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BDNF brain derived neurotrophic factor 
cAMP cyclic AMP 
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SC superior colliculi 
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Introduction 

The basis for this thesis is investigations concerning neurotrophic factor 
receptors and neurotrophic factors in the visual system. The importance of 
neurotrophic factors is that they support neuronal survival. The word trophic 
is originally derived from the Greek word τροϕη , which means nourishment 
(Nagtegaal et al., 1998). Defining a neurotrophic factor is that it supports 
neuronal survival and differentiation, and in the classical neurotrophic view, 
it is often synthesized in the target of the neurons. In addition, the neurons 
that respond to the neurotrophic factor have specific receptors for the factor 
(Lewin and Barde, 1996; Nagtegaal et al., 1998). 

In focus for this thesis is a specific type of neurons called retinal ganglion 
cells (or RGCs). These cells reside within the retina and they convey visual 
impulses from the retina to higher centers within the brain (Fig. 1). RGCs 
can be injured in various eye diseases, wherafter they may die with a 
following loss of function. In addition, the relative accessibility of these 
central nervous system neurons makes them attractive subjects for research. 
It is possible to inject substances into the eye or apply them topically to 
evaluate neurotrophic effects. 

RGCs may be supplied with neurotrophic factors locally from 
neighboring cells within the retina and also from the axonal target areas, 
which resides within the brain. The extracellular signals, derived from target 
areas, are thought to continously suppress a cell suicide program that would 
otherwise be activated and force the cell into its demise. Extensive 
experimental data show that neurons, including the RGCs, compete for 
limited amounts of target-derived survival signals during development, and 
neurons that fail to gain the correct signals will die. This developmental 
dependence on survival factors is thought to persist into adulthood, when 
neurons continue to require extracellular signals for their survival.  

In this thesis, we have studied both known and putative neurotrophic 
factor receptors, which belong to the family of receptor tyrosine kinases 
(RTKs). Many RTKs mediate important cell survival signals, and an overall 
aim for this thesis have been to characterize RTK expression in RGCs, as 
well as studying the ability of RTK ligands to support RGC survival. 
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Figure 1. Model of the flow of information between the eye, the brain and vice versa. 
Visual information from the eye is conveyed via retinal ganglion cell (RGC) axons 
into higher centers in the brain. Trophic factors may work as retrograde survival 
signals, and are transported in the opposite direction from the brain to the RGC 
bodies in the retina. Cx; cortex, Cer; cerebellum, LGN; lateral geniculate nucleus, 
PT; pretectum, SC; superior colliculi, SCh; suprachiasmatic nucleus,. For reference 
see (Nagtegaal et al., 1998; Levin and Gordon, 2002). 

The retina and RGC biology 
The neural retina has five different neuronal types. Photoreceptors, bipolar 
cells and RGCs together relay light impulses (Fig. 2), and horizontal cells 
and amacrine cells modulate neuronal activity. The photoreceptors, 
consisting of cones and rods, are the main photosensitive cells in the retina. 
They transmit visual signals to bipolar cells. The horizontal cells can 
modulate the signal emanating from rods and cones. The bipolar cells relay 
the signals to the RGCs and the amacrine cells may modulate the incoming 
signal to the RGCs. In addition, amacrine cells may relay signals from 
bipolar cells to RGCs. Finally, the information leaves the retina by route of 
RGCs and their axons via the optic nerve into the brain.  

There are supporting cells in the retina, which are similar to neuroglial 
cells (Snell and Lemp, 1998). Müller glia is a long cell with processes 
extending almost the whole thickness of the retina. It has smaller horizontal 
branches, which surrounds and supports the nerve cells, filling in most of the 
space in the retina not occupied by neurons. In mammalian retina, there are 
also retinal astrocytes and microglial cells. The latter have phagocytic and 
probably immunologic functions (Snell and Lemp, 1998). 

RGCs are located in the innermost layer of the retina within the ganglion 
cell layer (GCL), although a small proportion of RGCs have their somata 
displaced into the inner plexiform layer (IPL) (Linden, 1987; Buhl and 
Dann, 1988). The GCL also contain displaced amacrine cells (Bunt et al., 
1974; Perry, 1981), which can constitute up to 50% of all cells in the GCL. 
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When doing molecular studies on RGCs, the fact that there are displaced 
amacrine cells within the GCL makes it necessary to distinguish RGCs from 
amacrine cells. In this thesis (papers II, IV-VII), we have exploited the fact 
that only RGC axons leave the retina, and end in specific areas in the rat 
brain. We deposited neuronal tracers in the superior colliculi (SC) in the rat 
brain, a region where most RGC axons terminate (Fig. 1), and the substances 
were retrogradely transported through the RGC axons, and to the RGC 
bodies. This procedure made it possible to distinguish RGCs from other 
retinal cell types, which was essential for the molecular analyses in this 
thesis.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic representation of the location and the connections between the 
cell types within the layers of the retina. PE; pigment epithelium, ONL; outer 
nuclear layer, OPL; outer plexiform layer; INL; inner nuclear layer, IPL; inner 
plexiform layer; GCL ganglion cell layer, NFL; nerve fiber layer. 

The RGC dendritic trees arborize within the IPL, and receive synaptic input 
from the bipolar and amacrine cells. The synapses from bipolar and 
amacrine cells primarily use glutamate as the major excitatory 
neurotransmitter (Levin and Gordon, 2002). Other neurotransmitters which 
modulate the activity of RGCs include acetylcholine (Feller et al., 1996; 
Keyser et al., 2000), aspartate (Kubrusly et al., 1998), and the inhibitory 
GABA (Rorig and Grantyn, 1993a). RGCs have both NMDA and non-
NMDA ionotropic receptors, as well as metabotropic receptors (Siliprandi et 
al., 1992; Ohishi et al., 1993; Rorig and Grantyn, 1993b; Rothe et al., 1994; 
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Li et al., 1996; Matsui et al., 1998). The RGC synapse on its targets uses 
glutamate, but also substance P (Caruso et al., 1990). In the retina the levels 
of glutamate in the extracellular space are controlled by the Müller cells, 
which have glutamate transporters (Pow et al., 2000). Re-uptake of 
glutamate within the retina is necessary to maintain the appropriate function 
of RGCs (Higgs and Lukasiewicz, 1999; Pow et al., 2000). 

There are about 110 000 RGCs in the adult rat retina (Potts et al., 1982; 
Perry et al., 1983). In the early postnatal retina the number of RGCs is 
greater (Potts et al., 1982; Perry et al., 1983), and during the first 5-10 
postnatal days there is a naturally occurring RGC death, which decreases the 
number of RGCs to the adult number (Dreher et al., 1983). In the rat there 
are three major classes of RGCs termed RGA, RGB, and RGC (Huxlin and 
Goodchild, 1997). RGA cells have large cell bodies (15-35 µm), and large 
dendritic fields (240-740 µm), and constitute the minority of RGCs. Most 
RGCs have smaller soma sizes and belongs to the RGB and RGC groups. 
RGB have small somata (12-24 µm), and small dendritic fields (100-290 
µm). RGC have small-to-medium cell bodies (14-23 µm) and medium-to-
large dendritic fields (215-500 µm) (Huxlin and Goodchild, 1997). Within 
each group there are further subgroups, and in the end there becomes 10 
morphologically distinct groups of RGCs in the rat (Huxlin and Goodchild, 
1997). The axons of RGCs in the retina are unmyelinated where they form 
the nerve fiber layer (NFL) and converge towards the optic nerve head. At 
the optic nerve head, also called the optic disc, RGC axons make a turn and 
leave the eye into the optic nerve. RGC axons are myelinated in the optic 
nerve, with the sheaths formed by oligodendrocytes, comparable to a tract 
within the CNS. In the PNS, axons are myelinated by Schwann cells. In 
addition to oligodendrocytes, there are also astrocytes in the optic nerve 
(Miller et al., 1989). 

RGC axons have 4 main CNS targets, namely the lateral geniculate 
nucleus, pretectal nucleus, suprachiasmatic nucleus, and SC (Fig. 1). 
Virtually all RGCs in the rat project to the SC (Linden and Perry, 1983). The 
SC has a horizontally laminated organization, with the RGC axons entering 
the SC through the optic layer, and they terminate in the superficial gray 
layer. The RGCs projecting to the suprachiasmatic nucleus in the 
hypothalamus are themselves photosensitive, containing the pigment 
melanopsin, and may be responsible for setting the circadian clock (Berson 
et al., 2002; Hattar et al., 2002). 
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Adult RGC death 
There are different models to study RGC death in experimental animals 

(Goldblum and Mittag, 2002). Common models for studying RGC death 
involve mechanical injury to the optic nerve. These models are rarely 
reflected in clinical situations, since it is relatively uncommon for the human 
optic nerve to undergo partial or complete transection (Levin and Gordon, 
2002).  

The method that has been used in this thesis to reproducibly induce RGC 
death in adult rats is optic nerve transection (papers II, III, V-VII). After 
intraorbital optic nerve transection close to the adult rat eye (0.5 mm), 
virtually all RGCs survive for 5 days and then RGCs die abruptly in large 
numbers (Villegas-Perez et al., 1993; Berkelaar et al., 1994). After 7 days 
approximately 50 % of the RGCs are still alive, while after 14 days the 
numbers of surviving RGCs are below 10% of the original population 
(Berkelaar et al., 1994). In the adult albino rat eye, the number of RGCs has 
been estimated to be about 110.000 (Potts et al., 1982; Perry et al., 1983). If 
5 % of the original RGC population persists after 14 days, the massive RGC 
death after optic nerve transection will correspond to more than 10.000 
RGCs deaths per day. A small population (about 5 %) of RGCs will survive 
for as long as 20 months after intraorbital RGC axotomy (Villegas-Perez et 
al., 1993). An intracranial optic nerve cut will result in less severe RGC 
death, with more RGCs surving after 2 and 4 weeks (Villegas-Perez et al., 
1993; Berkelaar et al., 1994). It is unclear why there is higher survival after 
intracranial cut, but theories include the optic nerve itself (for example by 
glial cells) as a source of trophic support for RGCs. The mechanism of cell 
death after RGC axotomy is apoptosis (Berkelaar et al., 1994; Garcia-
Valenzuela et al., 1994; Quigley et al., 1995). Both optic nerve transection 
and optic nerve crush induces RGC death. The crush model involves use of a 
newtonmeter (force meter) connected to a metal plate with which a graded 
crush can be introduced over the optic nerve (Klocker et al., 2001). There is 
a linear relationship between the number of surviving RGCs and the force 
applied (Klocker et al., 2001).  

Glaucoma is one of the leading causes of blindness in the world (Leske, 
1983). Glaucoma can be defined as an optic neuropathy with changes in the 
optic nerve leading to RGC death. Elevated intraocular pressure (IOP) is 
considered to be one of the primary risk factors for this disease (Leske, 
1983). Pharmacological therapy in glaucoma relies almost exclusively on 
drugs lowering the IOP (Migdal, 2000; Goldblum and Mittag, 2002). 
However, up to one sixth of all patients with glaucomatous damage do not 
have an elevated IOP (Liesegang, 1996), which suggests that there are 
additional risk factors for glaucomatous damage (Schwartz and Yoles, 
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2000). RGC death in glaucoma is believed to be associated with injury of 
RGC axons at the optic nerve head, with a subsequent degeneration of RGC 
bodies (Wax and Tezel, 2002). RGCs have been implicated to die by 
apoptosis as is shown in animal models (Garcia-Valenzuela et al., 1995; 
Quigley et al., 1995; Li et al., 1999), and in human donor eyes with 
glaucoma (Kerrigan et al., 1997; Wax et al., 1998).  

A theory to explain RGC death in glaucoma is that increased IOP may 
disturb the anterograde and retrograde RGC axonal transport at the optic 
nerve head (Anderson and Hendrickson, 1974; Quigley and Anderson, 
1976). The retrograde transport of neurotrophic factors from brain targets, 
which may be necessary for RGC survival, could in this way be affected. 
Indeed, experimental data supports this theory in that elevated IOP levels in 
eyes of experimental animals blocks the retrograde transport of brain-derived 
neurotrophic factor (BDNF), and its receptor TrkB (Pease et al., 2000; 
Quigley et al., 2000). Interestingly, occlusion of retinal arteries, leading to 
ischaemia, could also induce interruption of RGC axoplasmic flow (Levy 
and Adams, 1975; Levy, 1976; Radius, 1980).  

