted Cells’’, in: Dunnet SB, Boulton AA, Baker 
GB, Totowa NJ. (Eds.), Neural Transplantation Methods, Humana Press Inc. pp. 319-361. 
  
Harvey AR, Cui Q, Robertson D. (1994). ‘’The effect of Cycloheximide and Ganglioside GM1 on 
the viability of retinotectally projecting ganglion cells following ablation of the superior colliculus in 
neonatal rats.’’ Europ. J. Neurosci. 6:550-557. 
  
Harvey AR, Robertson D. (1992). ‘’Time-course and extent of retinal ganglion cell death following 
ablation of the superior colliculus in neonatal rats.’’ J. Comp. Neurol. 325:83-94. 
  
Hatten ME, Heintz N. (1995). ‘’Mechanisms of neural patterning and specification in the 
developing cerebellum.’’ Annu Rev Neurosci 18:385-408. 
 
Himes BT, Liu Y, Solowska JM, Snyder EY, Fischer I, Tessler A. (2001). ‘’Transplants of cells 
genetically modified to express neurotrophin-3 rescue axotomised Clarke's nucleus neurons after 
spinal cord hemisection in adult rats.’’ J. Neurosci. Res. 65(6):549-564. 
 
Hinds JW. (1968). ‘’Autoradiographic study of histogenesis in the mouse olfactory bulb. II. Cell 
proliferation and migration.’’ J Comp Neurol. 134(3):305-22. 
 
Isenmann S, Bahr M. (1997a). ’’Expression of c-Jun protein in degenerating Retinal ganglion cells 
after optic nerve lesion in the rat.’’ Exp. Neurol. 147:28-36. 
 
Jankovski A, Rossi F, Sotelo C.(1996). ‘’Neuronal precursors in the postnatal mouse cerebellum 
are fully committed cells: evidence from heterochronic transplantations.’’ Eur J Neurosci. 
8(11):2308-19. 
 
Kaplan MS, Hinds JW. (1977). ‘’Neurogenesis in the adult rat: electron microscopic analysis of 
light radioautographs.’’ Science. 197(4308):1092-4. 
 
Kenney AM, Rowitch DH. (2000). ‘’Sonic hedgehog promotes G(1) cyclin expression and 
sustained cell cycle progression in mammalian neuronal precursors.’’ Mol Cell Biol. 20(23):9055-
67. 
 
Kerrigan LA, Zack DJ, Quigley HA, Smith SD, Pease ME. (1997). ‘’TUNEL-Positive Ganglion Cells 
in Human Primary Open-angle Glaucoma.’’ Arch. Ophthalmol. 115:1031-1035. 
  
Kornack DR, Rakic P. (1999). ‘’Continuation of neurogenesis in the hippocampus of the adult 
macaque monkey.’’ Proc Natl Acad Sci U S A. 96(10):5768-73. 
 
Kornack DR, Rakic P. (2001). ‘’The generation, migration, and differentiation of olfactory neurons 
in the adult primate brain.’’ Proc Natl Acad Sci U S A. 98(8):4752-7. 
 
Kwan AS, Wang S, Lund RD. (1999). ‘’Photoreceptor layer reconstruction in a rodent model of 
retinal degeneration.’’ Exp. Neurol. 159:21-33. 
 
Lacorazza HD, Flax JD, Snyder EY, Jendoubi M. (1996). ‘’Expression of the beta-hexosaminidase 
alpha-subunit gene (the gene defect of Tay-Sachs disease) in mouse brains upon engraftment of 
transduced progenitor cells.’’ Nat. Medic. 2(4):424-9. 
 
Levin LA, Louhab A. (1996). ‘’Apoptosis of retinal ganglion cells in anterior ischemic optic 
neuropathy.’’ Arch. Ophthalmol. 114:488-491. 



 

 134

  
Lois C, Alvarez-Buylla A. (1993). ‘’Proliferating subventricular zone cells in the adult mammalian 
forebrain can differentiate into neurons and glia.’’ Proc Natl Acad Sci USA. 90(5):2074-7. 
 
Lu B, Kwan T, Kurimoto Y, Shatos M, Lund RD, Young MJ. (2002). ‘’Transplantation of EGF-
responsive neurospheres from GFP transgenic mice into the eyes of rd mice.’’ Br. Res. 943:292-
300. 
 
Lu P, Jones LL, Snyder EY, Tuszynski MH. (2003). ’’Neural stem cells constitutively secrete 
neurotrophic factors and promote extensive host axonal growth after spinal cord injury.’’ Exp 
Neurol. 181(2):115-29. 
 
Luskin MB. (1993). ‘’Restricted proliferation and migration of postnatally generated neurons 
derived from the forebrain subventricular zone.’’ Neuron. 11(1):173-89. 
 
Macklis JD. (1993). ‘’Transplanted neocortical neurons migrate selectively into regions of neuronal 
degeneration produced by chromophore-targeted laser photolysis.’’ J. Neurosci. 13(9):3848-3863. 
 
Macklis JD, Yoon CH, Snyder EY. (1994). ‘’Immortalised neural progenitors differentiate toward 
repletion of a neuronal population selectively eliminated from adult mouse neocortex by targeted 
photolysis.’’ Exp. Neurol. 129:9. 
  
Madison R, Macklis JD. (1989). ‘’Noninvasive lesioning of neuronal subpopulations.’’ Selective 
lesioning in the nervous system. Washington, D.C., Society For Neuroscience: 42-52. 
  
Magavi SS, Leavitt BR, Macklis JD. (2000). ‘’Induction of neurogenesis in the neocortex of adult 
mice.” Let. Nat. 405(6789):951-5. 
 
Magavi SS, Macklis JD. (2001). ’’Manipulation of neural precursors in situ: induction of 
neurogenesis in the neocortex of adult mice.’’ Neuropsychopharmacol. 25(6):816-35. 
 
Magavi SS, Macklis JD. (2002). ’’Induction of neuronal type-specific neurogenesis in the cerebral 
cortex of adult mice: manipulation of neural precursors in situ.’’ Dev. Br. Res.  134:57-76.  
  
Matus A, Riederer B. (1986). ‘’Microtubule-Associated Proteins in the developing brain.’’ Ann. N. 
Y. Acad. Sci. 466:167-79. 
 
Mizumoto HMK, Whiteley SJ, Shatos M, Klassen H, Young MJ. (2001). ‘’Transplantation of human 
neural progenitor cells to the vitreous cavity of the Royal College of Surgeons rat.’’ Cell Transpl. 
10(2):223-33. 
 
Morizane A, Takahashi J, Takagi Y, Sasai Y, Hashimoto N. (2002). ‘’Optimal conditions for in vivo 
induction of dopaminergic neurons from embryonic stem cells through stromal cell-derived 
inducing activity.’’ J. Neurosci. Res. 69:934-939. 
 
Nickells R. (1996). ‘’Retinal ganglion cell death in glaucoma: the how, the why, and the maybe.’’ J. 
Glauc. 5(5):345-56. 
  
Nishida A, Takahashi M, Tanihara H, Nakano I, Takahashi JB, Mizoguchi A, Ide C, Honda Y. 
(2000). ‘’Incorporation and differentiation of hippocampus-derived neural stem cells transplanted in 
injured adult rat retina.’’ Invest. Ophthalmol. Vis. Sci. 41(13):4268-4274. 
  
Oppenheim RW. (1991). ‘’Cell death during development of the nervous system.’’ Ann. Rev. Sci. 
14:453-501. 
 



 

 135

Pimentel B, Sanz C, Varela-Nieto I, Rapp UR, De Pablo F, de La Rosa EJ. (2000). ‘’ c-Raf 
regulates cell survival and retinal ganglion cell morphogenesis during neurogenesis.’’ J Neurosci. 
20(9):3254-62.  
 
Pressmar S, Ader M, Richard G, Schachner M, Bartsch U. (2001). ‘’The fate of heterotopically 
grafted neural precursor cells in the normal and dystrophic adult mouse retina.’’ Invest. 
Ophthalmol. Vis. Sci. 42:3311-3319. 
  
Quigley HA, Nickells RW, Kerrigan LA, Pease ME, Thibault DJ, Zack DJ. (1995). ‘’Retinal ganglion 
cell death in experimental glaucoma and after axotomy occurs by apoptosis.’’ Invest. Ophthalmol. 
Vis. Sci. 36(5):774-786. 
  
Rabacchi SA, Bonfanti L, Liu X-H, Maffei L. (1994). ‘’Apoptotic cell death induced by optic nerve 
lesion in the neonatal rat.’’ J. Neurosci. 14(9):5292-5301. 
  
Ramon y Cajal S. (1911). ‘’Histologie du susteme nerveux de l’homme et de vertebras.’’ Paris: 
Maloine (reprinted by Consejo Superior de Investigaciones Cientificas, Madrid, 1955).  
 
Redies C, Lendahl U, McKay RD. (1991). ‘’Differentiation and heterogeneity in T-antigen 
immortalized precursor cell lines from mouse cerebellum.’’ J Neurosci Res. 30(4):601-15. 
 
Rosario CM, Yandava BD, Kosaras B, Zurakowski D, Sidman RL, Snyder EY. (1997). 
‘’Differentiation of engrafted multipotent neural progenitors towards replacement of missing 
granule neurons in meander cerebellum may help determine the locus of mutant gene action.’’ 
Devel. 124:4213-4224. 
  
Ryder EF, Snyder EY, Cepko CL. (1990). ’’Establishment and characterisation of multipotent 
neural cell lines using retrovirus vector-mediated oncogene transfer.’’ J. Neurobiol 21(2):356-375. 
  
Sauve Y, Girman SV, Wang S, Keegan DL, Lund RD. (2002). ‘’Preservation of visual 
responsiveness in the superior colliculus of RCS rats after retinal pigment epithelium cell 
transplantation.’’ Neurosci. 114(2):389-401. 
 
Scharff C, Kirn JR, Grossman M, Macklis JD, Nottebohm F. (2000). ‘’Targeted neuronal death 
affects neuronal replacement and vocal behaviour in adult songbirds.’’ Neuron 25(2):481-92. 
 
Schwartz M. (2003). ‘’Macrophages and microglia in central nervous system injury: are they 
helpful or harmful?’’ J. Cereb. Blood Flow Metab. 23(4):385-94. 
 
Sheen VL, Arnold MW, Yang Y, Macklis JD. (1999). ‘’Neural precursor differentiation following 
transplantation into neocortex is dependent on intrinsic developmental state and receptor 
competence.’’ Exp. Neurol. 158:47-62. 
  
Sheen VL, Macklis JD. (1995). ‘’Targeted neocortical cell death in adult mice guides migration and 
differentiation of transplanted embryonic neurons.’’ J. Neurosci. 15(12):8378-8392. 
  
Shin JJ, Fricker-Gates RA, Perez FA, Leavitt BR, Zurakowski D, Macklis JD. (2000). 
‘’Transplanted neuroblasts differentiate appropriately into projection neurons with correct 
neurotransmitter and receptor phenotype in neocortex undergoing targeted projection neuron 
degeneration.’’ J. Neurosci. 20(19):7404-7416. 
  
Snow RL, Robson JA. (1994). ‘’Ganglion cell neurogenesis, migration and early differentiation in 
the chick retina.’’ Neuroscience. 58(2):399-409. 
 
Snyder EY, Deitcher DL, Walsh C, Arnold-Aldea S, Hartwieg EA, Cepko CL. (1992). ‘’Multipotent 
neural cell lines can engraft and participate in development of mouse cerebellum.’’ Cell 68:33-51. 



 

 136

  
Snyder EY, Macklis JD. (1996). ‘’Multipotent neural progenitor or stem-like cells may be uniquely 
suited for therapy for some neurodegenerative conditions.’’ Clin. Neurosci. 3:310-316. 
  
Snyder EY, Taylor RM, Wolfe JH. (1995). ‘’Neural progenitor cell engraftment corrects lysosomal 
storage throughout the MPS Vll mouse brain.’’ Letters to Nat. 374:367-370. 
 
Snyder EY, Yandava BD. (1993). ’’Immortalised postnatally-derived cerebellar progenitors can 
engraft and participate in development of multiple structures at multiple stages along the mouse 
neuraxis.’’ Soc. Neurosci. Ab. 19:613. 
 
Snyder EY, Yoon C, Flax JD, Macklis JD. (1997). ‘’Multipotent neural precursors can differentiate 
toward replacement of neurons undergoing targeted apoptotic degeneration in adult mouse 
cortex.’’ Proc. Natl. Acad. Sci. USA 94:11663-11668. 
 
Song H, Stevens CF, Gage FH. (2002). ‘’Astroglia induce neurogenesis from adult neural stem 
cells.’’ Nature 417(6884):39-44. 
  
Spalding KL. (2003). ‘’Cell death in the developing rodent visual system.’’ Department of Anatomy 
& Human Biology, The University of Western Australia. PhD Thesis. 
 
Symons NA, Danielsen N, Harvey AR. (2001). ‘’Migration of cells into and out of peripheral nerve 
isografts in the peripheral and central nervous systems of the adult mouse.’’ Eur. J. Neurosci. 
14:522-532. 
 
Takahashi M, Palmer TJ, Gage FH. (1999). ’’Retinoic acid and neurotrophins collaborate to 
regulate neurogenesis in adult-derived neural stem cell cultures.’’ J. Neurobiol 38(1):65-81. 
 
Takahashi M, Palmer TJ, Takahashi J, Gage FH. (1998). ‘’Widespread integration and survival of 
adult-derived neural progenitor cells in the developing optic retina.’’ Molec. Cell. Neurosci 12:340-
348. 
 
Tomita M, Adachi Y, Yamada H, Takahashi K, Kuichi K, Oyaizu H, Ikebukuro Kaneda H, 
Matsumura M, Ikehara S. (2002). ‘’Bone marrow-derived stem cells can differentiate into retinal 
cells in injured rat retina.’’ Stem Cells. 20:279-283. 
  
Tropepe V, Coles BL, Chiasson BJ, Horsford DJ, Elia AJ, McInnes RR, van der Kooy D. (2000). 
‘’Retinal stem cells in the adult mammalian eye.’’ Science 287:2032-2036. 
  
Turner JE, Cepko CL. (1987). ‘’A common progenitor for neurons and glia persists in rat retina late 
in development.’’ Nature 328(6126):131-6. 
 
Villegas-Perez MP, Lawrence JM, Vidal-Sanz M, Lavail M, Lund RD. (1998). ‘’Ganglion cell loss in 
RCS rat retina: A result of compression of axons by contracting intraretinal vessels linked to the 
pigment epithelium.’’ J. Comp. Neurol. 392:58-74. 
  
Waid D, McLoon S. (1998). ‘’Ganglion cells influence the fate of dividing retinal cells in culture.’’ 
Development 125:1059-1066. 
 
Wang Y, Sheen VL, Macklis JD. (1998). ‘’Cortical interneurons upregulate neurotrophins in vivo in 
response to targeted apoptotic degeneration of neighbouring pyramidal neurons.’’ Exp. Neurol. 
154:389-402. 
  
Warfvinge K, Kamme C, Englund U, Wictorin K. (2001). Retinal Integration of Grafts of Brain-
Derived Precursor Cell Lines Implanted Subretinally into Adult, Normal Rats.’’ Exp. Neurol. 169:1-
12. 



 

 137

 
West MJ, Gundersen HGJ. (1990). ‘’Unbiased stereological estimation of the number of neurons in 
the human hippocampus.’’ J. Comp. Neurol. 296(1):1-22. 
 
Wojciechowski AB, Englund U, Lundberg C, Warfvinge K. (2002). ‘’Long-term survival and glial 
differentiation of the brain-derived precursor cell line RN33B after subretinal transplantation to 
adult normal rats.’’ Stem Cells 20:163-173. 
  
Xiang M, Zhou L, Macke JP, Yoshioka T, Hendry SH, Eddy RL, Shows TB, Nathans J. (1995). 
‘’The Brn-3 family of POU-domain factors: primary structure, binding specificity, and expression in 
subsets of retinal ganglion cells and somatosensory neurons.’’ J Neurosci. 15(7 Pt 1):4762-85. 
 
Xiang M, Zhou L, Peng YW, Eddy RL, Shows TB, Nathans J. (1993). ‘’Brn-3b: a POU domain 
gene expressed in a subset of retinal ganglion cells.’’ Neuron. 1993 Oct;11(4):689-701. 
 
Yandava B, Billinghurst L, Snyder EY. (1999). ’’"Global" cell replacement is feasible via neural 
stem cell transplantation: evidence from the dysmyelinated shiverer mouse brain.’’ PNAS 
96(12):7029-7034. 
 
Young MJ, Ray J, Whiteley SJ, Klassen H, Gage FH. (2000). ‘’Neuronal differentiation and 
morphological integration of hippocampal progenitor cells transplanted into the retina of immature 
and mature dystrophic rats.’’ Molec. Cell. Neurosci. 16:197-205. 
 
Zlomanczuk P, Mrugala M, de la Iglesia HO, Ourednik V, Quesenberry PJ, Snyder EY, Schwartz 
WJ. (2002). ‘’Transplanted clonal neural stem-like cells respond to remote photic stimulation 
following incorporation within the suprachiasmatic nucleus.’’ Exp. Neurol. 174:162-168. 
 



 138

Chapter 3 

Adult Hippocampal Progenitor Cells 
 
 

3.1  Introduction 

 As described in chapter 2, there are regions in the adult brain where de novo neurogenesis 

occurs throughout the life of the organism. Two prominent areas are the olfactory bulb, where 

GABA-ergic interneurons are replaced by the tangential migration of neuroblasts from the 

subventricular zone (SVZ), and the subgranular zone (SGZ) of the hippocampal dentate gyrus, 

where neurons and synaptic contacts are constantly remodelled, presumably for the purpose of 

maintaining plasticity associated with learning (Altman and Das, 1965, 1966; Hinds, 1968; Altman, 

1969; Kaplan & Hinds, 1977; Kishi et al., 1990; Luskin, 1993; Lois and Alvarez-Buylla, 1993; 1994; 

Rousselot et al., 1995; Garcia-Verdugo et al., 1998; Eriksson et al., 1998; Gould et al., 1999; 

Kornack & Rakic 1999, 2001; Belluzzi et al., 2003). The level of neurogenesis within these discrete 

adult regions is, however, low. This, and the lack of spontaneous recovery in the adult from CNS 

trauma or degenerative disease has led researchers to believe that the extent of de novo adult 

neurogenesis is insufficient to have any significant functional relevance following pathological cell 

loss (Nakatomi et al., 2002). Recent reviews do report that it is possible to stimulate neurogenesis 

in the adult above basal levels following specific apoptotic and mild necrotic events, or using 

various growth factors in vitro and in vivo (Kuhn et al., 1997; Magavi et al., 2000, Zhao et al., 2003), 

however the defined combination of factors responsible for this increased neurogenic response and 

any side effects which may arise from the manipulation of the various pathways involved, remain to 

be elucidated.  

