
 
 

 

 

Use of Retinal Explants to Examine the Effect of 

Granulocyte-Macrophage Colony-Stimulating Factor on  

Neurite Growth 

 

by 

Sonia Hanea 

 

A thesis submitted to the Faculty of Graduate and Postdoctoral Affairs 

in partial fulfillment of the requirements for the degree of 

 

 

Master of Science 

in  

Neuroscience 

 

 

Carleton University  

Ottawa, Ontario 

 

© 2015 

Sonia Hanea



ii 

 

ABSTRACT 

Adult mammalian central nervous system (CNS) neurons fail to regenerate after 

injury. Both the extracellular environment and the intrinsic growth state of neurons affect 

their ability to regenerate. The cytokine granulocyte-macrophage colony-stimulating 

factor (GM-CSF), known to promote cell survival, may also activate cellular growth 

programs. In this thesis, the effect of GM-CSF on CNS neurite growth was investigated. 

The retina, an easily accessible region of the CNS, was examined. Pieces of retinal tissue 

– retinal explants – were maintained in culture and varying doses of GM-CSF were 

applied. The growth of retinal ganglion cells (RGC) neurites was quantified. The results 

indicated that GM-CSF enhanced lengthy neurite growth in embryonic mouse retinal 

explants. The retinal explantation technique optimized in this study could be used to test 

the role of potential agents in growth-promotion. Ultimately, long-distance neuronal 

regeneration is critical in functional recovery after neural injury. 
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INTRODUCTION  

Santiago Ramón y Cajal’s “Degeneration and Regeneration of the Nervous 

System” was first published in 1913 (Ramón y Cajal, 1968). This work outlined the 

cellular characteristics of neural regenerative and degenerative phenomena. Regeneration 

– regrowth after injury – was found to be abortive in the adult mammalian central 

nervous system (CNS). However, certain findings suggested that regeneration could be 

manipulated. Namely, fibers of the injured optic nerve – CNS tissue – were able to grow 

into a peripheral nerve graft (Ramón y Cajal, 1968). These observations were confirmed 

in the 1980s by Albert Aguayo’s group at McGill University. The team determined that 

some fibers of the injured adult mammalian optic nerve could grow the length of a 

peripheral nerve graft into their midbrain target, the superior colliculus, and form active 

synapses there (Aguayo et al., 1987; Vidal-Sanz et al., 1987; Aguayo et al., 1990). 

Regeneration of injured neurons into peripheral nerve grafts or bridges has also been also 

noted in other CNS regions, including the spinal cord (Richardson et al., 1980; David and 

Aguayo, 1981). Studies on regeneration in the visual system, a region of the CNS, have 

been informative and applicable to other CNS regions. Anatomical and functional 

similarities exist between the retina – a part of the eye – and the brain and the spinal cord 

(London et al., 2013). Moreover, not only do CNS pathologies manifest in the eye, but 

characteristic ocular conditions display neurodegenerative changes (London et al., 2013). 

Overall, the visual system is easily accessible and amenable to scientific investigations. 

In this thesis, the visual system has been used as a model to study neuronal regeneration. 

In particular, the focus has been on evaluating the impact of the cytokine granulocyte-
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macrophage colony-stimulating factor (GM-CSF) on neuronal regrowth using retinal 

explants. 

  

Overview of the visual system 

The visual system comprises multiple cell types in the eye that coordinate signals 

to allow visual cues to be registered in the brain. Briefly, vision is possible when light 

enters the eye through the cornea and reaches the back of the eye, where the retina is 

located (Fig. 1).  

 

Figure 1. The eye. The eye is made up of several different structures, some of which are 

outlined here. The cornea is the transparent outer covering of the eye (Gray, 1977). The 

lens is a capsule-like structure involved in focusing light (Gray, 1977). The vitreous body 

is a gelatinous structure that is positioned between the lens and the retina (Gray, 1977). 



3 

 

The retina is the light-processing structure of the eye (Moore & Goldberg, 2010). The 

optic nerve transmits electrical signals from the retina to the brain. (Fig. 1 was adapted 

from Robinson, 1998) 

 

The retina is the neural structure in the eye which processes light. Developmentally, it 

originates from the neural tube, which gives rise to the entire CNS (Lamb et al., 2007; 

Cayouette, 2013). The retina is made up of layers of interconnecting neurons and glial 

cells (Fig. 2).  

 

Figure 2. The retina. The retina is made up of several cell types. The rods and cones are 

photoreceptors. They are located in the outermost retinal layer and they transduce light 
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into electrical signals (Moore and Goldberg, 2010). The horizontal, bipolar and 

amacrine cells are interneurons. They are located in the middle retinal layers and they 

modulate the electrical activity of the other neurons in the retina (Moore and Goldberg, 

2010). The Müller glia cells, which span the retina radially, are involved in supportive 

functions (Kolb, 2013). Microglia cells, not shown, are also located in the retina and are 

involved in phagocytic functions (Kolb, 2013). The retinal ganglion cells (RGCs), located 

in the innermost retinal layer, integrate the electrical signals from the other neurons in 

the retina. The axons of the RGCs form the optic nerve, which projects to the brain. 

Oligodendrocytes myelinate the optic nerve fibers (Moore and Goldberg, 2010). 

Astrocytes play supportive roles for the RGC axons, in particular in the communication 

between the blood vessels and these fibers (Moore and Goldberg, 2010). Ultimately, the 

RGC axons provide an electrical output to brain targets (Fig. 2 was adapted from Moore 

and Goldberg, 2010) 

 

In summary, the retina is made up of many different cell types. The rods and cones are 

photoreceptors; the horizontal, the bipolar and the amacrine cells are interneurons; the 

retinal ganglion cells (RGCs) are neurons. Moreover, the Müller glia cells, microglia and 

astrocytes are glial cells present in the retina (Kolb, 2013). The photoreceptors in the 

retina transduce light into electrical signals which travel to the innermost retinal layer 

composed of RGCs. The RGCs are CNS neurons and their axons form the optic nerve, 

which projects to different brain regions, including the superior colliculus. The relatively 

few cell types in the retina and their precisely organized layered structure permit not only 
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the examination of a particular cell type but its interactions with connecting cells 

(Cayouette, 2013; London et al., 2013). Moreover, the eye is anatomically accessible; 

thus administration of target compounds into the eye, to examine neuroprotection and/or 

regeneration, is relatively simple (Cayouette, 2013; London et al., 2013). The visual 

system is widely used as a model system to study neuronal growth and regeneration. In 

particular, the experiments in this study evaluated the growth of RGC projections, using 

retinal explants – small pieces of retinal tissue that can be cultured and analyzed in an ex-

vivo setting.  

 

Developmental changes in neuronal growth 

            Embryonic neurons differ from adult neurons in numerous aspects with respect to 

their growth. Ultimately, different growth abilities are at play. The growth, both in length 

and speed, of purified embryonic day 20 (E20) and postnatal day 8 (P8) RGCs was 

examined over three days (Goldberg et al., 2002). The embryonic RGCs extended longer 

axons, at faster rates – approximately ten times faster – than the postnatal RGCs
 

(Goldberg et al., 2002). When E20 RGCs were cocultured with amacrine cells or 

amacrine cell membrane, they displayed decreased growth ability (Goldberg et al., 2002). 

This suggested that signals from other cells in the retina, in this case amacrine cells, 

affected the growth state of the RGCs (Goldberg et al., 2002). More insights into growth 

differences have come from cocultures of retina and superior colliculus. Extensive 

growth of axons, from the retina into the target superior colliculus, was seen in 
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embryonic cocultures; however, minimal growth was observed in postnatal cocultures
 

(Chen et al., 1995). Experiments using cocultures of different ages revealed that the 

developmental age of the retina, not of the target tissue, determined the growth ability of 

axons originating from the retina (Chen et al., 1995). In vivo, after neural injury, 

astrocytes form inhibitory barriers to regrowth (Silver and Miller, 2004). The differential 

growth responses of neurons to three-dimensional astrocyte cultures were examined 

(Fawcett et al., 1989). Postnatal dorsal root ganglion (DRG) neurons and adult retinal 

neurons, in contrast to embryonic ones, failed to grow on older astrocyte cultures 

(Fawcett et al., 1989). These in vitro cultures mimicked in vivo growth responses. 

Overall, these data support the notion that there is a developmentally regulated decline in 

axon growth ability. Accumulating research hypotheses suggest that natural neuronal-

intrinsic mechanisms, involving cellular signals within neurons, may regulate axon 

growth ability in the mature CNS.  

 Intrinsic mechanisms in neurons may be involved in mediating axonal growth 

ability. In particular, different intracellular signaling pathways are activated (these 

pathways are further described in the section GM-CSF: signaling and expression). In 

order to investigate signaling mechanisms, different cell signaling inhibitors were 

administered to embryonic DRGs and, intact or lesioned, adult DRGs and their growth 

responses were monitored (Liu and Snider, 2001). In these studies, baseline embryonic 

DRG growth required the mitogen-activated protein kinase (MAPK) and the 

phosphoinositide 3-kinase (PI3K) signaling pathways, but regenerative adult DRG 

growth required the Janus kinase/signal transducer and activator of transcription 

(JAK/STAT) signaling cascade
 
(Liu and Snider, 2001). Not only has the role of particular 
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pathways in neuronal growth been considered, but the contributions of target molecules 

have been examined. For example, cocultures of retina and superior colliculus were used 

to investigate the role of B-cell lymphoma 2 (Bcl-2), an anti-apoptotic protein, on 

neuronal growth (Chen et al., 1997). The developmentally diminished growth ability of 

RGCs correlated with the developmental decline in Bcl-2 expression in RGCs (Chen et 

al., 1997). Manipulating Bcl-2 levels in mice, either through knockout (KO) strategies or 

overexpression, altered axonal growth ability in cocultures of retina and superior 

colliculus (Chen et al., 1997). In particular, in cocultures from varying developmental 

stages, RGCs from transgenic mice overexpressing Bcl-2 showed high levels of growth 

regardless of the developmental age; however, RGCs from wild type mice showed a 

developmental decline in growth (Chen et al., 1997). These studies pointed to a growth-

promoting function for the developmentally regulated molecule Bcl-2. Developmentally, 

there is a change in the expression of other intracellular signaling molecules in neurons. 