Further reasons for RGC apoptosis in glaucoma may be the generation of 
reactive oxygen species after transient ischaemia episodes or NMDA-
receptor-mediated excitotoxicity mediated by excess levels of glutamate 
(Haefliger et al., 2000). Elevation of glutamate levels in the eye has been 
observed after optic nerve injury (Yoles and Schwartz, 1998), and in 
experimental or human glaucoma (Dreyer et al., 1996). RGCs are 
particularly susceptible to high levels of glutamate in the extracellular space 
(Olney, 1982; Sisk and Kuwabara, 1985; Siliprandi et al., 1992), where 
glutamate causes death of RGCs by over-excitation or excitotoxicity (Hahn 
et al., 1988).  Stimulation of the NMDA receptor can lead to excess influx of 
calcium (Hahn et al., 1988; Sucher et al., 1991), which activates calcium-
dependent enzymes and lead mainly to necrotic cell death (Hartley et al., 
1993; Eimerl and Schramm, 1994; Joo et al., 1999; Osborne et al., 1999).  
Excitoxicity primarily becomes evident as a result of secondary loss of 
RGCs, when loss of RGCs from axonal injury causes adjacent RGCs to die 
(Yoles et al., 1997). Antagonists of glutamate excitotoxicity mediated by 
NMDA receptors generally decrease RGC death after optic nerve injury 
(Russelakis-Carneiro et al., 1996; Yoles et al., 1997). The mechanism 
leading to RGC death in glaucoma is still an open question. 

There are animal models aiming to represent glaucoma. Rodent models to 
experimentally elevate IOP levels have been developed using cauterization 
of episcleral veins (Mittag et al., 2000; Ahmed et al., 2001), and mouse 
strains have been characterized which represent inherited models of 
glaucoma. The DBA/2J and AKXD28/Ty mouse strains spontaneously 
develop glaucoma in almost 100% of the individuals (John et al., 1998; 
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Chang et al., 1999; Anderson et al., 2001). These mice develop pathological 
changes at about 4 months of age, IOP elevation at 8-9 months, and a 
significant reduction of RGC numbers at 14 months of age (Williams et al., 
1996; Bayer et al., 2001; Goldblum and Mittag, 2002).  

Cell culture models can be used to study RGC death. Mixed culture 
models with retinal cells have been used, where RGCs are identified with 
retrograde labeling or presence of Thy-1 antigen. Recently, an immortalized 
rat RGC cell line was produced which could be useful for studying RGC 
biology and for in vitro manipulations in experimental models of RGC death 
(Krishnamoorthy et al., 2001). 

Mechanisms of cell death 
Multicellular organisms use programmed cell death (apoptosis), during 
normal development to regulate the number of cells. Excess numbers of 
neurons are produced in the central and peripheral nervous systems during 
development, and these cells are eliminated by apoptosis (Hengartner, 2000). 
In the adult animal apoptosis is important to get rid of cells that are 
potentially dangerous, and abnormalities in the control of apoptosis can 
contribute to a variety of diseases, including cancer and degenerative 
disorders (Strasser et al., 2000).  

Characteristic in apoptotic death is shrinkage of the cell with 
condensation of the cytoplasm and the nucleus (Kerr et al., 1972; Wyllie et 
al., 1980), with later fragmention of the nucleus. During the early stages of 
apoptosis, no visible changes occur in mitochondria, endoplasmatic 
reticulum, or Golgi apparatus (Strasser et al., 2000). The chromatin is 
condensed and the DNA is fragmented into internucleosomal fragments 
(Wyllie, 1980). The membrane lipid phosphatidylserine is externalized in the 
plasma membrane, which appears to be important for phagocytosis of the 
apoptotic cell (Fadok et al., 1992; Martin et al., 1995). The plasma 
membrane of the dying cell is however kept intact, and the apoptotic cell is 
finally phagocytosed by neighboring cells (Kerr et al., 1972). This is in 
contrast to necrotic death where the plasma membrane becomes disrupted 
which leads to release of intracellular contents and damage to surrounding 
cells (Wyllie et al., 1980). 

Apoptosis is an active, energy-requiring process where cells engage in a 
suicidal program of 3 identifiable phases (Kroemer et al., 1995). In the first 
induction phase, apoptosis is triggered by death-inducing stimuli. In the 
following effector phase, intrinsic mechanisms of cell death are activated, 
and the cell becomes irreversibly committed to death. During the final 
degradation phase, vital cell structures and functions are destroyed. Changes 
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in the mitochondria, as a decrease in the transmembrane potential, take place 
in the critical effector stage and apoptotic morphology of the nucleus and 
oligonucleosomal chromatin fragmentation are linked to the late degradation 
phase (Kroemer et al., 1995).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Death receptor and mitochondrial apoptosis pathways. In the 
mitochondrial pathway, cytochrome c is liberated from mitochondria into the 
cytoplasm, and is associated with Apaf-1 and caspase-9 to form the apoptosome. 
This complex activates caspase-3, which is involved in the execution of cell death. 
Death receptor activation (Fas) leads to sequential activation of caspase-8 and 
caspase-3. Cross-talk between the death-receptor and mitochondrial pathways is 
provided by Bid. For reference see (Hengartner, 2000). 

Two major molecular pathways in apoptosis have been identified, which are 
the death receptor pathway and the mitochondrial pathway (Antonsson, 
2001). Induction of apoptosis can involve activation of death receptors that 
belongs to the TNF receptor family. The receptors Fas and p75 belong to this 
family and both contain death domains in their cytoplasmic regions, which 
are important for inducing apoptosis (Strasser et al., 2000). Binding of Fas 
ligand to Fas induces receptor clustering and formation of a death-inducing 
signaling complex (Hengartner, 2000). This complex recruits inactive 
procaspase-8 molecules via the adaptor molecule FADD (Fas-associated 
death domain protein), that results in active caspase-8 molecules. Caspase-8 
acts enzymatically on procaspase-3, thus generating active caspase-3 
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(Hengartner, 2000). The death receptor and mitochondrial pathways 
converge at the level of caspase-3 activation (Fig. 3). 

Members of the Bcl-2 protein family regulate the mitochondrial pathway, 
and this family is subdivided into two groups. Anti-apoptotic proteins like 
Bcl-2 and Bcl-XL belong to one group, and pro-apoptotic multidomain 
proteins like Bax, and “BH3 domain only” proteins like Bad, Bid, and Bim 
(paper VII) belong to the other (Antonsson, 2001). When cells are exposed 
to apoptotic stimuli, for example by growth factor withdrawal (Strasser et 
al., 2000), pro-apoptotic proteins are activated. The main site of action of the 
pro-apoptotic proteins is the mitochondrion. Here the pro-apoptotic Bcl-2 
proteins induce permeabilization of the outer mitochondrial membrane 
resulting in the release of proteins, including cytochrome c. For example, it 
has been reported that Bax is a cytosolic protein until the cell is triggered for 
apoptosis, when it becomes redistributed to mitochondrial membranes 
(Gross et al., 1998). Exactly how cytochrome c crosses the mitochondrial 
membrane is not exactly clear (Hengartner, 2000). It is thought that pro- and 
antiapoptotic Bcl-2 family members meet at the surface of mitochondria, 
where they compete to regulate cytochrome c exit (Hengartner, 2000). Many 
Bcl-2 family members can homodimerize, and pro- and anti-apoptotic 
members can form heterodimers (Reed, 1997; Adams and Cory, 1998). 
Heterodimerization could be a way to neutralize pro- and anti-apoptotic 
proteins, and therefore cells with more pro-death proteins would be sensitive 
to death whereas cells with an excess of protective Bcl-2 family members 
resistant to cell death (Hengartner, 2000).  

If cytochrome c is released from the mitochondrion, it ends up in the 
cytosol where it associates with Apaf-1 and caspase-9 to form the 
apoptosome (Hengartner, 2000), which will activate caspase cascades 
ultimately leading to cell death (Fig. 3) (Antonsson, 2001).  

Cross-talk and integration between the death-receptor and mitochondrial 
pathways can be provided by Bid. Caspase-8 mediated cleavage of Bid 
generates two fragments of Bid, where the C-terminal (tcBid) translocates to 
mitochondria, and promotes cytochrome c exit through activation of Bax 
(Gross et al., 1999; Eskes et al., 2000). 
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Neurotrophic factors and their receptors 
The normal developmental death of RGCs is partly due to competition of 
target-derived molecules. This idea finds support in experiments where the 
extent of RGC death during development is greatly enhanced by partial or 
total removal of target tissues (Hughes and LaVelle, 1975; Hughes and 
McLoon, 1979; McCaffery et al., 1982), or reduced by increasing the size of 
target areas (Jeffery and Perry, 1981; Sengelaub and Finlay, 1981). Indeed, 
recent molecular studies strengthen the hypothesis of target-derived trophic 
factors. Injection of the neurotrophin BDNF into the superior colliculus, 
which is a major target area for RGCs, reduces developmental RGC death 
(Ma et al., 1998). RGCs that fail to extend their axons and innervate the 
correct target areas are eliminated during development, and it is believed that 
RGCs in the adult animal are continually dependent upon neurotrophic 
factor support for survival. Strengthening this hypothesis are experiments 
where neurotrophic factors have been able to postpone death of injured adult 
RGCs. In addition to their target areas, RGCs are also in contact with glial 
cells, like astrocytes and Müller cells, which could be sources of trophic 
factors (Armson et al., 1987; Ballotti et al., 1987; Raju et al., 1994).  

Neurotrophic factors are polypeptides that are known to regulate the 
survival, differentiation or regeneration of nerve cells via cell-surface 
receptors. Certain neurotrophic factors with effects on RGCs have been 
identified as belonging to the tyrosine kinase family of receptors (RTKs). 
For example, intraocular administration of BDNF delays death after RGC 
axotomy in adult animals (Mansour-Robaey et al., 1994; Yan et al., 1999), 
and BDNF mRNA has also been isolated from the adult SC (Hofer et al., 
1990; Wetmore et al., 1990).  

The family of RTKs consists of more than 50 different transmembrane 
polypeptides (Hanks and Hunter, 1995; Schlessinger, 2000), which overall 
mediate a variety of important responses in eukaryotic cells such as 
proliferation, differentiation, motility, and survival. Important neurotrophic 
factor receptors belonging to the RTK family are the Trks (neurotrophin 
receptors), and Ret (receptor for GDNF), among others. Since the effects of 
neurotrophic factors are mediated by their receptors, it is important to know 
how these receptors signal in the cell in order to accommodate a survival 
response. 

Signaling by RTKs 
All RTKs can be divided into three structural regions; an extracellular 
region, a short transmembrane domain, and an intracellular domain. RTKs 
function, through their extracellular domains, as receptors for polypeptide 
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growth factors. Most growth factors binding to RTKs are dimeric molecules 
and induce stable receptor dimers upon binding (Heldin, 1995). Dimerization 
of the receptors induces autophosphorylation, whereby each receptor-chain 
trans-phosphorylates tyrosine residues on the other chain. The 
phosphorylation of tyrosine residues creates binding sites for intracellular 
signaling molecules containing SH2 domains. Major pathways for 
intracellular signaling via RTKs involve the phospholipase C-γ (PLC-γ) 
pathway, the phosphoinositide 3-kinase (PI3K) pathway, and Ras pathways. 
PLC-γ contains SH2 domains and associates with most RTKs (Cohen et al., 
1995). Activation of PLC-γ requires its phosphorylation and its association 
with the RTK (Kim et al., 1991). The activated PLC-γ hydrolyses 
phosphatidylinositol-4, 5-bisphosphate (PI(4,5)P2) into inositol 
trisphosphate (Ins(1,4,5)P3) and diacylglycerol (DAG). Ins(1,4,5)P3 induces 
the release of Ca2+ from intracellular stores. Ca2+ binds to calmodulin, which 
in turn activates a family of Ca2+/calmodulin-dependent protein kinases 
(Schlessinger, 2000). Both DAG and Ca2+ activate members of the protein 
kinase C (PKC) family (Schlessinger, 2000).  