  

 Much attention has been focused towards the isolation of progenitor cells from the adult 

brain, and whether these cells might retain sufficient adaptability for their appropriate integration 

and differentiation following transplantation into the CNS in various lesion or neurodegenerative 

models. Resident stem cell-like progenitors isolated from the SGZ of the adult hippocampus can be 

expanded in vitro and generate both neuronal and glial neural cell types in vitro and in vivo (Gage 
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et al., 1995; 1998; Palmer et al., 1997; Suhonen et al., 1996; Roy et al., 2000; Toda et al., 2000). In 

most cases, these adult hippocampal progenitors show augmented neuronal differentiation when 

grafted into neurogenic regions or areas of neuronal degeneration (Gage et al., 1995; Suhonen et 

al., 1996; Nishida et al., 2000; Young et al., 2000). By deriving cells from defined neurogenic 

regions of the adult brain it is hoped to yield progenitor cell populations which, after transplantation, 

retain stem cell-like properties but are less tumorigenic than embryonic cell sources. The cells 

found within adult derived progenitor populations are perhaps sampled at a more mature 

developmental state, thereby providing pools of transplantation tissue that are already very close to 

their final differentiation status, and possibly more sensitive to adult-derived differentiation cues 

than transplanted cells derived from earlier developmental time points. 

  

 This chapter describes the transplantation of cells from the adult hippocampal-derived 

clonal cell line HCN/GFP (full clonal name HCN/nitGFPH, received courtesy of Dr Fred Gage, The 

Salk Institute, California), into the retinae of lesioned and non-lesioned neonatal and adult hosts. 

The clonal hippocampal HCN/GFP cell line was derived from the subgranule cell layer of the 

dentate gyrus of adult F344 rats (Gage et al., 1995; Palmer et al., 1997). This clonal line is 

genetically modified via a retroviral based tetracycline-responsive vector containing a CMV 

promoter (Hoshimaru et al., 1996) to express the modified jellyfish (Aequorea victoria) enhanced 

green fluorescent protein (eGFP) (Okada et al., 1999). The HCN/GFP line contains neural 

progenitors which are stem cell-like, capable of producing functional neurons, astroglia and 

olidodendroglia both in vitro and in vivo (Palmer et al., 1997; Song et al., 2002; van Praag et al., 

2002), and show low immunogenetic properties resulting in enhanced HCN/GFP graft survival 

compared with other sources of allogeneic tissue (Klassen et al., 2003a). 

  

 A number of reports have described the transplantation of cells from the clonal HCN/GFP 

hippocampal cell line into the intact or lesioned CNS and into animal models of neural 

degeneration. HCN/GFP cells demonstrated site-specific integration following transplantation into 

the adult hippocampus and olfactory bulb (Gage et al., 1995; Suhonen et al., 1996) and retained 

the capability to express antigenic proteins specific to the transplantation site (olfactory bulb) and 

foreign to the tissue of origin (Suhonen et al., 1996). In contrast, five weeks following bilateral 
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transplantation into the striatum of hemiparkinsonian rats, HCN/GFP cells showed widespread 

migration into the host parenchyma but less than 0.1% of grafted cells expressed neuronal 

markers. The majority (~18%) of identified cells were positive for the immature oligodendrocyte 

marker NG2, a proteoglycan found in adult neural precursors within non-neurogenic regions 

(Dziewczapolski et al., 2003). Neither transplantation of cells into areas deficient in dopaminergic 

neurons, nor the treatment of cells prior to transplantation with retinoic acid, a known neuronal 

differentiation factor shown to increase the yield of neurons from HCN/GFP cells three fold 

(Takahashi et al., 1999), increased cell survival or neuronal differentiation of grafted cells 

(Dziewczapolski et al., 2003). This suggests that cells did not receive sufficient instructive signals 

for neuronal differentiation following their engraftment within the striatum (a typically non-

neurogenic region), even within areas of striatal lesion, but received adequate signals for 

neurogenesis following integration within well-documented adult neurogenic regions, the 

hippocampus and olfactory bulb. 

  

The results described in the Dziewczapolski study (2003) raise possible caveats regarding 

the differentiation capability of grafted HCN/GFP cells in non-neurogenic CNS regions, however 

HCN/GFP cells can show good survival and appropriate morphological development following 

transplantation into ectopic CNS locations, with in some cases grafted cells expressing mature 

neuronal markers. Thus, HCN/GFP cells grafted into the vitreous cavity of the newborn rat eye 

were shown to integrate within all retinal layers, grafted cells assuming the morphology of the 

majority of the retinal cell types, excluding retinal ganglion cells, although none acquired the 

expression of any known mature retinal neuronal markers (Takahashi et al., 1998). Cells grafted 

intravitreally within adult recipients yielded very different results; donor cells did not integrate within 

the retina but instead formed an inner lamina superimposing the nerve fibre layer (Takahashi et al., 

1998).  

 

Mechanical injury to the adult retina induced better integration of grafted HCN/GFP cells 

surrounding the area of injury, and the authors identified grafted cells that were morphologically 

similar to amacrine and bipolar cells, some of which expressed microtubule-associated proteins 

(MAPs) or glial fibrillary acidic protein (GFAP), however no grafted cells were positive for any retinal 
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differentiation markers (Nishida et al., 2000). Consistent with the Takahashi (1998) study, cells 

grafted into non-injured adult hosts did not integrate within retinae, forming laminae in close 

association with the nerve fibre layer (Nishida et al., 2000). The intravitreal transplantation of 

HCN/GFP cells into the eye of 1-, 4- and 10 week old Royal College of Surgeons rats, a well 

documented model of retinal dystrophy (LaVail et al., 1975, Matthes & LaVail, 1989; Villegas-Perez 

et al., 1998), however, resulted in the integration of grafted cells throughout all retinal layers. Large 

numbers of cells were located in the outer nuclear layer. In this study, integrated cells exhibited 

neuronal morphologies with a proportion expressing the mature neuronal markers NF-200, 

calbindin and Map5 (Young et al., 2000). Interestingly, the expression of these markers appeared to 

be layer-specific, the majority of calbindin-positive grafted cells (a marker of horizontal cells) found 

within the INL and NF-200 labelled cells located in the GCL (consistent with NF-200 expression in 

ganglion cells). These studies provide evidence that HCN/GFP cells retain the ability to survive and 

can respond to available and specific neurogenic cues elicited following injury or during 

neurodegeneration in the adult CNS. Elucidation of the specific neurogenic factors responsible for 

the induction of the appropriate differentiation of grafted HCN/GFPs within each defined CNS 

region will clearly lead to better control of precursor differentiation following engraftment within the 

host.  

  

 In addition to the well-documented trophic factors (eg BDNF, NGF, CNTF and NT-3), there 

is evidence that neuropeptides and neurotransmitters can act as trophic molecules (Schwartz, 

1992; Lauder, 1993). The neuropeptide somatostatin (somatotropin release-inhibiting factor or 

SRIF) is present in high levels in the rat hippocampus, amygdala and olfactory tubercles, in 

intermediate levels in the cortex, striatum and substantia niagra, and in lower levels in the 

cerebellum and olfactory bulb (reviewed in Schindler et al., 1996). SRIF receptors (SRIF-R) are 

present in high levels in pyramidal and granule cell neurons of the adult hippocampus, layers III-IV 

of the cerebral cortex and in lower levels in the habenula, the substantia niagra, and transiently 

during rat retinal development and cellular maturation in the postnatal rat cerebellum (Ferriero & 

Sagar, 1987; Ferriero, 1992; Leroux et al., 1995; Schindler et al., 1996; Xiang et al., 2001). SRIF 

has been shown to encourage neurite extension in cerebellar granule neurons, inhibit cell division 

and promote neuronal differentiation during defined stages of development (Bulloch, 1987; Kentroti 
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& Vernadakis, 1991; Gonzalez et al., 1992; Taniwaki & Schwartz, 1995). In the work described in 

the present chapter, a number of hosts received grafts of HCN/GFP cells that had been treated in 

vitro with SRIF prior to transplantation. Due to the documented properties of SRIF and the presence 

of SRIF-R on adult hippocampal cells, it was hypothesised that the in vitro pre-treatment of 

HCN/GFP cells with SRIF would enhance the number of graft-derived neurons within the host by 

‘priming’ cells towards a neuronal phenotype, as well as improve neurite extension towards, and 

into, the host optic nerve head.  

  

 Another group of host rats received grafts of HCN/GFP cells that had been co-cultured in 

vitro with embryonic retinae, explanted at the period of maximal RGC genesis. During rat 

development, the period of maximal RGC genesis occurs in the retina at approximately E14 (Reese 

& Colello, 1992). This date coincides with the earliest exit of RGC axon fascicles from the eye, 

which enter the optic stalk at E14.5 (Horsburgh & Sefton, 1986). It was hypothesised that the high 

levels of ganglion cell differentiation and migration into the GCL, coupled with the guidance cues 

found in the retina and on extending RGC neurites at this embryonic time point, might influence the 

differentiation fate of HCN/GFP cells co-cultured with these explants. Such cues might direct co-

cultured HCN/GFP cells towards a ganglion-like phenotype and sensitise them to permissive 

neurite growth cues, thereby encouraging neuronal differentiation from engrafted cells and the 

extension of donor processes towards the host optic nerve head following transplantation into 

neonate or adult host eyes.  

 

In this Fischer F344 rat study, as in the experimental procedures described for mice in 

Chapter 2, HCN/GFP cells were transplanted intravitreally into the eye of neonatal hosts at the 

peak of RGC death (24 hours) following unilateral aspiration of the superior colliculus, or 5, 7 or 14 

days following initiation of ganglion cell death by ON transection in adult F344 hosts (Berkelaar et 

al., 1994; Garcia-Valenzuela et al., 1994; Isenmann et al., 1997). HCN/GFP cells were also grafted 

into the retina of non-lesioned neonatal and adult hosts. Finally, in a further attempt to encourage 

the extension of neurites from grafted cells and their growth towards and through the optic nerve 

head, hippocampal progenitors were grafted into a group of adults in which the ON was transected 

and a peripheral nerve (PN) graft was sutured onto the cut ON (Aguayo et al., 1987; Bray et al., 
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1987). Such PN grafts promote the regrowth of cut adult RGC axons and can enhance RGC 

survival (Cui et al., 2003). 

 

The transplantation of two very different cell populations, C17.2 (Chapter 2) and HCN/GFP, 

within the same ectopic site in both lesioned and non-lesioned hosts, allows comparisons to be 

made between the integration and behaviour of these very different cell types, each derived from 

different regions of the brain at different stages of brain maturity, within the same CNS location. 

This chapter describes the survival, integration and differentiation of HCN/GFP cells within intact 

and lesioned neonatal and adult hosts, and compares these results with those seen after grafting 

somatostatin-treated cells or cells co-cultured with E14 retinae within the same experimental 

paradigms, to gauge any effects of these treatments on the cell-replacement potential of grafted 

cells within the host retina.  
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3.2  Methods 

3.2.1  Experimental animals 

 Neonatal (P5) Fischer F344 rats and adult F344 rats were used as hosts for the intravitreal 

transplantation of cells from the clonal HCN/GFP hippocampal cell line. Extensive RGC death was 

induced in rat neonates by removal of the contralateral SC on P4 (Harvey & Robertson, 1992), and 

in adult rats by unilateral ON transection. An additional number of adults received unilateral ON 

transection coupled with a peripheral nerve graft. Non-lesioned neonatal and adult hosts acted as 

control recipients of HCN/GFP transplants. Following intravitreal transplantation of HCN/GFP cells, 

hosts were maintained for a period of 8 to 10 weeks. 

 

3.2.2  Neonatal superior colliculus ablation 

Superior colliculus (SC) ablation was performed on P4 F344 pups (n=29) as previously 

described (section 2.2.2). Briefly, pups were anaesthetized with diethyl ether and maintained on a 

cooling pad during surgery. A mid-sagittal incision was made over the skull, a small flap cut in the 

skull to expose the brain and the left SC was aspirated (Harvey and Robertson, 1992). A small 

piece of gel foam was placed into the cavity and the flap replaced before closing the wound with 6/0 

silk sutures. Pups were kept on a heating pad with their littermates and allowed to recover fully 

before being returned to their mother. 

 

3.2.3  Adult optic nerve transection 

Adult F344 rats (n=18) received unilateral (left) optic nerve transections as previously 

described (section 2.2.3). Animals were anaesthetised with halothane (induction 5%, maintenance 

2% in 3:1 N2O/O2 mixture) for the duration of surgery. Briefly, after exposing the left optic nerve, it 

was cut using iridectomy scissors and the lower portion bluntly dissected with fine forceps, taking 

care not to damage the underlying retinal artery. Rats were administered an intramuscular injection 

of the analgesic buprenorphine (0.001mg in 0.1ml) while recovering from anaesthesia. 

 

3.2.4 Adult optic nerve transection with a peripheral nerve graft 

 An additional cohort of adult F334s (n=11) received ON transection coupled with a 

peripheral nerve graft. ON transection was performed as described (section 3.2.3). A 1.5cm 
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segment of autologous peripheral nerve was then dissected from the peroneal branch of the left 

sciatic nerve and transplanted onto the proximal stump of the transected optic nerve using 10/0 

suture (Cui et al., 1999, 2003). Animals received subcutaneous injections of buprenorphine 

(0.001mg in 0.1ml) on the completion of surgery.     

 

3.2.5  HCN/GFP cell transplants 

3.2.5.1 General maintenance of HCN/GFP cells in vitro 

HCN/GFP cells were maintained as previously described (Ray et al., 1993; Palmer et al., 

1997) in a basal media (N2/FGF media) consisting of DMEM/Ham’s F12 (1:1 vol/vol, Gibco) 

containing N2 supplement (consisting of 5µg/ml insulin, 50µg/ml human transferrin, 20nM 

progesterone, 100µM putrescine, 30nM sodium selenite, Gibco 100x, 1ml/100ml media) + 1mM L-

glutamine (CSL) + penicillin/streptomycin/fungizone (ICN, 100X, 1ml/100ml media) and 20ng/ml 

bFGF-2 (human recombinant, Alomone Laboratories). The bFGF-2 was always added just prior to 

use. HCN/GFP cells were cultured in specially-coated tissue culture ware. The surface of tissue 

culture flasks was coated with poly-L-ornithine (Sigma, 10µg/ml sterile H2O [dH2O]) for 12 hours at 

room temperature, followed by two washes with dH2O, then incubated overnight at 37°C with a 

second coating using mouse laminin (Sigma, 5µg/ml dPBS). Stocks of coated tissue culture-ware 

were prepared prior to the thawing or passage of cells, and frozen at -20°C for a maximum of 6 

months.   

 

Frozen cryovials of HCN/GFP cells were thawed at least a week prior to transplantation.  

Cells were frozen in N2/FGF containing 10% DMSO. To thaw cells, vials were thawed in a 37°C 

water bath with gentle agitation then cells transferred to a sterile 15ml tube (Falcon). An equal 

volume of DMEM/F12 was added in a drop wise fashion and cells were allowed to equilibrate for 3-

5 minutes. Additional DMEM/F12 was added, drop wise, to a volume of 10mls, then the cells 

pelleted by centrifugation at 1000g for 3 minutes. Cells were resuspended in 1ml N2/FGF media 

then triturated gently with a flame polished Pasteur pipette until a single cell suspension was 

achieved. Cells were seeded into coated T75 flasks containing 15mls of N2/FGF media, and then 

incubated at 37°C in 5% C02. N2/FGF media was changed every three days. HCN/GFP cells were 

passaged upon reaching ~90% confluency. To passage cells, the culture media was aspirated, a 
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brief wash of the cell surface was made with trypsin, then the trypsin immediately removed. Cells 

were incubated at room temperature until their dislodgement, then suspended in fresh DMEM/F12 

and centrifuged at 1000g for 3 minutes. Pelleted cells were resuspended in N2/FGF then split 1:3 to 

1:5 depending on their confluency into fresh coated flasks containing fresh N2/FGF media.  

 

3.2.5.2  In vitro co-culture of HCN/GFP cells with embryonic retinal explants 

 A subset of neonatal hosts (n=10) received intravitreal injections of HCN/GFP cells which 

had been co-cultured with E14 F344 retinae in vitro. The co-culture of cells was achieved as 

follows. Prior to sampling E14 retinal material, free-floating sterile gelfoam/nitrocellulose rafts were 

made which were suspended in N2/FGF media in sterile tissue culture dishes (100mm, Corning) 

and incubated at 37°C with 5% CO2. Floating rafts were created as per the instructions of Bairstow 

(Honours Thesis, 1990) by cutting small squares of gelfoam sponge and nitrocellulose (millipore) 

filter paper of the same size, and floating the filter paper on top of the gelfoam ‘rafts’ (Figure 3.1). 

Rafts were suspended in N2/FGF media supplemented with 10% FCS + T3 (2ng/ml) + insulin 

(human, 2µg/ml) to mutually support retinal explants and co-cultured HCN/GFP cells. A small 

amount of media was dropped onto the surface of the rafts to encourage media infiltration and form 

a fluid film over the surface of the retinal explant. Rafts were maintained at 37°C before use. 

 

  For embryonic retinal explants, timed pregnant F344 dames carrying E14 foetuses were 

anaesthetised deeply with halothane (induction 5%, maintenance 2% in 3:1 N2O/O2 mixture) and 

the lower abdominal cavity carefully opened using surgical scissors to expose the uterus, taking 

care not to damage any foetal tissue. Each foetus was carefully dissected free from its amniotic sac 

and placenta, then suspended in ice cold Ham’s F10 solution. Foetal tissue was kept cool for the 

duration of the dissection using chilled media and an ice-filled petri dish placed underneath explant 

extraction dishes. Tissue was transferred into a tissue culture hood where the eyeballs were 

bilaterally removed from each foetus under a dissecting microscope. Using fine surgical 

microscissors, the anterior portion of the eyecup was dissected free from the posterior, thereby 

exposing the retina. The retina was carefully dissected free from the posterior eyecup and explants 

transferred onto floating rafts, the inner (GCL) side of the retina uppermost. 
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Figure 3.1  A schematic diagram of free-floating nitrocellulose/gelfoam rafts utilised to support 

retinal explants in culture. Rafts consisted of squares of nitrocellulose filter paper floating on media-

soaked gelfoam, suspended in a petri dish containing supplemented N2/FGF media. Retinal 

explants were transferred onto the nitrocellulose ‘surface’ of rafts and moistened by the addition of 

a small amount of media which formed a film over explanted retinal tissue. HCN/GFP cells were 

seeded directly onto retinal explants. HCN/GFP cells co-cultured with retinal explants on floating 

rafts were maintained at 37C in 5% C02. Figure courtesy of Paul Robinson.   

 

 

 Explanted retinae were maintained at 37°C in 5% C02. To seed HCN/GFP cells onto 

explants, cultures of ~90% confluency were trypsinised, washed, and then resuspended in 1ml 

N2/FGF. The total number of cells was counted using a haemocytometer and 200,000 HCN/GFP 

cells in 1ul seeded onto each retinal explant aboard floating rafts. Cells were added very carefully to 

retinal supports to encourage the adherence of cells directly onto explants and discouraging the 

leakage of cells onto the surface of the rafts. Cells were co-cultured with retinal explants for a 

period of 2 days prior to transplantation.  

