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SUMMARY 

Adult mammals lack the robust capacity to regenerate damaged neurons, which makes 

investigating new regeneration-inducing molecules essential. Matrix metalloproteinases 

(MMPs) are Zn2+-dependent endopeptidases, that can modify the structure and activity of 

many substrates, including proteinases, growth factors, signaling molecules, cell surface 

receptors, and even intracellular targets. Deregulated MMP activity is common to many 

neurodegenerative disorders but, MMPs also have an important function in the developing 

and the adult central nervous system (CNS). Therefore, balanced MMP activity is essential.  

 

The working hypothesis of the present study was that MMP-2 and MT1-MMP have a 

beneficial role on retinal ganglion cell (RGC) axonal regeneration, which was investigated 

using a regenerative optic nerve crush (RONC) model.  

 

First, the RONC model and the methodology for axonal tracing on optic nerve (ON) sections 

were optimized. As a high inter-animal variability was experienced, the first steps towards 

optical clearing and three-dimensional imaging were taken. In a second part, axonal 

regeneration was compared in wild-type versus Mmp-2-/- mice and this revealed a reduced 

number of regenerating axons in the ON upon Mmp-2 deletion. Whether this was related to 

an altered RGC survival in the retinas of Mmp-2-/- mice remained obscure. 

Additional immunohistochemical studies on retinal sections further indicated an 

upregulation of MMP-2 expression at 7 days post RONC and an accumulation of MMP-2 

immunopositive inflammatory cells in the vitreous.  

In a final set of experiments, axonal regeneration was evaluated in Mt1-mmpflox/flox;GLAST-

CreER+/- and the accompanying control mice. This indicated that the number of regenerating 

axons was decreased upon Mt1-mmp deletion, although the effect was less pronounced as 

compared to that seen in MMP-2-/- mice. 

Taken together, evidence has been provided that MMP-2 as well as MT1-MMP play a 

beneficial role in axonal regeneration after optic nerve crush.  
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SAMENVATTING 

Volwassen zoogdieren missen de capaciteit om beschadigde neuronen te regenereren, 

wat onderzoek naar nieuwe regeneratie-inducerende moleculen essentieel maakt. Matrix 

metalloproteinasen (MMPs) zijn Zn2+-afhankelijke endopeptidasen, die de structuur en de 

activiteit van vele substraten, waaronder proteïnasen, groeifactoren, signaalmoleculen, 

celoppervlaktereceptoren, en zelfs intracellulaire doelwitten, kunnen wijzigen. Abnormale 

MMP activiteit is kenmerkend voor vele neurodegeneratieve aandoeningen maar MMPs zijn 

ook belangrijke spelers in zowel het ontwikkelend als het volwassen CNS. Daarom is een 

gebalanceerde MMP activiteit essentieel. 

 

De werkhypothese van dit onderzoek was dat MMP-2 en MT1-MMP een gunstige rol in de 

axonale regeneratie van retinale ganglion cellen (RGC) hebben. Dit werd onderzocht met 

behulp van een muismodel waarbij regeneratie van de oogzenuw na beschadiging wordt 

geïnduceerd (regenerative optic nerve crush; RONC). 

 

In het eerste deel werden het RONC model en de methodologie voor het merken van 

axonen in coupes van de optische zenuw geoptimaliseerd. Omdat er een hoge variabiliteit 

aanwezig was tussen de proefdieren, werden de eerste stappen richting optical clearing en 

driedimensionale beeldvorming genomen. In een tweede deel werd de axonale regeneratie 

bij wild-type versus Mmp-2-/- muizen vergeleken waarbij een verlaagd aantal regenererende 

axonen in de optische zenuw van muizen met een Mmp-2 deletie werd vastgesteld. Of dit 

gerelateerd was met een wijziging in het overleven van RGCs bleef onduidelijk. Bijkomende 

immunohistochemische studies op retinale coupes wezen op een verhoogde MMP-2 

expressie 7 dagen na RONC en op een accumulatie van MMP-2 immunopositieve 

inflammatoire cellen in het glasachtig lichaam.  

In een laatste reeks van experimenten werd de axonale regeneratie geëvalueerd in 

Mt1-mmpflox/flox;GLAST-CreER+/- en hun controle muizen. Dit gaf een verlaagd aantal 

regenererende axonen in de optische zenuw van muizen met een Mt1-mmp deletie aan, 

hoewel het effect minder uitgesproken was in vergelijking met dat waargenomen in 

Mmp-2-/- muizen . 

Hierbij is het bewijs geleverd dat zowel MMP-2 als MT1-MMP een positieve rol spelen in 

de axonale regeneratie van de optische zenuw na beschadiging. 

 



 
 

 
 

1 
Unraveling the role of MMP-2 and MT1-MMP in mammalian axonal regeneration 
L. Andries, Dr. M. Salinas-Navarro, L. De Groef and Prof. Dr. L. Moons                   Academic year 2014-2015 

1 INTRODUCTION 

1.1 STUDY RATIONALE 

In contrast to the peripheral nervous system (PNS) (Schwob, 2002; Czaja et al, 2012), the 

central nervous system (CNS) of adult mammals lacks the robust capacity to replace lost 

neurons (de novo neurogenesis) or to repair injured axons (axonal regeneration) (Yin et al, 

2009; Kurimoto et al, 2013; Benowitz & Popovich, 2011). Damage to the CNS after injury or 

in neurodegenerative diseases is often characterized by axonal degeneration, followed by 

progressive neuronal death. Neurotrauma or degeneration drastically diminishes life quality 

in our aging society and leads to severe impairments. Over the last decades, the repair of 

long neuronal pathways, such as the optic nerve (ON), has gone from strongly contested to 

being recognized as a potential clinical challenge (Thanos et al, 2012). In order to establish 

successful and novel regenerative therapies promoting neuronal repair, our knowledge about 

the molecules and mechanisms underlying axonal outgrowth and navigation has to be 

expanded. However, despite intensive research efforts, complete restoration of neuronal 

function and induction of axonal regeneration and proper guidance to achieve subsequent 

functional recovery of the injured mammalian CNS remain a challenge. This makes the 

search for new molecules involved in axonal outgrowth and navigation indispensable. Using 

the visual system as a model, considerable progress has been made towards the 

identification of multifactorial causes underlying the restricted regeneration potential of the 

mammalian CNS. The visual system is the most accessible part of the CNS and therefore 

forms a powerful model to improve our understanding (Benowitz & Yin, 2008). The 

morphology and functionality of the retina is well-characterized, the axons of the ON arise 

from a single neuronal cell population, the retinal ganglion cells (RGCs) can be 

experimentally manipulated with minimal surgery, the typical organization of glial cells 

facilitates the study of glial reactivity after damage (Berry et al, 2008), while the vitreous can 

be used as a reservoir for certain drugs, molecules and genes (Benowitz & Yin, 2008).  

1.2 AXONAL REGENERATION IN THE ADULT CNS 

1.2.1 THE VISUAL SYSTEM 

The visual system consists of the retina, the ON, the optic chiasm, the optic tract and the 

target areas in the brain, like the nuclei in the thalamic midbrain and the primary visual cortex 

(V1). It all begins with the eyes, which extract information from the environment via detection 

of light within the retina. In the neuroretina, the incoming photons are translated into electrical 

signals by the photoreceptors. These pass on the signals through the axons of the RGCs to 

the brain where the information is further processed in the superior colliculus (SC), the lateral 

geniculate nucleus (LGN) and V1 (Bear et al, 2006; Remington, 2011). 
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1.2.1.1 ANATOMY OF THE EYE 

The eye is fixed in his bony orbit by the conjunctiva and consists of three layers, the fibrous 

layer, the vascular layer and the inner layer (figure 1) (Bear et al, 2006; Martini et al, 2014; 

Purves et al, 2004).  

The outer fibrous layer involves the cornea and the sclera, which is the white coat that 

protects and supports the eye. Three pairs of extraocular muscles attached to the sclera 

control the eye movements. The sclera is continuous with the cornea, the glassy transparent 

external surface of the eye. The cornea covers the iris and pupil and exists of multiple layers 

of collagen fibers, organized to not interfere with the passage of light. The limbus is the site 

where the sclera merges with the cornea (Bear et al, 2006; Martini et al, 2014; Purves et al, 

2004).  

The vascular layer is the middle layer that consists of the iris, the ciliary bodies and muscles 

and the choroid. The ciliary bodies are responsible for the secretion of the aqueous humor, 

while the capillary network in the choroid delivers nutrients and oxygen to the retina. The 

pupil is a circular opening in the iris, a colored smooth muscle that acts as a diaphragm to 

ensure optimal light exposure to the retina. The ciliary muscles attached to the zonule fibers, 

allow the lens to change its shape, which is an essential part of the focusing process (Bear 

et al, 2006; Martini et al, 2014; Purves et al, 2004).  

Finally, the light is focused on the inner layer or retina that receives the photons (Bear et 

al, 2006; Martini et al, 2014; Purves et al, 2004).  

The lens is located behind the pupil, dividing the eye into an anterior and a posterior 

segment. It is composed of concentric layers of lens fibers, which are made up of transparent 

proteins, called crystallins. These proteins give the lens both its clarity and its focusing power 

(Bear et al, 2006). 

Figure 1: Cross section of a human eye. The posterior segment of the human eye is made up of three layers, the outer 

layer is called the sclera, the middle layer is the choroid and the inner layer is called the retina. The retina is specialized to 

convert light energy into neuronal activity. Several other structures of the eye regulate the amount of light that reaches the 

retina and result in light refracting onto the retina. Reproduced from (Martini et al, 2014).  
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The anterior segment of the eye can be divided into two chambers, the anterior chamber 

between the cornea and the iris and the posterior chamber between the iris and the lens. 