Of note, mammalian target of rapamycin (mTOR) is a key regulator of protein synthesis 

in cells. A developmental decline in phospho-S6 (pS6) ribosomal protein, an indicator of 

mTOR activity, was noted in RGCs and corticospinal neurons (Park et al., 2008; Liu et 

al, 2010). Another intrinsic player is cyclic adenosine monophosphate (cAMP), a second 

messenger that activates protein kinase A (PKA), which in turn activates transcription 

factors, such as cAMP responsive element-binding protein (CREB), which ultimately 

lead to long-term changes in gene expression (Harel and Strittmatter, 2006). It has been 

shown that developmentally, cAMP levels decrease in DRGs, RGCs and other neurons 

(Cai et al., 2001). Also, a developmental decline in the ability of these neurons to grow 

on certain substrates, including myelin, has been noted
 
(Cai et al., 2001). Modulation of 
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the cAMP signaling pathway, using signaling inhibitors or cAMP analogues, affected the 

growth, both in length and direction, of CNS neurons on myelin substrates (Song et al., 

1998; Cai et al., 2001). Screens have been conducted in RGCs in order to identify 

messenger ribonucleic acid (mRNA) transcripts whose expressions change 

developmentally – during the time that RGCs lose axon growth ability (Moore et al., 

2009). Several candidates have been identified (Moore et al., 2009). Overexpression of 

one of these candidates, the transcription factor Krüppel-like factor–4 (KLF4), in 

embryonic RGCs or hippocampal neurons considerably inhibited neurite growth (Moore 

et al., 2009). The levels of other KLF members have been found to be developmentally 

regulated in neurons, and overexpression of specific KLFs either promoted or inhibited 

CNS neurite outgrowth (Moore et al., 2009). Overall, neuronal growth ability varies not 

only developmentally, but also after injury. 

 

Neuronal regeneration 

It is well established that embryonic growth and neuronal regrowth after injury 

requires the formation of a growth cone at the tip of the axon (Bradke et al., 2012) (Fig. 

3).  
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Figure 3. The growth cone. In a neuron, the cell body contains the nucleus, the 

dendrites receive input from other neurons, and the axon conducts electrical impulses. At 

the tips of developing or injured axons are enlargements – growth cones.  At the leading 

edge of each growth cone are filopodia, finger-like protrusions, and lamellipodia, sheet-

like extensions; these actin-rich structures facilitate the advancement of the growth cone 

(Lowery and Van Vactor, 2009). During embryonic development or after neuronal injury, 

axons must grow to their appropriate targets. The growth cone senses guidance cues in 

its environment and steers the axon accordingly. (Fig. 3 was adapted from Tessier-

Lavigne, 2009)  

 

The growth cone is a sensory motile structure which senses molecules in the environment 

and steers the axon in a given direction. The growth cone is made up of a microtubule-

rich central domain, a transition domain, and an actin-rich peripheral domain (Lowery 

and Van Vactor, 2009). Growth cone advancement involves actin polymerization at the 

leading edge and reduced actin retrograde flow (Brown and Bridgman, 2003). In the 
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damaged adult mammalian CNS, neurons typically fail to form growth cones. Rather, end 

bulbs, that do not permit regrowth, form at the tips of the axons (Tom et al., 2004; Ertürk 

et al., 2007). 

Ultimately, adult mammalian CNS neurons, in contrast to peripheral nervous 

system (PNS) neurons, fail to regenerate (Huebner and Strittmatter, 2009). Insight into 

this difference has come from studies on DRGs, neurons which have both central and 

peripheral processes. Injury to the peripheral branch, prior to injury of the central one, 

resulted in the activation of specific intracellular signaling cascades and enhanced 

regeneration of the central branch of the DRGs (Richardson and Issa, 1984; Neumann 

and Woolf, 1999; Qiu et al., 2002; Qiu et al., 2005). In the PNS, the appropriate growth 

programs are activated in injured neurons and, overall, the extracellular environment 

facilitates neuronal regrowth. The diminished regenerative ability of the CNS is mainly 

attributed to an inhibitory extracellular environment as well as a loss in intrinsic neuronal 

growth ability.  

In particular, the site of a neural injury is characterized by cell loss, neuronal 

degeneration, demyelination and scarring (Horner and Gage, 2000). Cell replacement 

techniques involve the introduction of cells at the lesion site. The cell sources vary from 

Schwann cells – myelinating cells from the PNS, to olfactory ensheating cells, to bone 

marrow stromal cells (BMSCs), to neural progenitor cells (NPCs) and to stem cells 

(Tetzlaff et al., 2011). These cells not only perform key regenerative functions, but also 

provide permissive substrates for neuronal regrowth through the lesion site. Of note, the 

peripheral nerve grafts used to promote CNS regeneration mainly contained Schwann 
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cells (Richardson et al., 1980; David and Aguayo, 1981; Aguayo et al., 1987; Vidal-Sanz 

et al., 1987; Aguayo et al., 1990). Particular cell replacement strategies have involved the 

use of skin-derived precursors (SKPs) or Schwann cells, generated from the SKPs or 

from neonatal sciatic nerve segments (Biernaskie et al., 2007; Sparling et al., 2015). 

Either cell type was introduced into the injured rodent spinal cord (Biernaskie et al., 

2007; Sparling et al., 2015). Generally, remyelination of axons, increased axonal growth 

within the lesion, enhanced tissue preservation and improved functional recovery were 

noted in injured animals (Biernaskie et al., 2007; Sparling et al., 2015). Moreover, 

transplantation studies have also used induced pluripotent stem cells (iPSCs), which can 

give rise to any cell type. In a recent study, human iPSCs were differentiated into 

multipotent neural stem cells (NSCs), which could further give rise to neurons or glial 

cells (Lu et al., 2014). The NSCs were transplanted into the injured rodent spinal cord 

(Lu et al., 2014). The transplanted cells differentiated, and the resulting neurons sent 

axons in the lesion site and throughout the spinal cord (Lu et al., 2014). Host axons also 

grew into the graft; however, it is not clear whether functional connectivity was achieved 

(Lu et al., 2014). Although ethical issues surround some of the cell sources used in 

transplantation, cell replacement provides a potential therapeutic strategy in neural injury 

contexts. Transplantation procedures have been used in combination with other 

techniques in order to achieve not only neuronal regeneration but also axonal guidance to 

appropriate targets. In a particular study, rats were lesioned at the level of the spinal cord 

and BMSCs were transplanted into the lesion site (Alto et al., 2009). Some of these rats 

were also exposed to a preconditioning peripheral lesion, to stimulate growth programs, 

and received neurotrophin-3 (NT-3), a potential chemotrophic cue, at target areas in the 
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CNS (Alto et al., 2009). In these animals, regenerating neurons appropriately innervated 

and formed synapses within target brainstem regions expressing NT-3 (Alto et al., 2009). 

Appropriate axonal guidance, coupled with regrowth, is crucial in achieving functional 

improvements after neural injury.  

Specific cellular and molecular mechanisms underlie CNS injury. At the site of 

injury, myelin is broken down, reactive astrocytes accumulate, and immune cells 

infiltrate
 
(Silver and Miller, 2004; Yiu and He, 2006; Raposo and Schwartz, 2014) (Fig. 

4).  

 

Figure 4. Extracellular barriers to CNS neuronal regeneration. Injury in the CNS 

results in the impaired regeneration of neurons. It is characterized by the degradation of 

myelin, the formation of a glial scar made up of reactive astrocytes, and the infiltration of 

immune cells (Silver and Miller, 2004; Yiu and He, 2006; Fournier, 2009; Raposo and 

Schwartz, 2014). This extracellular environment is inhibitory to neuronal growth (Nash 

et al., 2009). (Fig. 4 is from Fournier, 2009) 
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Inhibitory molecules, which block neuronal regeneration, are present in myelin and are 

expressed by reactive astrocytes and immune cells (Filbin, 2003; Yiu and He, 2006; Nash 

et al., 2009). The three main inhibitors identified in myelin are neurite outgrowth 

inhibitor (Nogo), myelin-associated glycoprotein (MAG) and oligodendrocyte-myelin 

glycoprotein (OMgp)
 
(McKerracher et al., 1994; Chen et al, 2000; GrandPré et al., 2000; 

Kottis et al., 2002; Wang et al., 2002a). Reactive astrocytes make up a glial scar and have 

been found to secrete chondroitin sulfate proteoglycans (CSPGs), inhibitory extracellular 

matrix proteins
 
(Silver and Miller, 2004). The myelin inhibitors and the CSPGs bind to 

their receptors on the cell surface of neurons and trigger intracellular signaling, which 

ultimately converges on key regulators of the cytoskeleton, including the guanosine 

triphosphatase (GTPase) ras homolog family member A (RhoA) (Luo, 2002; Filbin, 

2003; Guan and Rao, 2003) (Fig. 5). Consequently, cytoskeleton dynamics and neuronal 

growth behavior are modulated. Active guanosine triphosphate (GTP)-bound RhoA 

mediates growth cone collapse (Mackay et al., 1995). 
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Figure 5. Inhibitors of CNS neuronal regeneration. Multiple growth inhibitors are 

present at the site of a neural injury. Inhibitors present in myelin include NogoA, OMgp, 

MAG and sulfatide (McKerracher et al., 1994; Chen et al., 2000; Wang et al., 2002a; 

Winzeler et al., 2011). CSPGs are inhibitors secreted by reactive astrocytes (Silver and 

Miller, 2004; Yiu and He, 2006). Other molecules, such as repulsive axon guidance cues, 
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are also expressed at the site of injury (Benowitz and Yin, 2007; Giger et al., 2010). 