 

3.2.5.3  In vitro treatment of HCN/GFP cells with somatostatin 

  Of the total number of neonatal hosts, nine pups received intravitreal injections of 

HCN/GFP cells that had been pre-treated with somatostatin in vitro. Somatostatin-treated cells 

were cultured, maintained and passaged as described (section 3.2.5.1), with the addition of 

somatostatin (Auspep, 0.5mg/ml) to N2/FGF media for a period of 1, 2 or 3 weeks. Control cultures 

without the addition of somatostatin to N2/FGF media were run in parallel and treated in exactly the 
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same manner as somatostatin-treated cells. Cultures were consistently seeded at the same density 

and passaged upon ~90% confluency. 

  

3.2.5.4 Preparation of HCN/GFP cells for transplantation 

Non-treated HCN/GFP cells 

 For transplantation, cells were passaged as described (section 3.2.5.1), but instead of 

resuspending pelleted cells in N2/FGF, 1ml of sterile Hank’s balanced salt solution was added to 

cells and the total number of cells counted using a haemocytometer. The desired number of cells 

was sampled from this 1ml volume, this suspension was centrifuged, and then cells resuspended in 

the required volume of Hanks. For transplantation, HCN/GFP cells were prepared at concentrations 

of between 30-100,000 cells/µl and kept on ice prior to transplantation.  

 

Somatostatin-treated HCN/GFP cells 

 Somatostatin-treated cells were prepared for transplantation in the same manner as non-

treated HCN/GFPs. Cells from the two week-treated group were thawed, grown until ~90% 

confluency then prepared at 30,000 cells/µl for transplantation into neonatal hosts. 

 

HCN/GFP cells co-cultured with E14 retinal explants  

 To prepare cells co-cultured with E14 retina for transplantation, rafts were gently washed 

with DMEM/F12 then the co-cultures scraped off the nitrocellulose very gently with a cell scraper. 

Collected tissue and the nitrocellulose paper were added to a trypsin solution for 2 minutes, topped 

up with 10ml DMEM/F12, then the nitrocellulose paper was gently removed. More DMEM/F12 was 

used to wash any remaining cells from the nitrocellulose. Co-cultured cells were pelleted by 

centrifugation then resuspended in 1ml Hanks and counted. Phase contrast and fluorescent 

photomicrographs were taken of co-cultured cells in the haemocytometer counting grid to estimate 

the proportion of HCN/GFP cells from the total number of co-cultured cells (Figure 3.2). HCN/GFP 

cells were found to constitute ~9% of this suspension. This complete suspension, inclusive of E14 

retinal cells, was prepared at 100,000 cells/µl for transplantation into neonatal hosts, equating to 

~9,000 co-cultured HCN/GFP cells per microliter of injectable cell suspension. Some explants co-
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cultured with HCN/GFP cells were not grafted but were immersion fixed for sectioning and analysis 

of cell fates in vitro (see 3.2.7.1).   

 

 

             

 

Figure 3.2 Phase and fluorescent photomicrographs of co-cultured cell suspensions in a 

haemocytometer following trypsinisation, displaying (a) a sample of the total compliment of cells in 

the prepared tissue suspension consisting of explanted retinal cells and co-cultured HCN/GFP cells 

and (b) the identification of eGFP-fluorescent HCN/GFP cells within the suspension under 

immunofluorescence. HCN/GFP cells were found to constitute ~9% of the total injectable cell 

number after preparation of co-cultured tissue for transplantation. 

 

 

3.2.6 Transplantation of HCN/GFP cells  

Neonates and adults 

Neonatal hosts received injections of 0.5-1.0µl of 50,000 cells/µl 24h following SC ablation 

(n=29, SCL neo), and adult hosts 1.0-1.5µl of the same concentration 5 days (n=9) or 7 days (n=9) 

following ON transection (ON-5d, ON-7d respectively). Control groups consisting of non-lesioned 

neonates (n=21, NL neo) and adults (n=5, NL adult) also received intravitreal HCN/GFP injections 

as described above. An additional group of adult F344s received unilateral ON transections coupled 

with a peripheral nerve graft sutured close to the transected optic nerve stump (n=11, ON+PN) and 

HCN/GFP cells (75,000 in 1.5µl) were grafted intravitreally into these animals either 7 days (n=5, 

ON+PN-7d) or 14 days (n=6, ON+PN-14d) after ON+PN surgery. In order to assess any disruptive 

effects of the intravitreal delivery of cells within the host, two adults received unilateral 1.5µl saline 
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injections into the eye. HCN/GFP cells co-cultured in vitro with E14 F344 retinae (~9000 

HCN/GFPs in 1µl, see section 3.2.5.4) were grafted into either SC-lesioned (n=6, SC+E14) or non-

lesioned (n=4, NL+E14) neonates. HCN/GFP cells treated in vitro with SRIF for two weeks (30,000 

cells in 1µl) were grafted intravitreally into 5 lesioned (SC-som) and 4 non-lesioned (NL-som) 

neonates. Retinal tissue was collected at 8 weeks in neonatal hosts and 8-10 weeks in adult hosts 

following the intravitreal transplantation of HCN/GFP cells, and grafted cells were identified for 

quantification on the basis of their eGFP fluorescence or with a GFP antibody. Screening with a 

wide range of neuronal and glial immunofluorescent markers and confocal laser microscopy was 

used to examine any differentiation of grafted cells. 

 

3.2.7  Preparation of tissue sections 

3.2.7.1  Tissue sections of co-cultured HCN/GFP cells with embryonic retinae in vitro 

To assess phenotypic changes in HCN/GFP cells resulting from co-culture with embryonic 

retina in vitro, tissue sections of explants were prepared and immunostained for a range of 

phenotypic antigens. On co-culture day 7, retinae and HCN/GFP cells on nitrocellulose rafts were 

carefully separated from the supporting gelfoam and removed from petri dishes, washed briefly by 

immersion in PBS, then immersion fixed in 4% paraformaldehyde for one hour. After fixation, rafts 

were carefully washed in PBS then cut with small scissors to separate each individual retinae. 

Individual nitrocellulose squares supporting each retina seeded with HCN/GFP cells were 

cryoprotected overnight in sucrose at 4ºC, then graded into tissue embedding medium (Jung) the 

following day and frozen at -20ºC. Tissue sections were cut at 20µm on a cryostat at -20ºC and 

mounted on gelatinised slides. Co-culture sections were reacted for immunochemistry as per the 

protocols for retinal sections (section 3.2.9).  

 

3.2.7.2  Preparation of retinal sections 

Eight or ten weeks post-transplantation, host animals were deeply anaesthetized by an 

intraperitoneal injection of pentobarbitone sodium 60mg/ml (Nembutal) and perfused transcardially 

with 4% paraformaldehyde for immunochemical processing. Posterior eyecups with the lens 

removed were immersion postfixed for 1 hour in 4% paraformaldehyde with shaking, washed three 

times in PBS with shaking, then cryoprotected overnight in sucrose at 4ºC. Eyecups were 
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embedded by immersing in increasing concentrations of tissue embedding medium (Jung) then 

frozen at -20ºC. Eyecups were sectioned at 20µm on a cryostat at -20ºC and mounted on 

gelatinised slides. Alternately, tissue was dehydrated, embedded in paraffin wax then sectioned on 

a polycut at 10µm before being mounted on glass slides.  

 

3.2.8  In vitro immunostaining of HCN/GFP cells 

 Cultured HCN/GFP cells at ~90% confluency were trypsinised and seeded into 

PLO/laminin-coated 4 chamber tissue culture treated glass slides (Falcon) at a density of 25,000 

cells per well in N2/FGF media. At 1-, 2-, and 3 weeks, somatostatin-treated cells were seeded into 

PLO/laminin-coated chamber slides in N2/FGF media containing somatostatin, and control cells 

into basal N2/FGF media until fixation for immunofluorescent staining. Two days later cells were 

fixed in 4% paraformaldehyde and processed with rabbit anti-GFP (1:100, Chemicon) and/or mouse 

anti-rat 401 (nestin, 1:100, Developmental Studies Hybridoma Bank), anti-human neuronal protein 

HuC/HuD (HuC/D, 50ul/ml, Molecular probes), anti-glial fibrillary acidic protein (GFAP, 1:50, Dako), 

anti-neuronal-specific β-tubulin type III (TUJ1, 1:100, BAbCo), anti-microtubule associated protein 

2a+2b (MAP2ab, 1:50, Sigma), anti-microtubule associated protein 1b (MAP5, 1:50, Sigma), anti-

neurofilament 68 (1:100, Sigma), anti-neurofilament 200kD clone RT97 (RT97, 1:100, Boehringer), 

anti-pan neurofilament (PanNF, 1:100, Zymed), anti-calbindin D-28K (1:100, Sigma), rabbit anti-

parvalbumin (PV-28, 1:100, Swant) or anti-Protein Kinase Cα (PKCα, 1:100, BD Transduction 

Laboratories), for half an hour in antibody diluent (PBS with 10% Normal Goat Serum [NGS]). 

Control and somatostatin-treated cell populations obtained 1-, 2-, and 3 weeks were reacted using 

antibodies against Map2ab, Map5 and TUJ1 only. Cells were washed in PBS then incubated with 

secondary antibody conjugated to fluorescent labels FITC (1:300, Sigma), Alexa Fluor 488 (1:600, 

Molecular Probes) or Cy3 (1:300, Jackson Laboratories) for half an hour in antibody diluent. Slides 

were coverslipped with Citifluor and sealed, then stored at 4˚C. For in vitro cell counts, slides were 

coverslipped with citifluor containing 1% Hoechst dye 33342, to label all cell nuclei, then sealed with 

nail varnish. 
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3.2.9  Immunostaining of retinal sections 

Engrafted HCN/GFP cells were visualised within hosts by their expression of eGFP under 

fluorescence (Okada et al., 1999). In some sections GFP-positive HCN/GFP cells were identified 

following reaction with an anti-GFP antibody (1:400, Chemicon). Sections were then reacted with 

the following antibodies; anti-GFAP, (1:400), anti-TUJ1 (1:1000), anti-neurofilament 200 clone 

NE14 (NF-200, 1:200, Sigma), anti- RT97 (1:200), anti-neuronal nuclei (NeuN, 1:1000, Chemicon), 

anti-PanNF (1:800, Zymed), anti-MAP2 (1:800, Boehringer), anti-MAP2ab (1:250), anti-MAP5 

(1:500), anti-calbindin D-28K (1:3000), rabbit anti-PV-28 (1:5000), anti-PKCα (1:1000) or anti-

HuC/D (50ul/ml, Molecular Probes). 

 

For immunofluorescence, retinal sections were washed in PBS before being incubated in 

primary antibodies diluted in antibody diluent (1% Bovine Serum Albumin [BSA] with 0.2% Triton X-

100 and 5% NGS in PBS) overnight in a humidified chamber at 4˚C. After three washes in PBS the 

primaries were detected with FITC (1:300, Sigma), Alexa Fluor 488 (1:600, Molecular Probes), 

Amca or Cy3-conjugated secondary antibodies (1:600, Jackson Laboratories) in antibody diluent for 

two hours at room temperature. Sections were washed, coverslipped with Citifluor and sealed. 

Confocal microscopy was carried out on material of particular interest, and to confirm double 

labelling of donor cells. 

 

For immunoperoxidase staining, endogenous peroxidase activity in retinal tissue was 

quenched with 0.6% H2O2 and the sections were washed with PBS. Sections were then incubated 

in primary antibodies in antibody diluent (1% BSA with 0.2% Triton X-100 in PBS) overnight at 4˚C 

in a humidified chamber. Unbound antibody was washed off and the primary antibodies detected 

with the appropriate biotinylated secondary antibodies in antibody diluent for 2 hours at room 

temperature. Sections were washed again, then treated with the avidin-biotin complex (1:200 in 

PBS, Elite ABC Kit, Vector) at room temperature for one hour. The immunohistochemical product 

was visualised with 3’,3’-diaminobenzidine (DAB, Pierce) until the desired colour was obtained, and 

sections rinsed several times in PBS. Sections were brought through increasing concentrations of 

ethanol to toluene before being coverslipped with DePeX mounting medium. 
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3.2.10  Cell counts in vitro 

Immunofluorescently-labelled GFP-positive HCN/GFP cells were counted as described for 

the quantification of C17.2 cells (section 2.2.11) at 20x magnification under a fluorescent 

microscope (Leitz). Briefly, cells were counted by randomly sampling and photographing ten fields 

in each 1.7cm2 chamber using Magnafire 2.1. (Optronics, Goleta, California, USA). This resulted in 

the collection of a digital image for each sample representing a 1.126mm2 field of view. All cells 

within the confines of these ten fields of view were counted, representing 7.5% of the total surface 

area of each chamber. Hoechst-labelled nuclei, GFP-positive cells, antibody-positive cells (using 

both neuronal and glial markers), and double-labelled cells were photographed and counted. The 

proportion of Hoechst-labelled nuclei immunopositive with GFP was also recorded to enable an 

assessment of retroviral expression. For each antibody or combination of antibodies used in vitro 

on HCN/GFP precursors, this procedure was repeated at least three times. From these counts, the 

proportion of cells labelled with various antibodies and the level of retroviral insertion stability as a 

function of GFP-positivity in HCN/GFP cells could be determined. 

 

3.2.11  Donor cell count in vivo 

Serial sections were mounted in a one in ten series through each retina and 

immunofluorescent or immunoperoxidase-labelled engrafted HCN/GFP cells were counted in the 

retinal layers of an average of 6 sections per retina. Cells were counted at 50x magnification under 

fluorescent or transmitted light illumination as described (section 2.2.12) using the optical dissector 

technique (Gundersen et al., 1988; West and Gundersen, 1990). Cells were only counted if they 

were clearly positive with GFP, and if a clear cellular profile could be seen.  

 

Engrafted cells were counted as residing within a particular retinal layer, from the RGC 

layer (GCL) through to the photoreceptor layer (PL). The number of counted HCN/GFP cells was 

pooled by their location and tabulated so as to determine the retinal laminar distribution as well as 

the total number of engrafted cells found within the retina of each host. The total number of 

engrafted HCN/GFP cells was estimated by multiplying the average number of cells counted per 

retinal section by the total number of sections cut from each host retina. From this, an estimate of 
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the proportion of cells from the original inoculum which survived transplantation, and engrafted 

within the various retinal layers, could be determined. 
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3.3  Results 

3.3.1  In vitro expression of clonal hippocampal HCN/GFP progenitor cells 

3.3.1.1  Non-treated HCN/GFP cells in vitro 

 Cultured HCN/GFP cells that received no treatment prior to transplantation fluoresced 

brightly with eGFP and expressed a range of neuronal and glial markers (Figures 3.3, 3.4). Almost 

all HCN/GFP cells in vitro were stained with the Ca2+-binding protein PV28 (98.0% +/- 1.6), a 

widely expressed protein that can be found, for example, in GABA-ergic neurons in the rat 

hippocampus (Kosaka et al., 1987), retinal amacrine cells, and at lower levels in some horizontal 

and ganglion cells (Oguni et al., 1998). A similar number of cultured cells stained with the 200kDa 

neurofilament polypeptide marker RT97 (97.1% +/- 0.7; Johnstone et al., 1997). On average, a high 

proportion of HCN/GFP cells (80.7% +/- 2.8) also expressed nestin, a 200kD class VI intermediate 

filament protein expressed at high levels in undifferentiated stem cells and proliferative progenitor 

cells (Lendhal et al., 1990). Interestingly, the proportion of cultured HCN/GFP cells expressing 

GFAP (67.3% +/- 16.9) was similar, albeit slightly lower than, the number of cells expressing nestin 

(80.7% +/- 2.8). This is consistent with recent observations that proliferative neuroectodermal 

progenitors in the adult can express GFAP (Doetsch et al., 1999; Seri et al., 2001; Imura et al., 

2003; Mellough et al., 2004). Approximately half the HCN/GFP population was positive for Map5 

(55.1% +/- 3.2), which is considered to be an early neuronal marker. Expression of mature neuronal 

markers was seen in much smaller proportions of cultured cells; 25.1% (+/- 4.9) of HCN/GFP cells 

expressed PanNF, Map2ab positivity was seen in 11.2% (+/- 5.1) of the population, and only 1.9% 

(+/- 1.0) stained with neuronal-specific β-tubulin type III (TUJ1, Figure 3.3). Over half of cultured 

cells (57.5% +/- 7.0) were positive for PKCα, a kinase associated with the regulation of a number of 

ion channels (Leonard & Hell, 1997) and highly expressed in rod bipolar cells in the normal retina 

(Kolb et al., 1993; Vaquero et al., 1997; Kosaka et al., 1998). A number of cultured cells also 

expressed HuC/D (32.2% +/- 21.0), a postmitotic neuronal marker that is expressed in rat RGCs 

and in the majority of amacrines (Marusich et al., 1994; Barami et al., 1995; Ekstrom & Johansson, 

2003). 
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Figure 3.3 The proportion of untreated adult clonal hippocampal progenitor cells expressing 

putative progenitor, neuronal and glial markers in vitro. Cellular immunoreactivity for each 

antigen is expressed as a percentage of the total number of cells counted (from Hoechst 

labelled nuclei, n=12,473, from 9 cultures). The majority of cultured HCN/GFP cells were 

immunopositive for PV28 and RT97, but showed low reactivity for mature neuronal markers 

Map2ab and TUJ1. Values are the mean +/- SEM. 
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Figure 3.4 (a) Phase contrast and (b) GFP immunofluorescence of HCN/GFP cells in vitro and (c-

h) following immunofluorescent staining. A large proportion of cultured HCN/GFP cells expressed 

(c) parvalbumin-28, (d) map5, (e) GFAP, and (f) nestin. Very few cells expressed the mature 

neuronal markers (g) map2ab or (h) TUJ1. Scale bars: (a,b) = 50µm, (c-h) = 100µm. 
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3.3.1.2  HCN/GFP cells co-cultured with E14 retinal explants in vitro 

 After 7 days in vitro, GFP-positive HCN/GFP cells co-cultured with foetal retina were clearly 

visible on wholemounts of retinal co-cultures under fluorescence (Figure 3.5a,b). A number of 

HCN/GFPs showed extensive process extension within the retinal tissue explants (Figure 3.5a,b,f). 

Many co-cultured cells extended processes in a bipolar fashion through foetal retinal tissue, in 

some cases processes extending along a similar trajectory through host tissue (Figure 3.5a). A 

small number of co-cultured HCN/GFP cells were found to adopt a pyramidal-like morphology in 

culture. 

 

 To assess the effects of embryonic retina on the fate of HCN/GFP cells, the phenotypic 

properties of cells were assessed after co-culture with embryonic retinal explants. HCN/GFP cells 

were identified in sections of co-cultured tissue by their expression of eGFP (Figure 3.5c-f). 