The fluid in the anterior segment, which flows from the posterior chamber to the anterior 

chamber, is termed the aqueous humor and is responsible for generating the intraocular 

pressure. Reabsorption of the aqueous humor occurs mainly in the anterior chamber of the 

eye via the trabecular meshwork and the canal of Schlemm. The fluid in the posterior 

segment between the lens and the retina, is called the vitreous humor and has a more 

gelatinous consistency, which helps maintaining the shape of the eye (Bear et al, 2006; 

Martini et al, 2014; Purves et al, 2004).  

1.2.1.2 ANATOMY OF THE RETINA  

The retina is composed of five neuronal cell types: photoreceptors, bipolar cells, RGCs, 

horizontal cells and amacrine cells (figure 2A). These cell types have a laminar organization 

(figure 2B). The layer of the outer segments (OS) of the photoreceptors contains the light 

sensitive elements of the retina and is separated from the outer nuclear layer (ONL), which 

holds the cell bodies of the photoreceptors, by the external limiting membrane (ELM). The 

outer plexiform layer (OPL) where the photoreceptors make contact with bipolar and 

horizontal cells, follows the ONL. The cell bodies of bipolar cells, as well as the cell bodies 

of horizontal cells and amacrine cells, are located in the inner nuclear layer (INL). In the inner 

plexiform layer (IPL), bipolar cells connect with amacrine cells and RGCs (Bear et al, 2006; 

Martini et al, 2014; Hildebrand & Fielder, 2011). Next, the ganglion cell layer (GCL) contains 

the cell bodies of the RGCs and the displaced amacrine cells. (Hildebrand & Fielder, 2011; 

Figure 2: A) The different cell types and laminar organization of the retina. The direct pathway of information processing 

in the eye is from photoreceptors (purple/red) to bipolar cells (green) to ganglion cells (dark blue). The indirect pathways 

involve the horizontal cells (light blue) and the amacrine cells (magenta), which modify the responses of bipolar cells and 

ganglion cells via lateral connections. The ganglion cells project axons out of the eye in the ON. The five different cell types 

are organized in layers in such way that light must pass through all cell layers of the neuroretina before it reaches the 

photoreceptors. The Müller cells (orange) and astrocytes (brown) are also present in the retina. B) Hematoxylin and eosin 

staining of a transverse section of the retina and the choroid showing the different layers. Reproduced from (Standring, 

2008).  
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Standring, 2008). At last, there is the nerve fiber layer (NFL) including the axons of the RGCs 

and covered by the inner limiting membrane (ILM). This laminar organization implies that 

light has to pass from the vitreous humor through two nuclear and two plexiform layers before 

it reaches the photoreceptors. The direct pathway for visual information to leave the eye is 

from photoreceptors to bipolar cells to RGCs. The latter are the only source of output from 

the retina. The RGC axons leave the eye at the optic nerve head (ONH) and are collected in 

a bundle called the ON. This pathway can be influenced by two additional cell types or 

interneurons. The horizontal cells receive input from photoreceptors and influence 

surrounding bipolar cells and photoreceptors. Amacrine cells receive input from bipolar cells 

and influence surrounding RGCs, bipolar cells and other amacrine cells (Bear et al, 2006; 

Martini et al, 2014; Purves et al, 2004). The fovea is a thinning of the retina due to the lateral 

displacement of the cells above the photoreceptors, allowing the light to strike the 

photoreceptors without passing through the other layers of the retina. In humans, the fovea 

can be used as an anatomical reference point. The part closer to the nose is the nasal retina 

and the part closer to the ear is the temporal retina. The superior and inferior retina are 

located respectively above and below the fovea. 

Besides the neuronal cells, there are several glial cell types present in the retina. The Müller 

glia support and protect the neurons. Their perikarya are mainly found in the INL with cell 

processes that span the entire neuroretina. Astrocytes are macroglia derived from stem cells 

in the ON and control the chemical environment of the neurons. The microglia are resident 

macrophages of the retina and act as the first and main form of active immune defense in 

the CNS. Upon injury, other macrophages can be recruited from the circulation (Bear et al, 

2006). The axons of the RGCs are myelinated in the ON by brain-derived oligodendrocytes 

(Benowitz & Yin, 2008; Hildebrand & Fielder, 2011). Finally, the retinal pigmented epithelium 

(RPE) forms the outermost rim around the neuroretina that plays a critical role in the 

maintenance of the photoreceptors and photopigments. The RPE absorbs light that passes 

entirely through the retina to prevent scattering in the eye (Bear et al, 2006; Martini et al, 

2014; Purves et al, 2004). 

1.2.1.3 RETINOFUGAL PROJECTION 

At the optic chiasm, partial decussation of RGC axons takes place (figure 3A). In humans, 

approximately 50% of the axons remain ipsilateral, while the other 50% project contralateral. 

As such, information about the left visual hemifield is projected via the right optic tract to the 

right brain hemisphere, whereas axons from RGCs gathering information from the right visual 

hemifield project axons into the left optic tract and to the left brain hemisphere. The RGC 

axons first reach the suprachiasmatic nucleus (SCN) before innervating the SC (~10) and 

the LGN (90%), which are the key targets of the optic tract (figure 3B). The SC coordinates 

the eye and head movements, the so-called saccadic eye movements. The LGN is a relay 

station for the axons that are projecting to V1 via optic radiation (Bear et al, 2006).  
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1.2.1.4 COMPARISON WITH VISUAL SYSTEM OF THE MOUSE 

The visual system in most mammals is similar in structure and function (Levkovitch-Verbin, 

2004; Tkatchenko et al, 2010; Waterston et al, 2002). Therefore, adult rodents are frequently 

used as experimental animal models despite the fact that there are some differences 

compared to humans. Thanks to these model organisms, our knowledge of the biology of 

human diseases is expanding and potential therapies to be used in humans can be evaluated 

(Levkovitch-Verbin, 2004). 

In rodents, approximately 60% of the neuronal population in the RGC layer consists of 

displaced amacrine cells (Perry, 1981; Jeon et al, 1998) whereas in humans, this is 3% of 

the neuronal population in the central and 80% of the neuronal population in the far peripheral 

retina (Curcio & Allen, 1990). The majority of rodent RGCs projects their axon to the SC 

(98%) and only 2% projects to other targets like the LGN or the SCN, whereas in humans 

this is ~10% versus 90%, respectively. Due to the lateral displacement of the eyes, the 

mouse has a larger visual field but a smaller binocular visual field. As a consequence, over 

90% of the axons decussates at the optic chiasm, unlike humans where only 50% decussates 

(Levkovitch-Verbin, 2004; Hübener, 2003; Erskine & Herrera, 2007; Salinas-Navarro et al, 

2009; Lambot et al, 2005). Other differences are that the lenses of rodents are rounder, less 

flexible and occupy a larger portion of the eye, and that no fovea is present. In addition, 97% 

of the photoreceptors in the retina are rods, which adjust the visual system of rodents to their 

nightlife (Tkatchenko et al, 2010).  

 

 

 

 

 

Figure 3: A) The retinofugal pathway from retina to V1. Light enters the eye via the pupil and the retina converts photons 

into electrical signals. These are transduced via the optic nerve, the optic chiasm and the optic tract to the LGN. The axons 

project into the V1 via optic radiation. The complete left visual hemifield is viewed by the right hemisphere of the brains and 

the complete right visual hemifield is viewed by the left hemisphere of the brains. B) Target areas in the brain of the RGCs. 

In addition to the LGN, the axons of RGCs also project in the SC, the pretectum, and the SCN. Reproduced from (Bear et al, 

2006; Purves et al, 2004). 
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1.2.2 GENERATION AND REGENERATION OF AXONS 

1.2.2.1 AXON GROWTH 

The capacity of axons to grow and navigate is mediated by the growth cone, a specialized 

and highly dynamic structure that is located at the distal tip of the growing axon (figure 4A). 

The tip of the growth cone consists of two types of structures, thin finger-like filopodia that 

are separated by veil-like lamellipodia. Based on the cytoskeletal distribution, the growth 

cone is divided into three domains. The peripheral (P-) domain contains the filopodia, 

consisting of long bundled actin filaments (F-actin bundles), and the lamellipodia, which are 

characterized by F-actin networks. Thanks to their highly dynamic microtubules (MTs), the 

filopodia can continuously protrude and retract, and as such explore the extracellular 

environment. The central (C-) domain is a thicker region, containing multiple organelle and 

stable, bundled MTs that enter the growth cone from the axon shaft. The transition (T-) zone 

is located at the interface of the P- and C-domain and consists of the actomyosin contractile 

structures called actin-arcs (Lowery & Van Vactor, 2009; Dent & Gertler, 2003; Erskine & 

Herrera, 2007).  

The dynamics of these cytoskeleton elements determines the shape and movement of the 

growth cone (Lowery & Van Vactor, 2009). 