PI3K consists of two subunits, the regulatory domain p85, which contains 
SH2 domains, and the catalytic domain p110, which contains a kinase 
domain. PI3K catalyzes the addition of phosphate to the 3´-position of 
phosphatidylinositol and other poly-phosphoinositols, which then act as 
second messengers (Stephens et al., 1991). The binding of p85 to 
phosphotyrosines on the activated RTK causes conformational changes in 
p85 that stimulate the catalytic domain p110. Binding to the receptor results 
in the translocation of PI3K to the cell membrane where its substrates are 
found (Schlessinger, 2000). Phosphatidylinositol-4,5-bisphosphate 
(PI(4,5)P2) appears to be a preferred substrate for PI3K (Whiteford et al., 
1996), which is phosphorylated by PI3K to PI(3,4,5)P2. One downstream 
effector molecule of PI3K is Akt (protein kinase B). Membrane-bound 
PI(3,4,5)P2 bind to the pleckstrin-homology (PH) domain of Akt, and this 
causes a conformational change in Akt which allows its phoshorylation 
(Heldin et al., 1998) by another molecule called PDK1. PDK1 also binds to 
PI(3,4,5)P2  in the membrane. Activated Akt phosphorylates a variety of 
target proteins that prevent apoptotic cell death and regulate various 
metabolic processes (Schlessinger, 2000). 

All RTKs stimulate the small G-protein Ras (Schlessinger, 2000). Ras has 
two associated proteins of which one is Grb2, consisting of one SH2 domain 
and two SH3 domains. Grb2 forms a complex with Sos via its SH3 domains. 
The Grb2/Sos complex can bind directly to the autophosphorylated RTK. 
Grb2 can also bind indirectly to the receptor by first binding to the adaptor 
molecule Shc that has a phosphotyrosine-binding (PTB) domain allowing it 
to dock with the receptor (Margolis et al., 1999). The direct or indirect 
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binding of Grb2/Sos to the receptor puts them into close proximity to Ras 
molecules that are associated with the inner side of the plasma membrane. 
Sos is a nucleotide exchange factor for Ras, and converts Ras from its 
inactive GDP-bound form to its active GTP-bound form (Schlessinger, 
1993). The active GTP-bound Ras interacts with effector molecules such as 
Raf and PI3K to stimulate intracellular processes. Raf is the first kinase in 
the MAP kinase cascade, and activated Raf phosphorylates MAP-kinase-
kinase (MAPKK, MEK), and MEK phosphorylates MAPK (Erk) leading to 
its activation. Erks acts on cytoplasmic targets or are translocated into the 
nucleus where they phosphorylate and regulate the activity of transcription 
factors (Heldin et al., 1998). 

STAT (signal transducers and activators of transcription) molecules are 
important signal transducers dowstream of cytokine receptors, and are also 
activated by RTKs (Darnell, 1997). STATs are latent cytoplasmic 
transcription factors, and tyrosine phosphorylation of STATs by RTKs leads 
to dimerization of STATs. One SH2 domain in one STAT molecule binds to 
the tyrosine-phosporylated region of the other, and vice versa. The dimeric 
STAT complex is translocated into the nucleus where it directs the 
transcription of specific genes (Muller et al., 1997; Heldin et al., 1998). 

Neurotrophins and their receptors 
Nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), 
neurotrophin-3 (NT-3), and neurotrophin 4/5 (NT-4/5), are referred to as the 
neurotrophins. Neurotrophins bind to and activate two types of receptors, the 
Trk tyrosine kinases, and the p75 neurotrophin receptor (p75NTR). NGF 
binds to TrkA, BDNF and NT-4/5 binds to the TrkB receptor, and NT-3 
preferentially binds to TrkC (Bothwell, 1991; Klein et al., 1991; Lamballe et 
al., 1991; Soppet et al., 1991; Squinto et al., 1991; Ip et al., 1992). The 
p75NTR has no homology to tyrosine or serine/threonine receptors in the 
cytoplasmic domain and binds all neurotrophins.  

Anti-apoptotic signaling mediated by Trks are mediated mainly via the 
PI3K and MAPK pathways. The anti-apoptotic effects of the PI3K cascade 
are mediated through the activated Akt (as discussed above) and Akt 
promotes cell survival in several different ways. Activation of Akt induces 
phosphorylation of Bad and thereby promotes the interaction of Bad with the 
14-3-3 protein, thus sequestering Bad in the cytoplasm (Yuan and Yankner, 
2000). This prevents Bad from associating with and inactivating the anti-
apoptotic proteins Bcl-2 and Bcl-XL (Datta et al., 1997; del Peso et al., 
1997). Akt also directly inhibits the activation of procaspase-9 in neurons, 
and thereby suppress apoptosis (Katso et al., 2001; Chaum, 2003) (Fig. 4).  
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Figure 4. Trk signaling pathways regulating survival and neurite growth in 
neuronal cells. Major survival-pathways via Trk receptors are mediated by the PI3K 
and MAPK pathways. In the PI3K cascade, Akt is a major player promoting survival 
in several different ways. The PI3K-Akt and Map kinase pathways converge on Bad 
and CREB to inhibit the apoptosis programme. See text for details. NT; 
neurotrophin. For reference see (Kaplan and Miller, 2000; Yuan and Yankner, 
2000). 

Further, Akt has been shown to affect 3 families of transcription factors, 
namely Forkhead, CREB (cAMP-responsive-element-binding-protein), and 
NF-κB (Du and Montminy, 1998; Brunet et al., 1999; Kane et al., 1999; 
Riccio et al., 1999). Akt phosporylates the Forkhead transcription factor 
FKHRL1, which retains FKHRL1 in the cytoplasm by association by 14-3-3 
(Brunet et al., 1999). This inhibits FKHRL1 from inducing the transcription 
of pro-apoptotic cell death ligands like Fas (Brunet et al., 1999). Akt 
phosphorylates CREB directly (Du and Montminy, 1998), and CREB 
activates the transcription of Bcl-2, thus stimulating cell survival directly 
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(Riccio et al., 1999). Akt can also inactivate IKK-α, which is the inhibitor of 
the survival factor NF-κB (nuclear factor kappa-B). NF-κB can then activate 
transcription of survival genes (Kane et al., 1999).  

The Mek/Erk pathway is also involved in promoting neuronal survival, 
and activation of MAPK is crucial for neuritogenesis (Airaksinen and 
Saarma, 2002). The effect of the MAP kinase pathway on survival is 
mediated by RSK (pp90 ribosomal S6 kinase) family members (Bonni et al., 
1999). Like Akt, Rsk phosphorylates Bad and suppresses Bad-mediated 
apoptosis in neurons, and both kinases might act synergistically to inhibit 
Bad. Rsks also phosphorylates the transcription factor CREB (Bonni et al., 
1999). Thus, both the PI3K-Akt and Map kinase pathways converge on Bad 
and CREB to inhibit the apoptosis programme (Fig. 4). 

If both Trks and p75NTR are co-expressed in a cell it seems that p75NTR 
signaling has a positive modulatory effect on Trk receptor function. For 
example, NGF-induced NF-κB activation in sensory neurons required 
p75NTR, and this pathway was important for survival (Hamanoue et al., 
1999). On the other hand, the p75NTR can also mediate a death signal. A 
pathway involving JNK (Jun amino-terminal kinase), p53, and Bax has been 
implicated to be important for activated of cell death by p75NTR following 
NGF withdrawal (Aloyz et al., 1998). 

GDNF family ligands and receptors 
Glial cell-line derived neurotrophic factor (GDNF) belongs to the 
transforming grow factor-ß (TGF-β) family and has three closely related 
members in neurturin (Kotzbauer et al., 1996), artemin (Baloh et al., 1998) 
and persephin (Milbrandt et al., 1998). These ligands signal via a membrane 
receptor complex, which includes the Ret tyrosine kinase receptor (Durbec et 
al., 1996; Trupp et al., 1996). This is unlike other members of the TGF-β 
family which signal through serine-threonine kinase receptors (Airaksinen 
and Saarma, 2002). The receptor complex activated by a GDNF-family 
ligand includes Ret and a GDNF family receptor-α (GFRα) co-receptor (Fig. 
5). The ligand is thought to bind the GFRα receptor first, and this complex is 
then bound to Ret resulting in activation of Ret. Four different GFRα 
receptors (GFRα1-4), have been isolated in mammals (Jing et al., 1996; 
Treanor et al., 1996; Jing et al., 1997; Naveilhan et al., 1998; Worby et al., 
1998; Lindahl et al., 2001), which determine the ligand specificity of the 
GFRα-Ret complex. GFRα1 and GFRα2 together with Ret mediate both 
GDNF and neurturin signaling, although there is a preference between 
GDNF-GFRα1 and neurturin-GFRα2 (Jing et al., 1996; Buj-Bello et al., 
1997; Jing et al., 1997; Klein et al., 1997). The mammalian GFRα4 
exclusively binds persephin (Lindahl et al., 2001), and GFRα3 binds artemin 
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(Baloh et al., 1998).  The GFRαs are linked to the external side of the 
plasma membrane by glycosyl phosphatidylinositol (GPI) anchors, and are 
usually bound to the plasma membrane but enzymatic cleavage can occur 
producing soluble forms of the receptors (Paratcha et al., 2001). The GPI 
anchor localizes the GFRα receptors to lipid rafts of the plasma membrane 
which have a special composition of cholesterol and sphingolipids in their 
outer leaflet (Poteryaev et al., 1999). Proteins like Src-family kinases have 
high affinity for the intracellular part of these rafts, and this is important for 
signal transduction (Poteryaev et al., 1999).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. GDNF-family ligand and receptor interactions. Homodimeric GDNF-
family ligands activate the transmembrane Ret tyrosine kinase receptor by first 
binding a GFRα coreceptor. GDNF specifically binds to GFRα1, neurturin to 
GFRα2, artemin to GFRα3, and persephin to GFRα4. Mammalian GFRα4 is 
shorter than the other GFRαs, because it lacks the N-terminal domain. Binding of 
ligand- GFRα complex to Ret results in Ret homodimerization, auto-
phosphorylation, and intracellular signaling. GDNF can also activate Ret-
independent signaling through GFRα1. GDNF; glial cell-line derived neurotrophic 
factor, NTN; neurturin, ART; artemin, PSP; persephin, TK; tyrosine kinase domain, 
GFRα; GDNF-family receptor-α, GPI; glycosyl phosphatidylinositol. For reference 
see (Saarma, 2000; Airaksinen and Saarma, 2002). 
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Ret is a transmembrane protein and contains a typical intracellular tyrosine 
kinase domain (Saarma, 2001). A GDNF dimer is thought to bind to 
monomeric or dimeric GFRα1, and then this complex interacts with 2 Ret 
molecules and induces Ret homodimerization and tyrosine 
autophosphorylation (Saarma, 2000). GDNF binding to lipid-anchored 
GFRα1 recruits Ret to the lipid rafts, and triggers its association with Src 
(Poteryaev et al., 1999). This process is important since disruption of Ret 
localization to lipid rafts results in weakened neuronal differentiation and 
survival responses (Poteryaev et al., 1999). It seems that different signaling 
pathways are activated inside and outside the lipid rafts, since Ret only 
interacts with the lipid-anchored adaptor protein FRS2 inside the rafts, and 
with soluble Shc mainly outside the rafts (Paratcha et al., 2001). The same 
signaling routes that are activated by the Trks are also activated via Ret, 
namely the PI3K and MAPK pathways (Takahashi, 2001). To date, it seems 
that the different GDNF-family ligands activate the same signaling pathways 
via Ret, and Ret is possibly not able to trigger specific signaling events 
elicited by the different ligands (Airaksinen and Saarma, 2002; Coulpier et 
al., 2002). GDNF has also been shown to activate intracellular pathways 
independently of Ret through GFRα1 (Trupp et al., 1999), but neurturin has 
been claimed not to signal independently through Ret by GFRα2 (Pezeshki 
et al., 2001). GDNF is thought to signal independently of Ret by binding to 
GFRα1 at lipid rafts, and then a Src-family kinase (SFK) that is anchored to 
rafts is activated. This Ret-independent signaling pathway predicts the 
existence of a new transmembrane receptor, since GPI-anchored GFRα1 
should not be able to interact directly with SFKs (Airaksinen and Saarma, 
2002). Signaling proteins that are activated by Ret-independent signaling 
includes MAPK, PLC-γ, and cAMP response element binding protein 
(CREB) (Poteryaev et al., 1999; Trupp et al., 1999).  

Ret also crosstalks with the signaling from other receptors. For example 
the increase in intracellular cAMP result in phosphorylation of the Ret 
receptor at a certain serine residue by protein kinase A (Fukuda et al., 2002). 
This results in activation of the intracellular protein Rac which plays an 
important role in lamellipodia formation critical for neuritogenesis (Fukuda 
et al., 2002). This indicates crosstalk between Ret and G-protein coupled 
receptors. A difference in signaling between the Trks and Ret seems to be 
the activation of inhibitor of apoptosis proteins (IAPs), which are proteins 
that suppresse apoptosis through direct inhibition of caspases. IAPs were 
shown to be essential for GDNF-mediated rescue of axotomized motor 
neurons (Perrelet et al., 2002). The expression of IAPs was upregulated by 
exogenous GDNF but not BDNF, and downregulation of IAP expression 
abolished survival-promoting effect of GDNF but not that of BDNF (Perrelet 
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et al., 2002). This indicates that intracellular survival pathways activated by 
GDNF-family ligands and neurotrophins are different. 