Overall, these multiple inhibitors bind to their corresponding receptor(s) on the cell 

surface of neurons. Several inhibitors can bind to the same receptor(s). For example, 

NogoA, OMgp and MAG all bind the Nogo receptor 1 (NgR1) (Fournier et al., 2001; 

Domeniconi et al., 2002; Wang et al., 2002a; Barton et al., 2003). This receptor then 

forms a functional complex with the protein Lingo and the p75 neurotrophin receptor 

(p75
NTR

) or the tumor necrosis factor receptor superfamily member 19 (TROY) (Wang et 

al., 2002b; Mi et al., 2004; Park et al., 2005). Ultimately, activation of the receptors by 

extracellular inhibitors results in the stimulation of intracellular signaling cascades 

within the neurons. Most signaling converges on RhoA, a master regulator of the 

cytoskeleton (Niederöst et al., 2002; Fournier et al., 2003; Huber et al., 2003; Monnier et 

al., 2003). Activated RhoA and its downstream effectors promote the depolymerization of 

actin, which leads to growth cone collapse (Mackay et al., 1995; Luo, 2002). Ultimately, 

neuronal growth is inhibited. LIMK, LIM kinase; NgR2, Nogo receptor 2; NgR3, Nogo 

receptor 3; PirB, paired immunoglobulin-like receptor B; PTPσ, protein tyrosine 

phosphatase σ; ROCK, Rho-associated kinase (Fig. 5 was adapted from Fischer and 

Leibinger, 2012) 

 

Attempts at promoting CNS regeneration have focused on genetically or 

pharmacologically manipulating the growth inhibitors and/or their receptors (Schnell and 

Schwab, 1990; Schnell and Schwab, 1993; Bregman et al., 1995; Moon et al., 2001; 

Bradbury et al., 2002; GrandPré et al., 2002; Kim et al., 2003; Simonen et al., 2003). For 
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example, neutralizing antibodies against the myelin inhibitors or receptor antagonists 

have been applied at the site of the injury (Schnell and Schwab, 1993; Bregman et al., 

1995; Grandpré et al., 2002). Also, the enzyme chondroitinase ABC (chABC) has been 

used to degrade the CSPGs (Moon et al., 2001; Bradbury et al., 2002; García-Alías et al., 

2009; Alilain et al., 2011). Varied levels of regeneration have been noted (Bartsch et al., 

1995; Zheng et al., 2005; Tom et al., 2009; Filous et al., 2010; Lee et al., 2010a,b). These 

results may reflect the redundant actions of these multiple inhibitors and their receptors 

(Filbin, 2003; Dickendesher et al., 2012). Given this, convergent signaling mechanisms, 

downstream these inhibitors and their receptors, have been targeted. In particular, RhoA 

and/or downstream effectors have been antagonized (Lehmann et al., 1999; Dergham et 

al., 2002; Fournier et al., 2003; Monnier et al., 2003; Fischer et al., 2004b). Overall, 

enhanced CNS axon regeneration may involve not only attenuating the inhibition from 

the extracellular environment but also stimulating the intrinsic growth ability of neurons
 

(Benowitz and Yin, 2007; Liu et al., 2011).  

The importance of particular stimuli in neuronal regrowth has been elucidated in 

studies on the visual system. Neurotrophins, in addition to their potential chemotropic 

role, promote neuronal survival and growth (Chao, 2003). Of note, ciliary neurotrophic 

factor (CNTF) promoted neurite outgrowth of purified postnatal RGCs (Jo et al., 1999). 

CNTF expression was found to be upregulated, in retinal astrocytes and Müller cells, by 

lens injury or intravitreal zymosan injection (Müller et al., 2007; Fischer and Leibinger, 

2012). Lens injury involves the puncturing of the lens and the release of lens proteins into 

the vitreous body (Fischer and Leibinger, 2012). Injection of zymosan, a yeast cell wall 

preparation, results in the macrophage activation (Fischer and Leibinger, 2012). Both lens 

http://www.ncbi.nlm.nih.gov/pubmed/17050723
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dickendesher%20TL%5BAuthor%5D&cauthor=true&cauthor_uid=22406547
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injury and zymosan were found to promote adult optic nerve regeneration and RGC 

survival after optic nerve crush (Leon et al., 2000; Yin et al., 2003). The molecular 

mechanisms underlying these effects have been investigated. Intravitreal injection of β- 

or γ-crystallins, two types of lens proteins, resulted in similar regenerative phenotypes as 

lens injury; thus these proteins have been implicated in lens injury-mediated neuronal 

regeneration (Fischer et al., 2008). Of note, lens injury or β- or γ-crystallins injection 

resulted in CNTF expression and the subsequent activation of the JAK/STAT3 pathway 

(Müller et al., 2007; Fischer et al., 2008; Müller et al., 2009). Treatment with a Janus 

kinase (JAK) inhibitor attenuated the neuritogenic effect of lens injury on RGCs (Müller 

et al., 2007). Moreover, the neuritogenic effects of zymosan have been investigated. A 

particular zymosan-conditioned media fraction, which promoted the growth of 

dissociated RGCs, has been identified (Yin et al., 2003). Analysis of this fraction 

revealed the presence of oncomodulin, a calcium-binding protein (Yin et al., 2003; Yin et 

al., 2006). In vitro, this molecule promoted the growth of purified adult RGCs in 

combination with other neuritogenic agents, and also the growth of adult DRGs (Yin et 

al., 2006). In vivo, inhibition of oncomodulin, using an antagonist or neutralizing 

antibody, suppressed RGC axonal regeneration induced by zymosan injection or lens 

injury after optic nerve crush (Yin et al., 2009). Thus, specific stimuli, including 

inflammatory mediators, have been found to activate neuronal regenerative programs.  

The stimulation of neuronal growth programs involves specific intracellular 

signaling pathways, including cytokine signaling. The activation of these pathways is 

affected by signaling inhibitors. For example, suppressor of cytokine signaling 3 

(SOCS3) inhibits the JAK/STAT pathway, and phosphatase and tensin homolog (PTEN) 
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ultimately inhibits the mTOR pathway. Consistently, deletion of SOCS3 or PTEN in 

adult RGCs has been shown to promote axon regeneration and cell survival after optic 

nerve crush (Park et al., 2008; Smith et al., 2009). Similar effects have been observed in 

other CNS neurons (Liu et al., 2010; Zhang et al., 2012; Du et al., 2015). Moreover, co-

deletion of PTEN and SOCS3 in adult RGCs resulted in a striking synergistic effect on 

optic nerve regeneration; notably, some fibers reached brain regions and formed active 

synapses (Sun et al., 2011; Li et al., 2014). Thus, the JAK/STAT and mTOR signaling 

pathways have been implicated in long-distance CNS regeneration. A downstream 

effector of these pathways is the anti-apoptotic protein Bcl-2 (Sepúlveda et al., 2007; 

Asomugha et al., 2010; Choi et al., 2011; Yoon et al., 2012). The sustained axonal growth 

ability observed in retina-superior colliculus cocultures from Bcl-2 transgenic mice 

translated to the in vivo setting. Of note, after transection of the optic tract – a 

continuation of the optic nerve, RGC fibers in wild-type postnatal mice did not cross the 

lesion; however, fibers in injured transgenic mice overexpressing Bcl-2 crossed the lesion 

site and invaded the target superior colliculus (Chen et al., 1997). These experiments 

pointed to a neural regenerative function for Bcl-2. A cytokine which is known to 

activate the abovementioned signaling mediators, and which has been potentially 

implicated in regeneration, is GM-CSF (Bouhy et al., 2006; Legacy et al., 2013).  
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GM-CSF 

1. General 

GM-CSF is a monomeric cytokine involved in numerous cellular functions
 

(Murphy, 2012). It was first characterized based on its ability, in vitro, to stimulate the 

proliferation and differentiation of hematopoietic precursor cells into colonies of 

granulocytes and macrophages (Burgess and Metcalf, 1980). However, it was found to 

act not only on progenitor cells, but on mature cells, enhancing their effector functions 

(Handman and Burgess, 1979; Weisbart et al, 1985; Fleischmann et al., 1986). GM-CSF 

is one of several colony-stimulating factors (CSFs); their roles broadly include cell 

survival, proliferation, differentiation and activation (Rasko, 1997) (Fig. 6).  

 

Figure 6. GM-CSF. The cytokine GM-CSF is made up of four alpha helices (Diederichs 

et al., 1991; Walter et al., 1992). Like other CSFs, it is involved in cell survival, 
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proliferation, differentiation and activation (Rasko, 1997). (Fig. 6 was adapted from 

Rasko, 1997) 

 

More insight into GM-CSF’s physiological roles has come from in vivo studies. 

GM-CSF KO mice exhibited abnormal accumulation of pulmonary surfactant proteins 

and lipids in the lung tissue; this condition resembled the human disorder pulmonary 

alveolar proteinosis (Dranoff et al., 1994). Studies on these mice pointed to the abnormal 

development and functioning of alveolar macrophages
 
(Shibata et al., 2001; Fleetwood et 

al., 2005). However, in these mice, steady-state hematopoiesis was not affected (Dranoff 

et al., 1994; Stanley et al., 1994). On the other hand, transgenic mice overexpressing GM-

CSF displayed macrophage accumulation in the eye, striated muscle, and pleural and 

peritoneal cavities
 
(Lang et al., 1987).