Sections were also reacted for a range of putative glial and neuronal antigens. After 7 days of co-

culture, explanted retinae displayed a large number of rosette formations and disrupted retinal 

cytoarchitecture (Figure 3.5c,d). Some HCN/GFP cells were found to have settled directly on the 

nitrocellulose paper near the periphery of the explants, a proportion of which had extended 

processes across the nitrocellulose surface away from explanted retinal tissue.  

 

 Following immunodetection with various antibodies, co-cultured HCN/GFP cells were not 

immunoreactive for any of the antigens screened, although positive staining was seen within 

adjacent explanted retinal tissue in these sections (Figure 3.5c-e). Clusters of embryonic retinal 

cells forming rosettes within retinal explants were immunopositive for the neuronal markers Map5 

and TUJ1, but not for GFAP. Expression of Map5 and TUJ1 neuronal antigens was seen in lower 

levels in retinal cells throughout other regions of explanted retinae, but the highest expression was 

seen in cells forming rosette formations (Figure 3.5c, d ). A small number of explanted retinal cells 

were immunopositive for PV28. Very little, if any, GFAP was detectable in the explanted retinal 

tissue. There was also no staining after reaction with antibodies against PKCα and calbindin.  
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Figure 3.5  Photomicrographs of HCN/GFP cells on and within retinal explants after 7 days of co-

culture in vitro. (a, b) GFP immunofluorescence of HCN/GFP cells in wholemount retinal explants 

on floating rafts in culture at 7d. Some adult precursor cells extended GFP-positive processes 

across retinal explants. (c, d) Sections through co-cultured retinae containing HCN/GFP cells 

following immunofluorescence for (c) map5 and (d) TUJ1. (e, f) Merged confocal images sections 

through explanted retinae, showing extensive integration of seeded cells within retinal explants, 

many of these extending impressive processes into explanted embryonic retinal tissue. Explanted 

retinae displayed extensive rosettes and disrupted morphology (c, d). Co-cultured HCN/GFP cells 

were not immunopositive for any tested neuronal or glial markers. Positive staining was seen within 

sections, most robustly in aggregates of retinal cells that formed rosettes (arrows). Embryonic 

retinal cells within rosette structures expressed TUJ1 and Map5 but were not found to stain for 

GFAP. Scale bars: (f) = 25µm, (a,b,d,e) = 50µm, (c) = 100µm.  
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3.3.1.3  Somatostatin-treated HCN/GFP cells in vitro 

 In order to assess any neurogenic effects of the in vitro treatment of HCN/GFP cells with 

somatostatin, the expression of neuronal antigens was assessed in somatostatin-treated HCN/GFP 

cultures at 1-, 2-, and 3 week time points. The level of GFP immunofluorescence was also 

assessed in the HCN/nitGFP clone (sections were counter stained with Hoechst and GFP levels 

were determined by counting the proportion of the total number of Hoechst–positive cells 

expressing GFP).  

 

 In cultures treated with somatostatin, the number of surviving cells declined dramatically 

following passage at two weeks. No surviving cells remained for collection at the 3 week time point. 

This was seen in all treated (n=6) but not in any of the corresponding control cultures (n=6). At each 

time point, the majority of HCN/GFP cells were immunofluorescent for GFP. On average 88.29% of 

control and 88.17% of somatostatin-treated cells fluoresced brightly with GFP. In control 

populations the proportion of cells expressing GFP after one week in vitro (91.85% +/- 2.34) 

decreased with time to 83.4% (+/- 3.05) by 3 weeks (Figure 3.6a). In contrast, the level of GFP 

expression in somatostatin-treated cells at one week had increased at 2 weeks in vitro by 1.78% 

(Table 3.1, Figure 3.6b).  

 

 At one week, expression of the neuronal markers TUJ1, Map2ab and Map5 in control and 

treated HCN/GFP populations was relatively low, with less than 30% of cells in each culture stained 

positively for any of these antigens. Cells stained most commonly with Map2ab, which was 

observed in 29.8% (+/- 1.76) of control and 17.6% (+/- 1.80) of somatostatin-treated cells, and more 

rarely with TUJ1 which was identified in 6.6% (+/- 0.60) and 13.0% (+/- 0.72) of cells, respectively 

(Figure 3.6a-c, 3.7). Although the number of Map5 and Map2ab immunoreactive cells was lower in 

treated versus control cultures, even after only 7 days in vitro, the proportion of somatostatin-

treated cells immunopositive with the mature neuronal marker TUJ1 was double that seen in control 

populations (Figure 3.6b, c), although this result was not statistically significant (P=0.661, paired T-

Test). 
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 By 2 weeks, there was a substantial increase in expression of all neuronal markers in both 

control and treated cells (Table 3.1). Again, the former most consistently expressed Map2ab 

(92.8% +/- 3.58). Levels of Map5 expression in non-treated populations had more than tripled 

(74.3% +/- 2.03) and over half of cells were immunoreactive for TUJ1 (55.8% +/- 0.92), an almost 

ten-fold increase in expression levels seen at one week (Figure 3.6a, c). This increase was even 

more pronounced, although not statistically significant (P=0.092), in somatostatin-treated cultures at 

2 weeks. Map2ab and Map5 immunoreactivity had risen above control levels at this time point to 

97.6% (+/- 2.42; 4.8% higher than control levels) and 85.6% (+/- 2.49; 11.3% higher) respectively. 

Whilst just over half of non-treated cells in control populations were positive for TUJ1 after 2 weeks 

in vitro, nearly three quarters of cells (73.6% +/- 1.32) treated with somatostatin were TUJ1-positive 

(Figure 3.6b, c). In all cultures, cells developed a more mature neuronal-like morphology, extending 

processes away from the soma for up to 150µm, and displaying multiple fasciculations along their 

processes (Figure 3.7g,h).  

 

 After three weeks in vitro, the quantity of non-treated cells expressing Map2ab and Map5 

increased further, to such an extent that 100% of non-treated cells expressed these antigens; 

however, TUJ1 reactivity at this time point (16.5% +/- 2.34) was significantly reduced to levels 

modestly higher than those seen at 1 week (Figure 3.6a, c). Comparisons could not be made with 

somatostatin-treated cells at this time point due to the unexpected demise of treated cells following 

passage at 2 weeks.  
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Table 3.1 The percentage of cells in control and treated HCN/GFP populations expressing GFP 

and neuronal markers at 1-, 2- and 3 weeks in vitro. Values are the mean +/- SEM. 

 

 

 
 
 
 

 

 

Figure 3.6 (a) The percentage of untreated HCN/GFP cells in control cultures expressing the GFP 

transgene and putative neuronal markers at 1-, 2- and 3 weeks. GFP levels decreased slightly with 

each week in culture but the proportion of cells positive with the other markers was greatly 

increased by the second week. Map2ab and Map5 expression continued to increase at the three 

week time point while TUJ1 immunoreactivity returned to just above week one control levels. (b) 

The percentage of somatostatin-treated HCN/GFP cells expressing GFP transgene and putative 

neuronal markers in culture at 1 and 2 weeks. In contrast to control cultures, GFP expression of 

treated cells had increased by the second week. Somatostatin-treated cells displayed a six-fold 

increase in TUJ1 reactivity by the second week. (c) A comparison of the proportion of cells 

expressing putative neuronal antigens in control vs somatostatin-treated HCN/GFP cultures at 1-, 

2-, and 3 weeks. Values are the mean +/- SEM. 

 GFP TUJ1 Map2ab Map5 

con 1 91.85 +/- 2.34 6.64 +/- 0.60 29.84 +/- 1.76 23.53 +/- 1.54 

som 1 86.39 +/- 1.40 13.01 +/- 0.72 17.60 +/- 1.80 15.85 +/- 0.97 

con 2 89.60 +/- 1.40 55.83 +/- 0.92 92.76 +/- 3.58 74.30 +/- 2.03 

som 2 89.95 +/- 1.13 73.65 +/- 1.32 97.63 +/- 2.42 85.64 +/- 2.49 

con 3 83.44 +/- 3.05 16.47 +/- 2.34 100  100  
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Figure 3.7 Fluorescent micrographs of somatostatin-treated and control HCN/GFP cells in culture 

at 1-, 2-, and 3- weeks. (a,c) GFP-positive somatostatin-treated cells and (b,d) the same fields 

showing a very low number of (b) map5 and (d) map2ab-immunopositive cells in somatostatin-

treated cultures after one week. The number of cells expressing map2ab increased dramatically in 

all cultures at two weeks. (e) GFP-positive HCN/GFP cells and (f) the same field displaying a large 

number of map2ab immunopositive cells in a somatostatin-treated culture after two weeks. Cultured 

cells also developed some mature morphological features. This is shown in (g) and (h) which 

display HCN/GFP cells in culture, visualised under fluorescence, which are exhibiting fasciculations 

along their processes and are making contact with other cells (h). Scale bars: (a-f) = 100µm, (g,h) = 

40µm.  
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3.3.2  Survival and integration of grafted HCN/GFP cells in neonatal hosts 

3.3.2.1  Cell survival within neonatal hosts 

 Eight weeks following intravitreal transplantation, GFP-positive HCN/GFP cells were 

identified in 100% (n=29 in total) of RGC-depleted neonatal retinae, inclusive of lesioned neonates 

that were recipients of non-treated HCN/GFP cells (n=18), HCN/GFP cells co-cultured with retinal 

explants (n=6), and transplants of cells treated with somatostatin (n=5) in vitro. Grafted cells were 

also present in all non-lesioned neonatal hosts (n=13 NL neo, n=4 NL+E14 and n=4 NL-som). From 

the quantification of GFP-positive cells within retinal laminae, the total number of cells residing in 

each host retina was estimated, and from this the relative proportion of the total number of 

transplanted cells which had integrated within host retinae could be determined (Figure 3.8, a). 

 

 Overall, an average of 30,434 GFP-positive cells were found in retinae of SC-lesioned 

neonatal hosts (average total integration across all lesion groups) compared with 37,149 cells in all 

NL neonatal hosts. Breaking this down into different groups, the greatest total number of cells 

identified within RGC-depleted retinae was within SCL neo hosts (mean of 40,599 +/- 10,982 cells), 

with comparable numbers seen in the SC+E14 grafted group (40,522 +/- 15,842 cells). Pre-

treatment of cells with somatostatin prior to transplantation resulted in much lower integration of 

grafted cells in lesioned neonates, with only 10,182 cells (+/- 2924) on average identified in host 

retinae in SC-som hosts (Figure 3.8, a). In non-lesioned neonates, the greatest total number of 

engrafted cells were found in NL+E14 hosts (mean of 55,953 +/- 31,438), followed by NL neo 

(33,798 +/- 10,912) and NL-som (21,697 +/- 6,766). Grafted retinae of NL+E14 hosts contained the 

largest number of HCN/GFP cells compared with all other neonatal groups (lesioned and non-

lesioned inclusive, Figure 3.8). Consistent with the results seen in lesioned neonates, somatostatin-

treated cells showed the lowest total average survival following their transplantation into non-

lesioned hosts. Although the average number of non-treated engrafted HCN/GFP cells was about  

20 percent higher in SCL neonates compared with NL neonates, this result was not statistically 

significant (P= 0.672). Increased survival of cells within lesioned retinae was not observed in hosts 

grafted with co-cultured HCN/GFPs or cells treated with somatostatin. 
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Figure 3.8 (a) The mean total number of engrafted HCN/GFP cells identified in neonatal host 

retinae in all groups. At 8 weeks, the greatest number of engrafted cells was seen in NL+E14 hosts, 

followed by SCL neonates then SC+E14 hosts. Low integration was seen in hosts that had received 

somatostatin-treated cell grafts.  (b) A comparison of graft survival in all neonatal host retinae 

expressed as a percentage of the original inoculum. In general, a good proportion of grafted 

HCN/GFP cells was found to integrate in non-treated and somatostatin-treated groups (on average 

33.9 - 86.9%). A substantial increase in the number of grafted cells was seen in neonates grafted 
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with co-cultured cells (up to 6 times the original number of cells delivered). Values are the mean +/- 

SEM.  

When graft survival was expressed as a percentage of the estimated original inoculum, 

HCN/GFP cells demonstrated high levels of viability and retinal integration up to 8 weeks after 

transplantation (Figure 3.8, b). An average of 86.9% (+/-22.1) of the original number of transplanted 

non-treated HCN/GFPs were found within SCL neo retinae, and 73.3% (+/-24.55) within NL neo 

hosts. These figures were reduced in the somatostatin-treated group, which showed 33.9% (+/-9.7) 

graft survival in lesioned and 72.3% (+/-22.5) in non-lesioned hosts (Figure 3.8, a). Remarkably, the 

co-culture of HCN/GFP cells with E14 retinal explants prior to transplantation resulted in what must 

have been a proliferation of grafted cells within the eye, because there was an over four–fold 

(40,522 +/- 15,842 cells) and six–fold (55,953 +/- 31,438) increase in the number of GFP-positive 

cells (uniocular injection of 8842 co-cultured HCN/GFP cells/µl per host) transplanted into lesioned 

and non-lesioned hosts, respectively (Figure 3.8, b). These results mirror the large total number of 

GFP-positive cells found in SC+E14 and NL+E14 hosts (Figure 3.8, a).  

 

3.3.2.2  Retinal laminar location of grafted HCN/GFPs within neonatal hosts 

 A large number of GFP-positive cells were visualised in sections through host retinae from 

all experimental groups. Occasionally, there were only a few grafted cells within host retina itself; in 

these animals a large number of grafted cells were identified in the vitreous where they appeared 

healthy and were highly positive for GFP (Figures 3.9, h; 3.15, a). Of the total number of grafted 

cells residing in host retinae, a general pattern of donor cell integration within retinal laminae was 

evident which was consistent across almost all neonatal groups. Grafted cells integrated in the 

highest numbers within the host inner nuclear layer (INL), followed by the ganglion cell layer (GCL), 

inner plexiform layer (IPL), outer nuclear layer (ONL) then the outer plexiform layer (OPL), with the 

lowest number of cells located within the photoreceptor layer (PL).   

 

 After transplantation into neonates, engrafted cells displayed a wide range of morphological 

features within mature host retinae (figure 3.9, c-g). A proportion of engrafted cells extended 

processes in a site-specific fashion. For example, some GFP-positive HCN/GFP cells situated in 

the GCL, and in the inner and outer portion of the INL,  

 



 171

 

 

 

 

Figure 3.9  Visualisation of GFP-positive HCN/GFP cells within the eye at 8-10 weeks following 

transplantation into neonatal and adult hosts. (a,b) Confocal images showing grafted HCN/GFP 

cells residing in the GCL in a (a) ON+7d and (b) ON+14d adult host retina. Grafted cells often 

extended elaborate processes deep into host retinal layers (white arrows) and along the nerve fibre 

layer in GFP-immunopositive ‘bundles’ (black arrow). Note the large number of grafted cells 

overlying the host GCL. (c) Confocal image of grafted cells in the inner and outer nuclear layers 

(INL and ONL) of a SC-lesioned host. One cell had extended processes into the ONL and towards 

photoreceptors (arrow). (d) A grafted cell with its soma just outside the GCL in a non-lesioned 

neonatal host, extending a process through the retinal margin and into the IPL. (e) Confocal image 

of HCN/GFP cells residing in the IPL and INL of an SC-lesioned host. Many donor HCN/GFP cells 

extended processes within host retinal layers and along host plexiform layers. (f) Confocal image of 

a section through a host SC+E14 retina following TUJ1 immunofluorescence showing GFP-positive 

donor cells in the ONL which are extending processes into the photoreceptor layer and towards 

outer segments. In this host, donor-derived processes often followed the path of TUJ1 

immunopositive host neurites (arrow). (g) Confocal image displaying two GFP-positive donor cells 

in an SC+E14 host adjacent to PV28-immunopositive host horizontal and amacrine cells. Grafted 

cells were not positive for PV28. The somata of these donor cells were located in the inner margin 

of the INL and extended highly branched processes into the host IPL. (h) A large number of grafted 

cells residing in the vitreal compartment of the eye in a SCL+E14 host following TUJ1 

immunofluorescence and counterstained with Hoechst. These vitreal-residing cells were not 

immunopositive for TUJ1. Scale bars: (a-d,g) = 50µm, (e,f) =25µm, (h) = 150µm.   
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Figure 3.10 The average proportion of the total number of engrafted HCN/GFP cells located within 

each host retinal lamina in (a) colliculus-lesioned and (b) non-lesioned neonatal host retinae, in all 

experimental groups. A high proportion of grafted cells integrated with host inner nuclear and 

ganglion cell layers, but comparatively few were identified within outer plexiform and photoreceptor 

layers. Values are the mean +/- SEM. 
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extended elaborate processes into the IPL or OPL in a similar manner to host RGCs, amacrine or 

horizontal cells (Figure 3.9, c-g).  

  

 In the majority of hosts, grafted cells were identified throughout all retinal layers and 

showed preference for integration within the inner nuclear and ganglion cell layers. Of the grafted 

cells identified within the GCL, many had elaborated processes into the inner plexiform layer 

(Figure 3.9, e,g). A small number of donor cell somas were situated just above the GCL, often 

surrounded by other donor cells in the vitreous, and extended processes through the host GCL and 

into the IPL (Figure 3.9, d). Donor cells rarely integrated within the photoreceptor layer, although 

many with soma situated in the ONL extended processes into the outer nuclear layer and towards 

photoreceptors (Figure 3.9, f). In a small number  of animals (n=2 neonatal hosts), grafted cells 

were found in the optic nerve head, and a small proportion of these cells displayed processes which 

had extended into the host optic nerve tissue (see Figure 3.13, c,d). Interestingly, this occurred in 

one NL+E14 and one SC+E14 neonatal host, suggesting treatment of cells prior to transplantation 

by co-culture with E14 retinal explants had a positive effect on donor neurite outgrowth, even within 

an SC-lesioned neonate. In the best case, a grafted HCN/GFP cell in the optic nerve head of a 

NL+E14 host elongated a process ~100µm further into the host optic nerve (Figure 3.13, c.d). For 

accuracy, process length was measured only if the whole length of the structure could be seen. In 

some other sections of the optic nerve head in these retinae, additional neurites were observed 

which appeared longer than ~100µm, however the whole length of the process could not be traced 

and therefore the total length of these donor-derived processes could not accurately be measured 

(for example Figure 3.13, b,f).    