Cytokines 
One of the best characterized neurotrophic factors that belong to the cytokine 
group is ciliary neurotrophic factor (CNTF). CNTF has the ability to support 
survival or differentiation of a variety of central, and peripheral neurons, 
including sympathetic, hippocampal, ciliary ganglionic, as well as RGCs 
(Heinrich et al., 1998; Weise et al., 2000; Neet and Campenot, 2001). CNTF 
signals through a receptor complex that has several different components, 
and in contrast to the NGF and GDNF families, the CNTF receptors lack 
their own tyrosine kinase domain. Instead they associate with proteins 
belonging to the Jak-family, which are cytoplasmic tyrosine kinases 
(Ziemiecki et al., 1994). The ligand-specific subunit in the signaling 
complex is CNTFRα. This is a GPI-anchored protein that has no cytosolic 
domain (Davis et al., 1991). The signal-transducing receptors in the CNTF 
receptor complex are gp130 and LIFRβ. Gp130 and LIFRβ form a 
heterodimer, and when CNTF has bound to CNTFRα the receptors form a 
signaling complex. Experiments suggest that CNTF receptor complexes are 
hexamers consisting of CNTF, CNTFRα, gp130, and LIFR in a 2:2:1:1 ratio 
(De Serio et al., 1995). The soluble extracellular domain of CNTFRα when 
cleaved from its GPI-anchor, can also bind to the gp130/LIFRβ complex to 
initiate signaling after CNTF binding (Davis et al., 1993; Marz et al., 1999). 
Gp130 is the common signal-transducing receptor for several different 
cytokines including interleukin-6 and lekaemia inhibitory factor (LIF). 
Gp130 shows a more widespread tissue expression, whereas the CNTFRα 
has a more specific, and limited expression (Taga and Kishimoto, 1997). 
Illustrating the importance of the CNTFRα receptor for the nervous system 
are gene knock-out experiments, where deletion of the CNTFRα gene in 
mice results in perinatal death and cause severe motor neuron deficits 
(DeChiara et al., 1995). 

The ligand-stimulated heterodimerization of CNTF receptors triggers the 
activation of Jak tyrosine kinases that are bound to the cytoplasmic domains 
of the receptors. Jaks then phosphorylate the cytoplasmic domain of the 
receptors thereby creating docking sites for STATs, which are latent 
cytoplasmic transcription factors (Heinrich et al., 1998). When STATs have 
docked to the receptor they also get phosphorylated and form dimers where 
2 STAT molecules are associated through their SH2 domains (Taga and 
Kishimoto, 1997). These dimers are translocated to the nucleus where they 
regulate gene transcription (Heinrich et al., 1998). In addition to activating 
the Jak/STAT pathway, CNTF has been shown to stimulate phosphorylation 
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of various substrates such as PLCγ, PI3K, SHC, GRB2, and ERKs (Boulton 
et al., 1994). This may reveal convergence between pathways actvated by 
CNTF and pathways known to be activated by factors utilizing RTKs 
(Boulton et al., 1994). 

Melanocortin receptors 
Five melanocortin receptors (MC1-5R) have been identified to date 
(Wikberg et al., 2000). The MCRs are G-protein-coupled receptors and are 
all linked to the generation of cAMP via adenylate cyclase (Gantz and Fong, 
2003). Stimulation of cAMP production via MCRs appears to be important 
in the signal transduction of melanocortins in several cell types (Hol et al., 
1995). MCR signaling is also associated with increases in intracellular 
calcium secondary to activation of inositol trisphosphate (Konda et al., 
1994), and both cAMP and calcium can interact with the cAMP/calcium 
responsive element (CRE/CaRE), present in the promoter region of Fos and 
Jun transcription factor genes (Curran, 1991). Further intracellular proteins 
involved in MCR signaling may be certain MAP kinases since cAMP 
activated MAP kinase (Englaro et al., 1995). The JAK-STAT pathway, and 
PKC are also involved in intracellular signaling vis MCRs (Kapas et al., 
1995; Gantz and Fong, 2003).  

Mainly MC3R and MC4R are expressed in the brain. MC4R appears to be 
uniquely distributed to the central nervous system, whereas MC3R is 
expressed in brain regions and in peripheral sites (Gantz et al., 1993; Low et 
al., 1994). Expression of MC1R has been identified in limited brain regions 
(periaqueductal gray) (Xia et al., 1995), as well as in astrocytes (Wong et al., 
1997). MC5R transcripts have been localized to brain regions as well as to 
retinal neurons (Fathi et al., 1995). MC1R, MC4R, MC5R and POMC have 
been identified in the developing chicken eye indicating presence of a 
melanocortin system in the eye (Teshigawara et al., 2001).  

The ligands for MCRs are the melanocortins which includes adreno-
corticotropic hormone (ACTH), α- MSH (melanocyte stimulating hormone), 
β- MSH, and γ- MSH (Eberle, 1988). 

The melanocortins are formed through post-translational modifications of 
the larger precursor peptide proopiomelanocortin (POMC). POMC is 
proteolytically cleaved in a tissue-specific manner by two main proteolytic 
enzymes, proconvertases 1 and 2, thus generating the various peptides 
(Benjannet et al., 1991). Adding to the complexity of MCR activation are 
two endogenous MCR antagonists, which are agouti signaling protein and 
agouti-related protein. Agouti-related protein is expressed in the central 
nervous system and mainly blocks MC3R and MC4R activation (Wikberg et 
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al., 2000). MC3R has no preferential specificity for any of the 
melanocortins, and shows similar affinities for α-, β-, γ- MSH and ACTH 
(Abdel-Malek, 2001). MC4R is preferentially activated by α-MSH or 
ACTH, and α-MSH is 100-fold more potent in activating MC4R than γ- 
MSH (Abdel-Malek, 2001). MC5R is preferentially activated by α-MSH 
over ACTH, β- MSH, and γ- MSH, respectively (Gantz and Fong, 2003). In 
this thesis (paper VI), we used a synthetic analogue called NDP-MSH, which 
has a higher affinity to any of the MCRs in relation to the other 
melanocortins (Hol et al., 1995). 

It has been reported that the addition of melanocortins have beneficial 
effects on recovery after peripheral nerve injury. Following a crush lesion of 
the sciatic nerve in rats it has been shown that ACTH, specific fragments of 
ACTH, or synthetic analogues of ACTH have improved peripheral nerve 
regeneration (Bijlsma et al., 1981; De Koning and Gispen, 1987; Dekker et 
al., 1987; Van der Zee et al., 1988). This facilitation of recovery after 
application of melanocortins could be attributed to stimulation of neurite 
sprouting and enhanced reinervation of the muscle (Hol et al., 1995). 

Effects of melanocortins have also been studied in embryonal central 
nervous system cell cultures. Treatment of rat E10-12 cerebral cells with 
ACTH(4-10) lead to a denser neuritic network, and increased fasciculation 
(Richter-Landsberg et al., 1987). In E8 chick cerebral neurons ACTH(1-24) 
acted as a survival factor, since cell viability increased from 15-20% to 75-
80% (Daval et al., 1983). Melanocortins also increase the neurite outgrowth 
of various embryonal neurons in culture. In rat E15 spinal cord cells α-MSH 
and ACTH(4-10) increased neurite outgrowth, and increased the 
concentration of growth-associated protein (GAP-43) (Van der Neut et al., 
1988; van der Neut et al., 1992). These data together indicate that 
melanocortins have direct effects on nervous tissue. 

Strategies for rescuing injured RGCs 
Strategies for counteracting RGC death may involve the use or amplification 
of endogenous survival mechanisms, for example use of neurotrophic 
factors. Endogenous mechanisms for neuronal survival or repair may be 
insufficient after an injury but possibly they can be boosted by intervention. 
Any intervention that leads to a change in the intracellular neuronal 
conditions between survival and death signals in favor of survival is referred 
to as neuroprotection (Fig. 6). Neurotrophic factors have been used to protect 
RGCs after damage and several factors, for example BDNF, NT-4/5, CNTF, 
FGFs, GDNF, and neurturin, have been reported to promote survival of 
injured RGCs.  
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BDNF has been shown to promote survival of adult injured RGCs in 
several studies (Mey and Thanos, 1993; Mansour-Robaey et al., 1994; 
Weibel et al., 1995; Peinado-Ramón et al., 1996; Di Polo et al., 1998; 
Isenmann et al., 1998; Klocker et al., 1998; Yan et al., 1999; Kido et al., 
2000; Klocker et al., 2000). However, the neuroprotective effect of BDNF is 
transient. Even multiple injections or prolonged delivery cannot provide 
long-term protection for the survival of axotomized RGCs (Mansour-Robaey 
et al., 1994; Di Polo et al., 1998). Reasons for this have been attributed to 
that the mRNA for TrkB, which is the receptor for BDNF, is decreased in 
axotomized RGCs (Cheng et al., 2002). This could reduce the 
responsiveness of RGCs to BDNF. It is also possible that treatment with 
BDNF down-regulates the expression of TrkB, as has been demonstrated in 
other neurons (Frank et al., 1996). NT-4/5 shares the TrkB receptor with 
BDNF, and therefore it is not surprising that both increases RGC survival 
(Cohen et al., 1994; Peinado-Ramón et al., 1996). 

 Intravitreal application of CNTF substantially enhanced RGC survival 
after axotomy and in a rat glaucoma model (Mey and Thanos, 1993; So et 
al., 2001). The effect of CNTF on survival of RGCs was shown to be dose-
dependent (Cho et al., 1999; Cui et al., 1999), and CNTF substantially 
enhanced regeneration of injured RGC axons into a peripheral nerve graft 
whereas FGF2, BDNF, NGF, NT-3, and NT-4/5 failed to promote axonal 
regeneration under the same experimental conditions (Cui et al., 1999). The 
regenerative ability of CNTF was shown to be correlated with the up-
regulation of growth-associated protein-43 (GAP-43) (Cho et al., 1999).  

Application of FGF1 and FGF2 at the site of transected optic nerve 
enhances the number of surviving RGCs after axotomy in vivo (Sievers et 
al., 1987). Also, the intraocular injection of I125-labeled FGF2 into the eye of 
adult rats resulted in uptake in RGCs and anterograde transport to target 
areas (Ferguson et al., 1990), indicating that there are functional FGF-
receptors on RGCs and that FGFs may act as anterograde neurotrophic 
factors in the visual system. GDNF (Klöcker et al., 1997; Koeberle and Ball, 
1998) (paper II), and neurturin promotes RGC survival after axotomy 
(Koeberle and Ball, 2002).  

Some of the above-mentioned factors have additive effects when 
administered simultaneously, for example GDNF and BDNF, or neurturin 
and BDNF (Yan et al., 1999; Koeberle and Ball, 2002). In addition, the 
combination of neurotrophic factors with forskolin, a substance that activates 
the intracellular enzyme adenylate cyclase directly, and thereby increases 
cAMP levels, have been used to increase RGC survival in culture. Addition 
of BDNF, CNTF, and forskolin in the culture medium of rat RGCs induces 
very effective promotion of RGC survival (Meyer-Franke et al., 1995; Shen 
et al., 1999). 
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Figure 6. The intracellular balance between survival and death signals. An injury to 
a neuron, such as axotomy, may switch intracellular mechanisms in favor of death 
signals, eventually leading to apoptosis of the cell. Neuroprotective interference 
with the death signal may rescue the neuron. For reference see (Chaum, 2003). 

Interaction with other types of receptors have also been shown to promote 
RGC survival after injury. Agonists of α2- adrenergic receptors have been 
demonstrated to enhance RGC survival in different models as ischemic 
injury and optic nerve crush (Yoles et al., 1999; Vidal-Sanz et al., 2001). 
Agonists of α2- adrenergic receptors, for example clonidine, have been 
shown to induce production of FGF2 (Wen et al., 1996; Chao et al., 2000). 
FGF2 is neuroprotective for RGCs.  