To form new axon segments, growth cones progress through three morphologically distinct 

stages termed protrusion, engorgement and consolidation. First, during the protrusion phase, 

when the distal end of the growth cone has encountered an attractive or repellant, the 

adhesive substrate binds to the growth cone receptors (figure 4Ba). This will activate 

intracellular signaling cascades and will lead to the formation of a mechanical complex that 

Figure 4: A) Structure of the growth cone. The structure of the growth cone is essential to its function. Changes in the 

cytoskeleton of the growth cone determine axon growth and navigation. B) Stages of axon outgrowth. The axonal outgrowth 

is divided into three stages: protrusion, engorgement and consolidation. a) Encounter substrate: the distal end of the growth  

cone contacts with an adhesive substrate. b) Protrusion: lamellipodia and filopodia move forward to extend their leading edge. 

c) Engorgement: the C-domain moves forward. d) Consolidation: the neck of the growth cone compacts to form a new segment 

of axon shaft. Reproduced from (Lowery & Van Vactor, 2009). 
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acts as a molecular clutch, coupling the substrate and the actin cytoskeleton. Next, as F-actin 

polymerization occurs, the clutch is strengthened and the lamellipodia and filopodia of the 

P-domain move forward to extend on the adhesive substrate (figure 4Bb). The phase of 

engorgement starts after the disappearance of F-actin between the adhesion site and the 

C-domain and the reorientation of the F-actin arcs from the C-domain towards the site of new 

growth. Eventually, the C-domain MTs are guided by the T-zone actin arcs to further invade 

the growth cone, fixing the axonal growth direction and resulting in a forward movement 

towards the adhesive site (figure 4Bc). Finally, axon shaft consolidation of the recently 

advanced C-domain occurs, as the contractile actin arcs compact the MTs to form a 

cylindrical axon shaft into the newly localized C-domain. Finally, the novel axon segment is 

further stabilized by MT-associated proteins and filopodia activity is suppressed in this region 

in order to promote axon shaft consolidation (figure 4Bd) (Lowery & Van Vactor, 2009; Dent 

& Gertler, 2003). 

1.2.2.2 AXON NAVIGATION 

The rate and direction of axon extension are controlled by the interaction of growth cones 

with their extracellular environment. Growth cones carry molecular receptors to direct them 

to their destination by responding to gradients of navigation cues in the extracellular matrix 

(ECM). The growth of the axon in a certain direction is stimulated (promoting growth towards 

a specific region) or inhibited (preventing growth in a particular direction) depending on the 

attractive or repulsive signals. These molecules can be associated with the ECM and work 

in a contact-dependent fashion or act at a distance via secreted diffusible factors. The same 

signal can provoke different responses depending on the type of neurons, and different cues 

can influence each other via interactions at the cell membrane and complicated networks of 

intracellular signaling cascades. There are four well-characterized families of axon guidance 

molecules: ephrins, semaphorins, netrins and Robos/Slits. However, many other molecules 

controlling axon navigation have been identified over the past decades (Lowery & Van 

Vactor, 2009; Erskine & Herrera, 2007; Chilton, 2006; Dickson, 2002; Huber et al, 2003; Dent 

& Gertler, 2003). 

By binding to their receptors present on the growth cone, these axon guidance molecules 

activate intracellular signal cascades that induce changes in the cytoskeleton, resulting in 

altering the direction and rate of the growth cone (Erskine & Herrera, 2007).  

During development, de novo neurogenesis results in the formation of newborn neurons, 

from which newly formed axons have to extend and navigate to reach their targets. As 

animals enlarge their body size during postnatal and adolescent stages, the distance from 

neuron to target increases. By consequence, damaged axons in the adult CNS have to 

overcome much longer distances than those travelled by the initial, de novo growing axons 

in the developing CNS. Moreover, a high level of morphological specialization and cellular 

complexity is present in the mammalian adult neural circuits, which makes it even more 
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difficult for the axons to reach their proper targets. During regeneration of the RGCs, these 

neurons have to extend their axons over considerable distances with a multitude of potential 

targets presented on route before they reach, recognize and form synapses with the 

appropriate target cells (Erskine & Herrera, 2007).  

Visual information is relayed from the eye to the brain via the axons of the RGCs. In the 

retina, the axons of the RGCs extend into the NFL at the inner surface of the retina, where 

they grow towards their exit point out of the eye, the ONH, and form the ON. The ONs of the 

left and right eye meet at the optic chiasm where the axons choose the right direction 

(ipsilateral or contralateral) and project their axons within the optic tracts towards their targets 

in the brain e.g., the SC (in the midbrain), the LGN (in the thalamus) or the SCN (in the 

hypothalamus) (figure 3B). Despite differences in organization of the RGC axons in different 

organisms, studies reveal a high degree of conservation in the underlying navigation 

mechanisms (Erskine & Herrera, 2007; Herrera et al, 2003; Nakagawa et al, 2000; Haupt & 

Huber, 2008; Lowery & Van Vactor, 2009). 

1.2.2.3 AXONAL REGENERATION 

In non-mammals, robust axonal regeneration is observed in the injured CNS, however, 

adult mammals seem to have lost this capability. Indeed, although the damaged axons in 

their CNS do exhibit an early growth response, this response is abortive and does not lead 

to the complete repair of the axons. Instead, this sprouting response is followed by axonal 

degeneration and ultimately even neuronal cell death. On the contrary, axonal regeneration 

does occur in the mammalian PNS. One of the reasons underlying the lack of robust 

regeneration in the mammalian CNS, can therefore be deduced from the major difference 

between the CNS and PNS, the strong inhibitory glial environment present in the CNS 

(Goldberg et al, 2002). Prior to myelination, injured axons in the CNS can regrow, but after 

myelination, post-injury axonal growth is inhibited. Macrophages and Schwann cells in the 

PNS rapidly clear myelin after injury and downregulate all myelin proteins and their debris. 

In the CNS, oligodendrocytes only provide minimal growth support or phagocytic activity and 

even tend to undergo apoptosis (Filbin, 2003; Benowitz & Yin, 2010). 

The inability of damaged CNS axons to regenerate is thus largely due to several inhibitory 

signals present in the ECM like myelin- and glial scar-derived inhibitory factors. The lack of 

neurotrophic support also contributes to the reduced regeneration capacity of the CNS in 

mammals. In addition, adult neurons have a low intrinsic potential to regenerate their axons. 

By consequence, substantial levels of in vivo axonal regeneration would require 

combinatorial treatments that counteract extrinsic inhibitors and activate the intrinsic growth 

state of neurons at the same time (Benowitz & Yin, 2007, 2008, 2010; Fitch & Silver, 2008; 

Filbin, 2003; Domeniconi et al, 2002). 
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1.2.2.3.1 EXTRINSIC INHIBITION 

Myelin-derived inhibitory factors 

Inhibitors of axonal regeneration present in myelin prevent recovery of the injured adult 

mammalian CNS. Three myelin proteins, neurite outgrowth inhibitor (Nogo) A, 

oligodendrocyte-myelin glycoprotein (OMgp) and myelin-associated glycoprotein (MAG), all 

found in the myelin membrane immediately adjacent to the axon, inhibit axon growth through 

the same receptor complex (figure 5). NogoA is a splice variant of a reticulon protein that is 

produced by the oligodendrocytes and is usually associated with the endoplasmatic 

reticulum (Prinjha et al, 2000; Chen et al, 2000; Grandpré et al, 2000; Benowitz & Yin, 2007, 

2008; Filbin, 2003). However, it is also found on the oligodendrocyte surface and on the 

innermost loop of the myelin membrane, where it can make contact with the axon. The 66 

amino acid region at the C-terminus of NogoA is one of the inhibitory domains that binds with 

high affinity to the Nogo receptor (NgR) (Benowitz & Yin, 2007; Fournier et al, 2001; Huber 

et al, 2002; Filbin, 2003). The other inhibitors of axon growth are OMgp and MAG, though in 

some cases the latter can promote axon growth in immature neurons. OMgp is a glycosyl 

phosphatidylinositol (PI)-linked protein and is expressed by both oligodendrocytes and 

neurons. MAG is a member of the immunoglobulin super family and is a sialic acid-binding 

protein (Benowitz & Yin, 2007; Cai et al, 2001; Filbin, 2003). Although there is no obvious 

sequence or domain similarity between NogoA, MAG and OMgp, they use the same receptor 

complex to induce growth cone collapse and inhibit axon outgrowth. Nevertheless, other 

receptors may be involved as well, because after enzymatic cleavage or genetic deletion of 

NgR, neurons continue to respond to inhibitory myelin proteins. This competition for binding 

Figure 5: Inhibitory pathway of NogoA. NogoA interacts with the phosphatidylinositol-linked NgR to inhibit axon outgrowth. 

NgR interacts with LINGO1 and p75NTR/TROY to transduce the signal across the membrane and activate RhoA to bring about 

inhibition. OMgp and MAG can use the same inhibition pathway. Reproduced from (Schwab, 2010) . 
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the same receptor may explain the redundancy observed when a single inhibitory component 

is blocked in vivo (Domeniconi et al, 2002; Liu et al, 2002; Venkatesh et al, 2005; Wang et 

al, 2002; Zheng et al, 2005). 

NgR is a PI-linked protein without a transmembrane domain. It has to form a complex with 

two other proteins to transduce the inhibitory signal across the membrane of the neurons. 

One of these is LINGO (LRR (leucine-rich repeat) and Ig (immunoglobulin) domain-

containing, Nogo Receptor interacting protein), the second is either the neurotrophin receptor 

p75 (p75NTR) or TROY (a related protein of the TNFŬ receptor family). These receptors play 

an important role in cell death, migration of Schwann cells, modulation of synaptic 

transmission and functional regulation of sensory neurons and axon elongation. All of these 

processes are mediated by the activity of Ras homolog gene family, member A (RhoA), that 

is modulated by the NgR-LINGO-p75NTR/TROY complex. RhoA is a guanosine 

triphosphatase (GTPase) that regulates the state of actin polymerization via a guanine 

nucleotide displacement factor (Rho-GDi). When ligand is bound to the 

NgR-LINGO-p75NTR/TROY complex, Rho-GDi associates with p75NTR, enabling RhoA to be 

converted to its active state. Activated RhoA binds to GTP, activating his downstream 

effector, Rho kinase (ROCK), which results in rigidificiation of the actin cytoskeleton and 

growth cone collapse, thereby terminating the elongation of the axons. Matrix 

metalloproteinases (MMPs) have the capacity to degrade many of these myelin-derived 

inhibitory factors (Yamashita & Tohyama, 2003; Benowitz & Yin, 2008; De Groef et al, 2014).  