 
These mice had abnormal retinas, displayed muscle 

wasting, and died prematurely
 
(Lang et al., 1987). Overall, the appropriate actions of 

GM-CSF are essential in the correct functioning of vital tissues in the body. 

 

2. Signaling and expression 

GM-CSF is made up of four alpha helices and binds to the GM-CSF receptor 

(Diederichs et al., 1991; Walter et al., 1992). The GM-CSF receptor consists of two 
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subunits: the alpha chain, which confers ligand specificity, and the common beta chain, 

which mediates intracellular signaling
 
(Murphy, 2012)

 
(Fig. 7).  

 

Figure 7. The GM-CSF receptor. GM-CSF binds to the GM-CSF receptor. The GM-

CSF receptor is a transmembrane receptor consisting of an alpha chain and a common 

beta chain (Murphy, 2012). (Fig. 7 was adapted from Hamilton, 2008) 

 

Although the binding of GM-CSF to the alpha chain was found to be of low affinity, 

subsequent binding of this complex to the beta chain transforms it to a high affinity state
 

(Hayashida et al., 1990). Ultimately, the oligomerization of this ligand-receptor complex 

results in the formation of a functionally active complex (Hercus et al., 2009). 

Binding of GM-CSF to its receptor triggers intracellular changes. JAK2, a 

tyrosine kinase, is associated with the beta chain of the receptor (Quelle et al., 1994). 
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Following the oligomerization of the ligand-receptor complex, the JAK2s phosphorylate 

the beta chains (Hercus et al., 2009).  This leads to the activation of three main signaling 

pathways – the MAPK, PI3K and JAK/STAT pathways – which ultimately regulate gene 

transcription and/or translation (Fleetwood et al., 2005; van de Laar, 2012)
 
(Fig. 8).  

 

Figure 8. GM-CSF signaling. GM-CSF binds to the GM-CSF receptor and this ligand-

receptor complex subsequently oligomerizes (Hercus et al., 2009). The receptor-

associated JAK2s are activated and they phosphorylate the common beta chains (Quelle 

et al., 1994). The MAPK, PI3K and JAK/STAT signaling pathways are then activated 

(Fleetwood et al., 2005). Ultimately, gene transcription and/or translation are 

modulated. GRB2, growth factor receptor-bound protein 2 – an adaptor protein; SOS, 

Son of sevenless – a guanine nucleotide exchange factor. (Fig. 8 was adapted from 

Fabbro, 2012) 
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The JAK/STAT pathway involves the binding of STAT proteins to phosphorylated sites 

on the beta chain of the receptor (Mui et al., 1995; Murphy, 2012). These STATs are then 

phosphorylated, form dimers and translocate to the nucleus where they modulate gene 

transcription
 
(Murphy, 2012). For example, SOCS genes are upregulated and the protein 

products negatively regulate the JAK/STAT pathway (Rawlings et al., 2004). The MAPK 

pathway involves the recruitment and activation of the small GTPase Ras
 
(Sato et al., 

1993). Ras, in turn, activates a kinase cascade made up of a MAPK kinase kinase, a 

MAPK kinase and a MAPK (Zhang and Liu, 2002). One such cascade is comprised of 

Raf-MEK-ERK
 
(Zhang and Liu, 2002). Activated ERK translocates to the nucleus and 

activates different transcription factors, which subsequently affect gene expression
 

(Zhang and Liu, 2002). The PI3K pathway involves the recruitment and activation of the 

kinases PI3K, Akt and ultimately mTOR (Hay and Sonenberg, 2004). mTOR plays key 

roles in protein synthesis (Hay and Sonenberg, 2004). All in all, there is cross-talk 

between the different pathways (Rawlings et al., 2004). They are involved in many 

biological functions including apoptosis, cell survival, development, growth, immune 

function and proliferation (Zhang and Liu, 2002; Shuai and Liu, 2003; Hay and 

Sonenberg, 2004; van de Laar, 2012).  

Of note, GM-CSF has anti-apoptotic effects. Apoptosis, also known as 

programmed cell death, involves the activation of caspases and ultimately the cleavage of 

deoxyribonucleic acid (DNA) (Zhang and Xu, 2000; Elmore, 2007). Caspases are 

particular enzymes which cleave proteins; their own sequential cleavage and activation 

forms the caspase cascade (Taylor et al., 2008). Apoptosis includes the extrinsic pathway, 

mediated through transmembrane receptor activation, or the intrinsic pathway, involving 
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the release of cytochrome c from mitochondria (Elmore, 2007). Once in the cytosol, 

cytochrome c binds to apoptotic protease activating factor 1 (Apaf1), an adaptor protein, 

and deoxyadenosine triphosphate (dATP), thereby forming a complex which cleaves the 

inactive procaspase 9 to active caspase 9 (Li et al., 1997). Caspase 9 subsequently cleaves 

and activates other caspases, thus initiating the pro-apoptotic caspase cascade (Taylor et 

al., 2008). Anti-apoptotic molecules, such as Bcl-2 and B-cell lymphoma-extra 

large (Bcl-xL), ultimately prevent the release of cytochrome c from mitochondria; in 

contrast, pro-apoptotic molecules, such as Bcl-2-associated X protein (Bax), permit the 

release of cytochrome c from mitochondria (Gogvadze et al., 2006). These pro- and anti-

apoptotic molecules interact and thus affect each other’s functioning (Taylor et al, 2008). 

For example, pro-apopotic Bcl-2 antagonist of cell death (Bad) binds to and sequesters 

Bcl-2 and Bcl-xL (Yang et al., 1995). GM-CSF has been found to modulate the levels of 

both anti- and pro-apoptotic molecules (Huang et al., 2007).  

GM-CSF and its receptor are widely expressed in the body, including the nervous 

system. Outside the nervous system, GM-CSF and the GM-CSF receptor are expressed in 

a variety of cells, including macrophages (Thorens et al., 1987; Gasson, 1991; Root and 

Dale, 1999; Fleetwood et al., 2005). Moreover, they are expressed, in vitro, in neuronal 

and glial cell lines and, in vivo, in various regions of the CNS, both in neurons and glial 

cells (Baldwin et al., 1993; Sawada et al., 1993; Ha et al., 2005; Reed et al., 2005; Choi et 

al., 2007; Schäbitz et al. 2008; Schallenberg et al., 2009). Of note, they are expressed in 

the retina (Schallenberg et al., 2009). In the human fetus, GM-CSF and the GM-CSF 

receptor are expressed in various organs, including the retina and other neural tissues 

(Dame et al., 1999). Certain stimuli, such as ischemia, infection and exposure to 
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endotoxins, have been show to increase levels of GM-CSF and/or GM-CSF receptors 

(Burgess and Metcalf, 1980; Schäbitz et al., 2008).  

 

3. Cellular processes in the nervous system 

GM-CSF crosses the blood-brain and blood-spinal cord barriers and is involved in 

neural functions (McLay et al., 1997; Schäbitz et al., 2008; Krieger et al., 2012). In 

particular, GM-CSF has been shown to elevate choline acetyltransferase activity in septal 

neurons, to modulate the levels of certain neurotransmitters in the hypothalamus, to affect 

the electrical activity of neurons, to induce microglial activation, proliferation and 

changes in morphology, to enhance antigen presentation in neonatal microglia, and to be 

involved in the regulation of myelin phagocytosis (Kamegai et al., 1990; Suzumura et al., 

1990; Fischer et al., 1993; Lee et al., 1994; Saada et al., 1996; Bianchi et al., 1997; 

Kimura et al., 2000; Ousman et al., 2001; Re et al., 2002; Schermer and Humpel, 2002; 

Lukashenko et al., 2004).  

In vitro and in vivo, GM-CSF plays neuroprotective roles. In neuroblastoma cell 

lines, NPCs, primary cortical neurons and an RGC cell line, GM-CSF reduced apoptosis 

induced by cytotoxic agents (Ha et al., 2005; Huang et al., 2007; Schäbitz et al., 2008; 

Schallenberg et al., 2009; Choi et al., 2011). In primary mesencephalic neurons, GM-CSF 

had similar neuroprotective effects in the context of the toxin 1-methyl-4-

phenylpyridinium (MPP
+
) (Kim et al., 2009). In vitro, NSCs overexpressing neuronal-
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specific GM-CSF exhibited decreased apoptosis when exposed to cytotoxic conditions 

(You et al., 2015). Also NSCs transfected with a hypoxia-inducible GM-CSF construct 

displayed decreased apoptosis, in vitro, and in vivo in the injured spinal cord (Kim et al., 

2012). Moreover, GM-CSF treatment after spinal cord injury resulted in a decrease in 

apoptotic cells, particularly at the lesion epicenter (Ha et al., 2005; Huang et al., 2007). 

Intravitreal administration of GM-CSF after optic nerve axotomy or ocular cytotoxic 

insult resulted in increased RGC survival (Schallenberg et al., 2009). Systemic or central 

administration of GM-CSF protected dopaminergic neurons in Parkinson’s disease mouse 

models (Kim et al., 2009; Mangano et al., 2011).  