It is well established that exposure of RGCs to excess glutamate or other 
activators of the NMDA receptor induces RGC death. In vitro studies 
suggest a role for selective NMDA receptor antagonists in the prevention of 
neuronal cell death by glutamate (Sucher et al., 1997). The NMDA receptor 
antagonist MK801 was neuroprotective in a model for retinal ischemia (Lam 
et al., 1997; Chaudhary et al., 1998).  
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Caspases, which is a family of proteases activated in the apoptosis 
cascade, are triggered in RGCs by ischemia or axotomy (Katai and 
Yoshimura, 1999; Kermer et al., 1999; Kermer et al., 2000). Direct 
inactivation of caspases will postpone apoptosis of RGCs (Chaudhary et al., 
1999; Chen et al., 2001). Still many caspases are acting downstream of 
mitochondria, for example caspase-9, which is activated following the onset 
of mitochondrial dysfunction and cytochrome c release (Kuida et al., 1998). 
The inhibition of caspase enzymatic activity may lead to a delay of cell death 
but still may not prevent further mitochondrial deterioration and neuronal 
death from necrosis (Weishaupt and Bahr, 2001).  

Different substances like antioxidants (Castagne and Clarke, 1996), and 
free-radical scavengers (Klocker et al., 1998), have also been used with 
variable results to protect RGCs from injury after axotomy and ischemia. 
The synergistic reduction of RGC death was observed using both free-
radical scavengers and BDNF in experimental glaucoma (Ko et al., 2000), 
and after RGC axotomy (Klocker et al., 1998). 

In the next phase, after protecting the neuron from death, comes the need 
of restoring the function of the neuron. If an RGC is alive but not connected 
to its target in the CNS, then it will not be able to transmit visual information 
and will be of no use to the animal. The axon of the RGC needs to be 
regenerated and innervated properly in target areas. 

In lower animals such as in fish and frogs, most RGCs do not die 
following optic nerve transection. Instead they regenerate their axons 
(Humphrey and Beazley, 1985; Humphrey, 1988). In the fish most, if not all, 
of axotomized RGCs can regrow their lesioned axons to reach the optic 
tectum, and the axon terminals restore functional connections in the target 
area (Bernhardt, 1999). Mammalian RGC axons do not regenerate after 
being cut unless a peripheral nerve is attached to the retina (So and Aguayo, 
1985; So et al., 1986), or to the transected optic nerve (Politis and Spencer, 
1986; Vidal-Sanz et al., 1987). It is believed that a peripheral nerve graft 
provides a permissive environment for RGC axons to regenerate because it is 
lacking the inhibiting influence of CNS myelin (Heiduschka and Thanos, 
2000). Inhibitory components of CNS myelin demonstrated in vitro are 
myelin-associated glycoprotein (McKerracher et al., 1994), and Nogo-A 
(Caroni and Schwab, 1988; Chen et al., 2000). The Schwann cells within a 
peripheral nerve graft can provide different growth factors necessary for 
RGC survival and regeneration (Mey and Thanos, 1996), and the peripheral 
nerve provide a good conduit for RGC axons to regenerate (Yip and So, 
2000).  
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Aims of the study 

An overall objective of this work was to study neurotrophic factors and their 
receptors in the normal and injured visual system. 
 
Specific aims were: 

•  To analyze GDNF and its receptors in the developing chicken retina 
and to evaluate neurotropic effects of GDNF and neurturin on 
embryonic retinal cells. 

•  To analyze GDNF and its receptors in the adult rat visual system and 
to evaluate the survival of axotomized RGCs in vivo after treatment 
with GDNF. 

•  To study the expression and regulation of growth factors and their 
receptors in the normal adult visual system and after optic nerve 
transection. 

•  To develop a method whereby adult rat RGCs could be isolated and 
molecularly analyzed. 

•  To reveal the spectrum of RTK expression in adult rat RGCs. 
•  To examine the presence of a melanocortin system in the adult rat 

retina and to evaluate the effect of melanocortins on embryonic 
retinal cells. 

•  To study the expression and regulation of apoptotic proteins in the 
adult retino-tectal system after optic nerve transection. 
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Methods 

Methods are described in detail in the appended papers and a summary is 
presented in table 1. 
 

Table 1. Summary of the main methods that were used in this thesis. 

 Method Paper 
Animals Surgery for retrograde tracing of RGCs 

from the superior colliculi in adult rats 
II, IV-VII 

 Intraorbital optic nerve transection II, III, V-VII 
 Intravitreal injections  II 
 Anterograde tract tracing II 
 Whole-body perfusion II, V-VII 
   
Tissue Brain and eye dissections I-VII 
 Cryosectioning  II, III, V-VII 
 In vitro neurite outgrowth assay  I, VI 
   
Cells Fibroblast cell lines II 
 RGC isolation IV, V 
   
Protein Immunohistochemistry I, II, V-VII 
   
mRNA Radioactive in situ hybridisation II, III, V 
 Non-radioactive in situ hybridisation I 
 RNase protection assay II 
 RT-PCR III-VII 
 Real-time PCR III, VI, VII 
   
DNA Cloning V 
 Nucleotide sequencing IV, V 
   
Bacteria Cloning V 
   
Other Fluorescence microscopy II, IV-VII 
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Results and discussion 

Paper I 
The focus in this study was to analyze the expression of GDNF and its 
receptors Ret, GFRα1 and GFRα2 in the embryonic chicken retina. All 4 
mRNAs were expressed in the developing chicken retina, although in 
different patterns. GDNF mRNA was expressed in all layers of the retina and 
could not be attributed to a particular cell type. The GDNF mRNA probe 
labeled the cells in a patchy pattern over the retina from E4 and further on at 
later ages. Occasional, strongly GDNF-labeled cells were found in the INL 
where the future amacrine cells are located. For comparison, GDNF was 
expressed in the GCL in the embryonic rat retina at E15-E19, and the 
labeling was below level of detection thereafter (Nosrat et al., 1996). 
Together these results implicates that there is an early and conserved 
expression of GDNF locally within the retina during development. 

GDNF mRNA was expressed in the optic tectum at E5 and E8-9, but not 
later (Karlsson, 2001). The optic tectum is the main target area for RGC 
axon terminals. 

In the retina Ret mRNA was expressed already at E4 in the future GCL. 
This expression remained throughout development. At E6.5 Ret labeled cells 
appeared in the external part of the INL at the location of horizontal cells. At 
E12 Ret-labeling also appeared in the internal part of INL at the location of 
amacrine cells. These findings are in accordance with the expression of Ret 
in the embryonic and postnatal mouse retina (Pachnis et al., 1993).  

The expression-pattern of GFRα1 mRNA overlapped with Ret mRNA 
expression at the positions of horizontal and amacrine cells, but not in the 
GCL. GFRα2 labelling was found over cells in the GCL, amacrine cells, and 
cells in the ONL including photoreceptors. Thus, Ret expression in the 
embryonic chicken retina overlap with GFRα1 and GFRα2 at the positions 
of amacrine cells and GFRα1 at horizontal cells. Ret also overlap with 
GFRα2 in the GCL where displaced amacrine cells and RGCs are found, but 
GFRα2 is exclusively expressed in the ONL. 



26 

To analyze the effects of GDNF and neurturin (NTN) protein on neurite 
outgrowth from explanted embryonic chicken retina we performed a 
bioassay (Fig. 7). In E6 chicken retina both GDNF and NTN dose-
dependently stimulated neurite outgrowth, with maximum outgrowth at the 
highest concentration. Neurites were labeled for both ng-CAM and 
neurofilament showing that they were of ganglion cell phenotype, and 
GDNF and NTN would then elicit a response mainly by activating the 
Ret/GFRα2 complex according to the expression data. The response was 
much weaker in E9 and E13 retinas to both GDNF and NTN as compared to 
E6 retinas. This indicates that GDNF could be involved in neurite formation 
in vivo at E6, and that there may be a developmental “window” for neurite 
formation which is stimulated by GDNF and NTN at E6, since almost no 
response was seen at later ages. Since GDNF was expressed in the optic 
tectum at a timepoint when neurite outgrowth was promoted most efficiently 
(E6) in vitro, it could be speculated that GDNF could stimulate RGC 
neurites close to the optic tectum in vivo but the outer tectal layers are not 
invaded by retinal fibres before E9 (Mey and Thanos, 2000). 

All in all the results confirm the existence of functional GDNF and NTN 
receptors at E6, and these receptors mediate signals which promote neurite 
outgrowth at this age. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 7. Stimulation of neurite outgrowth by GDNF in embryonic chick retina. (A) 
E6 retina explant stimulated with GDNF 100 ng/ml, (B) E6 retina with control 
medium, (C) Graph of the neurite outgrowth elicited by GDNF at E6 (squares), E9 
(diamonds), and E13 (circles). 
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Paper II 
In this study we analyzed GDNF and its receptors in the adult rat visual 
system and the regulation of GDNF and its receptors after transection of the 
optic nerve. The idea behind studying the regulation of trophic molecules 
and their receptors after neuronal injury is that an upregulation in mRNA 
levels of trophic factors and their receptors after injury would implicate their 
role in endogenous mechanisms promoting neuronal repair. The increased 
cellular expression of trophic receptors could indicate that the cells have an 
increased capability to respond to trophic factors, and thereby the chances 
for cell survival are increased. Similarly, increased availability of trophic 
factors in the extracellular space increases the probability that trophic factor 
receptors on cell surfaces are activated. 

We verified that the GDNF receptors Ret and GFRα1 were expressed in 
RGCs by performing in situ hybridisation with retinas where RGCs had been 
pre-labeled with FluoroGold (FG). FG-identified RGCs were labeled with 
the probes showing that RGCs expressed Ret and GFRα1 mRNA. However, 
more RGCs were labeled with the GFRα1 probe than the Ret probe. We did 
not investigate if Ret and GFRα1 were coexpressed by RGCs, but both 
molecules are required for intracellular signaling via Ret (Jing et al., 1996). 
However, GDNF has also been shown to activate intracellular pathways 
independently of Ret through GFRα1 (Trupp et al., 1999). In addition, in 
vitro results have shown that Ret can be activated “in trans” by GDNF 
presented by GFRα1 on adjacent cells (Yu et al., 1998).  

We categorized the Ret-expressing RGCs in the GCL according to soma 
sizes and found that they could not be attributed to a specific subgroup of 
RGCs, but rather could be defined as RGA, RGB and RGC subtypes (Huxlin 
and Goodchild, 1997).  

Using RNase protection assay we measured mRNA levels in the retina 
and optic tectum after optic nerve transection. Ret mRNA decreased in the 
retina after RGC axotomy, which may have been due to a downregulation in 
mRNA expression and/or decrease in mRNA contributed by dead RGCs. 
This would indicate that increasing the availability of Ret after RGC 
axotomy, for example by gene therapy, might increase the survival of RGCs 
after GDNF treatment. For comparison TrkB mRNA decreases in the GCL 
after RGC axotomy (Cheng et al., 2002), and TrkB gene transfer into RGCs 
combined with exogenous BDNF administration markedly increased 
neuronal survival (Cheng et al., 2002). Both coreceptors GFRα1 and GFRα2 
were upregulated in the retina after RGC axotomy, which might point to 
their involvement in an endogenous system for neuronal repair. The 
increased availability of GFRα1 and GFRα2 might increase the possiblity 
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for Ret-independent activation of intracellular pathways, and for trans-
activation of Ret on RGCs.  

We performed experiments aiming at counteracting RGC death after 
axotomy. Two different approaches were used; the first was intraocular 
injection of GDNF protein at the time of axotomy, and the other was 
injection into the eye of a cell-line that continuously produced GDNF 
protein. The GDNF protein injection experiments resulted in a transiently 
increased RGC survival compared to controls (Fig. 8). In the cell-grafted 
eyes there were also a transient surival effect. Therefore we can conclude 
that intraocularly administered GDNF does not have long-term beneficial 
effects on RGC survival. This may be due to the lack of widespread 
expression of GDNF receptors among RGCs. By increasing the expression 
of Ret by RGCs, for example by gene therapy as mentioned above, would 
increase survival of RGCs after GDNF treatment. In addition there may be a 
general lack of responsiveness to trophic factors among injured RGCs, as is 
discussed under general discussion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8. Intraocular injection of GDNF protein postpones RGC death  after 
axotomy. FluoroGold-labeled RGCs were axotomized, and 5µg of GDNF protein 
were injected into the vitreous body after the axotomy. Seven or 14 days after 
axotomy, retinas were flatmounted, and RGCs were counted in 12 representative 
fields. * Significant difference between groups 7 days after axotomy (p=0.0043). 