Glial scar-derived inhibitory factors 

In addition to myelin, the scar tissue that forms at the site of neuronal injury (gliosis) is a 

major barrier to axonal regeneration in the CNS. Regenerating axons that cross such a glial 

scar, undergo dystrophy of the end bulbs and cannot elongate. The scar mainly consists of 

reactive astrocytes which change their morphology to become a physical barrier to axonal 

regrowth and upregulate several ECM-associated inhibitors of regeneration. Proteoglycans, 

like chondroitin sulphate proteoglycan (CSPG), are also present in the glial scar. CSPGs 

inhibit axon growth in the adult CNS through the activation of RhoA and ROCK. In addition, 

CSPGs are also known to be present outside the glial scar, e.g., to limit axonal growth, to 

repel axons from inappropriate regions and to restrict structural plasticity during CNS 

development. Also the glial scar-derived factors can be degraded by MMPs (Benowitz & Yin, 

2007, 2008; Wehrle et al, 2005; Ahmed et al, 2005; De Groef et al, 2014). 

Counteracting extrinsic inhibitors 

During the last decennia, researchers have tried to produce extensive RGC regeneration 

in the ON by counteracting inhibitory signaling. Methods to inhibit the activity of NogoA have 

been the administration of antibodies against NogoA or introducing a dominant-negative form 

of the NgR in the genomes of RGCs. Another way to overcome inhibitory signals is to 

interfere with RhoA, which is inactivated by C3 ribosyltransferase. These approaches had 
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little success. A possible reason is that even when overcoming one of the major inhibitors, 

other ones are still in place. Another plausible argument is that even when all inhibitory 

signals are neutralized, the axons still need to be stimulated to a growth-enabled state. So, 

it is important that when one wants to stimulate robust axonal regeneration, one should focus 

on both extrinsic inhibitors and the intrinsic growth capacity of the neurons. Without taking 

the intrinsic state of the neuron into account, one will never observe more than a moderate 

effect of axonal regeneration (Benowitz & Yin, 2007, 2008, 2010; Fischer et al, 2004a). 

1.2.2.3.2 INTRINSIC GROWTH POTENTIAL 

In addition to the extrinsic inhibitors, a strong intrinsic neuronal growth capacity is elemen-

tary for the regeneration of axons. RGCs undergo a marked shift in their intrinsic growth state 

and experience different growth stages during the course of development. RGCs are derived 

from retinal progenitor cells. In mice, RGCs differentiate between the embryonic age of 11 

to 19 days (E11-E19). Once differentiated, they begin to form axons and show rapid axon 

elongation. After birth, axon growth gradually slows down. The axons reach the SC between 

birth and 6 days postnatal (P0-P6). RGCs in mice older than P2 exhibit slow axon growth 

and switch to prolific dendritic differentiation (Sernagor et al, 2001; Dallimore et al, 2002). 

The intrinsic growth state of the RGCs appears not to change cell-autonomously but requires 

direct contact with the amacrine cells. Adult RGCs can be programmed to undergo a shift in 

growth potential that resembles the growth stages during development.  

To achieve this switch, the signaling pathways that regulate RGC survival and RGC axonal 

outgrowth need some adjustments. Reports have implicated the involvement of two well-

known signaling pathways utilizing cyclic adenosine monophosphate (cAMP) response 

element binding protein (CREB) and signal transducer and activator of transcription 3 

(STAT3). Recent findings also associate protein kinase C (PKC), B-cell lymphoma 2 (Bcl-2) 

and integrins with neuronal regeneration (Teng & Tang, 2006). Studies show that there are 

dramatic changes in gene expression when RGCs are stimulated to regenerate their axons. 

For example, enhanced neurotrophins, in the form of brain-derived neurotrophic factors 

(BDNFs) and glia-derived neurotrophic factors (GDNFs), could block the growth inhibitory 

effects of the CNS neurite growth inhibitor MAG by elevating cAMP levels. These alterations 

resemble those seen in axons of the PNS undergoing regeneration. As an example, some 

of the major known molecules like growth associated protein (GAP) -43, cAMP and Bcl-2 are 

mentioned in following paragraphs (Goldberg et al, 2002; Benowitz & Yin, 2007; Teng & 

Tang, 2006). 

GAP-43 

Proteins expressed by RGCs, which are forming axons and synapses, become 

downregulated in adult stages. An example is GAP-43, which is a membrane phosphoprotein 

that is present in high concentrations when RGCs are extending their axons and 

synaptogenesis is ongoing, but becomes downregulated to almost undetectable levels in 
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adult stages. The RGCs that experience damage show only a small, transient upregulation. 

However, GAP-43 levels are strongly upregulated in RGCs that are stimulated to regenerate 

their axons (Benowitz & Yin, 2007; Fischer et al, 2004b). 

cAMP 

Small intracellular messenger molecules play a crucial role in the signaling cascades that 

translate extracellular signals into axonal elongation, navigation and synaptogenesis. For 

example, the response of the axon to an axon guidance molecule is strongly determined by 

the intracellular concentration of cAMP ([cAMP]i). Elevated [cAMP]i facilitates axon growth in 

several ways. In general, [cAMP] i elevation is required for RGCs to respond to most factors 

that support cell survival and axon outgrowth. It induces the growth factor receptors to 

translocate from the cytoplasm to the cell membrane. [cAMP] i levels also determine whether 

growth cones are attracted or repelled by various guidance molecules. Indeed, signals that 

normally repel axons can become attractive in the presence of cAMP. For example, MAG 

stimulates the growing RGCs, which are featured by an elevated ratio of [cAMP] i to cyclic 

guanosine monophosphate (cGMP), and inhibits adult RGCs, which are featured by a low 

ratio of [cAMP]i to cGMP. Finally, cAMP mediates the óprimingô effect of trophic factors for 

overcoming extrinsic growth inhibitors. [cAMP] i has a relatively modest effect on enabling 

axon outgrowth into the ON, though excessive high [cAMP]i can work counterproductive (Cai 

et al, 2001; Benowitz & Yin, 2007). 

Bcl-2 

RGCs of which the axons are damaged normally endure apoptosis due to energy depletion 

or trophic factor withdrawal. This results in the activation of an intracellular signaling cascade, 

involving immediate early genes, pro- and anti-apoptotic members of the Bcl-2 family, and 

caspases. This process can be prevented by overexpression of anti-apoptotic proteins of the 

Bcl-2 family. Although the survival of the damaged axons is essentially complete, they will 

not regenerate into the ON. Axonal regeneration clearly requires RGCs to remain viable but 

RGC survival alone is clearly not sufficient to induce axon outgrowth. It seems that RGC cell 

survival and RGC axonal outgrowth rely on different intracellular signaling pathways (Bähr, 

2000). 

1.2.2.3.3 NEUROTROPHIC SUPPORT 

In addition to the decrease in intrinsic growth capability and presence of extrinsic inhibitors, 

the injured CNS becomes deprived of neurotrophic factors. These factors are responsible for 

the growth and survival of developing neurons and the maintenance of mature neurons. 

Neurotrophic factors like ciliary neurotrophic factor (CNTF) and BDNF are capable of 

supporting the survival of injured CNS neurons both in vitro and in vivo. They also stimulate 

neurite outgrowth, needed for reorganization of the injured CNS, and the expression of key 

enzymes for neurotransmitter synthesis that may need to be upregulated to compensate for 

reduced innervation (Deister & Schmidt, 2006). 
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1.2.3 RECENT STRATEGIES TO INDUCE LONG-DISTANCE RGC AXONAL 

REGENERATION 

Over the past years, many studies identified several strategies to induce long-distance 

axonal regeneration in the ON. The extracellular inhibitors and the factors that influence the 

intracellular growth capacity of the axons mentioned in previous paragraphs can all be 

targets for therapies to induce axonal regeneration. The most important methods, currently 

used to induce RGC regeneration, are peripheral nerve grafting (Yin et al, 2009), 

administration of neurotrophins such as CNTF (Pernet et al, 2013a; Leaver et al, 2006), 

deletion of genes such as phosphatase and tensin homologue (Pten) and/or suppressor of 

cytokine signaling 3 (Socs3) (Sun et al, 2011) and administration of ROCK inhibitors (Pernet 

et al, 2013b). Within the optic system, partial axonal regeneration can also be obtained via 

induction of controlled inflammation and glial reactivity. In addition, combinations of these 

methods can also be used to induce even more regeneration (Benowitz & Popovich, 2011; 

Lorber et al, 2012).  

1.2.3.1 PERIPHERAL NERVE GRAFTING 

Cajalôs student, Tello, provided the first piece of evidence that mature neurons of the CNS 

retain some capacity to regenerate their axons (Benowitz & Yin, 2008, 2007). He discovered 

that, in rats, if the ON is cut and given the opportunity to grow into a peripheral nerve graft 

(PNG), approximately 5% of the RGCs can regenerate their axons into the graft. Some of 

them get all the way through the PNG, which extends from the eye to the SC, and form 

synapses in the correct retinal recipient layers of the SC. These results are probably obtained 

due to the more permissive environment of the PNS versus the CNS environment. In 

addition, these transplants appear to contain a higher level of growth-permissive factors 

(e.g., laminin and GAP-43) and a lower concentration in growth inhibiting factors 

(e.g., NogoA). The PNG provides essential neurotrophic factors and activates macrophages 

that are believed to be responsible for the axon growth promoting effect (Benowitz & Yin, 

2008, 2007, 2010).  