Cell signaling inhibitors, in addition to other techniques, have been used to 

delineate the signaling pathways underlying GM-CSF’s neuroprotective effect. In 

particular, the use of cell signaling inhibitors, in combination with small interfering 

ribonucleic acid (siRNA) knockdown strategies and cytotoxicity trials revealed that the 

JAK/STAT5-Bcl-2 pathway mediated, at least in part, GM-CSF’s anti-apoptotic function 

in NPCs (Choi et al., 2011). In primary cortical neurons, the PI3K/Akt pathway has been 

implicated in GM-CSF’s anti-apoptotic activity (Schäbitz et al., 2008). Other studies on 

NPCs have also identified the involvement of the PI3K-Akt pathway and downstream 

effectors in GM-CSF’s anti-apoptotic role (Choi et al., 2014b). In an RGC cell line, the 

MAPK pathway took part in GM-CSF’s anti-apoptotic activity (Schallenberg et al., 

2009). All these studies on different cell types have overall implicated the JAK/STAT, 

PI3K and/or MAPK pathways in GM-CSF’s anti-apoptotic effects. 
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Ultimately, GM-CSF’s anti-apoptotic mechanisms involve the regulation of the 

expression of pro- and anti-apoptotic molecules. In GM-CSF-treated spinal cord injured 

animals, in comparison to controls, there was a decrease in the number of cells that 

expressed pro-apoptotic proteins and an increase in the number of cells that expressed 

anti-apoptotic proteins (Huang et al., 2007). Overall, there was an increase in the 

expression of Bcl-2 and a decrease in the expression of Bax at the site of injury in these 

animals (Huang et al., 2007). A decrease in Bax expression was recently noted in spinal 

cord injured rodents transplanted with NSCs overexpressing neuronal-cell specific GM-

CSF (You et al., 2015). Moreover, in the injured spinal cord of animals transplanted with 

NSCs, transfected with hypoxia-inducible GM-CSF, the expressions of Bcl-2 and Bcl-xL 

were increased (Kim et al., 2012). Also, in NPCs and primary cortical neurons, GM-CSF 

upregulated the expressions of those same two anti-apoptotic molecules (Choi et al., 

2011; Schäbitz et al., 2008). In an RGC cell line, GM-CSF induced Bcl-2 expression, but 

also reduced the expression of the pro-apoptotic protein Bad (Schallenberg et al., 2009). 

Thus, in various neuronal cell types, GM-CSF’s actions resulted in increased expression 

of anti-apoptotic proteins and decreased expression of pro-apoptotic proteins. 

In addition to its various neural functions, GM-CSF may be involved in structural 

plasticity (Krieger et al., 2012). Of note, GM-CSF KO mice displayed diminished 

dendritic arborisation and altered spine density and morphology in hippocampal neurons 

(Krieger et al., 2012). In vitro studies have suggested that GM-CSF is involved in the 

growth of neural processes from cultured sympathetic neurons, RGCs and superior 

cervical ganglia (Kannan et al, 1996; Kannan et al, 2000; Legacy et al., 2013). Thus, 
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GM-CSF could play a role in neuronal growth-promotion. The objective of this study was 

to investigate the effect of GM-CSF on CNS neurite growth. 

 

4. Nerve injury and therapy  

Generally, GM-CSF may be involved in nerve injury response. For example, after 

spinal cord injury, in GM-CSF-treated animals, as compared to controls, there was 

decreased apoptosis at the site of injury, decreased glial scar formation and expression of 

some CSPGs, increased integrity of axonal and myelin structure, and improved 

locomotor recovery (Ha et al., 2005; Huang et al., 2007; Huang et al., 2009; Chung et al., 

2014). Even delayed administration of GM-CSF after spinal cord injury resulted in 

enhanced locomotor recovery in paraplegic rats
 
(Bouhy et al., 2006). In a small-scale 

clinical trial, GM-CSF, in combination with bone marrow cell transplantation, was 

administered to patients with spinal cord injuries
 
(Yoon et al., 2007). Some neurological 

improvements, in comparison to controls, were observed in the patients who received an 

early intervention after injury (Yoon et al., 2007). However, it is still not clear how GM-

CSF is acting and mediating its effects in nerve injury contexts. 

Clinically, GM-CSF is used as a therapeutic agent. Namely, it is administered to 

improve bone marrow cell reconstitution after bone marrow transplantation, 

chemotherapy and radiotherapy (Root and Dale, 1999; Franzen et al., 2004). This 
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cytokine may have beneficial effects in conditions characterized by lower levels of 

endogenous GM-CSF. 

 

5. Application to the retina  

In normal retinas, from rodents and humans, GM-CSF and the GM-CSF receptor 

are expressed in RGCs (Schallenberg et al., 2009). However, in glaucomatous retinas, the 

expressions of GM-CSF and the GM-CSF receptor are downregulated (Schallenberg et 

al., 2009). In glaucoma or other types of nerve injury, there is the potential of 

administering GM-CSF and studying its neuroprotective, neuritogenic and/or other 

effects, as well as its mechanisms of action. Experiments on dissociated RGCs have 

suggested that GM-CSF could promote neurite growth through an mTOR-dependent 

pathway
 
(Legacy et al., 2013). Overall, the effects of GM-CSF and the growth of neurons 

can be investigated in physiologically relevant settings, such as the retinal explantation 

experimental paradigm. 

 

Retinal explants 

Retinal explantation involves the isolation of the retina and its maintenance intact 

in culture (Fig. 9).  
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Figure 9. Retinal explant outline. The retina was extracted from, in this case, an 

embryonic mouse and was maintained intact in culture for several days. (Fig. 9 was 

adapted from Donovan and Dyer, 2006) 

 

This ex vivo culture has served as an intermediate between in vitro dissociated cell 

cultures and in vivo animal models
 
(Bull et al., 2011). Namely, in retinal explants, the 

cellular architecture of the retina and the interactions between the cells have been 

maintained; thus, the cells have been studied in situ, not in isolation
 
(Bull et al., 2011; 

Kretz et al., 2007). This method has been used to investigate cellular processes, such as 

development, growth, neurodegeneration and survival, and techniques, such as cell 

transplantation, electrophysiology and genetic manipulation (Hatakeyama and 

Kageyama, 2002; Wang et al., 2002; Cayouette and Raff, 2003; Donovan and Dyer, 

2006; McKernan et al., 2006; Koizumi et al., 2007; Kretz et al., 2007; Xin et al., 2007; 

Johnson and Martin, 2008; Lin et al., 2009; Bull et al., 2011). In particular, retinal 
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explants could be used to examine the effects of different molecules, including GM-CSF, 

on neuronal growth (Böcker-Meffert et al., 2002).  

 

Research objective 

The aim of this study was to investigate the effect of GM-CSF on CNS neurite 

growth. In particular, the growth of RGCs from retinal explants was examined. 

Embryonic tissue, given its increased cell survival and growth ability in comparison to 

adult tissue, was used (Bull et al., 2011). It was hypothesized that if GM-CSF promotes 

RGC neurite growth, then GM-CSF-treated retinal explants, in comparison to controls, 

would show increased RGC neurite outgrowth. This hypothesis was tested by applying 

various doses of GM-CSF to embryonic mouse retinal explants and quantifying neurite 

outgrowth. 
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METHODS 

Animals 

All experiments were performed in accordance with the guidelines of the 

Canadian Council on Animal Care and with the approval of the Carleton University 

Animal Care Committee. Experiments were conducted on C57BL/6 mice (Charles River 

Laboratories, Saint-Constant, Québec). 

 

Acid wash of cover slips  

Cover slips (18mm, Fisher) were immersed in nitric acid in a glass dish for four 

days. The nitric acid was then removed and the cover slips were washed once with 

phosphate buffered saline (PBS) and ten times with double distilled water. They were left 

to dry at room temperature for approximately 30 minutes (min). The dish containing the 

cover slips was covered with tinfoil and baked overnight in an oven at 150°C. The 

following day, the cover slips were transferred into sterile petri dishes. 
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Retinal explant preparation 

The protocol described below includes optimized experimental conditions for mouse 

retinal samples. It is based on techniques that previously involved explant preparation 

from the embryonic chick retina (Kent et al., 2010). 

Cover slip preparation  

Acid washed cover slips were placed in the wells of 12-well cell culture plates 

(Corning) and were coated with 0.01% poly-L-lysine (PLL, Sigma) for one hour. The 

PLL was then suctioned off and the cover slips were washed three times with double 

distilled water. The cover slips were coated with laminin (Corning), 20µg/mL in double 

distilled water, and were kept in the tissue culture incubator for 45 min. The laminin 

solution was then suctioned off and the cover slips were washed once with double 

distilled water. Prior to placing explants onto the cover slips, the water was suctioned off 

and a minimal volume of warm culture media was added to the wells.  

The culture media consisted of Neurobasal (Invitrogen), 2% B-27 (Invitrogen), 

0.25% L-glutamine (Invitrogen) and 1% penicillin/streptomycin (Invitrogen). This media 

was supplemented with 10% fetal bovine serum (FBS) (Fisher) (Bouchard et al., 2004). 

Vehicle (water, Sigma) or recombinant mouse GM-CSF (mGM-CSF, Sigma) was added 

to the media. The different treatment groups were: vehicle, 0.02ng/mL mGM-CSF, 

0.2ng/mL mGM-CSF, 2ng/mL mGM-CSF, 20ng/mL mGM-CSF and 200ng/mL mGM-
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CSF. The experiments were carried out in a manner that allowed blinded analyses of the 

acquired data; the investigator was blinded to the treatment groups.  