Earlier studies have shown that the combined treatment of axotomized RGCs 
with GDNF and BDNF had additive survival effects on RGCs (Yan et al., 
1999; Koeberle and Ball, 2002). To achieve these additive survival effects, it 
might be expected that Ret and TrkB were expressed by different 
subpopulations of RGCs. However, using double-immunohistochemistry we 
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found that all Ret expressing cells in the GCL also expressed TrkB. We 
therefore hypothesize that the additive effects seen with BDNF and GDNF 
on axotomized RGCs could have been due to saturation of intracellular 
signaling pathways. Another plausible explanation may be different kinetics 
in the activation of intracellular pathways via TrkB and Ret. In cultured 
ventral mesencephalic neurons, BDNF produced a long-lasting 
phosphorylation of mitogen-activated protein kinase whereas GDNF 
produced a transient phosphorylation (Feng et al., 1999). In analogy with 
this, differences in activation kinetics via Ret and TrkB in RGCs might 
trigger the increased survival. In addition there seems to be a difference in 
intracellular signaling pathways between the Trks and Ret, in that inhibitor 
of apoptosis proteins (IAPs) were shown to be essential for GDNF-mediated 
rescue of axotomized motor neurons (Perrelet et al., 2002), and the 
expression of IAPs was upregulated by exogenous GDNF, but not BDNF 
(Perrelet et al., 2002). IAPs suppress apoptosis through direct inhibition of 
caspases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 9. Expression of mRNA 
for GDNF receptors in the 
normal adult rat SC. (A-C) 
Dark-field micrographs 
showing in situ hybridization 
analysis of (A) Ret, (B) GFRα1, 
and (C) GFRα2. No signal was 
detected for Ret in the SC. 
However Ret expression in SN 
served as a positive control. 
Clear labeling could be 
identified for GFRα1 and 
GFRα2 in the SC. Cx; cortex, 
DG; dentate gyrus, Hc; 
hippocampus, SC; superior 
colliculus, SN; substantia nigra, 
VTA; ventral tegmental area.  
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In the optic tectum we could not detect any Ret mRNA expression (Fig. 9). 
However, we used immunohistochemistry to identify Ret protein in the SC 
in combination with anterograde tract tracing to identify RGC axon 
terminals. Ret protein was positively identified in the SC, and co-localized 
with RGC axon terminals. Ret protein is thus synthesized in RGC bodies in 
the retina and transported to RGC axon terminals in the tectum, where Ret 
may be activated by target-derived GDNF-family ligands. However the 
absence of detectable GDNF mRNA in the normal optic tectum questions 
GDNF as a target-derived factor. It should be taken into account that other 
methods for mRNA analysis, such as real-time PCR, have a lower limit of 
detection than RPA and thus are more sensitive for detection of molecules 
that have low level of expression. In vivo experiments have shown that 
radioactively labeled GDNF can be retrogradely transported from the SC to 
RGC bodies in the retina, and this transport was blocked by unlabeled 
GDNF showing the transport was receptor-mediated (Yan et al., 1999). After 
injury GDNF mRNA was upregulated both locally within the retina and in 
the SC. 

Both GFRα1 and GFRα2 were expressed in SC (Fig. 9) and upregulated 
there after optic nerve injury. It is possible that the upregulation of these 
receptors in the SC could be part of a repair mechanism aiming at increased 
availability, and for presentation of GDNF for activation of Ret on RGC 
axon terminals.  

The conclusion of this paper is that axotomized RGCs have the possibility 
to respond to exogenously added GDNF in a way which leads to transiently 
increased survival. In addition, the regulation of GDNF and its receptors 
after optic nerve transection implies their role in mechanisms promoting 
survival of neurons in the CNS. 

Paper III 
This paper is focused on analyzing the expression and regulation of a 
number of growth factors and their receptors after optic nerve injury. The 
reason for undertaking this study was outlined under paper II. If the mRNA 
levels of trophic factors and their receptors after injury are regulated in a 
positive way, it would implicate their role in endogenous mechanisms 
promoting neuronal repair. It would also show which receptors are possible 
targets for exogenously added ligands. 

The adult tissues that were analyzed using quantitative real-time PCR 
were the retina, optic nerve, and contralateral SC. The reason for sampling 
the contralateral SC is because most RGC axons cross at the optic chiasma 
and terminate at the contralateral SC. In the rat the ipsilateral RGC 
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projection is only very small, about 1.5% of the total number of RGC axons 
(Lund, 1965; Dreher et al., 1985). The growth factors analyzed were BDNF, 
NT-3, CNTF, HGF, FGF 1 and 2, and their receptors TrkB, TrkC, p75, 
CNTFRα, HGFR, and FGF receptors 1, 3 and 4. mRNAs of all growth 
factors, and their respective receptors were found in normal rat retina, optic 
nerve, and superior colliculus, but BDNF mRNA was undetectable in rat 
optic nerve. In all tissues, mRNA levels of the receptors were generally 
expressed at higher levels than their ligands.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Using in situ hybridisation we could detect expression of HGFR and 
CNTFRα in the GCL, indicating their presence in RGCs (Fig. 10). FGFR4 
mRNA was seen in certain cells in the GCL and in cells of inner side of INL, 
possibly in displaced RGCs and/or amacrine cells. FGFR1 and FGFR3 
mRNA could not be detected in the retina using in situ hybridisation. The 
mRNA expression levels of the receptors in the normal retina as measured 
by real-time PCR were in agreement with the in situ hybridisation result. For 
example CNTFRα was heavily expressed in the GCL but also in the INL, 
and the real-time PCR data confirmed CNTFRα to be the receptor expressed 
at the highest levels of the receptors in the retina. On the other hand FGFR1 

Figure 10. In situ 
hybridization analysis of 
receptor mRNA expression 
in the normal adult rat 
retina. (A-B) HGFR 
receptor expressed in cells 
of the GCL; HGFR-neg; 
negative control using 
excess of unlabeled probe. 
(C-D) FGFR4 expressed in 
certain cells of the GCL, 
and in inner part of INL. 
(E-F) Strong expression of 
CNTFRα in the GCL. 
GCL; ganglion cell layer, 
IPL; inner plexiform layer, 
INL; inner nuclear layer. 
Scale bar in F also valid 
for A-E is 40µm. 
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and FGFR3 mRNA could not be detected in the retina using in situ 
hybridization in concordance with the real-time PCR result, which showed 
very low levels of FGFR1 and FGFR3 mRNA in the normal retina. As 
shown by these results, in situ hybridisation analysis is a semi-quantitative 
method for mRNA quantitation allowing low or high mRNA levels to be 
detected. Also, it can be concluded that PCR has the ability to detect mRNAs 
expressed at lower levels than is possible using in situ hybridisation analysis. 

In the normal retina FGF 1 and 2 were expressed at the highest levels 
followed by CNTF, HGF, BDNF and NT-3. Curiously the order of the 
quantity of ligand mRNA expression in the optic tectum was the same as in 
the retina. In the optic tectum FGF 1 and 2 were also expressed at the highest 
levels followed by CNTF, HGF, BDNF, and NT-3. There is evidently a 
range of RTK ligands expressed in the SC, which is the target area for RGC 
axon terminals. 

In the retina four days after optic nerve transection BDNF and FGF2 were 
significantly up-regulated, doubling their amount of mRNA. FGF1 was 
relatively unchanged and still expressed at the highest levels in the retina 
even after the RGC axotomy. It can be concluded that mRNAs for all ligands 
analyzed was expressed locally within the retina, and all ligands were also 
expressed within the target area for RGC axons, in the SC. 

 After optic nerve transection, the contact of RGCs with the SC is 
obliterated and target-derived growth factors cannot activate receptors on 
RGCs. After the axotomy RGCs can only be supplied by growth factors 
within the retina, and this growth factor support may not be enough to 
promote RGC survival. RGCs may be affected both by growth factors 
produced locally within the retina, and by target-derived growth factors. 
After optic nerve transection, all growth factors and their receptors were 
significantly downregulated within the SC which may be an activity-
dependent downregulation of mRNA expression. The response of growth 
factor expression within the retina after RGC axotomy was a significant up-
regulation of BDNF, NT-3, and FGF2. This could be a compensatory 
mechanism within the retina and an answer to the deprivation of target-
derived factors. However, the growth factors produced locally within the 
retina are still probably not enough to stimulate the survival of RGCs. 
Intervening strategies aiming at increasing the availability of growth factors 
and their receptors locally within the retina may increase the survival of 
RGCs after optic nerve transection. 
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Paper IV 
The purpose for undertaking this study was that we wanted to analyze RGCs 
only without contamination of other retinal cell types. Therefore we 
developed a method in order to isolate adult rat RGCs.  

Initial experiments included trying to isolate RGCs by dissociation of the 
adult retina using trituration with a Pasteur pipette, followed by  
fluorescence-activated cell sorting (FACS) to collect fluorescently labeled 
RGCs. However adult RGCs are very fragile and are not easily dissociated 
from the retina using trituration without the RGCs breaking and 
disappearing. We then focused our attention on developing another method 
for isolating adult RGCs. In the literature at the time there were 2 articles 
describing mechanical layer separation of sublayers of the retina. The first 
one dealt with the isolation of retinal sublayers from neonatal retinas 
(Shiosaka et al., 1984), and the second was a development of the first report 
for adult rat retinas (Simon and Thanos, 1998). Our protocol is a further 
development of existing protocols and is adapted for isolating single RGCs 
for RT-PCR.  

The procedure includes retrograde tract tracing of RGCs from the SC, 
retinal dissection and RGC layer separation, aspiration of single, FG-labeled 
RGC with a micropipette, and RT-PCR. The actual ganglion cell layer 
separation is performed by attaching one retinal quadrant to a filter followed 
by enzymatic digestion. Then the ganglion cell layer is separated from the 
rest of the retina against a glass cover-slip (Fig. 11).  

 
 
 
 
 
 
 
 
 

Figure 11. Mechanical ganglion cell layer separation for isolation of RGCs. Adult 
rat RGCs were retrogradely labeled from the superior colliculi for positive 
identification of RGCs. After 1 week, retinas were dissected and one quadrant of the 
retina was enzymatically treated. Then, the ganglion cell layer was separated from 
the rest of the retina against a glass-coverslip (illustration) for picking of individual 
RGCs. onl; outer nuclear layer;opl; outer plexiform layer, inl; inner nuclear layer, 
ipl; inner plexiform layer, gcl; ganglion cell layer, nfl; nerve fiber layer. 

Single RGCs are picked for RT-PCR using a micropipette after positive 
identification under UV-light. There is an abundance of pickable RGCs in 
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the preparation after layer-separation, but the cell picking is the rate-limiting 
step in the procedure because it is performed for several hours. We used a 
micropipette with an inner diameter of 16-30 µm, movable in 3 dimensions 
by a micromanipulator (Fig. 12), and a hand-driven microinjector gave the 
best control over positive and negative pressure to be able to aspirate single 
cells. We used FluoroGold for the retrograde tracing of RGCs with the 
advantage that fluorescence was emitted from RGCs several hours after 
layer-separation. The soma sizes of RGCs in the preparation ranged from 8 
to 25 µm, and the majority had smaller soma sizes. This method of isolating 
RGCs was used in studies IV and V.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 12. The equipment used for isolation of RGCs. The microinjector was used to 
control positive and negative fluid pressure in the micropipette, and to aspirate 
single cells. The micropipette was movable in 3 dimensions by a micromanipulator 
controlled by a control unit (right). FluoroGold labeled RGCs were identified in the 
inverted microscope in UV-light. 

Several RGCs could possibly be collected in the same micropipette to 
increase the quantity of RGCs to be analyzed. This would undoubtedly make 
the PCR analysis easier since more starting material would be present. 
However, the single-cell PCR analysis has a point in the possibility to 
discern differential expression of genes between individual RGCs. The 
simplest way to classify the RGCs to be analyzed using this method would 
be by morphological criteria (ie. soma size) but is should also be possible to 
use electrophysiological techniques. 

The retina is a layered structure and that is why it is possible to isolate 
retinal sublayers using this method. It could be possible to use the method to 
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isolate cells from other layered structures within the CNS (for example 
cortex), presuming that there is a marker for the cell-type under study 
(analogous to FG-labeling). However this has still to be determined 
experimentally. 