1.2.3.2 NEUROTROPHIC FACTORS 

In mice, the effects of intraocular injections of the recombinant CNTF peptide are probably 

restricted in time because of the short half-life of this recombinant peptide and the negative 

feedback control mediated by the upregulation of SOCS3. To sustain CNTF delivery, 

adeno-associated virus (AAV) vectors, which encode a modified secretory form of CNTF and 

selectively infect RGCs, are injected intravitreally. This promotes the survival of adult RGCs 

(neuroprotection) and stimulates the regeneration of many RGC axons across the ON crush 

site, some growing as far as the optic chiasm (Pernet et al, 2013a). In addition, many 

regenerating axons showed sharp U-turns and aberrant axonal sprouting at the inner surface 

of the retina, suggesting that guidance cues are missing and that the distance of axonal 



 
 

 
 

14 
Unraveling the role of MMP-2 and MT1-MMP in mammalian axonal regeneration 
L. Andries, Dr. M. Salinas-Navarro, L. De Groef and Prof. Dr. L. Moons                   Academic year 2014-2015 

regeneration is decreased by the return of the growing axons towards the retina. After 

AAV-CNTF-GFP injections and PNG, about 25% of adult RGCs remained viable at 7 weeks 

post peripheral nerve transplantation and about half of these cells regenerated axons 

1-1,5cm into the autologous PNG. Again, axonal misguidance is a key limiting factor for long-

distance axonal regeneration with this approach (Leaver et al, 2006; Smith et al, 2009). 

Intravitreal AAV-BDNF-GFP injections also enhanced RGC survival at 7 weeks after optic 

nerve crush (ONC). Although many axons were seen proximal to the injury, there was no 

significant regeneration into the distal ON in these animals (Leaver et al, 2006).  

1.2.3.3 PTEN AND SOCS3 

Deleting genes that encode suppressors of the intrinsic growth control pathways is a 

possible strategy to induce long-distance axonal regeneration (Sun et al, 2011).  

PTEN acts as a phosphatase to dephosphorylate phosphatidylinositol (3,4,5)-triphosphate 

(PIP3), resulting in phosphatidylinositol (4,5)-biphosphate (PIP2). Inactivation of PTEN results 

in the accumulation of PIP3 and the activation of the Akt (protein kinase B) signaling pathway. 

SOCS3 is a negative regulator of the Janus kinase (JAK)/STAT pathway by inhibiting the 

phosphorylation of STAT (Smith et al, 2009). Downstream effectors of these pathways, like 

mammalian target of rapamycin (mTOR), in neuronal somata and axon terminals might 

coordinate different steps of axon growth during development and injury induced axonal 

regeneration (Park et al, 2008, 2010). 

The injured ON did undergo significant axonal regeneration after conditional deletion of 

Pten or Socs3 in adult RGCs, but the regrowth only occurred during the first 2 weeks. 

Simultaneous deletion of both Pten and Socs3 enabled robust and sustained axonal 

regeneration. Concurrent activation of mTOR and STAT3 pathways are revealed to be 

essential for sustaining long-distance axonal regeneration in adult CNS, which is a crucial 

step towards functional recovery (Park et al, 2008; Sun et al, 2011; Smith et al, 2009). 

1.2.3.4 ROCK INHIBITORS 

One key mediator of growth inhibitory signaling is ROCK, which has been shown to 

modulate growth cone stability by regulation of actin dynamics. To test the role of myelin 

associated inhibitors, many of which act via the Rho/ROCK pathway, ROCK was blocked 

pharmacologically. This ROCK blockade, along with the AAV2.STAT3-ca stimulation, was 

recently shown to promote extension of much longer and straighter axons and decreased 

the frequency of axonal misnavigation (Pernet et al, 2013b). 

1.2.3.5 INDUCTION OF INFLAMMATION 

Partial axonal regeneration can also be obtained via induction of inflammation and glial 

reactivity in the eye (Benowitz & Popovich, 2011; Lorber et al, 2012; Kurimoto et al, 2013; 

de Lima et al, 2012). The paradigm that, under certain circumstances, inflammation can 

produce factors that promote CNS regeneration, has been confirmed in a variety of species 
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(Benowitz & Yin, 2008; Lorber et al, 2005; Okada et al, 2005; Pernet & Polo, 2006). It has 

been shown that factors secreted by reactive astrocytes, Müller cells, infiltrating 

macrophages and resident microglia play a significant role in the partial reversal of the 

inability of mature RGCs to regenerate their axons following ON injury. Although, current 

knowledge about the identity of these growth factors is very limited, one evolutionarily 

conserved 12 kilodalton (kDa) Ca2+ binding protein has been identified as a 

macrophage-derived growth factor, namely oncomodulin. In the presence of elevated 

[cAMP]i, oncomodulin can stimulate extensive axonal regeneration in the mature ON. No 

other known trophic factor (e.g., BDNF or CNTF) is able to stimulate such a strong axon 

outgrowth (Benowitz & Yin, 2007; Yin et al, 2006). 

Controlled ocular inflammation can be invoked either via lens injury or via pharmalogical 

treatment, e.g., via the intravitreal injection of zymosan. Zymosan is a yeast cell wall extract 

that induces restricted ocular inflammation, which results in the influx of neutrophils and 

activated macrophages (Benowitz & Yin, 2007, 2008, 2010; Yin et al, 2003, 2006; Cui et al, 

2009; Leon et al, 2000). Using zymosan, macrophage activation caused more regeneration 

than lens injury or a PNG (Benowitz & Yin, 2008; Leon et al, 2000; Yin et al, 2003). When 

combined with Pten deletion, it leads to a dramatic increase in axonal regeneration and even 

to a limited re-innervation of thalamic neurons in the brain (figure 6) (Kurimoto et al, 2010; 

Benowitz & Popovich, 2011; Lorber et al, 2012; Kurimoto et al, 2013; Ahmed et al, 2010; 

Leibinger et al, 2009; Cui et al, 2009; Lorber et al, 2009).  

 

 

 

Figure 6: Effects of intraocular inflammation, cAMP and Pten deletion. A-D) Longitudinal sections through the ON showing 

GAP-43+ axons distal to the ONC denoted with asterisks. A) Absence of regeneration after surgery alone. B) Increased 

regeneration after intraocular injection of zymosan alone. C) Extensive regeneration induced by zymosan and CPT-cAMP. D) 

Combination of Pten deletion, zymosan and CPT-cAMP resulted in far greater regeneration than any other treatment. Scale 

bar, 200µm. Reproduced from (Kurimoto et al, 2010). 
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1.3 MATRIX METALLOPROTEINASES IN AXONAL REGENERATION 

1.3.1 FAMILY OF MMPS 

The founding member of the MMP family, MMP-1, was identified in 1962 by Gross and 

Lapiere (Gross & Lapiere, 1962). Further research led to the discovery of structurally related 

proteinases. The MMPs constitute a family of over 20 proteolytic enzymes (Sternlicht & 

Werb, 2001). Together, these proteinases can degrade virtually all constituents of the ECM 

(Page-McCaw et al, 2007; Yong et al, 2001).  

Proteolytic enzymes are classified in two groups: exopeptidases and endopeptidases, 

based on whether they cleave the terminal or the internal peptide bonds (figure 7). 

Depending on their catalytic mechanism and inhibitor sensitivities, the endopeptidases are 

divided into serine-, cysteine-, aspartic- or metalloproteinases. The latter are further 

separated into five superfamilies, based on their sequence. The metzincin superfamily is 

then further subdivided into multigene families: the serralysins, astacins, adamalysins and 

MMPs. The group of MMPs owes its name to its dependence on metal ions for catalytic 

activity, its capability to degrade structural proteins of the ECM and its specific sequence that 

distinguishes it from the other closely related metalloproteinases (Sternlicht & Werb, 2001). 

MMP family members have been categorized into subgroups including gelatinases, 

stromelysins, collagenases and membrane-type (MT)-MMPs (Yong et al, 2001). 

1.3.2 STRUCTURE OF MMPS 

MMPs are members of the zinc-dependent metalloproteinases called metzincins. They 

share a zinc-binding motif, containing three histidine residues (HExxHxxGxxHS) in their 

active site to bind the zinc ion. The conserved methionine residue or óMet turnô (xxMxP) 

delineates a distinct beta-turn at the active site and seems essential for activity. Moreover, 

MMPs have additional stretches of sequence homology, which gives them a fairly conserved 

structure (figure 8) (Sternlicht & Werb, 2001; Page-McCaw et al, 2007; Yong et al, 2001).  

Proteolytic enzymes

Exopeptidases Endopeptidases

Serine-
peptidases

Cysteine-
peptidases

Aspartic-
peptidases

Metalloproteinases

Metzincin

Serra-
lysins

Asta-
cins

Adama-
lysins

Matrix metalloproteinases

Strome-
lysins

College-
nases

Membrane-
type MMPs

Gelati-
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Figure 7: Classification of the proteolytic enzymes. The MMPs are endopeptidases that belong to the metalloproteinases 

and more specifically to the metzincin family because they use zinc in their catalytic domain. Reproduced from (Sternlicht & 

Werb, 2001). 
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All MMPs have a short amino (N)-terminal signal sequence (pre-domain) that is removed 

when travelling to the cell surface. Most of the MMPs are secreted, but six of them display 

transmembrane domains and are called MT-MMPs. These do not lose their pre-domain in 

the endoplasmatic reticulum and are expressed as membrane-bound enzymes. In 

mammalian MMPs, the pre-domain is followed by a conserved domain structure that consists 

of a N-terminal autoinhibitory pro-domain and a N-terminal catalytic domain. The pro-domain 

contains a conserved cysteine residue that coordinates the zinc ion at the active site to inhibit 

catalysis and to maintain the latency of the enzyme until the pro-domain is removed or 

disrupted. When the pro-domain is destabilized or removed, the active site becomes 

available to cleave substrates. The catalytic domain has a zinc-binding region and is 

localized after the pro-domain. It determines where the MMPs cleave their substrate. Most 

of the members of the MMP family also contain a hemopexin-like domain. It is attached to 

the catalytic domain by a flexible hinge region, which is short in the collagenases and longer 

in all other MMPs. This hemopexin domain mediates protein-protein interactions, substrate 

recognition, activation of the enzyme, protease localization, internalization and degradation 

and also affects the binding of inhibitors and substrates (Sternlicht & Werb, 2001; Page-

McCaw et al, 2007; Yong et al, 2001).  