 

Retinal dissection  

Per experimental batch, one pregnant C57BL/6 mom mouse was euthanized in a 

carbon dioxide chamber and then cervical dislocation was performed. In mice, most 

RGCs are born by the embryonic day 18 (E18) developmental stage (Young, 1985; 

Cepko, 2014). Studies have revealed that these RGCs have high levels of cAMP and can 

grow well on substrates, including myelin
 
(Cai et al., 2001). In this study, E18 mouse 

embryos were removed from the abdominal cavity of the mom mouse and placed into 

cold Hank’s Balanced Salt Solution (HBSS, Invitrogen). Decapitation of the mouse 

embryos was performed using a razor blade (Fisher). Preparation of one retinal explant, 

from one embryonic retina, took approximately 20 min (Kretz et al., 2007). As part of 

this, one retina at a time was dissected from an embryo using spring scissors and Dumont 

#5 forceps (Fine Science Tools) (Fig. 10A-C). In particular, the embryonic mouse head 

was held down with one pair of forceps and the skin covering the embryonic mouse eye 

was removed using spring scissors. The spring scissors were then used to poke a hole in 

the eye, at the edge of the corneo-scleral rim (Kretz et al., 2007). A circular opening was 

made along this rim and the cornea was cut off from the eye. The lens and the vitreous 

body were then removed using forceps. At times, the retina was still attached to the sides 

of the vitreous body. In such cases, these points of attachment were cut. Upon the 

removal of those ocular structures, the translucent retina, attached to the dark retinal 
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pigmented epithelium (RPE) below, was visible. A P200 pipette was used to gently eject 

some HBSS near, but not touching, the retina – particularly in between the retina and 

RPE. This helped to clear tissue remnants and to detach the retina from the RPE. Once 

the retina was mostly detached from the RPE, spring scissors were carefully inserted 

between the two structures and the RGC axons were cut at the optic nerve head. The 

retina then floated away from the embryonic mouse head and was separately handled. In 

particular, the dissected retina was cut in a four-leaf clover shape using a razor blade 

(Fig. 10D). The retina was then spread on a filter membrane (Whatman) with the RGC 

layer facing upwards (Halfter et al., 1983; Kretz et al., 2007) (Fig. 10E). The edges of the 

retina were gently pressed onto the filter using forceps. A piece of the retina-filter 

component, encompassing both central and peripheral retinal regions, was cut using a 

razor blade. This piece was then placed down, using Dumont #5/15 forceps (Roboz), onto 

a cover slip in a well containing a minimal volume, 175µL, of warm culture medium 

(Fig. 10F). The RGC layer was thus in contact with the adhesive substrate on the cover 

slip. This retinal explant was placed in the tissue culture incubator (37°C, 5% carbon 

dioxide) for 30 min. The minimal medium was then suctioned from the well and fresh 

warm culture medium, a total of 600µL, was added, drop by drop – using a P200 pipette 

– right over the explant. The retinal explants were then maintained in the tissue culture 

incubator for four days (Smith et al., 2009). The timing of retinal dissection, for example 

at the beginning or the end of the session, did not affect neurite outgrowth. Throughout 

the experiments, the treatment order was randomized. 
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Figure 10. Retinal explant preparation and examination of neurite growth. (A) The 

eye of an embryonic mouse was opened up. (B) Structures such as the cornea, lens and 

vitreous body were removed (Kretz et al., 2007). (C) The retina was gently extracted. (D) 

It was cut in a four-leaf clover shape and (E) placed on a filter membrane. The RGC 

layer faced upwards. (F) A piece of the retina-filter membrane was cut and placed down 

on a cover slip in a well containing medium. The RGC layer faced the adhesive substrate 
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on the cover slip. Thus, an explant was prepared. In this case, the medium contained 

vehicle or varying doses of GM-CSF. (G) The explants were maintained in the incubator 

for several days and then immunofluorescence was performed. Anti-βIII tubulin antibody 

was used. The growth of neurites, from the edge of the explant, was monitored. (H) The 

number of growing fibers that grew past different distances from the edge of the explant, 

was quantified, as has been previously demonstrated (Smith et al., 2009). GCL, ganglion 

cell layer; R, retina; S, sclera – connective tissue. (Fig. 10 was adapted from Vidal-Sanz 

et al., 1987, Kretz et al., 2007, Smith et al., 2009) 

 

Immunofluorescence 

A solution containing 4% paraformaldehyde (PFA, Sigma) and 20% sucrose was 

prepared and heated to 37°C. This solution, added slowly using a cut P1000 pipette tip at 

the bottom of each well, formed a layer below the medium in the well; the volume of fix 

added to each well, 600µL, was equal to the volume of medium already present in the 

well. The explants were fixed for 30 min at room temperature. The liquid in each well 

was removed and the explants were washed with 1x PBS. As part of the wash, 600µl of 

1x PBS was added, drop by drop using a P200 pipette, three times every 5 min right over 

each explant. The explants were then permeabilized with 0.2% Triton (BDH Chemicals) 

for 5 min, washed once more with 1x PBS and subsequently blocked with 5% bovine 

serum albumin/PBS (BSA, Sigma) for 60 min at room temperature. Afterwards, a 

solution containing 3% BSA/PBS and anti-βIII tubulin antibody (Cell Signaling, 1:750) 

was added to each well. The explants were placed on a rocker at low speed for 5 min at 
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room temperature and were then incubated for 24 hours at 4°C. The following day, the 

explants were washed three times every 5 min with 1x PBS. They were incubated at room 

temperature for 60 min in a solution containing 3% BSA/PBS and Alexa 488 anti-mouse 

IgG (Cell Signaling, 1:500). The explants were then washed three times every 5 min with 

1x PBS. The cover slips, containing the explants, were mounted on glass slides using 

Fluoromount (SouthernBiotech) and were left to dry overnight. Fluorescence was 

visualized using an Olympus BX61 microscope. Three fluorescent images were taken per 

explant at 10x (Smith et al., 2009) (Fig. 10G). Each explant was exposed to a particular 

treatment condition and represented a sample size of one (Fig. 11). 

 

Figure 11. Experimental set-up. One or two eyes per embryo were dissected. One 

retinal explant per eye was obtained. This corresponded to a sample size of one. Each 

retinal explant was exposed to a particular treatment. (Fig. 11 was adapted from 

Donovan and Dyer, 2006, Gwilz, 2013) 
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Neurite length quantification and statistical analysis 

The neurites, both axons and dendrites, that grew out from the retinal explants are 

those of the RGCs (Halfter et al., 1983; Fischer et al., 2004a). Using the Spot software 

(Diagnostic Instruments, Inc.), the edges of the explants were outlined and the number of 

fibers that grew past different distances – 50µm, 100µm, 150µm, 200µm or 300µm – 

from the edges of the explants was quantified as previously demonstrated (Smith et al., 

2009) (Fig. 10H). Specifically, the estimated number of outgrowing fibers that grew past 

a particular distance from the edge of the explant was averaged over three separate 

images from one explant. The outgrowth data are displayed in Appendices A and B. Data 

were statistically analyzed using the Statistical Package for the Social Sciences (SPSS, 

IBM). Given the distribution of the data, the nonparametric Kruskal-Wallis test and its 

corresponding simultaneous pairwise comparisons test were conducted. The Kruskal-

Wallis test has previously been used in the analysis of neurite outgrowth and growth cone 

dynamics (Brunet et al., 2005; Leung et al., 2006; Piper et al., 2006; Shimshoni et al., 

2009; Hawthorne et al., 2011; Santiago-Medina et al., 2013).  
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RESULTS 

GM-CSF promotes lengthy neurite outgrowth from embryonic mouse retinal 

explants 

In this study, a retinal explant procedure using embryonic tissue was optimized to 

examine neurite growth. The explants were treated with vehicle or varying doses of GM-

CSF. βIII tubulin staining of the retinal explants allowed for the visualization of RGC 

neurites, both axons and dendrites. Fluorescent micrographs of neurite outgrowth, from 

explants exposed to the different treatments, were taken (Fig. 12). In the micrographs, 

there appears to be increased outgrowth in GM-CSF-treated explants in comparison to the 

vehicle group; in particular, there appears to be increased outgrowth, at greater distances 

from the edges of the explants, from explants treated with higher doses of GM-CSF. 
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 2 ng/mL GM-CSF 

 

 

Vehicle 

 

20 ng/mL GM-CSF 

 
 
 

 

 200 ng/mL GM-CSF 

 

 

Figure 12. Neurite outgrowth from embryonic mouse retinal explants exposed to 

different treatments. Representative fluorescent micrographs of III tubulin stained 
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retinal explants are shown. The explants were exposed to vehicle (water) or varying 

doses of GM-CSF, as indicated. Scale bar: 50µm. 

In the fluorescent micrographs, the outgrowth at different distances, greater than 

(>) 50µm, 100µm, 150µm, 200µm or 300 µm, from the edges of the explants was 

quantified. Data are shown as mean estimated number of outgrowing fibers ± standard 

error of the mean (SEM) (Figs. 13-17).  For all data sets except the first one, there 

appeared to be a trend of increasing neurite outgrowth as the GM-CSF dose increases. 