We used two different PCR protocols to analyze gene expression in the 
acutely isolated RGCs (Fig. 13). Due to the limiting amounts of mRNA from 
a single cell, cDNA synthesis was performed in 20µl reaction volumes. One 
PCR protocol included splitting the cDNA synthesis reaction into two PCR 
reactions. The other used multiplex PCR to amplify a number of genes 
simultaneously in the same first PCR reaction. This reaction was then split 
into individual secondary PCR reactions for amplification of a single gene in 
each reaction. Multiplex PCR was more useful since several genes could be 
amplified from the limiting amounts of cDNA, but was more time-
consuming because it required more pipetting.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 13. Strategies for RT-PCR analysis of RTK expression in single RGCs. The 
isolation of a single RGC was followed by reverse transcription of single cell mRNA 
and PCR. Multiplex PCR was used to amplify several genes in the same reaction. 
PCR reactions were analyzed with agarose gel electrophoresis, and the identity of 
the PCR products were confirmed using nucleotide sequencing. House-keeping 
genes GAPDH or beta-actin were used as internal positive controls for each cell. 

To increase the amount of cDNA from a single cell it would be possible to 
use an amplification step where the whole cDNA pool is amplified, for 
example via PCR amplification (Korneev et al., 1994). Alternatively the 
mRNA from a single cell could be amplified using T7 RNase amplification 
(Van Gelder et al., 1990; Eberwine et al., 1992; Phillips and Eberwine, 
1996). We performed experiments for the PCR amplification cDNAs from a 
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single cell using a T4 RNA ligase strategy (Tessier et al., 1986; Edwards et 
al., 1991; Troutt et al., 1992; Ali Ansari-Lari et al., 1996), which had not 
been performed before on single cell material. However initial experiments 
using this strategy were not successful and we did not continue these 
experiments but instead focused on single-cell PCR.  

The single cell PCR analysis was directed towards the amplification of 
RTKs from single RGCs. The PCR primers used were directed towards 
TrkB, TrkC, Ret, Met, and ErbB2, which are the receptors for BDNF, NT-3, 
GDNF, and HGF, respectively. No direct ligand for ErbB2 has been 
discovered (Holbro et al., 2003). All five RTKs were amplified from single 
RGCs which confirms the mRNA expression of TrkC and Met in RGCs 
(analyzed in the entire rat retina in paper III). We knew already from study II 
that Ret was expressed by adult RGCs, and earlier TrkB has also been shown 
earlier to be expressed by RGCs (Suzuki et al., 1998). Immunoreactivity for 
ErbB2 was identified in the IPL in embryonic and postnatal rat retina 
(Bermingham-McDonogh et al., 1996), but with the sensitivity of single-cell 
PCR we could now identify expression of ErbB2 in adult rat RGCs. The 
result of the multiplex PCR analysis was indicative of differential expression 
of RTKs in RGCs.  

From this work we conclude that we have established a method for the 
molecular analysis of adult rat RGCs, and the results indicate that a majority 
of RGCs in the adult retina express RTKs. 

Paper V 
In this study we wanted to expand the knowledge of RTK expression in adult 
RGCs, and to identify new potential neurotrophic factor receptors expressed 
by RGCs. We used degenerate PCR, which is an expeditious way to find 
expressed genes, to amplify RTKs expressed by RGCs. The degenerate 
primers were directed towards the tyrosine kinase domain of protein tyrosine 
kinases, and the PCR was applied on cDNA from acutely isolated RGCs 
(isolated with the method described in paper IV). The PCR conditions were 
found to be critical in order to achieve a specific amplification of correctly 
sized PCR fragments. In particular, starting up with a few cycles with a low, 
non-stringent annealing temperature, and slow ramping between annealing 
and extension steps as well as long incubation times were found to be 
critical. After amplification, PCR fragments were cloned, sequenced and 
then sequences were BLAST searched against GenBank. Twenty-eight 
clones were found with significant similarity to the protein tyrosine kinase 
family. The isolated protein tyrosine kinases were Axl (“anexelekto”), Sky 
(“sea related protein tyrosine kinase”), vasoendothelial growth factor 
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receptor 2 (VEGFR-2), vasoendothelial growth factor receptor 3 (VEGFR-
3), colony stimulating factor 1 receptor (CSF-1R), platelet-derived growth 
factor receptor β (PDGF-βR), Ros and janus kinase 1 (Jak1) (Fig. 14). No 
novel kinase was isolated.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Alignment of conserved amino acid sequences of identified RTKs from 
single RGCs. Highly conserved amino acids are boxed in black and less well 
conserved in grey. Oligonucleotide sequences used as primers in the PCR 
corresponded to amino acid sequences HRDLAARN and DVWS(F/Y)G(V/I). 

The next step was to try to verify the expression of these receptors using 
histo-chemical methods. In situ hybridization analysis was applied using 
probes directed towards each of the RTKs identified in the PCR analysis. 
Sky, VEGFR-2, CSF-1R, and PDGF-βR were expressed in the normal GCL 
as identified by in situ hybridization. Since the GCL not only consists of 
RGCs but also displaced amacrine cells, we wanted to analyze receptor 
expression in identified RGCs using immunostainings. We did this by 
immunohistochemistry using retinas where RGCs had been retrogradely 
traced from the SC using TrueBlue (TB). The reason for using TB and not 
FG for retrograde tracing of RGCs for immunohistochemistry, is due to the 
broad spectral properties of FG. Sky immunoreactivity (IR), VEGFR-2 IR, 
CSF-1R IR, PDGF-βR IR was detected in retrogradely traced RGCs 
indicating their expression by RGCs. Neither Axl, Ros nor VEGFR-3 was 
satisfactorily detected in the adult rat retina using in situ hybridization, 
which precluded their investigation using immunostainings. 

Several of the identified receptors have mediated neurotrophic effects in 
various neuronal systems. Axl and Sky are both activated by growth arrest 
specific gene 6 (Gas6) (Ohashi et al., 1995; Varnum et al., 1995; Mark et al., 
1996; Nagata et al., 1996; Chen et al., 1997), and Gas6 was anti-apoptotic 
for GnRH neurons (Allen et al., 1999), hippocampal neurons (Funakoshi et 
al., 2002), and showed regulated expression in the sciatic nerve after nerve 
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transection (Funakoshi et al., 2002). This demonstrates that Gas6 has 
neurotrophic effects on certain neuronal populations. It remains to be shown 
if Gas6 have neurotrophic effects on injured RGCs in vivo. VEGFR-2 is 
activated by vascular endothelial growth factor (VEGF). Neurotrophic 
properties of VEGF on CNS neurons has been identified, and VEGF 
promoted survival of mesencephalic neurons (Jin et al., 2000b), mouse 
hippocampal neurons (Jin et al., 2000a), and promoted neurite outgrowth 
from retinal explants (Bocker-Meffert et al., 2002), indicating direct effects 
on RGCs. However, VEGF is also known as a mediator of 
neovascularization (Silverman et al., 1999), and may have  potential harmful 
proangiogenic effects. We show that CSF-1R is constitutively expressed by 
adult RGCs and CSF-1R is activated by colony stimulating factor 1 (CSF-1 
or M-CSF). CSF-1 has neuroprotective effects on hippocampal neurons 
since they were protected by CSF-1 from NMDA-induced apoptosis 
(Vincent et al., 2002). Cultured Purkinje cells were dependent on CSF-1 for 
survival (Murase and Hayashi, 1998), and mice lacking a functional CSF-1 
gene (Yoshida et al., 1990), had neurodevelopmental abnormalities 
(Michaelson et al., 1996), and showed increased neuronal vulnerability to 
ischemic injury (Berezovskaya et al., 1995). PDGF receptors are activated 
by PDGF, which consists of disulphide-linked dimers of A, B and/or C 
chains (Heldin and Westermark, 1999; Li et al., 2000). These dimers bind to 
the PDGF receptors with different affinities but PDGF-βR only binds 
PDGF-BB with high affinity (Heldin and Westermark, 1990). PDGF-BB has 
been shown to have neurotrophic effects on brain cell cultures (Smits et al., 
1991; Caldwell et al., 2001).  

Therefore, through a degenerated PCR approach we have identified 
several new potential neurotrophic factor receptors expressed by RGCs. 

Paper VI 
In this paper, we describe the investigation of the presence of MCRs and 
POMC in the adult rat visual system. We also studied the regulation of MCR 
and POMC mRNAs after optic nerve transection to be able to assess a 
possible role in a response to optic nerve damage.  

We detected mRNA expression of MC3R, MC4R, and MC5R in the adult 
rat retina. Using quantitative realtime PCR we measured the mRNA levels of 
these receptors in the normal retina, and found MC4R expressed at the 
highest levels followed by MC5R and MC3R (Fig. 15). Only MC3R was 
significantly upregulated after optic nerve transection, and mRNA levels of 
MC4R and MC5R remained unchanged. MC4R was still expressed at the 
highest levels after the injury. Using immunohistochemistry with 
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diaminobenzidine staining we detected similar distributions of MC3-5R in 
the normal retina, where the receptors were found mainly in the INL and in 
the GCL. Immunoreactivity for MC3R and MC4R was detected in 
retrogradely traced RGCs. It has been shown that melanocortins have direct 
effects on neuronal tissue expressing the receptors (see introduction), and 
since we could detect MCRs in adult RGCs, exogenously added 
melanocortins have the possibility to act directly on RGCs and exert possible 
neurotrophic effects. There were clearly more RGCs immunoreactive for 
MC4R than MC3R which indicates the relevance of targeting MC4R when 
examining neurotrophic effects of melanocortins on adult rat RGCs. 

 
 
 
 
 
 
 
 
 
 

Figure 15. MCR and POMC mRNA levels in the normal adult rat retina and 
superior colliculus. mRNA levels were measured using quanititative real-time PCR. 
(A) Relative MC3-5R and POMC mRNA levels in retina. MC3R mRNA level was 
assigned a relative index of 1. MC4R was expressed at the highest levels of the 
MCRs in the retina. (B) Relative MC3-5R and POMC mRNA levels in rat superior 
colliculus. POMC mRNA level was assigned a relative index of 1. MC4R was 
expressed at the highest levels of the MCRs also in the superior colliculus. 

POMC is the larger precursor peptide from which melanocortins are 
generated, and we detected POMC mRNA in the retina. Measuring mRNA 
levels using real-time PCR we did not find any significant changes in POMC 
mRNA levels 4 and 14 days after optic nerve transection. Other timepoints 
and a more sensitive assay measuring expression at the cellular level may be 
necessary to accurately determine POMC mRNA regulation. α-MSH is 
generated from POMC by proteolytic cleavages, and we detected α-MSH in 
the GCL which indicates its presence in RGCs. The functional role for α-
MSH in the retina may be as a neurotransmitter and/or neuromodulator 
where α-MSH produced by RGCs could activate MC3R, MC4R, or MC5R 
on RGCs by an autocrine loop. Also, MC3R, MC4R, or MC5R on INL cells 
could be activated by α-MSH from RGCs by paracrine stimulation.  

In the optic tectum MC4R was expressed at the highest levels followed by 
MC3R (Fig. 15). However 14 d post-injury MC4R mRNA was significantly 
decreased to one third of its level of expression in the normal optic tectum, 
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and also MC5R mRNA was significantly decreased in the tectum after optic 
nerve transection. We speculate that this decrease in MC4R and MC5R 
mRNA in the tectum may be activity-dependent downregulation of mRNA 
expression.  