1.3.3 FUNCTION OF MMPS 

Historically, MMPs were considered to function mainly as enzymes that degrade structural 

components of the ECM. However, MMPs can regulate cell behavior in numerous ways, by 

cleaving other signaling molecules with independent biological activity such as receptors, 

cytokines, adhesion molecules and growth factors. Most of the MMPs carry out their function 

extracellularly. However, some MMPs, like MMP-2, also fulfill a role intracellularly e.g., in the 

nuclei of neurons and glial cells (Page-McCaw et al, 2007; Sternlicht & Werb, 2001; Rivera 

et al, 2010). 

Because of their diversity in substrates and their expression by different cell types and 

tissues all over the body, MMPs can accomplish important functions in a wide range of 

physiological processes including ovulation, wound healing, cell migration, cell shape, cell 

movement, differentiation, growth, inflammatory processes, apoptosis, angiogenesis, 

embryonic development and bone development etc. In addition to the positive effects, MMPs 

Hinge 

region 

C-terminal 

hemopexin-like 

domain 

Propeptide N-terminal 

catalytic domain 

Prepeptide/

signal 

peptide 

Figure 8: General domain structure of MMPs. All MMPs consist of an amino-terminal signal prepeptide (orange), an amino-

terminal propeptide (blue) and catalytic domain (pink) that contains a zinc molecule (green). Most of them have a carboxy (C)-

terminal hemopexin-like domain (red) connected to the N-terminal domains by a hinge region (grey). The MT-MMPs have a 

transmembrane domain at the C-terminal. Reproduced from (Yong et al, 2001). 
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can also have some negative influences in pathological conditions. The increased 

expression of MMPs is characteristic for several diseases like Alzheimerôs disease, multiple 

sclerosis, chronic rheumatoid arthritis or cancer. Thus, it is essential to keep in mind the 

importance of balancing the potential favorable and detrimental effects of MMPs (Duchossoy 

et al, 2001; Mccurley & Callard, 2010; Yong et al, 2001; Sternlicht & Werb, 2001; Agrawal et 

al, 2008; Page-McCaw et al, 2007; Verslegers et al, 2013).  

In the CNS, MMPs have a fundamental function in development but they are also 

indispensable in the adult CNS. There, they play a role in synaptic plasticity and turnover of  

myelin, inflammation, cell death, demyelination, learning and memory.  

1.3.4 REGULATION OF MMPS 

The important functions of MMPs and their capacity to alter cell fate and developmental 

outcomes implies that their expression and activity must be highly regulated (Yong et al, 

2001). This regulation is controlled at the following levels: transcription of MMP genes, 

zymogen activation, MMP inhibition, degradation or clearance and the compartmentalization 

of MMPs on or near the cell surface (Ethell & Ethell, 2007).  

The expression of MMP genes is, to a large extent, regulated by the cis-elements in the 

promoter that are activated or inhibited by their corresponding trans-activators. Different 

response elements in the promoter, e.g., the TATA-box or the activator protein (AP)-1 binding 

site, render these genes responsive for changes in the amount or activity of a large variety 

of cytokines or growth factors including interleukins, interferons, epithelial growth factor 

(EGF), tumor necrosis factor (TNF)-Ŭ and transforming growth factor (TGF)-ɓ. A number of 

MMP promoters share common structural features and therefore are co-regulated in their 

expression to some extent. (Sternlicht & Werb, 2001; Yan & Boyd, 2006).  

Furthermore, MMPs are produced as zymogens (inactive pro-enzymes). They are 

maintained in a latent conformation by the cysteine switch (PRCGxPD). This is an unpaired 

cysteine sulfhydryl group near the carboxy (C)-terminal end of the pro-domain, that acts as 

a fourth ligand for the zinc ion in the catalytic site. Activation of MMPs requires enzymatic 

splicing of this cysteine switch through proteolytic removal of the pro-domain by other MMPs 

or serine proteases or through ectopic perturbation of the cysteine to zinc interaction. When 

MMPs are activated, the zinc ion becomes available to attack the peptide bonds of MMP 

substrates (Sternlicht & Werb, 2001; Nagase et al, 2006).  

Once MMPs are activated, there are several physiological inhibitors that can block their 

activity. In circulation, MMPs are inhibited by alpha2-macroglobuline, but in tissues, inhibition 

is mainly accomplished by the four mammalian tissue inhibitors of metalloproteinases 

(TIMP-1-4) that bind reversibly to MMPs. MMPs are inhibited by interaction of the N-terminal 

domain of the TIMPs with the catalytic domain of the MMPs. Individual TIMPs differ in their 

capacity to inhibit various MMPs and in terms of their gene regulation and tissue specific 

patters of gene expression (Sternlicht & Werb, 2001; Yong et al, 2001; Baker et al, 2002).  
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Another way to regulate and inactivate MMPs is via autoproteolysis, degradation and 

clearance. Although little is known about MMP degradation, some cleavages that inactivate 

MMPs have been identified, whereas others generate truncated enzymes with altered 

substrate specificities and reduced affinity for their TIMPs. Thus, proteases that influence 

MMP degradation can at the same time alter their concentrations, their substrate 

specificities, their localization and their capacity to be activated or inhibited. Moreover, 

clearance of the intact enzymes can regulate extracellular MMP levels. For example, MMPs 

can cleave the bait region of alpha2-macroglobulin thereby initiating a conformational change 

of alpha2-macroglobulin that irreversibly traps the MMPs. The complex is eventually 

removed by endocytosis. Thrombospondin-2 has also been implicated in the clearance of 

MMPs (Sternlicht & Werb, 2001). 

In addition to these main mechanisms for regulation, there is also MMP internalization or 

secretion. Several molecules can regulate whether the synthesized MMPs are taken up or 

released. For example, in macrophages, plasmin and thrombin induce the secretion of 

MMP-12 but do not alter the rate of transcription. Furthermore, activity of MMPs can be 

regulated by post-translational modification, storage of MMPs in granules and neutrophils 

and compartmentalization of the available substrates. The latter is a form of spatial regulation 

in which MMPs are attached to cells via specific interactions with membrane proteins. Cells 

also rely on surface receptors to detect the presence and location of specific substrates 

(Sternlicht & Werb, 2001). 

The multiplicity of MMPs with distinct but somewhat overlapping functions probably acts as 

a safeguard against any losses of regulatory control. Because of this overlap of specificities, 

the biological function of individual MMPs is largely dictated by their differential patterns of 

expression. Overall, the MMPs have to be in the right cell type, at the right time, in the correct 

amount and be appropriately activated or inhibited (Sternlicht & Werb, 2001). 

1.3.5 MMPS IN AXONAL REGENERATION 

As mentioned before, diminished growth capacity of the adult CNS, reduced neurotrophic 

factors and formation of a physicochemical barrier adds to the failure of the mammalian CNS 

to regenerate axons. MMPs have been suggested to have an essential role in successful 

axonal regeneration for several reasons. First, MMPs add to the clearance of cellular and 

matrix debris at the site of injury. Second, all key components of the glial scar are substrates 

of one or multiple MMPs. Increased MMP activity decreases the formation of a glial scar and 

the associated inhibitory signals. This is particularly true for CSPGs, that have a strong 

inhibitory effect on axonal regeneration and are substrates of MMPs. Third, MMPs are also 

able to degrade myelin-derived inhibitory factors that are released by degenerating axons in 

the CNS. Fourth, MMPs can unmask, activate, or release other factors that have a beneficial 

effect on CNS repair. They can indirectly provide neurotrophic support to regenerating axons 

via release of sequestered growth factors or the conversion of inactive pro-growth factors to 
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their active forms. Fifth, MMPs can invoke ófocalizedô proteolysis at the growth cone, thereby 

reorganizing the ECM to facilitate attachment and motility of the growing axon. Notably, 

stimulation of axonal regeneration after ON transection in rats by PNG, coincides with 

significantly enhanced MMP activity in the regenerating ON as compared with the 

non-regenerating ON (De Groef et al, 2014).  

1.3.6 MMP-2 AND MT1-MMP 

The focus of this thesis lies on MMP-2 (EC 3 4 24 24) and MT1-MMP (EC 3 4 24 80). 

MMP-2 is also known as gelatinase A or 72kDa type IV collagenase, which belongs to the 

gelatinase subgroup of the MMPs (figure 7). MMP-14 or MT1-MMP is a member of the 

membrane-type MMPs. The overall structure, function and regulation of MMP-2 and 

MT1-MMP are similar to what has been described above with a few exceptions (Sternlicht & 

Werb, 2001). 

1.3.6.1 STRUCTURE OF MMP-2 AND MT1-MMP 

Gelatinases, like MMP-2, and transmembrane MMPs, like MT1-MMP, have the general 

structure of MMPs with some additional features. Gelatinases have three fibronectin type 2-

like repeats within their catalytic domain, which mediate binding to collagens. MT-MMPs 

have a single-pass transmembrane domain with a short cytoplasmic C-terminal tail next to 

their hemopexin-like domains (Sternlicht & Werb, 2001). 