Statistical analysis was performed on the data. For each of the data sets corresponding to 

the number of fibers that grew past 50µm, 100µm, 150µm or 200µm from the edges of 

the explants, there were no significant differences in outgrowth between the different 

treatments. For the data set corresponding to the number of fibers that grew past 300µm 

from the edges of the explants, there was a significant difference between the median 

estimated number of outgrowing fibers in the 200ng/mL GM-CSF group and the median 

estimated number of outgrowing fibers in the vehicle group. Thus, a comparatively 

higher dose of GM-CSF was found to enhance the growth of lengthy neurites in 

embryonic mouse retinal explants. 
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Figure 13. Neurite outgrowth >50µm from the edges of embryonic mouse retinal 

explants. Quantification of neurite outgrowth >50µm from the edges of explants exposed 

to different treatments. For this length category, there was no statistically significant 

difference in outgrowth between the different treatments (n=4 per treatment, Kruskal-

Wallis test, non-significant: p>0.05). 
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Figure 14. Neurite outgrowth >100µm from the edges of embryonic mouse retinal 

explants. Quantification of neurite outgrowth >100µm from the edges of explants 

exposed to different treatments. For this length category, there was no statistically 

significant difference in outgrowth between the different treatments (n=4 per treatment, 

Kruskal-Wallis test, non-significant: p>0.05). 
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Figure 15. Neurite outgrowth >150µm from the edges of embryonic mouse retinal 

explants. Quantification of neurite outgrowth >150µm from the edges of explants 

exposed to different treatments. For this length category, there was no statistically 

significant difference in outgrowth between the different treatments (n=4 per treatment, 

Kruskal-Wallis test, non-significant: p>0.05). 
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Figure 16. Neurite outgrowth >200µm from the edges of embryonic mouse retinal 

explants. Quantification of neurite outgrowth >200µm from the edges of explants 

exposed to different treatments. For this length category, there was no statistically 

significant difference in outgrowth between the different treatments (n=4 per treatment, 

Kruskal-Wallis test, non-significant: p>0.05). 
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Figure 17. Neurite outgrowth >300µm from the edges of embryonic mouse retinal 

explants. Quantification of neurite outgrowth >300µm from the edges of explants 

exposed to different treatments. For this length category, there was a statistically 

significant difference in outgrowth between the different treatments (n=4 per treatment, 

Kruskal-Wallis test and the corresponding simultaneous pairwise comparison test, 

significant difference compared to the vehicle group: *p<0.05). 
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DISCUSSION  

In this study, an optimized method for preparing embryonic mouse retinal 

explants was described. Our findings indicated that GM-CSF promoted the outgrowth of 

lengthy fibers from the embryonic mouse retinal explants. Overall, certain considerations 

needed to be taken into account. In particular, the baseline growth observed in embryonic 

vehicle-treated explants (Figs. 12-17) made it difficult to identify significant comparisons 

to GM-CSF-treated embryonic explants. Generally, there was high variability in neurite 

growth within each treatment. A large sample size would be needed in order to obtain a 

reliable measure of outgrowth from the explants. Generally, the retinal explant system is 

highly sensitive, in particular to the contents of the medium, dissection procedure and 

time (Kretz et al., 2007; Bull et al., 2011). Nevertheless, the explant technique serves as a 

relevant model of physiological processes. 

 

An ex vivo model to study neurite growth 

In this study, the retinal explant technique was optimized to study the growth of 

RGCs. Specifically, the embryonic mouse retinal explant procedure described here was 

initially optimized from a retinal explant method previously used for embryonic chick 

retina (Kent et al., 2010). Ex vivo findings from mouse retinal explants are reminiscient 

of the in vivo settings, compared to isolate primary neuronal cultures. Genetically 

modified mouse models could be used to delineate the molecular mechanisms underlying 
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neuronal regeneration, and further investigate the possible contribution of cellular 

interactions in this process.  

In this study, as part of the optimization of the retinal explant technique, all 

elements of the procedure, such as dissection technique, reagents and time points were 

closely defined. Medium composition was similar to those previously used for mouse 

explants (Bouchard et al., 2004; Smith et al., 2009). A dissection technique similar to 

adult retinal extraction was used; however, the procedure was refined for embryonic 

tissue (Kretz et al., 2007). With this approach, the RGC layer was in contact with 

adhesive substrate on the sterile cover slip, like in other retinal explant regeneration 

studies (Kretz et al., 2007). However, this is unlike retinal explant techniques focused on 

studying neurodegeneration, in which the RGC layer faces upwards, maintaining contact 

with the air above and medium below (Kretz et al., 2007; Bull et al., 2011). Thus, given 

the purpose for using retinal explants, modified methods are perfomed. Moreover, studies 

focused on analyzing cell dynamics such as cell division in the retina, involve the 

sectioning of the retina; however, this study was aimed at investigating neurite outgrowth 

from the retina, so the tissue was mounted intact on a glass slide (Cayouette and Raff, 

2003; Jolicoeur and Cayouette, 2014). Different stains are available for use on retinal 

explants. In this study, anti-βIII tubulin antibody, widely used to stain retinal explants, 

was employed (Fischer et al., 2004a,b; Müller et al., 2007; Smith et al., 2009; Bull et al., 

2011; Gaublomme et al., 2013). This particular visually clear stain, in combination with 

the precise placement of the retina – RGC layer downward – on the cover slip, permitted 

the close examination of neurite growth. Overall, this study included the application of 

the steps used in other retinal explantation procedures. In particular, the approach was 
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refined to study embryonic mouse RGC neurite outgrowth and to limit any disturbances 

to the explants. Thus, a robust ex vivo system was established. Like in in vitro models, the 

experimental conditions were precisely controlled. However, unlike in dissociated cell 

cultures, the cellular connections were maintained (Kretz et al., 2007). This ex vivo 

model, in which the integrity of the tissue was preserved, mimicked the in vivo setting 

and provided physiologically relevant and reliable output. Thus, this retinal explant 

system allowed for the close examination of neurite growth in a physiologically relevant 

model that included the interactions between the different cell types in the retina, 

reminiscent of occurrence in an in vivo setting.  

 

GM-CSF: neural effects 

GM-CSF is a potential candidate involved in neuronal growth-promotion. The 

effects of GM-CSF on neuronal survival and its anti-apoptotic mechanisms have been 

closely studied (Huang et al., 2007; Schäbitz et al., 2008; Schallenberg et al., 2009; Choi 

et al., 2011). However, GM-CSF’s potential regenerative effects have not been 

characterized.  

Previous in vitro research revealed a dose-dependent effect of GM-CSF on the 

number of process-bearing sympathetic neurons (Kannan et al., 2000). Studies on 

dissociated postnatal RGCs suggested that 20ng/mL GM-CSF promotes neurite growth 

(Legacy et al., 2013). It has been difficult to make direct comparisons between these in 
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vitro findings and those from the retinal explants in this study since different 

experimental conditions and designs were used. Retinal explants comprise multiple cell 

types and include the physiological interactions between these cells types. Therefore, it 

was not expected that the explants culture experiments would directly mirror the effects 

observed in an isolated population of cells, in particular of RGCs (Legacy et al., 2013). 

These differences in experimental conditions, particularly the cellular make-up of retinal 

explants compared to isolated RGCs from a postnatal stage, limit the direct comparisons 

between the studies. Indeed, explants represent a closer representation of the 

physiological setting and results obtained are likely to be more applicable in an in vivo 

setting. Nevertheless, this study took into consideration the GM-CSF doses used in 

previous in vitro trials. The lowest doses of GM-CSF used in this study, 0.02ng/mL and 

0.2ng/mL, did not result in neurite outgrowth that was significantly different from that 

observed in the vehicle group (Appendices A, B). In explants, in contrast to dissociated 

cultures, higher doses of a ligand may be needed in order to target the RGCs and to 

stimulate a response, given that other cell types within the retina also express the GM-

CSF receptor (Schallenberg et al. 2009). In particular, in these retinal explants, a dose of 

200ng/mL, of GM-CSF was found to enhance neurite outgrowth. It is possible to 

speculate that the multiple cellular interactions in the explants could account, at least in 

part, for the requirement of a comparatively higher dose of GM-CSF to effectuate a 

regenerative response.  

In vivo studies using GM-CSF revealed some functional recovery following 

neural injury (Ha et al., 2005; Bouhy et al., 2006; Huang et al., 2009); however, it was 

not known whether GM-CSF acted directly to promote neuronal growth. In these studies, 
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it is not clear whether truly regenerating fibers, as opposed to sprouting or spared ones, 

were analyzed and whether these fibers accounted for the functional behavioral 

improvements observed. All such cases varied in experimental design, including the GM-

CSF dose and the source, and the end-product analyzed. Moreover, in these experiments, 

it was not evident whether GM-CSF acted directly or indirectly on neurons. Of note, GM-

CSF was found to decrease the expression of growth-inhibitory CSPGs (Huang et al., 

2009; Choi et al., 2014a). Also, GM-CSF could have indirectly promoted neurite 

outgrowth via the secretion of brain-derived neurotrophic factor (BDNF) from other cells 

types (Bouhy et al., 2006). In the retinal explants in this study, it is not known whether 

GM-CSF acted directly on RGCs or whether some combination of interactions between 

cell types in the retina accounted for the effects observed. Indeed, RGCs have been 

shown to express GM-CSF and GM-CSF receptors, but the expressions in other retinal 

cell types is not currently clear (Schallenberg et al., 2009). The current thesis research 

suggests that the preserved retinal architecture in the retinal explants allowed for 

physiologically relevant molecular interactions to occur. 

 

Molecules involved in retinal regeneration 

Insight into neural regenerative mechanisms has come from the analysis of 

mRNA and protein expression in uninjured and/or injured neurons (Prokosch et al., 2010; 

Sun et al., 2011; Belin et al., 2015). Particular molecules associated with regeneration 

have been identified. A recent study found that the levels of c-myc, a gene encoding a 
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transcription factor implicated in cell growth, were downregulated in adult RGCs after 

optic nerve injury (Schmidt, 1999; Belin et al., 2015). In vivo overexpression of c-myc 

was found to promote cell survival and axon regeneration after optic nerve injury (Belin 

et al., 2015). GM-CSF has been known to activate c-myc (Watanabe et al., 1995).  

In general, cytokines have been implicated in neuronal regeneration (Prokosch et 

al., 2010). Activation of cytokine signaling, by inactivation of the inhibitory SOCS3, 

promoted adult RGC survival and regeneration after optic nerve injury (Smith et al., 

2009). Retinal explants from adult SOCS3 conditional KO (cKO) mice showed increased 

neurite growth in comparison to controls (Smith et al., 2009). Given that GM-CSF 

activates JAK/STAT signaling, addition of this cytokine to SOCS3 cKO explants may 

produce a robust phenotype. 