 

 The proportion of non-treated HCN/GFP cells localised within the host inner nuclear and 

ganglion cell layers was similar following transplantation into SC-lesioned neonates when 

compared with non-lesioned hosts (Figure 3.10, a,b). A mean of 23,883 cells (+/-6684, 50.60% of 

the total number of engrafted cells) were localised to the host INL and 7,704 cells (+/-1595, 29.05% 

of engrafted cells) within the GCL of SCL neo lesioned hosts, compared with 19,134 (+/-6829, 

35.64%) in the INL and 6,733 (+/-1735, 41.06%) in the GCL of NL neonates (Figure 3.9). This result 

was not statistically significant (PINL= 0.631 and PGCL= 0.686). Note however that the average 
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number of donor cells located within the GCL of SC-lesioned neonates was higher than the number 

of engrafted cells in the GCL in non-lesioned retinae. Note also that a larger proportion (50.6%) of 

surviving donor cells resided within the INL in neonatally lesioned hosts, 14.96 percent higher than 

in non-lesioned host retinas. Mean integration of HCN/GFP cells within the ONL of lesioned and 

non-lesioned hosts was similar, averaging 5.78% (3256 cells) and 5.23% (2272 cells) of viable 

donor cells, respectively. Very few GFP-positive cells were identified in the photoreceptor layer of 

HCN/GFP graft recipients, however the number of engrafted cells, as well as the proportion of the 

total number of residing cells in retinae, was slightly higher in the retinae of SC-lesioned neonates 

(459 cells or 0.74% higher than the NL neo group), although this was not statistically significant (P= 

0.228). 

  

 Retinal integration patterns of grafted somatostatin-treated cells differed from the patterns 

displayed by other recipient groups. Overall, the total number of grafted cells residing in SC-som 

and NL-som host retinae was far lower (Figure 3.8, a) compared with other neonatally-grafted 

groups. However, a very high proportion of somatostatin-treated cells were found within the GCL 

(Figure 3.10). In SC-lesioned animals, 50.87% of somatostatin-treated cells were localised to the 

GCL, 36.39% in the INL, 10.10% in the IPL and 1.56% of engrafted cells in the OPL. In non-

lesioned hosts, an even greater proportion of somatostatin-treated cells (60.93%) was located 

within the GCL, with 24.44% of engrafted cells in the INL, 7.32% in the OPL, and 6.91% in the IPL. 

In summary, pre-treatment of cells with somatostatin resulted in a significant increase (P= 0.024) in 

the integration of grafted cells within the ganglion cell layer of SC-som lesioned neonatal hosts, 

compared with the engraftment of non-treated cells within the GCL of lesioned neonates. Of the 

total number of engrafted cells in host retinae, the proportion of cells located within retinal laminae 

was over ten percent (11.95%) higher in the INL, and decreased by 5.75% in the OPL of lesioned 

hosts when compared with non-lesioned counterparts.  
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Figure 3.11 The percentage of the total number of HCN/GFP cells located in the retinal ganglion 

and inner nuclear layer of (a) colliculus-lesioned, and (b) non-lesioned neonatal host retinae. 

Values are the mean +/- SEM. 
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This suggests that although the average total number of somatostatin-treated cells located in 

lesioned host retinae was lower than in non-lesioned hosts, the proportion of engrafted cells within 

RGC-depleted retinae displayed more selective integration within lesion-affected neuronal layers of 

grafted retinae (GCL and INL). Cells grafted into non-lesioned hosts seemed to display less 

selective integration. These animals (both lesioned and non-lesioned) also showed the lowest 

integration, if any, of grafted cells within the PL (on average 0.11% and 0.38% in SC-som and NL-

som respectively).   

 

 In recipients of cells that had been co-cultured in vitro with E14 retinal explants, the 

greatest proportion of engrafted cells in these retinae were located within the INL. Almost equal 

proportions of engrafted cells were found within this lamina in both lesioned and non-lesioned hosts 

(46.01% and 47.03% respectively). There was slightly lower engraftment of co-cultured cells in the 

GCL of lesioned and non-lesioned hosts, and this experimental group represented the only grafted 

neonates which displayed a higher proportion of engrafted cells within the GCL of SC-lesioned 

recipients (increased 3.95%), although this result was not statistically significant (P= 0.987). Whilst 

the proportion of GFP-positive cells found in the ONL at 8 weeks following transplantation was 

similar in both HCN/GFP+E14 groups, a greater proportion of donor cells was localised to the OPL 

in non-lesioned hosts (mean of 4.06% in NL+E14 and 1.81% in SC+E14 retinae, P=0.413), which 

corresponds with observations of cellular integration seen in animals grafted with somatostatin-

treated cells (Figure 3.10). 

 

 Across all neonatal experimental groups, the highest average number of donor cells found 

within the GCL was seen in non-lesioned recipients of somatostatin-treated cell transplants (12,032 

+/-2,865), closely followed by engraftment levels seen in NL+E14 (11,672 +/- 6,533) and SC+E14 

(11,538 +/-4,959) hosts. The lowest number of GFP-positive cells, on average, was visualised in 

the GCL of SC-lesioned neonates following the transplantation of somatostatin-treated cells (5,048 

+/-1,380). The greatest average number of cells in the INL of grafted neonates was in the NL+E14 

group (31,862 +/-20,458), followed by SC neo hosts that possessed, on average, 23,883 (mean, +/-

6,684) cells within this layer.  
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Of all neonatal hosts, the greatest proportion of the total number of engrafted cells within 

retinae that were found in the GCL, was seen in hosts that had received somatostatin-treated cells. 

On average, 50.88% (+/-3.01) and 60.94% (+/-6.75) of all engrafted somatostatin-treated cells were 

located within this lamina in lesioned and non-lesioned neonates, respectively (Figure 3.11). The 

total number of cells found to integrate within these retinae was, however, greatly reduced in both 

of these groups when compared with all other experimental groups, resulting in this group 

displaying the fewest cells within this layer even though grafted cells showed favourable integration 

within this lamina. Surprisingly, of all neonatal hosts, the SC neo group displayed the lowest 

proportion of engrafted HCN/GFP cells within the GCL (29.05% +/-4.59), although this figure 

remains impressive when expressed in cell numbers, equating to an average of 7,707 (+/-1,595) 

grafted HCN/GFP cells residing within the GCL in these hosts.    

 

3.3.3  Survival and integration of grafted HCN/GFP cells in adult hosts 

3.3.3.1  Cell survival within adult hosts 

 Eight to ten weeks following transplantation, GFP-positive HCN/GFP cells were identified in 

33% (3/9) and 66% (6/9) of ON-transected hosts that were grafted 5 days (ON-5d) and 7 days (ON-

7d) after the axotomy, respectively. Cells were found in all (n=5) hosts that received HCN/GFP 

grafts 7 days after PN-ON transplantation (ON+PN-7d), and in 83% (5/6) of ON+PN-14d recipients. 

Cells were found in 60% (3/5) of non-lesioned adults. On average, the greatest total number of 

engrafted cells was found in adult retinae that had received HCN/GFP transplants 7d following ON 

transection, with or without PN grafts. In hosts with PN grafts at this time point, there was a mean 

total of 33,140 cells +/-16,636, whereas in 7d grafted ON-transected animals with no PN grafts, 

there was an average of 30,434 +/-14,082 cells per retina. A large number of transplanted cells was 

also identified within ON+PN hosts that received donor cells at 14d (23,971 +/-11,056) and in NL 

adult hosts (21,429 +/-6864). The lowest integration of grafted cells was observed in the retinae of 

ON-transected animals that received grafts 5 days after surgery (ON-5d, 12,034 +/-2374, Figure 

3.12, a). 

 

 All adult hosts received transplants containing approximately the same number of donor 

untreated cells, thus when cell engraftment was expressed as a proportion of the original inoculum,  



 179

 

a

0

10000

20000

30000

40000

50000

60000

ON-5d ON-7d ON+PN-7d ON+PN-14d NL adult

To
ta

l c
el

l n
um

be
r i

n 
re

tin
ae

 (m
ea

n)

 

 

b

0
10
20
30
40
50
60
70
80
90

100

ON-5d ON-7d ON+PN-7d ON+PN-14d NL adult

%
 o

rig
in

al
 in

oc
ul

um

 

 

 

 

Figure 3.12 (a) The mean total number of engrafted HCN/GFP cells in adult host retinae and (b) a 

comparison of cell graft survival (estimated total number of cells in host retinae) in adult host retinae 

expressed as a percentage of the original inoculum, shown for all experimental groups. Values are 

the mean +/- SEM. 
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a similar pattern was seen. The highest proportion of transplanted cells was found within ON+PN-

7d hosts (44.19% +/-22.18), followed by ON-7d (35.66% +/-14.55), ON+PN-14d (31.96% +/-14.74), 

and then NL adults (28.57 +/-9.15).  

 

In the least successful case (ON-5d hosts), only 8.02% (8.02 +/-1.58) of the original 

inoculum was found within host retinae (Figure 3.12, b). Thus, the period for optimal survival and 

integration of cells transplanted into RGC-depleted adult retinae appeared to lie approximately 7 

days following the initial ON insult. ON transection with subsequent transplantation of HCN/GFP 

cells at 7d increased graft survival 7% (9,004 cells) relative to NL adult levels. The addition of a PN 

graft following ON transection further increased, although not significantly (P= 0.748), the 

proportion of grafted cells that were located within ON-7d host retinae by a further 8.5% (2,706 

cells).  

  

 In summary, the proportion of cells engrafting within selectively RGC-depleted adult hosts 

was higher than that seen in NL adult hosts in all groups, except in the group which received grafts 

of HCN/GFP cells 5 days following optic nerve transection. This indicated that the transplantation of 

cells at this time point was less conducive for the optimal survival and integration of grafted adult 

neural precursor cells.  

 

3.3.3.2  Retinal laminar location of grafted HCN/GFPs within adult hosts 

 Following transplantation into adult hosts, the greatest proportion of integrated HCN/GFP 

cells was found in the INL (between 35-60% of engrafted cells across all groups), followed by the 

GCL (14-48%), IPL (7-19%), ONL (0-5%), then OPL (0-4%). The lowest proportion of GFP-positive 

cells was seen in the PL (0-2%). In some hosts, a large number of cells were seen within the vitreal 

compartment in close association with the retina (Figure 3.9, a,b). The number of grafted cells 

residing within this compartment was not quantified. A proportion of grafted cells were identified 

within the host GCL, some of which extended elaborate processes into the IPL (Figure 3.9, a,b). In 

most cases, grafted cells integrated widely within all retinal layers, with a large number located 

within the INL. Grafted cells assumed various morphologies and extended one or more processes 

into the various retinal layers (Figure 3.9).  



 181

 

  

 

 

 

 

 

 

Figure 3.13 Process extension of grafted HCN/GFP cells into host nerve tissue. (a) A 

photomicrograph of a section through a NL adult retina following TUJ1 immunofluorescence 

displaying the presence of donor cells in the optic nerve head, some of which had extended 

processes into host nerve tissue, and (b) a confocal image of the same section at higher power 

showing GFP-positive processes (arrows). (b-f) Confocal images of host retinae in the region of the 

optic nerve head. (c) A low magnification image showing grafted GFP-positive cells (asterisk) in the 

optic nerve head in a NL+E14 host and (d) a high power image of the same field showing that a 

number of processes from these donor cells had grown into host nerve tissue (arrows). (e) The 

extensive process elongation (arrows) observed from a HCN/GFP cell residing in the GCL of a NL-

neonatal host (asterisk), towards and into the host optic nerve head and (f) the same field at higher 

power displaying the large number of GFP processes (arrows) which had successfully extended 

towards and into the host ONH. Scale bars: (a) = 50µm, (b,d,f) = 40µm, (c,e) = 100µm. ON – optic 

nerve, ONH – optic nerve head. 
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 The greatest number of cells was found in the INL of animals that had received 

transplants of HCN/GFP cells 7 days following optic nerve transection (20,581 +/-11,831 

cells), and this was closely followed by the number of donor cells residing in this layer in hosts 

grafted 7 days following optic nerve transection which had also received peripheral nerve 

grafts (19,569 +/-11,773 cells). In all other groups, integration within the INL was lower than 

the levels seen in both groups of 7 day grafted animals, with 10,595 (+/-6,665) cells residing 

in this layer in ON+PN-14d animals, 7,810 (+/-2,979) cells in NL-adults and the least number 

of grafted cells (6,656 +/-2,195) visualised in the INL in ON-5d hosts. The number of donor 

cells located within the GCL was highest in ON+PN-14d retinae (a mean of 10,200 +/-3,767 

GFP-positive cells). Donor cell engraftment within the GCL was also very similar in ON+PN-

7d and NL adult hosts, with an average of 10,080 (+/-3,668) and 10,063 (+/-5,060) cells in this 

layer in these transplant groups, respectively. The number of cells identified in the GCL of 

ON-7d and ON-5d grafted hosts reduced these figures by approximately one third, with an 

average of 3,761 (+/-1,049) cells in ON-7d and 2,048 (+/-1,191) cells in ON-5d in this layer. 

Animals grafted 5d following optic nerve transection consistently displayed the least number 

of donor cells in the GCL.   

 

 When expressed as a proportion of the total number of engrafted cells in each 

retinae, cellular engraftment into the GCL and INL of adult hosts displayed an inverse 

relationship, in that the  higher the proportion of engrafted cells in the GCL of adult retinae, 

the lower the proportion of engrafted cells found in the INL of these hosts. (Figure 3.14, a). 

Thus, although the lowest fraction of the total number of engrafted cells was found in the GCL 

in ON-5d retinae (mean of 14.89%), this group showed the highest proportion of engrafted 

cells in the INL (60.89%). Alternately, the greatest portion of engrafted cells observed within 

the GCL was seen in NL adults (on average 48.42%), which corresponded with the lowest 

proportion of the total number of engrafted cells identified within the INL (35.34%) of these 

retinae.     

 

 In 7 day grafted animals, the addition of a peripheral nerve sutured to the cut end of the 

host optic nerve resulted in a statistically significant (P= 0.016) and almost three-fold increase in the 
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proportion of engrafted cells surviving in the GCL (an increase of 27.59% or 6,318 cells). There was 

a concomitant 14% decrease in the proportion of grafted cells localised in the INL of ON+PN host 

retinae (a reduction of 1,012 cells, P= 0.223), compared with animals grafted at 7 days following 

nerve transection only (Figure 3.14, b,c). The fraction of engrafted cells localised to the IPL in hosts 

grafted at 7 days was also significantly reduced in ON+PN-7d animals (P= 0.037), compared to rats 

with only ON transections. In one NL adult host, a small number of grafted cells were observed 

within the optic nerve head (Figure 3.13, a), some of which had extended processes into the host 

optic nerve (Figure 3.13, b). Measuring only the intact portions of donor-derived processes within 

host optic nerve tissue, processes were estimated to be at least 35µm in length. If the full course of 

donor processes was visible within sections, however, and based on the path of existing visible 

portions of processes, it was estimated that some processes measured ~120µm in length.    

 

3.3.4  In vivo characterisation of engrafted HCN/GFP cells 

 To assess the differentiation status of grafted cells, host retinae were immunoreacted for a 

range of neuronal and glial markers. These markers stained host cells effectively (Figure 3.15, 

a,c,e). Although HCN/GFP cells expressed a wide range of such antigens in vitro, surprisingly few 

cells were found to be immunopositive for these antigens following transplantation into neonatal or 

adult hosts. In a number of host retinae, grafted cells were identified in the vitreal/retinal border 

where they formed a cellular laminae closely adjacent to the host retina. In the majority of these 

cases, grafted cells within supra-retinal laminae were not positive for any of the markers tested. In 

two retinae (NL+E14 and ON+PN-7d hosts), however, cells located within the vitreous were 

observed to be immunopositive for GFAP and map5 at 8 to 10 weeks following transplantation 

(Figure 3.15, a,b). Cells residing in the vitreous were not immunopositive for any of the other 

antigens screened, however in one SC-lesioned neonatal host a TUJ1-immunopositive donor 

HCN/GFP cell was observed in close contact with the nerve fibre layer, extending a process 

through this layer and towards host ganglion cells (Figure 3.15, f,g).  

 

 Although there was a statistically significant increase in the proportion of grafted cells 

residing in the GCL in hosts which received somatostatin-treated cells, no cells were observed to 

be double-labelled with phenotypic markers within any of these host retinae. Due to the sporadic 
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nature of immunopositive HCN/GFP cells within host retinae, it was extremely difficult to estimate 

the number of cells expressing neuronal antigens within each eye displaying immunolabelled cells. 

In a small number of retinae (n=3), only a fraction of engrafted cells were observed to be 

immunopositive for neuronal markers TUJ1 and map5 within the host ganglion cell layer (Figure 

3.15, c-e). Double-labelled cells in host retinae were, however, rare and could not be predicted to 

be associated with any particular experimental group. As depicted in Figure 3.15, immunostained 

GFP-positive cells were observed, although rarely, within host retinae from SCL neo, SCL+E14, 

and NL adult experimental groups. After ten weeks, grafted HCN/GFP cells were integrated non-

disruptively within the host ganglion cell layer (Figure 3.15, c-e), even in a non-lesioned adult host 

(Figure 3.15, e) which presented a cytoarchitecturally mature and defined host ganglion cell layer. 

Indeed, in this particular host a donor cell was observed to reside within the GCL in close 

approximation to the point of exit of ganglion cell axons via the host optic nerve head (ONH), and 

appeared to extend a process through the IPL and into the ONH. Immunopositive HCN/GFP cells 

within the host ganglion cells layers were most commonly stained with Map5. TUJ1 

immunoreactivity of grafted cells was rarer. Occasional grafted cells were also immunopositive with 

Map5 in the INL and ONL of these hosts (Figure 3.15, d) Grafted cells within retinal laminae were 

never observed to be immunopositive for GFAP or any other markers tested including PV28, nestin, 

calbindin, Pan NF or map2ab.  

 
 
 
 
 
 

 

 

Figure 3.14 (a) The average proportion of the total number of engrafted HCN/GFP cells in adult 

host retinae found to reside within each retinal lamina; (b) a comparison of donor cell integration 

within retinal laminae in adult ON-transected hosts with or without a peripheral nerve graft, and (c) 

the average total number of engrafted cells found to reside within the ganglion cell and inner 

nuclear layers in adult hosts in all groups. Values are the mean +/- SEM. 
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Figure 3.15 Positive staining in grafted HCN/GFP cells following immunofluorescence. In some 

host eyes grafted cells residing in the vitreal compartment were found to be immunopositive for 

Map5 and GFAP. (a) HCN/GFP cells in the vitreous of an adult ON+PN-7d host immunostained for 

GFAP. (b) Two closely adjacent donor cells just above the GCL (arrow) co-expressing GFP and 

map5 in a neonatally-grafted NL+E14 host. (c) Confocal image of a section through a SC-lesioned 

neonatal host retina after 8 weeks displaying a grafted cell residing in the host ganglion cell layer 

which is immunopositive with Map5 (arrow) and (d) a confocal image of another section from the 

same SC-lesioned host retina showing a number of grafted cells (white arrows) adjacent to host 

ganglion cells (orange arrows) within the GCL and IPL, some of which were immunopositive 

following Map5 immunofluorescence (arrow). (e) A row of grafted HCN/GFP cells in the GCL of a 

non-lesioned adult host, one of which is immunopositive with TUJ1 and had extended a process 

towards the host optic nerve (arrow). (f) A donor HCN/GFP cell with its soma situated just outside 

the GCL in an SCL neo host, extending a process into the nerve fibre layer and towards host 

ganglion cells; (g) also found to be immunopositive with TUJ1. Scale bars: (a,b) = 50µm, (c) = 

40µm, (d) = 30µm, (e) = 100µm, (f.g) = 20µm.  
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3.4  Discussion 

 The work presented in this chapter describes the in vitro characteristics of cells from 

the adult rat hippocampal stem cell-like HCN/GFP clonal line, as well as the survival, 

integration and differentiation capacity of these cells when grafted into the eye in various rat 

models of selective retinal ganglion cell depletion. A large number of HCN/GFP cells 

remained viable at least ten weeks following intravitreal transplantation. Grafted HCN/GFP 

cells integrated widely throughout host retinal layers, the majority of cells extending processes 

within host retinal laminae and along the nerve fibre layer. A fraction of grafted cells within the 

host ganglion cell and inner nuclear layers also expressed neuronal markers Map5 and 

neuronal specific β-III tubulin. Importantly, in a few animals a proportion of cells were 

observed to have extended processes into the optic nerve head, in the best case for a 

distance of about 100µm. 