1.3.6.2 FUNCTION OF MMP-2 AND MT1-MMP 

One of the primary functions of MMP-2 is the degradation of proteins in the ECM. The 

substrates of MMP-2 are proteins in ECM, pro-MMPs, CSPGs (versican and neurocan), 

growth factors and cytoskeletal component. Physiologically, MMP-2 in coordination with 

other MMPs, plays a role in normal tissue remodeling events such as embryonic 

development, angiogenesis, ovulation, mammary gland involution and wound healing. 

MMP-2 is also involved in osteoblastic bone formation and inhibits osteoclastic bone 

resorption. Moreover, MMP-2 has been implicated to contribute to the breakdown of 

inhibitory molecules in the CNS, clearing the path for axonal regeneration (Nagase et al, 

2006; Verslegers et al, 2013).  

Studies performed with MT1-MMP deficient mice have shown the importance of its function 

during embryogenesis. The lack of MT1-MMP caused craniofacial dysmorphism, arthritis, 

osteopenia, dwarfism, fibrosis of soft tissues and premature death. It is also required for the 

wound healing process. The substrates of MT1-MMP are proteins in ECM, pro-MMPs, cell-

adhesion molecules, cytokines, growth factors and receptors on the cell membrane. Recent 

studies have also demonstrated the activation of signal transduction pathways via the 

cytoplasmic tail of MT1-MMP important for the invasion process of macrophages (Nagase et 

al, 2006; Verslegers et al, 2013; Sakamoto & Seiki, 2009).  
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1.3.6.3 REGULATION OF MMP-2 AND MT1-MMP 

As already mentioned, all MMPs are closely regulated at the level of transcription and are 

activated by cleavage of the cysteine switch by other MMPs, serine proteases or ectopic 

perturbation. MMP-2 is the exception, as it is often continuously expressed, activated through 

an unique multistep mechanism at the cell surface (figure 9) and controlled by some degree 

of post-transcription messenger ribonucleic acid (mRNA) stabilization (Sternlicht & Werb, 

2001; Overall et al, 2000). The activation pathway of MMP-2 involves a coordinated interplay 

of MMP-2, TIMP-2 and MT1-MMP. TIMP-2 plays a dual role in MMP-2 regulation, being an 

inhibitor and an essential component of the MT1-MMP/TIMP-2/MMP-2 activation complex 

(Deryugina et al, 2001; Hernandez-Barrantes et al, 2000; Caterina et al, 2000). Based on 

this process, both a deficiency as well as an excess of TIMP-2 may inhibit MMP-2 activation 

(Strongin et al, 1995). The activation of MMP-2 essentially starts with the activation of 

MT1-MMP. MT1-MMP is activated extracellularly by plasmin, intracellularly by furin or by 

non-proteolytic disruption of the cysteine switch. Next, the N-terminal inhibitory domain of 

TIMP-2 binds to the active MT1-MMP at the cell surface (Zucker et al, 1998). The resulting 

MT1-MMP/TIMP-2 complex is crucial for processing and activating pro-MMP-2. Indeed, in a 

next step, the C-terminal domain of the bound TIMP-2 binds the C-terminal hemopexin-like 

domain of pro-MMP-2 (68kDa), resulting in the recruitment of pro-MMP-2 from the 

extracellular milieu to the cell surface. Then, an adjacent uninhibited, active MT1-MMP 

cleaves the tethered pro-MMP-2 to generate the activation intermediate of MMP-2 (64kDa). 

Finally, the remaining fragment of the pro-domain is removed by a separate, active MMP-2 

at the cell surface, to convert the activation intermediate of MMP-2 into its fully activated form 

(62kDa) (Sternlicht & Werb, 2001; Gaublomme et al, 2014; Visse & Nagase, 2003). 

Once active, MMP-2 can be inhibited by interacting with TIMP-2, TIMP-4 and 

thrombospondin 1 (Overall et al, 1991; Bein & Simons, 2000). 

Figure 9: Activation pathway of MMP-2. Pro-MT1-MMP is activated by an intracellular furin during transport to the cell 

surface, by an extracellular plasmin at the cell surface or by non-proteolytic conformational changes. Active MT-MMP is then 

inhibited by TIMP-2. This MT1-MMP/TIMP-2 complex recruits extracellular pro-MMP-2 to the cell surface to form a trimolecular 

complex. Then, an uninhibited MT1-MMP partially activates pro-MMP-2 resulting in the MMP-2 activation intermediate. The 

remaining part of the propeptide of MMP-2 is removed by another active MMP-2 molecule bound to a cell surface receptor to 

yield a fully active mature MMP-2. Mature MMP-2 can then be released from the cell surface or bind to another cell surface 

receptor. Reproduced from (Gaublomme et al, 2014). 
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1.3.6.4 MMP-2 AND MT1-MMP IN AXONAL REGENERATION 

MMP-2 has been implicated in axon extension and guidance in the CNS and, in particular 

also in the retinotectal system (Webber et al, 2002; Hehr et al, 2005; Verslegers et al, 2014). 

MMP-2 was shown to be expressed in the ON and in retinal Müller glia of developing 

zebrafish (Janssens et al, 2013), in Müller glia of adult mouse retina (De Groef et al, 2012) 

as well as in RGCs, RGC axons, astrocytes and Müller cells in adult human and monkey 

eyes (Agapova et al, 2001, 2003; Limb et al, 2002). MT1-MMP was expressed in the RGC 

axon bundles of the mouse retina. In zebrafish, MT1-MMP was abundantly expressed in 

RGC axons but was also found in the IPL neurites. MT1-MMP was shown to be upregulated 

during the injury respons phase and gradually decreased during axonal regeneration 

(Lemmens et al, submitted). Expression of MT1-MMP was reported in astrocytes in the ONH 

and ON of adult humans and monkeys (Agapova et al, 2001, 2003). In vivo studies in 

developing Xenopus revealed that low concentrations of broad-spectrum MMP inhibitors or 

a more specific gelatinase inhibitor resulted in RGC axonal navigation defects, while larger 

doses decreased axonal elongation (Webber et al, 2002; Hehr et al, 2005). These studies 

clearly revealed that gelatinases are required for proper development of the optic projection 

by RGCs and may regulate axon behavior at distinct decision points (Webber et al, 2002; 

Hehr et al, 2005; Verslegers et al, 2014).  

Recent work from the host lab also provided indications for a functional involvement of 

MMP-2 in the outgrowth of RGC axons towards the optic tectum in developing zebrafish 

(Janssens et al, 2013). Notably, a positive correlation between gelatinase activity and 

regeneration of RGC axons was found in a rat model of transected ON (Ahmed et al, 2005).  

Furthermore, using an in vitro model of CNS axonal regeneration, the percentage of rat 

RGCs undergoing axonal regeneration was reported to rise when these RGCs were co-

cultured with MMP-2 expressing olfactory glial cells (Pastrana et al, 2006). In addition, a 

recent study performed in the host lab, using an ex vivo mouse retinal explant model in 

combination with broad spectrum and more specific MMP inhibitors, as well as MMP-

deficient mice, showed a co-involvement of MMP-2 and MT1-MMP in axonal outgrowth. In 

this study, it was unveiled that MMP-2, and not MMP-9, is required for optimal axon 

outgrowth of RGCs. Furthermore, MMP-2 expression was clearly localized in Müller glia and 

also found in close association with outgrowing axons and their growth cones in the explants 

(Gaublomme et al, 2014). Overall, preliminary data clearly demonstrate that endogenous 

MMP-2 and MT1-MMP activity are necessary for axonal outgrowth of RGCs in mouse retinal 

explants. Based on these data, we hypothesized that MMP-2 (and MT1-MMP) may stimulate 

in vivo long-distance axonal outgrowth, elongation and/or guidance in the damaged CNS. 
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2 OBJECTIVES AND AIMS 

As adult mammals lack the capacity to regenerate damaged neurons, dysfunction of the 

CNS after brain injury or in neurodegenerative diseases increasingly impairs life quality in 

our aging society. Despite intensive research efforts, induction of regeneration and 

subsequent functional recovery of the injured mammalian CNS remains a challenge, which 

makes the search for new regeneration-inducing strategies and interventions essential.  

Preliminary ex vivo results obtained in the host lab indicate MMP-2 and MT1-MMP as 

promising neurite outgrowth-promoting molecules (Gaublomme et al, 2014) and form the 

basis for the current in vivo study, in which we envisioned to further investigate the possible 

beneficial role of MMP-2 and MT1-MMP in axonal regeneration.  

The overarching goal is to investigate the in vivo involvement of MMP-2 and MT1-MMP in 

axonal regeneration using a recently established mouse regenerative optic nerve crush 

(RONC) model. Therefore, the first aim was to optimize the implementation of this RONC 

model in the host lab together with tracing methods for the evaluation of axonal regeneration 

in the ON. An additional goal in optimizing the methodology to study axonal regeneration in 

the ON was to overcome the limitations of two-dimensional imaging by implementing optical 

clearing of ON tissues. The second, and foremost, aim was to evaluate axonal regeneration 

in wild-type (WT) versus Mmp-2-/- mice, and in mice with a conditional Müller glia-specific 

deletion of Mt1-mmp. In addition, it was aimed to determine the spatiotemporal expression 

pattern of MMP-2 in the retina and ON of mice subjected to the RONC model.  

The proposed research project envisions generating novel insights for future regenerative 

therapeutic approaches towards CNS repair. 
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3 MATERIAL AND METHODS 

The composition of the buffers used in this project can be found in addendum 1. 

3.1 MUS MUSCULUS 

The mouse (Mus musculus) is often used as a model organism in very diversified research 

projects because of many advantages. First of all, a lot of genetically manipulated strains are 

available. Second, mice are small, have a short generation time, an accelerated lifespan 

(1 mouse year equals 30 human years) and a high fertility. Also the costs to maintain them, 

in comparison to other mammals, are low. All of this keeps the space, the time and the 

expenses required for research manageable. In addition, a lot of research methods have 

already been described for mice, proving that they form an excellent model organism. The 

mouse genome shows more than 95% homology with that of humans, which makes research 

in mice particularly applicable to human diseases. Also in neurobiological research, mice are 

indispensable. 