GM-CSF is a CSF and it is not the only CSF that acts within the CNS. 

Macrophage-CSF (M-CSF), granulocyte-CSF (G-CSF) and interleukin-3 (IL-3) have 

systemic and also central functions (Root and Dale, 1999; Sugita et al., 1999; Schneider 

et al., 2005; Smith et al., 2013). In particular, some of them could play roles in the 

context of neural injury (Yagihasi et al., 2005; Luo, 2013; Guo et al., 2014). Of note, G-

CSF has been found to be neuroprotective after optic nerve injury (Frank et al., 2009). G-

CSF is known to activate STAT3, which has been associated with neural regenerative 

phenomena (Tian et al., 1994; Qiu et al., 2005; Bareyre et al., 2011; Sun et al., 2011). 

Although some of the biochemical mechanisms and functions vary among the CSFs, 

redundancy does exist. It would be possible to use the retinal explant method outlined in 
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this thesis in order to study the regenerative effects of other CSFs, cytokines or 

potentially applicable molecular targets.  

 

Technical considerations for retinal explants 

There were limitations associated with the preparation of retinal explants. The 

developmental age studied needed to be taken into consideration. In this study, E18 

retinal explants were used. By this developmental stage, most RGCs are born and they 

display high cell survival and growth ability (Young et al., 1985; Chen et al., 1995; Cai et 

al., 2001; Goldberg et al., 2002; Rapaport et al., 2004; Cepko, 2014). Overall, embryonic 

tissue has been particularly amenable to investigation (Bull et al., 2011). Studies on 

postnatal or adult tissue, which exhibits decreased cell survival and growth ability (Chen 

et al., 1995; Cai et al., 2001; Goldberg et al., 2002), could help unveil the regenerative 

effects of potential growth-promoting agents. Even so, studies on adult retinal explants 

have been complicated by low cell survival and the possible need of a growth-

conditioning lesion (Bähr et al., 1988; Kretz et al., 2007). Like neurite growth, cell 

survival is an important determinant in the outcome of neural regenerative attempts. 

Given that GM-CSF is known to display anti-apoptotic activity, it may have promoted 

RGC survival in these retinal explants (Huang et al., 2007; Schäbitz et al., 2008; 

Schallenberg et al., 2009; Choi et al., 2011). However, in this study, the experimental 

paradigm, which included the use of a filter membrane for retinal attachment and correct 
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orientation of RGCs, did not permit the examination of neuronal survival. Further 

modifications to the procedure may allow for such analysis. 

Other technical issues were associated with the retinal explant procedure. A 

particular challenge was the floating of the explant from the laminin-coated cover slip. 

This decreased the number of explants that were analyzed. The initial ability of the retina 

to stick to the filter membrane and the small size of each embryonic retinal explant 

ultimately affected the adherence of the explant on the cover slip. Also, the region of the 

retina that was cut may have influenced the neurite outgrowth observed (Kretz et al., 

2007). In this study, the area of the cut retina, including both central and peripheral 

regions, was maintained constant. Moreover, the primary antibody used to stain the 

explants affected the outgrowth that was visualized. Anti-βIII tubulin antibody stained all 

RGC neurites, both axons and dendrites, but it is not RGC-specific; namely, other cell 

types such as bipolar neurons may have been stained (Sharma & Netland, 2007; Smith et 

al., 2009). Nevertheless, in this study, the neurite outgrowth observed was RGC-specific 

given the consistent maintenance of direct contact between the RGC layer of the explant 

and the laminin-coated cover slips. In order to examine mainly axonal growth, an anti-

neurofilament antibody could be used (data not shown).  

The manual quantification method in this study provided an estimate of the 

number of fibers that grew past different distances from the edges of the explants. 

Automated programs for quantifying neurite outgrowth exist (Pool et al., 2008; 

Gaublomme et al., 2013). However, these methods require a nuclear stain to outline the 
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nuclei or the overall explant (Pool et al., 2008; Gaublomme et al., 2013). Such a stain 

would not be effective with the explant-filter membrane approach used in this study.   

 

Future directions 

Findings from this study suggested that GM-CSF enhances lengthy neurite 

outgrowth from embryonic mouse retinal explants. They further implicate GM-CSF in 

neuronal growth and potentially in in vivo long-distance axon regeneration. Future studies 

can include the use of postnatal or adult neural tissue. Of note, only a small subset of 

adult RGCs survives in the long-term after optic nerve injury (Berkelaar et al., 1994). 

Thus, it is of interest to examine the growth of just a subset of RGCs, in particular alpha 

RGCs. These alpha RGCs are conserved among mammals and account for less than 10% 

of all RGCs (Peichl, 1991). Specific markers, such as anti-neurofilament H non-

phosphorylated antibody (Sternberger monoclonal-incorporated antibody 32; SMI-32), or 

particular genetically modified mouse strains can be used to identify these alpha RGCs 

(Duan et al., 2015). Recent in vivo research revealed that alpha RGCs, in comparison to 

other RGC subtypes, showed increased cell survival and axon regeneration after optic 

nerve injury (Duan et al., 2015). Future ex vivo studies can investigate the effect of GM-

CSF on the growth of alpha RGCs, labeled for example with SMI-32. In most cases of 

neural injury, long-distance regrowth to the appropriate target is essential for functional 

recovery. Our ex vivo study suggests a potential role for GM-CSF in the enhancement of 

the growth of long neurites. GM-CSF’s neuronal regenerative effects could be further 
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examined in vivo, in models of neural injury. These in vivo approaches, including optic 

nerve injury and administration of GM-CSF, could provide definitive results on the 

effects of GM-CSF on the survival and axon regeneration of all RGCs or just a subset, 

such as alpha RGCs. Such techniques could potentially be coupled with the use of 

SOCS3 and/or PTEN cKO mice, which have been shown to have enhanced capacities for 

axon regeneration (Park et al., 2008; Smith et al., 2009; Sun et al., 2011). Combinatorial 

approaches could also include the targeting of growth-inhibitory intracellular pathways, 

such as the RhoA signaling pathway (Lehmann et al., 1999; Fischer et al., 2004b; 

Bertrand et al., 2005). Overall, in order to check for functional regeneration, 

electrophysiology and/or visual behavior tests can be performed (Horner and Gage, 2000; 

Heiduschka et al., 2005; de Lima et al., 2012).  
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CONCLUSION 

This study investigated the role of GM-CSF on CNS neurite growth. A retinal 

explant procedure was optimized to examine the growth of embryonic RGCs. The results 

indicate that GM-CSF enhances the outgrowth of long neurites from embryonic mouse 

retinal explants. Future GM-CSF studies can be performed on postnatal and/or adult 

neural tissue and in in vivo settings. Moreover, the retinal explant procedure described 

here could be used to test the neuronal growth effects of other potential therapeutic 

agents. The results from retinal explant investigations are applicable to other CNS 

regions and can help inform future preclinical studies (London et al., 2013). Overall, 

functional recovery after nerve injury is a multistep process involving cell survival, 

axonal regeneration, axonal guidance to the appropriate target, connectivity to the target 

and restoration of function (Horner and Gage, 2000; Aguayo, 2009). This requires, as 

Cajal noted, to “give to the sprouts, by means of adequate alimentation, a vigorous 

capacity for growth" (Ramón y Cajal, 1968).  
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APPENDICES 

Appendix A. Mean number of outgrowing fibers that grew past different distances 

from the edges of the retinal explants exposed to different treatments. 

 

 Number of outgrowing fibers (mean ± SEM) 

>50µm >100µm >150µm >200µm >300µm 

Vehicle 
51 ± 

16.65 

33.67 ± 

16.28 

20.75 ± 

11.43 

11.33 ± 

6.63 

0.83 ± 

0.83 

0.02 ng/mL 

GM-CSF 

33.58 ± 

7.55 

16.25 ± 

4.42  

7.25 ± 

3.78 

2.67 ± 

1.51 
0 

0.2 ng/mL 

GM-CSF 

36.83 ± 

13.16 

15.42 ± 

8.32 

6.25 ± 

5.81 

3.17 ± 

3.06 

0.5 ± 

0.40 

2 ng/mL 

GM-CSF 

56 ± 

12.29 

42.5 ± 

10.80 

28.83 ± 

8.40 

19.5 ± 

7.22 

8.33 ± 

4.19 

20 ng/mL 

GM-CSF 

53.83 ± 

6.82 

44.58 ± 

8.60 

28.5 ± 

5.83 

16.33 ± 

5.34 

3.5 ± 

1.51 

200 ng/mL 

GM-CSF 

59.08 ± 

5.69 

53.92 ± 

7.51 

40.08 ± 

5.85 

34.08 ± 

4.79 

17.83 ± 

2.60 

          n=4 per treatment 
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Appendix B. Median number of outgrowing fibers that grew past different distances 

from the edges of the retinal explants exposed to different treatments. 

 

 Number of outgrowing fibers (median) 

>50µm >100µm >150µm >200µm >300µm 

Vehicle  57.5  33 20.5 10 
 

 

0.02 ng/mL 

GM-CSF 
31.83  13.67 4.67 1.84 0 

0.2 ng/mL 

GM-CSF 
27.5 9.83 0.67 0.17 0.17 

2 ng/mL 

GM-CSF 
58.83 43.33 29.33 21.17 8.50 

20 ng/mL 

GM-CSF 
49 40.17 28.83 16.5 3.33 

200 ng/mL 

GM-CSF 
59.17 55 40.17 34.34 18 

          n=4 per treatment 
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