 

 In an extension of the experimental procedures described in Chapter 2, a proportion 

of neonatal rat hosts received HCN/GFP cells which were modified prior to transplantation, 

either by treatment with the neuropeptide somatostatin (SRIF), shown to promote neuronal 

differentiation during development (Bulloch, 1987; Kentroti & Vernadakis, 1991; Gonzalez et 

al., 1992; Taniwaki & Schwartz, 1995), or by co-culture with embryonic day 14 retinal 

explants, coinciding with the period of maximal ganglion cell genesis in the embryonic rat 

retina (Reese & Colello, 1992). To assess any effects of these treatments on the phenotype 

and neurogenic capacity of HCN/GFP cells, the expression of selected neural markers by 

HCN/GFP cells was determined in vitro under both treatment conditions.  

  

 Untreated HCN/GFP cells in vitro exhibited low levels of β-tubulin type III expression 

and high levels of nestin and GFAP, consistent with recent observations in cultured adult 

progenitors which indicates that these cells are proliferative and remain multipotent (Doetsch 

et al., 1999; Seri et al., 2001; Imura et al., 2003; Mellough et al., 2004). Quantification of GFP-

positive cells in culture revealed some downregulation of the GFP promoter in a small 

proportion of HCN/GFP cells; on average, 88% of the population fluoresced brightly with 

eGFP. It was hypothesised that the documented neurogenic properties of SRIF might direct 
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adult hippocampal cells towards a neuronal phenotype and thereby prime grafted SRIF-

HCN/GFP cells for ganglion cell replacement. In support of this hypothesis, in vitro SRIF 

treatment of HCN/GFP cells did indeed increase the expression of putative neuronal markers 

such as Map2ab, Map5 and TUJ1. Thus, after one week of SRIF treatment, the average 

proportion of cells expressing TUJ1 had increased to 13%, more than double that seen in 

control populations. By two weeks, levels of TUJ1 expression in treated populations had 

increased to 73.6%, and the percentage of treated cells immunopositive for Map5 and 

Map2ab had increased substantially to about 86% and 98% respectively. At this time, cultured 

cells were observed to adopt mature-like morphology, with cells exhibiting elaborate 

processes which displayed multiple fasciculations, possibly indicative of axoplasmic transport. 

Note, however, that by 2 weeks increased expression of putative neuronal markers was also 

observed in control cultures. Map2ab and Map5 levels were similar to treated populations, 

and TUJ1 immunostaining was seen in about half of the cell population, although this 

proportion was about 20% lower than in SRIF-treated groups. The demise of all SRIF-treated 

cells following passage at the two week time point was unexpected and possibly due to a 

large proportion of these cells moving towards final differentiation without adequate in vitro 

trophic support.  

 

 Analysis of sections through retinal explants after 7 days of co-culture revealed that 

seeded eGFP+ HCN/GFP cells had survived, integrated within and extended elaborate 

processes into explanted retinal tissue. However, although immunofluorescence with various 

markers routinely stained cells in host tissues effectively, co-cultured HCN/GFP cells within 

explanted retinae were not found to be immunopositive for any of the antigens tested, a 

surprising result considering that untreated HCN/GFP cells express a range of neuronal and 

glial markers in vitro including Map2ab, Map5, RT97 and GFAP. This apparent-

downregulation of phenotypic markers in HCN/GFP cells co-cultured with embryonic retina is 

an important observation that deserves further study. This is particularly because co-culturing 

these adult hippocampal precursors with astrocytes actually promotes neuronal 

differentiation, both morphologically and physiologically (Song et al., 2002).  
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 Cells from untreated, SRIF-treated or co-cultured HCN/GFP populations were 

transplanted into the neonatal and adult rat ganglion cell depletion models. Expression of 

eGFP by cells from the HCN/GFP clonal line allowed the identification of grafted cells in host 

retinae under fluorescence or following immunofluorescence with a GFP antibody. GFP 

fluorescence of grafted cells remained bright within host retinal sections, even after ten 

weeks, the latest time point studied. Grafted HCN/GFP cells were identified in all lesioned and 

non-lesioned neonatal hosts. HCN/GFP grafts survived well following transplantation with an 

average of about 87% of the original number of transplanted non-treated HCN/GFP cells 

found to engraft within SC-lesioned neonatal retinae, and about 73% within non-lesioned 

neonatal hosts. These data are consistent with reports that adult hippocampal progenitor cells 

exhibit non-immunogenic properties, presenting low levels of class I and no detectable class II 

MHC expression, and show no antigen-mediated activation arising from the expression of 

eGFP in vitro (Klassen et al., 2003b). The greatest average number of grafted cells in 

ganglion cell-depleted neonatal hosts was identified within retinae of SC-lesioned neonates 

that had received intravitreal injections of untreated HCN/GFP cells, closely followed by SC-

lesioned neonates that received grafts of co-cultured HCN/GFP cells.  

 

 In both neonatal and adult hosts, grafted cells seemed to show a preference for 

integration within the host inner nuclear and ganglion cell layers. This is consistent with 

results from the Nishida study (2000), which reported a similar pattern of adult hippocampal 

cell engraftment following transplantation into adult retinae affected by mechanical lesion 

(Nishida et al., 2000). HCN/GFP cells transplanted into the vitreous of dystrophic rats in a 

comparable study, however, showed preference for integration within the ONL (Young et al., 

2000). Consistently, in the present study, the lowest proportion of cells was visualised in host 

photoreceptor laminae. This might have been due to a lack of degeneration of this cellular 

subtype, subsequent to retinal ganglion cell loss. The preferential integration of grafted 

HCN/GFP cells within the ONL of dystrophic rats (Young et al., 2000) is likely to be due to the 

primary loss of photoreceptors in this retinal degeneration model (Matthes & LaVail, 1989; 

Villegas-Perez et al., 1998).  
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 The average total number of non-treated HCN/GFP cells localised within the host 

inner nuclear and ganglion cell layers was slightly, but not significantly, higher following 

transplantation into SC-lesioned neonates when compared with non-lesioned hosts. 

Treatment of cells either with somatostatin or by co-culture with explanted retinae did not 

result in increased integration of these cells within lesioned retinae. In fact, the average total 

number of engrafted cells was substantially reduced in these lesioned retinae when compared 

with their non-lesioned counterparts. It had been proposed that diffusible factors present 

within embryonic retinae explanted during the peak of RGC genesis might have some 

epigenetic impact on the fate of co-cultured HCN/GFP cells, by driving adult hippocampal cell 

fate towards a more RGC-like phenotype. Interestingly, however, the co-culture of HCN/GFP 

cells with E14 retinal explants in vitro resulted in substantial proliferation of grafted cells within 

host retinae subsequent to transplantation. The number of surviving donor cells within host 

retinae was as much as 6 times higher that the number of cells delivered in the original 

inoculum. In these eyes, more cells were seen in lesioned hosts compared to non-lesioned 

hosts, although this increase was not found to be significant. Furthermore, a small number of 

cells were found to be positive for Map5 in SC-lesioned retinae grafted with co-cultured 

HCN/GFP cells. In non-lesioned counterparts, positive cells were found in the vitreal 

compartment only. Co-culture of HCN/GFP cells with embryonic retinal explants thus 

appeared primarily to induce adult progenitor proliferation rather than differentiation. This is 

contrary to a study by Kaneko and others (2003) in which conditioned medium from 

embryonic rat retina was reported to induce neuronal and glial differentiation of adult 

hippocampal stem cells, with some up-regulation of retinal cell-type specific markers. In the 

present study, the proliferative effect of embryonic retinal explants on co-cultured HCN/GFP 

cells might have been a consequence of the addition of supplementary factors (T3 and insulin) 

to the N2/FGF media in order to optimally support the explanted retinae, or be due to the up-

regulation of various endogenous trophic factors following embryonic retinal injury resulting 

from the initial explantation. 

  

 Somatostatin-treated HCN/GFP cells consistently displayed the lowest overall 

engraftment into the retina following transplantation into neonatal hosts. This may have been 
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due to a large proportion of treated cells undergoing terminal differentiation before or 

immediately after transplantation. Without integration into retinal laminae or the receipt of 

sufficient survival signals from host tissues, cells grafted during the final differentiation stages 

might have been particularly vulnerable, hence, the small number of total surviving HCN/GFP 

cells in these retinae. Importantly, however, despite these observations, pre-treatment of cells 

with somatostatin actually resulted in a significant increase in the proportion of surviving cells 

that integrated within the ganglion cell layer of both lesioned and non-lesioned neonatal hosts.  

 

 In contrast to the in vitro data, in host retinae none of the somatostatin-treated cells 

were obviously immunoreactive for any of the neuronal or glial antigens tested within these 

host retinae. It is possible that the relatively large number of SRIF-treated HCN/GFP cells 

found in the host GCL is representative of a subset of cells slowly maturing towards a 

neuronal phenotype that were not sampled at a time of detectable neuronal phenotypic 

expression. There is also a possibility that grafted cells had differentiated into a phenotype 

that was not readily detectable using the antigens screened herein. The ‘priming’ of HCN/GFP 

cells in vitro towards a neuronal phenotype may indeed have prepared grafted cells to adopt 

an RGC phenotype and facilitated their incorporation into the GCL, but the complex interplay 

of RGC induction signals may not necessarily have been expressed, perhaps even inducing 

the de-differentiation of grafted cells towards a more multipotent state.   

 

 The known time-course of RGC death in adult hosts after ON-transection was used to 

determine at which transplantation time point optimal integration and/or neuronal 

differentiation of grafted cells within the host ganglion cell layer could be achieved. Donor 

cells were thus grafted at 5, 7 or 14 days following optic nerve transection. In addition, an 

autologous PN graft was sutured onto the cut end of the optic nerve immediately following 

transection in an additional cohort of adult hosts which then received HCN/GFP transplants 7 

or 14 days later (Aguayo et al., 1987; Bray et al., 1987; Cui et al., 2003). Of all adult hosts, the 

greatest proportion of grafted cells was found in adults that had received a unilateral optic 

nerve cut 7 days prior to transplantation, and this effect was enhanced by the addition of a PN 

graft in these animals, which significantly increased graft integration levels by a further 8.5%.  
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 Compared to other groups, in both 7 day transplantation groups (with and without PN 

grafts) the largest number of HCN/GFP cells was found in the INL. In addition, both in terms 

of absolute cell numbers and the proportion of cells in a given host retinal layer, compared to 

rats that received intravitreal grafts at 5 or 7 days in the absence of PN grafts, increased 

integration within the host GCL was observed in PN groups grafted 7 and 14 days after optic 

nerve transection. This appears to suggest that although a larger total number of cells were 

found to integrate at 7 days following ON lesion, for targeted RGC replacement, 

transplantation can be delayed to a later time point, up to at least 14 days following insult. 

This might also provide a larger treatment window for prospective clinical applications. 

Animals grafted 5 days following optic nerve transection consistently displayed the lowest 

number of donor cells within the GCL when compared with all other adult hosts.  

 

 In three hosts, grafted cells were found in the optic nerve head, and a small 

proportion of these cells displayed processes which extended into host optic nerve tissue 

(Figure 3.13, c,d). In neonates, this was observed in one NL+E14 and one SC+E14 neonatal 

host, suggesting treatment of cells prior to transplantation by co-culture with E14 retinal 

explants had a positive effect on donor neurite outgrowth in neonates, even within an SC-

lesioned neonate, encouraging growth into an optic nerve affected by colliculus ablation. In 

the best case, a donor cell residing within the optic nerve head of a NL+E14 host elongated a 

process which extended approximately 100µm into the host optic nerve. It is unknown what 

type(s) of cues influenced this extension of graft-derived processes into the host optic nerve, 

but it is known that injury to the adult retina alters the expression of various molecules and 

their receptors including semaphorins, netrins, slits and ephrins (for review see Keoberle & 

Bahr, 2004). These data are encouraging, given that process extension into host circuitry is 

essential for the reformation of central visual connections. Grafted HCN/GFP cells are also 

shown to extend processes into the optic nerve in dystrophic rats (Young et al., 2000); 

however, this result was not reported following transplantation into injured adult rat retina 

(Nishida et al., 2000). It is important to note that no GFP-positive axons were seen in any of 

the PN transplants – even though it had been expected that such grafts might promote and 
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support the axonal growth of transplanted precursor cells (Aguayo et al., 1987; Bray et al., 

1987; Cui et al., 2003).  

 

 The data described in this chapter demonstrate that large numbers of transplanted 

HCN/GFP cells can survive and stably integrate for at least ten weeks within various rodent 

models of retinal ganglion cell depletion. In this study, the impact of the treatment of cells in 

culture prior to transplantation, as well as the timing of transplantation and the presence of 

peripheral nerve in close apposition to the eye, on graft survival and retinal laminar integration 

following transplantation is assessed. Across all transplantation groups only a few grafted 

cells in a small number of retinae were double-labelled with GFP and map5 or β–III tubulin. 

Despite the extremely low incidence of neuronal antigen expression by grafted cells in host 

retinae, some were immunopositive following their integration within the host ganglion cell 

layer, often in close apposition to host ganglion cells. This is an encouraging result 

considering the documented inhibitory effect of endogenous ganglion cells on neuronal 

differentiation within this layer (Waid & McLoon, 1998). Consistent with other studies 

describing the differentiation capacity of adult hippocampal cells, HCN/GFPs transplanted into 

postnatal and adult retinae failed to express any retinal specific markers (Takahashi et al., 

1998; Nishida et al., 2000; Young et al., 2000).  

 

 The lack of GFAP expression in engrafted cells is of interest. There is evidence of 

proliferation-associated expression of this well characterised glial antigen in adult-derived 

progenitor populations (Doetsch et al., 1999; Seri et al., 2001; Imura et al., 2003; Mellough et 

al., 2004), and the present data may indicate the withdrawal of grafted cells from the 

proliferative cell cycle. The absence of all other markers in the majority of grafted cells within 

retinae in vivo was unexpected, although generally consistent with data described in Chapter 

2 using a murine precursor cell line. It remains a possibility that cells could downregulate GFP 

expression upon final differentiation, and that only a small subset of grafted cells expressing 

mature putative neuronal markers continue to express GFP. This might explain the large 

number of grafted HCN/GFP cells residing in the vitreous that were GFAP-positive. In future 
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studies, this could be tested by pulsing cells with BrdU prior to transplantation or by using viral 

vectors to supply additional, stable, marker genes to the HCN/GFP cell line.  

 

 In summary, the observed differences in survival, retinal laminar integration, and 

capability of grafted cells to extend processes, as well as the limited expression of neuronal 

phenotype by donor cells in host retinae, provide useful information that may guide the 

development of optimal transplantation protocols aimed at replacing RGCs in retinal 

degeneration models, and perhaps – ultimately – in human retinal degenerative diseases 

such as glaucoma.   
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Chapter 4 

Cells Derived from GtROSA26 Mice 
 

 

4.1  Introduction 

 A number of transgenic animals are now available which express specific markers 

that can be used for the identification of a range of desired genes, or to discriminate donor-

host origin following transplantation into negative hosts (Friedrich & Sorriano, 1991; Okabe et 

al., 1997; Yamaguchi et al., 2000; Barth et al., 2004). ROSA 26 mice are transgenic for the 

bacterial lacZ gene, and have been shown to constitutively express β–galactosidase protein 

(β-gal) during embryonic development, the majority of tissues remaining positive throughout 

adulthood (Friedrich & Soriano, 1991). Like cells from the C17.2 clonal line, cells from ROSA 

26 tissues are identifiable following reaction with an anti-β-gal antibody or following Xgal 

histochemistry. ROSA 26 cells, however, exhibit β–gal immunopositivity which is localised to 

the perinuclear area. In adult ROSA 26 mice, the majority of cells display a dense, punctate 

spot which fills this region, with others presenting a more diffuse perinuclear stain which 

contain one or more sharp points of β–gal immunoreactivity. Cells derived from ROSA 26 

transgenic strains have been successfully transplanted into, and identified within, a range of 

transplantation models, but until recently have most commonly been utilised for chimera 

studies and bone marrow transplantation (Friedrich & Sorriano, 1991; Kennedy & Abkowitz, 

1997, 1998; Lin et al., 2003). In one particularly pertinent study, neural stem cells isolated 

from the forebrain of adult ROSA 26 mice were found to produce a variety of blood cells types 

following their systemic transplantation into sub lethally irradiated mice (Bjornson et al., 1999). 

 

 In this chapter, two different sources of donor tissue were derived from a specific 

strain of ROSA 26 transgenic mice (symbol; Gt(ROSA)26Sor), and these were subsequently 

transplanted into the vitreous of a number of lesioned and non-lesioned neonatal and adult 

murine hosts. For the purpose of this study, this strain will be referred to as ‘GtROSA26’. The 
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first source of transplantable GtROSA26 donor cells were derived from adult neurospheres, 

isolated from the ciliary pigmented margin of adult GtROSA26 retinae. The second type of 

GtROSA26 donor tissue was derived by dissociating embryonic day 15 retinal explants from 

time-mated GtROSA26 mice. Both cell types presented an allogenic source of transplantation 

tissue for the work described in this chapter. 

 

 Tropepe and others (2000) recently reported their findings that a population of neural 

stem cells exists in the adult mouse eye. These authors observed the presence of stem cells 

following the dissociation and culture of the retinal pigment epithelium, which, after two days 

in culture, gave rise to a number of free-floating spherical aggregates, or neurospheres 

(Tropepe et al., 2000; Reynolds & Weiss, 1992). Following further investigation, it was 

discovered that the origin of these proliferative cells could be localised specifically to the 

pigmented ciliary margin (PCM) – a region containing pigmented cells which overly the 

smooth ciliary muscle of the inner eye. Cells within adult-derived neurospheres expressed 

proliferative and progenitor markers CHX10 and nestin. When cultured under conditions 

known to promote retinal differentiation, the authors observed that a proportion of cells 

migrated away from sphere colonies, and began to express Map2 and GFAP (Tropepe et al., 

2000). Cells located on the periphery of neurospheres under these conditions were found to 

express a number of mature retinal markers including rhodopsin, peripherin, and protein 

kinase C (Tropepe et al., 2000), whilst the interior of spheres remained nestin and CHX10 

positive. This work, which reported the presence of an obtainable source of adult retinal stem 

cells, provided an opportunity to assess the effects of transplanting a population of adult-

derived, multipotent and allogenic neural retinal stem cells into selective ganglion cell 

depletion models.   