A general assumption about the adult nervous system is that after damage 
repair mechanisms may be switched on which resembles cellular 
mechanisms in the developing nervous tissue (Hol et al., 1995). Therefore to 
study neurite outgrowth in embryonal cultures may give information about 
the effect of neuropeptides and growth factors on regeneration in the adult 
nervous system.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 16. Stimulation of neurite outgrowth by de-acetylated α-MSH or NDP-MSH 
in embryonic chick retina. (A) Diagram showing the dose-dependent neurite 
outgrowth stimulated by NDP-MSH (diamonds) and de-acetylated α-MSH (Des-Ac-
MSH) (squares). (B) Neurite outgrowth stimulated by NDP-MSH (40ng/ml). (C) 
Neurite outgrowth stimulated by Des-Ac-MSH (40ng/ml). (E) Negative control 
(medium only) showing minimal neurite outgrowth. Scale bar in D is 100 µm also 
valid for B-C. 
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We studied the functional effects of melanocortins on neurite outgrowth 
from retinal cells by stimulating E6 chicken retinal explants with 
deacetylated α-MSH and the synthetic analogue NDP-MSH (Fig. 16). The 
reason for selecting the de-acetylated form of α-MSH over the acetylated 
form was that de-acetylated α-MSH increased neurite outgrowth from avian 
sensory ganglia whereas acetylated α-MSH reduced neurite outgrowth 
(Haynes and Semenenko, 1989). NDP-MSH is a very potent agonist for 
MC3R, MC4R, and MC5R (Adan and Gispen, 1997). NDP-MSH was 
slightly more potent than Des-Ac-MSH in the assay, stimulating increased 
neurite outgrowth at a lower concentration. This may be due to the higher 
stability of NDP-MSH, resulting in more efficient receptor-activation over 
time and also its high potency in activating MCRs. These results show that 
melanocortins have direct effects on developing retinal cells. It is not known 
whether MCRs are expressed at E6 in the chicken retina, but in 1-day old 
chick retina MC1R, MC4R, and MC5R are expressed whereas MC3R is not 
(Teshigawara et al., 2001). Both cyclic AMP and calcium are involved in 
regulating neurite outgrowth (Kilmer and Carlsen, 1984; Lankford and 
Letourneau, 1989). For example forskolin, which activates adenylate cyclase 
directly, could stimulate neurite outgrowth from neuroblastoma cells (Adan 
et al., 1996), and intracellular calcium may control neurite outgrowth by 
regulating the stability of actin filaments (Lankford and Letourneau, 1989). 
It is likely that the neurite outgrowth we see is mediated by ligand binding to 
MCRs and activation of signal transduction pathways in which cAMP and 
calcium play vital roles.  

Paper VII 
In this study we investigated the involvement of the pro-apoptotic protein 
Bim in adult RGCs after optic nerve transection. Bim is a BH3-domain only 
protein and a member of the Bcl-2 family of proteins. Proteins of the Bcl-2 
family are important regulators of apoptosis in different cells including 
neurons. Other proteins that belong to the Bcl-2 family and that were 
investigated in the present study were Bax, a pro-apoptotic protein and Bcl-
2, which is an anti-apoptotic protein. In the apoptotic machinery, Bim is 
suggested to be involved in the translocation of Bax from the cytosol to the 
mitochondria, where Bax is integrated into the outer mitochondrial 
membrane. This is followed by Bax-mediated cytochrome c release, which is 
then followed by cell death (Putcha et al., 2001). The anti-apoptotic 
properties of Bcl-2 have been observed in RGCs, where overexpression of 
Bcl-2 promotes survival of RGCs after axotomy (Bonfanti et al., 1996). 
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mRNA levels were analyzed using quantitative real-time PCR, and 
protein levels were analyzed semi-quantitatively using 
immunohistochemistry. In addition, protein immunoreactivity was analyzed 
in TB labeled RGCs. In the normal adult rat retina there were only 
occasional Bim immunoreactive cells in the GCL indicating limited Bim 
protein expression. However 4 d after RGC axotomy the number of Bim IR 
cells in the GCL were higher, indicating an up-regulation of Bim protein 
levels. Bim IR was cytoplasmic, occasionally punctate, and was present in 
retrogradely labeled RGCs. Bim mRNA expression was found in the normal 
adult rat retina. Four days after optic nerve transection Bim mRNA was 
significantly up-regulated almost 3-fold in the retina (Fig. 17). The increase 
in Bim mRNA levels was probably attributed to an increase in RGCs, since 
these cells are directly affected by the nerve transection. As pointed out 
earlier, the Bim protein induces cell death. Putcha et al (2001), showed that 
depriving sympathetic neurons from NGF, on which they were dependent for 
their survival, induced Bim expression in the neurons. Biswas and Greene 
(2002) showed that NGF protects neurons from the pro-apoptotic effects of 
Bim by two temporally different mechanisms. NGF induced a fast 
phosphorylation of Bim, repressing its activity which was followed by a 
slower downregulation of Bim mRNA expression. RGCs are deprived of 
target-derived factors after optic nerve transection. These target-derived 
factors could act to repress the activity of pro-apoptotic proteins in RGCs 
including Bim. The deprivation of target-derived factors for RGCs may lead 
to the upregulation in both Bim protein and mRNA levels that we observe in 
RGCs 4 days after RGC axotomy. Bim could then act in concert with other 
pro-apoptotic proteins to induce RGC death. In fact, the timepoint analyzed 
precedes the onset of massive RGC death in the retina.  

 
 
 
 
 
 
 
 
 
 

Figure 17. Relative mRNA levels of Bim, Bax,and Bcl-2 in the adult rat retina after 
optic nerve transection. mRNA levels were analyzed using quantitative real-time 
PCR. (A) Bim mRNA was significantly upregulated in the retina 4 days after RGC 
axotomy. (B) Bax was upregulated 4 days after axotomy. (C) Bcl-2 was upregulated 
4 days after axotomy. Significances: *p<0.05, ** p<0.01, *** p<0.001. 
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c-jun is an important component of the transcription factor AP-1, and the 
activity of AP-1 is regulated by the phosphorylation of c-jun (Yoshida et al., 
2002). Inhibition of c-jun can block the death of sympathetic neurons caused 
by NGF deprivation, which emphasizes its role in promoting neuronal 
apoptosis (Estus et al., 1994). c-jun regulates Bim activity and c-jun protein 
levels and activity have been shown to increase after trophic factor 
deprivation (Estus et al., 1994; Whitfield et al., 2001). In the present work 
we found strong IR of phosphorylated c-jun, which correlated with the 
appearance of Bim-IR cells in the GCL after optic nerve transection.  

Capase-3 is one of the executioners of apoptosis and we found caspase-3 
IR to increase 4 days after axotomy. In addition to Bim we found that the 
relative mRNA levels and IR of both Bax and Bcl-2 increased in rat retina 
after injury (Fig. 17). Previous studies have also shown an upregulation of 
Bax expression in retina in response to optic nerve transection (Isenmann et 
al., 1997). The parallel increase of Bim and Bax as shown in the present 
study suggest that the BH3-only family members such as Bim may be 
required in Bax-induced apoptosis in RGCs.  

Although most studies agree that the anti-apoptotic Bcl-2 is expressed in 
normal adult retina, there are contradictory results on its regulation after 
optic nerve injury. Chen et al (1994) examined adult rats 30 days after optic 
nerve transection and found the IR of Bcl-2 increased in the retina. At this 
time the majority of RGCs are presumably dead and consequently the Bcl-2 
IR was not found in neurons but mainly the Müller cell processes. Levin et al 
(Levin et al., 1997) found very low levels of Bcl-2 expression in normal 
adult retina and could not detect any change 1 to 4 days after a crush injury 
of the optic nerve. In the present work we have seen a robust increase in both 
Bcl-2 mRNA levels and IR 4 days after optic nerve axotomy. This increase 
may reflect an attempt of RGCs to counteract apoptosis induced by injury by 
either binding pro-apoptotic molecules as Bax (Hanada et al., 1995), or 
sequestering Bim and other BH3-only molecules (Cheng et al., 2001).  

In conclusion, we show that the expression of the BH3-only family 
member Bim is low in normal adult rat retina, but increases after injury. The 
parallel increase in Bim and Bax suggests that they are involved in the death 
of RGCs after axotomy. However, anti-apoptotic Bcl-2 was also increased in 
injured RGCs suggesting a role in limiting the extent of apoptotic RGCs. 
The results add to the knowledge about intracellular pathways regulating 
injury-induced RGC death.  



44 

General discussion 

As shown in this thesis there is a larger number of RTKs expressed in RGCs 
than was previously known (summary in table 2). The question arises why 
there are many different RTKs expressed by RGCs. Some explanations may 
include that there are several different subtypes of RGCs, and that this is 
possibly reflected by differences in trophic factor requirements between 
different RGC subtypes. There are also different target areas for RGCs, and 
this may reflect variations in neurotrophic factor dependencies. In addition 
different RTKs may show variations in activation of intracellular pathways, 
as well as temporal variations in activation of these pathways where certain 
receptors induce longer-lasting activation and others shorter activation. Thus 
the range of RTKs that we find in RGCs may reflect differences in 
functional requirements by adult RGCs. 

The treatment of injured RGCs in vivo with exogenously added trophic 
factors have not been overly successful. They only postpone RGC death 
after axotomy as is shown by treatment with GDNF in this thesis (paper II), 
and in other studies using other neurotrophic factors. Evidence is 
accumulating that neurons might need combinations of growth factors to 
maintain their physiological functions and to prevent cell death (Nishi, 1994; 
Meyer-Franke et al., 1995). In addition, recent in vitro data show that the 
responsiveness of RGCs to trophic factors is enhanced by neuronal 
depolarization using glutamate agonists or by elevated intracellular cyclic 
AMP by using forskolin (Meyer-Franke et al., 1995; Hanson et al., 1998; 
Meyer-Franke et al., 1998; Santos and Araujo, 2001). In cell cultures the 
survival of RGCs was significantly improved by a combination of trophic 
factors and elevation of intracellular cAMP levels or depolarization whereas 
trophic factors alone were not efficient in promoting RGC survival (Meyer-
Franke et al., 1998). Depolarization or cAMP elevation increased cell-
surface bound TrkB, indicating that increased cAMP levels recruits trophic 
factor receptors to the cell surface (Meyer-Franke et al., 1998).  

It may be that for survival in vivo the RGCs may have to be “wired-up” 
correctly, connected within the retina, and stimulated by synaptic retinal 
input. As well they may have to be connected to and receive neurotrophic 
support from target areas.  
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It is possible that neurotrophic factor stimulation is not enough to 
permanently rescue injured RGCs from cell death in vivo. Injured RGCs 
may also require elevated intracellular cAMP levels or activity achieved by 
substances inducing depolarization.  

A successful therapeutic strategy for rescue of injured RGCs in vivo may 
involve a cocktail of pertinent trophic factors covering the potential different 
trophic requirements of various RGC subtypes as well as substances 
increasing intracellular cAMP levels.  

In this thesis we have characterized the expression of several new 
potential neurotrophic factor receptor candidates in RGCs. In addition, we 
have characterized the expression by RGCs of melanocortin receptors that 
when stimulated have the potential to increase intracellular cAMP levels. 

 Future experiments will show if injured RGCs are positively influenced 
by combinations of ligands to the RTKs identified in this thesis, as well as in 
combinations with potent MCR agonists.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2. Summary of identified receptor expressions in this thesis. 

Receptor mRNA Protein Paper  
Ret RGCs GCL II, IV, V  

GFRα1 RGCs nd II  
GFRα2 GCL nd II  
TrkB RGCs GCL II, IV, V  
TrkC RGCs nd IV  

HGFR RGCs nd III, IV  
CNTFRα GCL nd III  
FGFR1 retina nd III  
FGFR3 retina nd III  
FGFR4 GCL nd III  
ErbB2 RGCs nd IV  

Axl RGCs nd V  
Sky RGCs nd V  

VEGFR-2 RGCs RGCs V  
VEGFR-3 RGCs nd V  
CSF-1R RGCs RGCs V  

PDGF-βR RGCs RGCs V  
Ros RGCs nd V  

MC3R retina RGCs VI  
MC4R retina RGCs VI  
MC5R retina RGCs VI  

RGCs; retinal ganglion cells, GCL; ganglion cell layer, nd; not determined 
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Conclusions 

Conclusions are: 
 
•  GDNF and its receptors are expressed in the developing chicken 

retina and both GDNF and neurturin stimulates neurite outgrowth 
from the embryonic retina confirming the existence of functional 
GDNF and neurturin receptors in the developing retina. 

 
•  RGCs in the adult rat express receptors for GDNF and axotomized 

RGCs respond directly to treatment with GDNF in vivo which 
postpones RGC death. 

 
•  Optic nerve transection induces the regulated expression of several 

growth factors, including BDNF and FGF2, in the visual system. 
 

•  Adult rat RGCs are easily isolated by retinal ganglion cell layer 
separation with micropipette aspiration of RGCs. Acutely isolated 
RGCs are usable for molecular analysis by single-cell RT-PCR. 

 
•  Axl, Sky, VEGFR-2, VEGFR-3, CSF-1R, and PDGF-βR are new 

potential neurotrophic factor receptors expressed by adult RGCs. 
 

•  The melanocortin receptors MC3R and MC4R are expressed by 
adult rat RGCs, and α-MSH stimulates neurite outgrowth from 
embryonic chicken retina implicating a functional role for MCRs 
and α-MSH in the retina.  

 
•  Bim and Bax increase in the retina after optic nerve transection, and 

may promote death of axotomized RGCs. Increase in Bcl-2 may 
contribute to limiting the extent of RGC apoptosis after optic nerve 
transection.  
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