 

 Further to this, a number of animals received transplants of dissociated GtROSA26 

embryonic retinal tissue. GtROSA26 retinal dissociations not only provided a second source 

of allogenic tissue relevant to this study, but were sampled at E15, coinciding with the period 

of maximal ganglion cell genesis in the mouse (Young, 1985; Rachel et al., 2002). Embryonic 

retinal tissue from this time point presents a source of ganglion cell precursors that are in the 
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early stages of committing towards a ganglion phenotype, as well as earlier born retinal cells 

that are already maturing towards the ganglion cell fate. Furthermore, if the 

microenvironmental signals surrounding apoptotic retinal ganglion cell degeneration do 

indeed recapitulate signals necessary for neuronal differentiation (Snyder et al., 1997; Shin et 

al., 2000; Fricker-Gates et al., 2002), then the delivery of retinal cells from this developmental 

time point into a ganglion-selective apoptotic environment, presents an ideal model in which 

to test this theory. It was proposed that the transplantation of embryonic retinal cells from this 

stage of development, many of which are primed towards the ganglion cell phenotype - within 

a degenerative retinal environment featuring ganglion cell apoptosis, might encourage 

appropriate neuronal integration of a proportion of donor cells within the host ganglion cell 

layer. 

 

 In summary, adult retinal neurospheres and dissociated embryonic retinal tissue were 

utilised as allogenic sources of transplantation tissue for the work described in this chapter. 

This allowed for important comparisons to be made alongside other donor cells utilised within 

this study, in order to assess whether the low levels of neuronal differentiation by C17.2 and 

HCN/GFP cells following retinal transplantation was due to the heterogeneity of these cells to 

host retinal tissue. In addition, the neurogenic capacity of the microenvironmental signals 

surrounding apoptotic depletion of host ganglion cells was tested, by delivering a population 

of ganglion progenitor cells and early ganglion cells from embryonic tissue into this proposed 

neuronal-instructive environment. This allowed for observations to be made regarding 

allogenic cell graft integration within host retinal tissue selectively depleted of ganglion cells, 

and whether grafted retinal cells would be instructed to progress along a neurogenic lineage 

under these conditions.  
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4.2  Methods 

4.2.1  Experimental animals 

 Embryonic day 15 and adult GtROSA26 transgenic mice (Full strain name: B6;129S-

Gt(ROSA)26Sor/J, Stock number: 002073, Jackson Laboratory, http://jaxmice.jax.org) were 

utilised to generate donor transplantation tissues. A colony of black GtROSA26 transgenic 

mice were bred and maintained at the Animal Resources Centre, (ARC, Murdoch University, 

Perth, WA). As this strain of GtROSA26 mice are bred on a background of C57Bl/6J mice, P5 

C57Bl/6J neonates and adult C57Bl/6J mice were used as hosts for the intravitreal 

transplantation of cells derived from GtROSA26 transgenics. Extensive RGC death was 

induced in C57Bl/6J neonates by removal of the contralateral SC on P4 (described in 

methods section 2.2.2; n = 20), and in adult C57Bl/6J mice by unilateral ON transection 

(described in section 2.2.3; n = 4). Non-lesioned neonatal (n = 10) and adult C57Bl/6J hosts 

(n = 4) acted as control recipients of GtROSA26 transplants. Hosts were maintained for a 

period of 4 weeks following intravitreal cellular transplantation  

 

4.2.2  GtROSA26 donor tissues 

4.2.2.1  Generation of adult GtROSA26 neurospheres 

 Neurospheres were harvested from the pigmented ciliary margin of adult Gt[ROSA]26 

mice retinae in accordance with procedures utilised by Tropepe and others (2000). Prior to 

dissection, two artificial cerebrospinal fluid-like medias (aCSF) were prepared. The first aCSF 

media consisted of 124mM NaCl + 5mM KCl + 1.3mM MgCl2 + 2mM CaCl2 + 26mM NaHCO3 

+ 10mM glucose in sterile H2O (pH 7.35). The second media was a modified aCSF [high 

MG2+ low Ca], consisting of the same components but altering the MgCl2 concentration to 

3.2mM and the CaCl2 to 0.1mM (pH 7.35). 

  

 Adult GtROSA26 mice were overdosed with Nembutal (pentobarbitone sodium 

60mg/ml) and eyes harvested in aCSF. Using a dissection microscope, with fine 

microscissors a ring was dissected from the eye which contained the pigmented ciliary margin 

(PCM). This was treated with dispase (1.25 units/ml) for 10 minutes at 37°C to facilitate the 

removal of the PCM from underlying tissues. The PCM was bluntly dissected away from the 
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underlying smooth ciliary muscle and treated in a trypsin solution (modified aCSF containing 

1.33mg/ml trypsin + 0.67mg/ml hyaluronidase + 0.2mg/ml kynurenic acid) for a further 10 

minutes, before being centrifuged for 5 minutes at 150g. The supernatant was removed and 

replaced with fresh DMEM/F12 (1:1), the tissue was gently triturated, then centrifuged once 

more for a further 5 minutes at 150g. More DMEM/F12 was added (1.5ml), and this was 

triturated until a single cell suspension was achieved (no more than ten passes). This cell 

suspension was centrifuged for 5 minutes at 150g, the supernatant exchanged with serum-

free culture media, and cells maintained in uncoated tissue culture flasks at 37°C. Cultures 

were maintained in a media consisting of DMEM/F12 (1:1) + 2mM L-glutamine (CSL) + 

penicillin/streptomycin/fungizone (ICN, 100X stock, 1ml/100ml media).     

 

4.2.2.2  Dissociation-reaggregation procedure to yield embryonic retinal suspensions 

 Timed-pregnant adult female GtROSA26 dames were anaesthetised with Halothane 

(induction 5%, maintenance 2% in 3:1 N2O/O2 mixture) for the duration of surgery. Embryos 

were bluntly dissected free from the amniotic sac and placenta then collected in ice cold 

Ham’s F-10 media (Gibco). Dames were then culled by a lethal intracardial injection of 

Nembutal. Under a dissection microscope, eyeballs were bluntly dissected away from each 

foetus. Retinae were carefully removed from each eye by making a small incision on the 

future aura serrata to allow a point of entry for fine microscissors, and cutting around its 

circumference to facilitate the removal of the anterior chamber. The posterior of the eyecup 

was peeled away from the neural retina, and any remaining non-retinal tissues dissected free. 

Retinal tissue was collected with a flame polished Pasteur pipette and transferred to a sterile 

10ml Falcon tube containing 5ml Hanks balanced salt solution (Ca2+/Mg2+ - free, Gibco) for 10 

minutes at 37°C. After this period retinal tissues had settled as a loose ‘pellet’ and the Hanks 

‘supernatant’ was carefully replaced with 5ml Hanks solution containing 0.05% crystalline 

bovine pancreatic trypsin (Type III, 10,100 units/mg; Sigma #T8253) for 25-30 minutes at 

37°C. Following this, 3ml of cold Hanks was added and the Falcon centrifuged at 1500rpm for 

5 minutes. The supernatant was removed, another 5mls of cold Hanks solution was added, 

and this was centrifuged for a further 5 minutes at 1500rpm. The supernatant was replaced 

with 1ml cold Ham’s F-10 and the retinal tissue was mechanically triturated 20-25 times 
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through a sterile flame polished Pasteur pipette. Tissue was then triturated through sterile 

hypodermic needles of diminishing diameter: 4 x with 18 gauge, 3 x with 19 gauge, 2 x with 

19 gauge then 1 or 2 times through 25 gauge. The total number of dissociated retinal cells 

was estimated using a haemocytometer. On average, each E14 foetus (two retinal explants) 

generated 13,750 dissociated retinal cells for transplantation. Cells were centrifuged once 

more, resuspended in the final transplantation volume, and then transferred onto ice until use.

  

4.2.2.3  Preparation of neurospheres for transplantation 

 Following the culture of ciliary pigmented cells from two male GtROSA26 adult males, 

neurospheres were identified after 5 days. Eight days after plating, these neurosphere 

cultures had yielded 30,000 cells following enzymatic dissociation. To prepare PCM cultures 

for transplantation, cultures and culture media were collected into a sterile falcon, centrifuged 

at 150g for 3 minutes, and resuspended in 1ml of Hanks. Neurospheres were dissociated by 

gentle mechanical trituration using a flame-polished Pasteur pipette. A sample of this 

suspension was used to count cells in a haemocytometer. Cells were pelleted once more, 

resuspended in the final required concentration in Hanks, and maintained on ice until use.   

 

4.2.3  Transplantation of GtROSA26 cells 

4.2.3.1  Neurospheres 

 Dissociated adult PCM neurospheres were transplanted intravitreally in accordance 

with methods previously described (section 2.2.5.1). On postnatal day 5, either 24 hours 

following colliculus ablation or in non-lesioned hosts, a total of 7500 cells in 1µl was injected 

unilaterally into the vitreous of lesioned (n = 5) and non-lesioned (n = 3) neonatal host eyes. 

Animals were allowed to recover fully and then maintained for a period of four weeks.  

 

4.2.3.2  Embryonic retinal suspensions 

 On the same day as embryonic retinal explants were collected, suspensions of 

dissociated-reaggregated embryonic retinal cells were injected intravitreally into a number of 

neonatal and adult hosts. Between 3,000-100,000 cells/µl were injected into neonatal hosts (n 

= 15 lesioned, n = 7 non-lesioned) and 100,000 cels /µl in adults (n = 4 adults following ON 
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transection, n = 4 non-lesioned). Animals were allowed to recover fully and then maintained 

for a period of four weeks. 

 

4.2.4  In vitro immunostaining of GtROSA26 cells 

 In order to ensure β-gal staining in donor embryonic tissue, a sample of dissociated-

reaggregated E15 retinal tissue was seeded into a 4-well chamber slide (Falcon) following 

preparation for transplantation. Cultures were maintained overnight in a media consisting of 

DMEM/F12 (1:1) + 2mM L-glutamine (CSL) + penicillin/streptomycin/fungizone (ICN, 100X 

stock, 1ml/100ml media). The following day cells were washed twice in PBS, fixed in 4% 

paraformaldehyde for 10 minutes, washed two times more with PBS, then reacted with two 

different antibodies against β-gal; with a rabbit anti-β-galactosidase antibody (1:100, Cappel), 

and a mouse anti- β-galactosidase antibody (1:100, Abcam) as per section 2.2.7.  

 

4.2.5  Preparation and immunostaining of retinal sections 

 After 4 weeks animals were sacrificed and intracardially perfused with 4% 

paraformaldehyde (as per section 2.2.6). Retinal tissue was dissected and prepared for 

sectioning in accordance with the procedures described in detail in section 2.2.6. Sections 

were reacted with Xgal histochemistry (as per section 2.2.8) or by immunofluorescence using 

a β-gal antibody and screening for a range of other markers (as per section 2.2.9). 
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4.3  Results 

4.3.1  GtROSA26 donor tissues in vitro 

 A small number of neurospheres derived from the adult GtROSA26 pigmented ciliary 

margin cells could be observed after 5 days in culture (Figure 4.1, a). A number of attempts (n 

= 4) were made to yield neurospheres cultures, however only one adult PCM culture 

generated sufficient neurospheres in order to obtain the number of cells needed to continue 

with intravitreal transplantation. This is in line with observations that only a very small 

proportion (~0.2%) of PCM cells in the adult eye will form neurospheres in culture (Tropepe et 

al., 2000). Figure 4.1 (a) displays an example of the appearance of adult PCM neurospheres 

after 7 days in culture. These consisted of darkly pigmented cells which proliferated into 

spherical aggregations of cells. Neurospheres did not appear uniform in size, some spheres 

appeared to proliferate more quickly than others in culture. Neurosphere cultures displayed a 

significant quantity of debris, consistent with observations made by Tropepe et al., (2000). 

This is most likely due to the degradation of pigmented cells, or the presence of tissues other 

than the PCM remaining from primary PCM derivation.  

 

 Following immunofluorescent reaction with dissociated embryonic retinal cells in vitro, 

a large number of cells were observed to be immunopositive for β-gal (Figure 4.1, b,c). In the 

majority of explanted cells, β-gal immunostaining filled the perinuclear area brightly (Figure 

4.1, b,c, asterisks), and some of these cells displayed punctate β-gal ‘specks’ inside this 

already-immunopositive region. In other retinal cells, the perinuclear area displayed generally 

low, and almost non-detectable reaction product, except for the presence of one or more 

densely bright punctate ‘specks’ (Figure 4.1, b,c, blue arrows). The majority of these cells 

displayed only one sharp focus of β-gal reactivity, but a smaller proportion of the population 

were observed to contain two or three such ‘specks’. A proportion of cells were not 

immunopositive following β-gal immunofluorescence (Figure 4.1, b,c, white arrows). 
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Figure 4.1 (a) Phase photomicrograph of adult-derived neurospheres after 7 days in vitro. 

Adult derived neurospheres consisted of darkly pigmented cell aggregates of different sizes in 

suspension. The frequency of neurospheres in adult-derived cultures was low, and cultures 

exhibited scattered debris in the media and on the surface of the plate. (b, c) Embryonic 

retinal cells following dissociation in vitro, following immunofluorescent reaction with (b) 

mouse anti-β-gal and (c) rabbit anti-β-gal antibodies. β-gal immunostaining filled the 

perinuclear space brightly in some cells (asterisk) and paler in others. GtROSA26 cells also 

featured one or more densely-positive ‘specks’ of β-gal within the perinuclear area (blue 

arrows). A proportion of cells were not found to be immunopositive (white arrows). Scale bars: 

(a) = 150µm, (b,c) = 40µm.  
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4.3.2  Survival and integration of grafted cells 

 On first observation of sections through retinae transplanted during the first two 

batches of surgery (n = 8 neurosphere-grafted neonates; 4 E15 retinal-grafted neonates), it 

appeared that a large number of donor GtROSA26 cells had integrated within host retinae in 

a highly specific manner. Sections from host retinae following immunofluorescence for β-gal 

and β-III-tubulin (TUJ1) revealed a large number of β-gal-immunopositive cells in the host 

ganglion cell layer stained with this neuronal specific antigen. In addition to this, donor cells 

appeared to have developed to a large extent towards ganglion cell morphology, with large 

cell bodies located in the ganglion cell layer and extending elaborate TUJ1-immunopositive 

processes into the inner plexiform layer and along the nerve fibre layer (Figure 4.2, a,b,d, 

arrows). In a few cases, β-gal-positive cells displayed morphology that was highly similar to 

host amacrine cells. The soma of these cells were situated in the inner region of the host 

inner nuclear layer and had processes which extended into the IPL (Figure 4.2, c, arrow). In 

some retinae, β-gal-immunopositive cells were seen in the vitreal compartment, however 

these cells were not immunopositive for any of the antigens screened. 

  

 Upon looking at control retinal sections, however, it became apparent that non-

transplanted eyes also displayed this pattern of fluorescent staining (Figure 4.2, e). Control 

slides were run in conjunction with every batch of immunofluorescence and included both 

positive and negative tissues. Cryostat sections of GtROSA26 retinae and brain provided 

positive controls for Xgal histochemistry and β–gal immunofluorescence. Negative controls 

included retinal sections from non-transplanted host eyes which were reacted either without 

the addition of primary antibody normally present in the primary incubation step, or in the 

same manner as transplanted retinal sections with the consecutive application of primary 

antibody then secondary conjugate. As shown in Figure 4.2, e, cells in the ganglion and inner 

nuclear layers of non-grafted control retinae appeared immunopositive for β-gal following 

immunofluorescent reaction. This resulted in the testing of retinal sections from each non-  
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Figure 4.2 (a-d) The identification of β-gal immunopositive cells in host retinae 4 weeks 

following the intravitreal transplantation of embryonic retina and adult neurospheres. (a,b,d) A 

large number of cells showing β-gal staining were found within the host ganglion cell layer  

and (c) inner nuclear layer. These cells displayed elaborate processes within appropriate 

retinal layers and were morphologically similar to ganglion and amacrine cells (arrows), 

respectively.  (e) Section through a C57Bl/6J control (non-transplanted) retina following β-gal 

immunofluorescence, showing that a large number of cells in the host ganglion cell layer  

were immunofluorescently labelled (arrows), and (f) a section through a host C57Bl/6J brain 

revealing the same result. (g, h) β-gal-immunopositive cells in (g) the ganglion cell layer of a 

GtROSA26 mouse retina and (h) brain. Scale bars = 40µm. 
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transplanted eye, which revealed that indeed host cells in the ganglion and inner nuclear 

layers appeared β-gal-immunopositive in all control eyes. Ganglion cells were especially 

bright following β-gal-immunofluorescence, displaying clearly visible and bright spots in the 

perinuclear area (Figure 4.2, e, arrows). A large number of cells in the host inner nuclear layer 

(INL) were also inmmunostained following reaction with the β-gal antibody, however the 

pattern of staining in these cells was much finer, with only very small specks of positivity 

visible (Figure 4.2, e, INL). To confirm that this staining was not confined to host retinae, 

sections of host brain were reacted for β-gal which resulted in the appearance of 

immunopositive ‘spots’ within brain tissue also. This was not a result of non-specific binding of 

the secondary antibody, as sections which were reacted without the addition of β-gal primary 

antibodies did not display these points of immunoreactivity. 

 

 In light of these data, it was considered that the host animals which had been 

received for surgery may have been GtROSA26 transgenic mice, which might explain β-gal 

immunopositivity of control, non-transplanted tissues in these animals. This, however, was 

never confirmed by the Animal Resources Centre. When β-gal immunostaining patterns of 

control host tissues was compared with sections from the retina and brain of GtROSA26 

transgenic mice, some obvious similarities and differences emerged. As can be seen in 

Figure 4.2, both sources of retinal tissue displayed most visible β-gal positivity within cells in 

the ganglion cell layer, with much lower levels of staining seen on deeper retinal layers 

(Figure 4.2, e,g). In GtROSA26 retinae, however, the point of β-gal immunoreactivity within 

ganglion cells appeared much smaller compared with host C57Bl/6J retinae (Figure 4.2, g, 

arrows). Furthermore, when sections of brain tissue were reacted for β-gal, the 

immunofluorescent ‘spots’ observed in host C57Bl/6J neural tissue were larger and more 

dispersed than those visible in the GtROSA26 brain (Figure 4.2, f, arrows), and lacked the 

population of cells which displayed small specks of β-gal immunoreactivity. GtROSA26 brain 

tissue possessed a variety of immunopositive cells which differed in appearance similar to 

that seen in dissociated retinal cells (Figure 4.1, b,c), ranging from very small specks to a 

much larger, and brighter stain within the perinuclear area (Figure 4.2, h, arrow).  
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 At this point, another C57Bl/6J mouse was sent from the Animal Resources Centre 

for β-gal screening. Retinae were also sampled from a Balb/c mouse and an F344 rat in order 

to determine whether immunofluorescent staining patterns detected in host C57Bl/6J tissue 

was the result of an innate problem with the primary antibody, or due to unreported β-gal 

activity within C57Bl/6J mice. It appeared unlikely, however, that this would be the case, 

considering that this pattern of staining was not observed in the ganglion cell layer within any 

of the Balb/c retinae analysed in chapter 2, in which the β-gal antibody was utilised for the 

detection of grafted C17.2 cells. Nonetheless, Balb/c, F344 and C57Bl/6J retinae were 

sectioned in the same manner as the previous batch of host animals then immunoreacted for 

β-gal. Following immunofluorescent reaction, no β-gal positivity was observed within these 

retinae. However, control retinal sections through non-transplanted eyes previously obtained 

transplanted C57Bl/6J hosts which were screened alongside Balb/c, F344 and the new 

C57Bl/6J retinal tissue, were again found to be immunopositive following reaction with β-gal. 

This confirmed that of all non-GtROSA26 tissues tested, only the first two groups of C57Bl/6J 

animals received for surgery were observed to be immunopositive following β-gal 

immunofluorescence. Interestingly, when sections from this ‘immunopositive’ control eye and 

from transplanted retinae were reacted using Xgal histochemistry, no dense blue precipitate 

was seen to form in any part of these retinae, although Xgal-positive cells were seen 

throughout the ganglion and inner nuclear layers of GtROSA26 retinae reacted at the same 

time. This meant that the staining seen in these sections did not result from the presence of 

positive cells within host retinae, but was in some way linked to the reaction of tissues with 

the β-gal antibody. 

 

 As the retinal tissue sampled from the latest C57Bl/6J mouse received was not found 

to stain positively following β-gal immunofluorescence, it was decided to re-attempt the 

transplantation of adult-derived neurospheres and E15 dissociated retinae into C57Bl/6J 

hosts. From this time point, adult PCM cultures did not yield enough cells to continue with 

transplantation therefore all subsequent animals were hosts to grafts of dissociated E15 

retinal cells only (n = 11 SCL neo; 7 NL neo; 4 ON adults and 4 NL adults).  
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 Four weeks after transplantation, sections through host retinae were screened for β-

gal-positive cells using β-gal antibodies and Xgal histochemistry. In 42.3% of the total number 

of animals which received dissociated retinal grafts (n = 11/26), lightly stained perinuclei were 

visible in the ganglion cell layer following immunofluorescent reaction. The pattern of this 

staining, however, was not the same as that observed previously within the first two groups, 

but appeared much lighter in intensity and occurred less frequently (Figure 4.3, a-d, arrows). 

This was also the case in control, non-transplanted retinae. Sections from control and 

experimental retinae, however, did not contain β-gal-positive cells following Xgal 

histochemistry, consistent with results seen following the first batch of surgery. Presence of 

the blue Xgal histochemical precipitate was observed in the ganglion and inner nuclear layers 

in sections through GtROSA26 retinae run in conjunction with transplanted retinae, confirming 

that the absence of β-gal-reactive cells was not due to human error whilst performing Xgal 

histochemistry (Figure 4.3, e,f). After extensive assessment of a large number of retinal 

sections following β-gal immunofluorescence and Xgal histochemistry, it was concluded that 

the perinuclear staining observed in a proportion of host retinae was not representative of the 

presence of grafted cells, and that grafted cells in all 26 host C57Bl/6J mice had not survived 

following transplantation, nor integrated within host retinae. 
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Figure 4.3 Sections through host retinae from animals transplanted after the first two groups. 

At 4 weeks following transplantation of dissociated E15 retinal cells, a proportion of host 

retinae displayed faint β-gal immunoreactive spots within the perinuclear region of TUJ1-

positive cells in the host ganglion cell layer. Examples of this can be seen in (a) and (c) 

(arrows). (b,d) The same sections as ‘a’ and ‘c’, respectively, displaying the presence of β-gal 

spots in clearer detail (arrows). (f) Cells in the GCL of these hosts, however, were not found 

to be positive following Xgal reaction even though this histochemical stain reacted with 

GtROSA26 tissue effectively (e). Scale bars: (a-d) = 20µm, (e,f) = 80µm. 
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4.4  Discussion 

 In this study, two sources of allogenic, β–gal-transgenic cells were utilised to 

determine whether the ectopic origin of the cells described in chapters 2 and 3 was a 

contributing factor in the limited neuronal differentiation of these cells within host retinae. 

Adult pigmented ciliary margin cells cultured without mitogens in vitro gave rise to adult 

neurospheres which were transplanted into a number of lesioned and non-lesioned hosts. In 

addition, retinal tissues sampled from the period of maximal ganglion cell genesis were 

dissociated then reaggregated for transplantation into a group of lesioned and non-lesioned 

neonatal and adult hosts. Transplantation of embryonic retinal tissues from this time point 

provided an ideal and highly appropriate test of the neurogenic capacity of the apoptotic 

retinal microenvironment on embryonic ganglion cell precursors. Furthermore, analysis of the 

fate of grafted embryonic tissue containing retinal progenitors with maturing retinal 

phenotypes with retinal-derived adult stem cells allowed comparisons between the cell 

replacement capacity of both tissues, sampled from very different time points, at varying 

levels of potency, within the same retinal microenvironment.  

 

 As described within the results section, problems were experienced upon analysis of 

the first two cohorts of transplanted animals due to what appeared to be non-specific binding 

of the β–gal antibody within both transplanted and control (non-grafted) retinae. The pattern 

of staining within these retinae was very similar to that of GtROSA26 transgenic mice, 

however Xgal histochemistry of these sections revealed that there were no Xgal-reactive cells 

within these retinae. Additional groups of animals were hosts to embryonic retinal 

dissociations, and analysis of these retinal sections after four weeks also revealed some non-

specific staining of host ganglion cells, however this was observed less frequently and the 

appearance of the perinuclear stain was of a much lower intensity. Extensive staining of 

retinal sections using the β–gal antibody and Xgal histochemistry revealed that although a 

proportion of cells appeared β–gal immunopositive following immunofluorescent staining, this 

was negated by the absence of histochemically stained cells upon reaction with Xgal.   
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 The absence of grafted cells, within both neurosphere and E15 retina grafted 

animals, is disappointing. Observation of such strong non-specific immunoreactivity with the 

β–gal antibody seen in the first two groups of hosts to transplantation is also unusual and 

remains to be resolved. The Animal Resources Centre has insisted that host transgenic 

ROSA mice could not have been shipped in error. The fact that label was seen only in a 

proportion of C57Bl/6J host mice and not in other neural tissues tested from Balb/c mice and 

F344 rats, appears to suggest that the C57Bl/6J strain of mouse might present unknown 

factors at the cellular level which causes binding of the β–gal antibody. The fact that this was 

much reduced in subsequent transplantation groups is a mystery, although that this also 

occurred, even though to a reduced level, in additional hosts, appears to suggest that 

different inherent β–gal immunoreactivity exists within this mouse strain. Although some 

minimal endogenous galactosidase activity usually exists, to the best of my knowledge there 

are no reports which describe that endogenous levels have presented problems with β–gal-

related studies elsewhere. 

 

 The lack of identifiable donor cells within host retinae after four weeks was surprising. 

Although adult-derived neurospheres were not analysed in vitro, mechanically dissociated 

cells were counted in a haemocytometer prior to transplantation and revealed the presence of 

healthy, viable cells. In addition, a sample of dissociated embryonic retinal cells were sampled 

and cultured to confirm the viability and β–gal expression by these cells, which also confirmed 

the presence of viable cells in dissociated retinal tissues. Therefore, the absence of grafted 

cells was not due to non-viability of cells resulting from culture procedures of transplantation 

methods. Furthermore, the successful integration and survival of two other populations of 

cells was achieved in the work described in this thesis. Of course, each transgenic strain has 

shortcomings. Transgenes may not be expressed in high levels in certain tissues, and it has 

also been reported that there can be variable staining within tissues (McBurney et al., 1994). 

Although the ROSA 26 transgenic mouse is reported to ubiquitously express lacZ in all 

tissues, from Xgal histochemical and β–gal immunofluorescent screens of ROSA 26 retinae 

performed during this study, it was revealed that not all retinal cells express detectable levels 

of β–gal. Ganglion cells, in particular, stained very brightly for the galactosidase protein, 
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however it was observed in diminishing levels from the inner nuclear layer through to 

photoreceptors. Depending on which populations of cells survived explantation, dissociation, 

reaggregation, and culture conditions, it is possible that the lack of grafted cells observed 

within host eyes was due to the survival of grafted cells that expressed undetectable or low 

β–gal. One study has reported that the level of β–gal expression is immunologically significant 

in the retina of ROSA 26 transgenic mice, and in this particular case was reported to cause 

autoimmune uveoretinitis following inoculation of ROSA 26 hosts with T cells specific for an 

immunodominant epitope of β–gal (Gregerson & Xiao, 2001). Thus, another possible reason 

for the lack of graft survival and integration may be due to the creation of an immune 

response within the host eye following transplantation. Such problems might be alleviated by 

the use of the recently developed GFP-expressing ROSA 26 transgenics or GFP transgenics 

(Jackson Immunolaboratories; Chiocchetti et al., 1997; Hadjantonakis et al., 1998; Ikawa et 

al., 1998; Zhou et al., 1997). In one study, marrow stromal cells transduced with GFP and 

induced using activin A, taurine and EGF, differentiated into cells expressing photoreceptor-

specific markers following transplantation into the subretinal space of RCS rats (Kicic A et al., 

2003). This work, consistent with observations made herein of high levels of survival and 

integration of HCN/GFP cells grafted into host retinae, suggest GFP to be an appropriate 

cellular reporter within the eye, and that the level of β–gal expression within a proportion of 

GtROSA26 cells may be at levels which remain too high for successful engraftment within this 

site.  
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General Discussion 
 
 

 

The work presented in this thesis involved the assessment of cell survival, integration, 

location and differentiation of grafted cells from diverse CNS locations (cerebellum, 

hippocampus, retina and pigmented ciliary margin) within both neonatal and adult models of 

selective RGC depletion. These donor tissues were derived from all developmental stages 

(embryonic, postnatal and adult) and were identified using various markers and reporter 

genes for their identification (Y-chromosome, GFP and lacZ). A non-invasive intravitreal cell 

suspension transplantation technique was utilised which allowed the non-disruptive but 

extensive integration of grafted cells in host retinae, even in adult hosts where retinal laminae 

are defined and cytoarchitecturally mature. Using the adult hippocampal cell line HCN/GFP, 

this study also assessed the effects of treating cells prior to transplantation with the 

neurogenic neuropeptide SRIF or by co-culture with embryonic retinal explants harvested at 

the peak of RGC genesis, in an attempt to direct adult hippocampal progenitors towards an 

RGC phenotype.  

 

The majority of grafted cells expressed eGFP and lacZ at the latest time point 

studied, however a proportion of grafted cells were found to down-regulate these markers in 

vitro. C17.2 cells were male derived, thus by using a Y-probe and in situ hybridisation 

methods it was possible to identify all grafted C17.2 cells in host retinae, independent of lacZ 

expression. This revealed some in vivo down-regulation of lacZ in grafted cells. Following 

intravitreal transplantation, C17.2 cerebellar progenitors became incorporated within neonatal 

host retinae, the grafted C17.2 cells showing preference for integration within the IPL, 

followed by the GCL. No C17.2 cells were found to engraft following transplantation into adult 

retinae. Adult hippocampal progenitors displayed good survival and integration within both 

neonatal and adult host retinae, always showing best integration within the INL followed by 

the GCL. Dissociated embryonic retinae and adult neurospheres derived from gtROSA26 

mice did not appear to integrate within any host retinae.  
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Grafted C17.2 and HCN/GFP cells assumed various morphologies and many donor 

cells extended elaborate arbors into host retinal tissue. Only a very small proportion, however, 

expressed putative neuronal antigens. In neonatal hosts grafted with C17.2 progenitors, β-III-

tubulin positive donor cells were identified in the GCL in a small number of SC-lesioned hosts. 

This result was not seen in non-lesioned counterparts. Some HCN/GFP cells also displayed 

properties typical of neurons within the ganglion cell and inner nuclear host laminae, although 

this was not confined to a particular transplantation group. A proportion of engrafted 

HCN/GFP cells displayed morphology highly similar to that of RGCs. Some HCN/GFP cells 

expressed Map5 and β-III-tubulin within host GCL and INL, but the incidence of the 

expression of neuronal markers was sporadic and could not be predicted in any given cohort 

of host animals. In a few cases, however, grafted cells extended processes into the host optic 

nerve for a distance of about 100µm, an encouraging result given the importance of 

reconnection with central visual targets.  Surprisingly, such growth was not seen within PN 

grafts, an environment generally considered to be more conducive to adult axon elongation. 

 

The development of a neuronal-like phenotype in some grafted C17.2 cells within 

RGC-depleted retinae suggests that the microenvironment surrounding apoptotic depletion 

was partially instructive for limited neuronal differentiation or maintaining a pre-exisiting 

phenotype of the donor cells. It is intriguing that grafted HCN/GFP cells expressed an 

additional putative neuronal antigen to that seen in the mouse study. In addition to TUJ1, 

Map5 immunopositive HCN/GFP cells were identified within the GCL and INL in both lesioned 

and non-lesioned neonatal and adult hosts. It is unknown whether cells positive for neuronal 

markers in vivo are representative of a small proportion of grafted cells which were exiting the 

cell cycle subsequent to a number of divisions in vitro, or whether these cells simply engrafted 

in a location where sufficient diffusible signals were available for neuronal differentiation or 

maintenance. In the rat studies, the possibility remains that cells undergoing differentiation 

may have down-regulated expression of eGFP; a difficulty reported in a number of other 

transplantation studies (Lundberg, 2000; Pannell & Ellis, 2001), which would account for the 

low number of immunopositive donor cells in host retinae. 
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There has been considerable interest in the transplantation of neural stem cells or 

progenitor cell lines into the retina in order to replace lost or dysfunctional retinal neurons, and 

to encourage the development of donor cells into fully functional and appropriately 

differentiated cells within the previously degenerate region (Takahashi et al., 1998; Whiteley 

et al., 1999; Young et al., 1999, 2000; Nishida et al., 2000; Mizumoto et al., 2001; Pressmar 

et al., 2001; Warfvinge et al., 2001; Lu et al., 2002). Of all untreated cells following 

transplantation, only a very small number expressed neuronal markers in this study. It was 

hypothesised that the exposure of precursor cells in culture to factors that normally drive 

neuronal differentiation during retinal development might yield more successful engraftment 

and appropriate differentiation of grafted cells (Takahashi et al., 1999; Morizane et al., 2002; 

Song et al., 2002). In vitro treatment with SRIF significantly increased the proportion of 

engrafted HCN/GFP cells found to reside in the ganglion cell layer, with reduced integration 

within all other retinal laminae, although none of these GCL residents expressed any of the 

putative neuronal markers tested. The addition of a PN graft also resulted in a significant 

increase in the number of cells residing in this lamina in hosts which had received HCN/GFP 

transplants 7 days after ON cut.  It was proposed that the isolation of retinal-derived donor 

tissues would enhance graft integration and differentiation within host retinae, however 

neither graft integration nor cellular differentiation was observed within host retinae grafted 

with embryonic retina or neurospheres derived from adult retina. 

 

Cellular viability, differentiation and retinal cell type specification depend on a 

complex interplay of cell intrinsic and extrinsic factors with retrograde, anterograde, paracrine 

and trophic support acting in synchrony (Hernandez-Sanchez et al., 1995; Spalding et al., 

2002; Vetter & Brown, 2001; Akagi et al., 2004; Malicki, 2004; Mu & Klein, 2004). The 

occurrence of at least some neuronal-like differentiation within host retinae in this study can 

be viewed in a positive light given the highly complex requirements for successful neuronal 

differentiation during development. The small proportion of cells that expressed neuronal 

antigens is not surprising, considering the dependence of RGC differentiation during 

development on the expression of various basic HLH genes, Notch signalling, and various 
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regulators including Ath5, Brn3b alongside a multitude of other factors and trophic support 

(Ahmad, 1995; Austin et al., 1995; Ahmad et al., 1997; Akagi et al., 2004).  

 

Until quite recently the fate of adult cells was considered to be restricted to their 

tissues of origin. A number of studies, however, now report that transdifferentiation can occur 

depending on an accurately configured extracellular environment; neuronal cells can be 

turned into blood and skin and bone marrow cells can adopt a neuronal phenotype, although 

this appears to require the application of a number of growth factors or extracellular 

supplements including taurine and activin A (Tomita et al., 2002; Kicic et al., 2003; for review 

see Vescovi et al., 2001). The receptor competence of populations of cells is an important 

consideration in this process, for example, adult hippocampal cells predominantly express 

FGFR3 and activation of this receptor primarily results in extensive intracellular signalling, 

downstream signalling being important for subsequent phenotypic development (Chipperfield 

et al., 2002).  A number of molecules, receptors and co-receptors are now being linked with 

cell plasticity and differentiation. Heparan sulfates, which bind various growth factors as well 

as Wnt and sonic hedgehog (Dhoot et al., 2001), following isolation and application at high 

doses, are shown to induce the differentiation of a large number of neurons from adult 

hippocampal progenitors (Chipperfield et al., 2002). Prolonged in vivo treatment of adult 

hippocampal progenitors with BDNF following transplantation into the developing rat retina 

has been shown to result in an increase in the late neuronal marker Map2ab and a decrease 

in nestin when compared with control non-treated cells (Suzuki et al., 2003). It must be stated 

that expression of neuronal markers alone does not classify a cell as a bona fide neuron, 

however it is clear that small steps towards understanding how to yield more neurons from 

populations of progenitor cells are being made. 

 

Thus, it appears that progenitor competence can be altered by a defined combination 

of inductive cues, both in vitro and in vivo, specific not only for the intrinsic capacity and the 

various receptor types present on a given cell, but also concordant with necessary ontogenic 

phenotypic cues. This was not seen following SRIF-treatment nor co-culture with embryonic 

retinal explants in this study. Cues necessary to alter progenitor cell fate might involve 
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complex combinations of growth factors, trophic molecules, extracellular matrix, transcription 

factors, bHLH genes and retinoids (for review see Klassen et al., 2004).  An approach of this 

kind, utilising the knowledge gained from developmental biology about the signals that 

normally direct neuronal differentiation, has been successfully employed in studies that 

induce stem cells to differentiate into motoneurons (Wichterle et al., 2002; Harper et al., 2004; 

Miles et al., 2004). It is clearly a complex task to exactly mimic the multitude of signals 

believed to be necessary for RGC differentiation.  However the recent studies that show some 

success in yielding a greater proportion of defined neurons from progenitor populations do 

suggest that more successful induction of retinal neurons will be possible, and that 

replacement of specific cohorts of retinal neurons may eventually be achievable, with obvious 

therapeutic applications.     
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