Mice were obtained from the breeding colony of the University of Leuven (KU Leuven, 

Belgium). They were housed in temperature, humidity and light controlled rooms with a 12h 

light/dark cycle and had ad libitum access to food and water. All animal experiments were 

approved by the Institutional Ethical Committee of KU Leuven and were conducted in strict 

accordance with the European Communities Council Directive of September 22, 2010 

(2010/63/EU) and with the Belgian legislation (Koninklijk besluit (KB) of May 29, 2013).  

3.1.1 MMP-2 KNOCKOUT MICE 

Wild-type (WT) C57Bl/6N mice (Mmp-2+/+) and Mmp-2 knockout mice (Mmp-2-/-) with a 

100% C57Bl/6N genetic background (Itoh et al, 1997) were used to study MMP-2 expression 

and its role during axonal regeneration. Both male and female mice were used at the age of 

2-4 months. The knockout of the Mmp-2 gene in the Mmp-2-/- mice was achieved by 

replacement of the exon sequence of the catalytic domain of Mmp-2 by a selection marker 

(neomycin resistance gene) via homologous recombination.  

3.1.2 MT1-MMP CONDITIONAL KNOCKDOWN MICE 

3.1.2.1 CRE-LOXP SYSTEM 

The Cre-LoxP system is a tool to generate tissue- and time-specific conditional 

knockdowns of genes, which cannot be investigated because their ablation induces early 

lethality in mice with conventional knockout, or when a controllable and tissue- or cell-specific 

knockdown is needed. Much of the success of the Cre-LoxP system is due to its simplicity. 

It requires only two components: the Cre recombinase, which is a 38kDa recombinase 
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enzyme that catalyzes recombination between two LoxP sites, and the LoxP sites 

themselves, which consist of a 34-base pair (bp) specific sequence. 

The orientation and location of the LoxP sites determine whether Cre recombination 

induces a deletion, an inversion or a chromosomal translocation (figure 10). The Cre gene 

and LoxP sites are not native to the mouse genome, they must be introduced by transgenic 

technology. Typically, Cre and LoxP strains are developed separately and crossed to 

produce a Cre-LoxP strain. First, a homozygous LoxP-flanked mouse of interest is mated 

with a Cre transgenic mouse strain. Approximately 50% of the offspring will be heterozygous 

for both the LoxP-flanked allele and for the Cre transgene. These mice are mated back with 

the homozygous LoxP-flanked mice. Approximately 25% of the offspring will be homozygous 

for the LoxP-flanked allele and heterozygous for the Cre transgene. These will be the 

experimental mice, while the mice with the homozygous LoxP-flanked allele and no Cre 

transgene will be the control mice. In this project, a tamoxifen (TXF; Sigma) inducible 

Cre(ER)T2-LoxP recombination system (figure 11) is used. The method is based on the 

migration mechanism of nuclear hormone receptors (NHRs) into the nucleus when binding 

their ligand. NHRs without their ligand are sequestered in the cytoplasm by binding heat 

shock protein 90 (hsp90). Upon application, the ligands bind to their NHRs and trigger 

conformational changes. This leads to the release of hsp90 which results in the unmasking 

of the nuclear localization signal and the DNA-binding domain. The NHRs dimerize and 

translocate to the nucleus where the NHRs regulate gene expression. In the glutamate 

aspartate transporter (GLAST)-Cre(ER)T2-LoxP mouse line, the Cre recombinase is fused 

with a mutated ligand binding domain for the estrogen receptor (ER) T2. The Cre 

recombinase is non-functional until an inducing agent is administered. Upon administration 

of TXF, which is an ER agonist, the Cre(ER)T2 construct is able to translocate from the 

cytoplasm to the nucleus where it will induce recombination between two LoxP sites flanking 

a floxed gene. ERT2 binds TXF with greater affinity than endogenous estrogens, which 

allows Cre(ER)T2 to remain in the cytoplasm in animals that are not treated with TXF (Leone 

et al, 2003). The Cre(ER)T2 is under control of a cell-specific GLAST promotor, which results 

in Cre(ER)T2 expression in the Müller glia of the retina and astrocytes in the brain (Slezak 

et al, 2007).  

Figure 10: Orientation and location of the LoxP sites determine outcome. (A) If the LoxP sites are positioned in opposite 

directions, Cre recombinase mediates the inversion of the floxed segment. (B) If the LoxP sites are situated on different 

chromosomes, Cre recombinase mediates a chromosomal translocation. (C) If the LoxP sites are oriented in the same 

direction on a chromosome segment, Cre recombinase mediates a deletion of the floxed segment. Reproduced from (Nagy, 

2000). 
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3.1.2.2 FLOXED MT1-MMP MICE 

Floxed Mt1-mmp mice with a mixed genetic background (Jin et al, 2011) were used to study 

the role of MT1-MMP in axonal regeneration. Both male and female mice were used, at the 

age of 2-4 months. In order to generate a conditional Müller cell-specific knockdown of 

MT1-MMP, the floxed Mt1-mmp mice were crossed with a GLAST-Cre(ER)T2 mouse line 

(Mori et al, 2006). Mt1-mmpflox/flox;GLAST-CreER+/- mice were used, as well as 

Mt1-mmpflox/flox;GLAST-CreER-/- mice that served as a negative control group.  

3.2 SURGICAL PROCEDURES 

3.2.1 ANESTHESIA AND EUTHANASIA 

Measures were taken to minimize pain or discomfort during the surgical procedures. All 

surgical manipulations were done under general anesthesia, induced by intraperitoneal (i.p.) 

injection of a mixture of ketamine (140mg/kg body weight, ketamine; 1,4mg/kg body weight, 

medetomidine; 14mg/kg body weight, butorfanol; Nimatek; Eurovet; Heusden-Zolder; 

Belgium) and xylazine (10mg/kg body weight; XYL-M 2; VMD; Arendonk; Belgium) diluted in 

autoclaved saline. Before the surgical procedures, a topical anesthetic ointment (Unicaïne; 

0,4% oxybuprocaïnehydrochloride, Thea Pharma; Wetteren; Belgium) was applied on the 

Figure 11: Cre(ER)T2-LoxP recombination system. Cre(ER)T2 is expressed under the control of a GLAST promoter 

specific for Müller glia cells in the retina and astrocytes in the brain. Cre(ER)T2 is stocked in the cytoplasm. Upon TXF 

administration, the TXF binds to Cre(ER)T2 and the complex dimerizes and migrates to the nucleus. There, the Cre(ER)T2 

functions in the excision of the Mt1-mmp gene located between two LoxP sites which leads to the conditional knockout of 

Mt1-mmp. Reproduced from (Imayoshi et al, 2011) 
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eye that was treated. While recovering from anesthesia, mice were placed in their cages, 

and a topical antibiotic ointment (3mg/g body weight; Tobramycine; Tobrex; Alcon; Vilvoorde; 

Belgium) was applied on both eyes to prevent infection and corneal desiccation. Animals 

were euthanized with an i.p. injection of an overdose of pentobarbital (0,6 mg/g body weight; 

Nembutal; Ceva; Libourne; France). A brief overview of the main safety and health 

regulations employed during this project is given in Addendum 2. 

3.2.2 INTRAPERITONEAL INJECTION OF TAMOXIFEN 

Translocation of Cre recombinase to the nucleus of Mt1-mmpflox/flox;GLAST-CreER+/- mice 

was induced by administration of TXF. TXF is stable in the body for approximately 10-12h 

after administration, therefore 0,75mg TXF (15mg/ml in corn oil; Sigma)) was administered 

via i.p. injection in awake mice twice a day at 8h and at 20h during 5 days. TXF does not 

dissolve very well, so it has to be prepared a few hours before use. The solution was freshly 

prepared the day prior to the first injection and stored at 4°C. Importantly, TXF is sensitive 

to light and has to be covered with aluminum foil.  

3.2.3 OPTIC NERVE CRUSH SURGERY 

In order to induce RGC axonal degeneration, ONC was performed as described by 

Templeton & Geisert, 2012 (figure 12). Briefly, under the guidance of an operating 

microscope (Leica; Diegem; Belgium), a small incision in the temporal side of the conjunctiva 

was made using spring scissors (15018-10; fine science tools; Heidelberg; Germany). Care 

was taken not to cut too deep, as this can result in damage to the underlying musculature or 

the supplying vasculature. With forceps (11203-23; fine science tools), the conjunctiva was 

retracted, while rotating the globe nasally. This exposes the posterior aspect of the eye, 

Figure 12: The ONC. A) The eye of a C67Bl/6 mouse. B) The first step was to grasp the conjunctiva and to rotate the eye 

nasally. C) At this side, a hole was made in the conjunctiva. D) The ON was visualized. E) The ON was grasped 1mm from 

the ONH with cross-action forceps for 5s. F) The ON was released, the eye rotated back and the fundus of the eye was 

checked. 
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allowing to visualize the ON. The exposed ON was grasped approximately 1mm from the 

ONH with cross-action forceps (11262-30; fine science tools) for 5s, with the only pressure 

applied being from the self-clamping action of the cross-action forceps. After 5s the ON and 

the conjunctiva were released, allowing the eye to rotate back into place. After the ONC, 

ischemia can be a problem. Therefore, the fundus of the eye is checked to confirm that the 

blood supply to the eye was not restricted. 

3.2.4 INTRAVITREAL INJECTION OF ZYMOSAN AND CTB 

3.2.4.1 PREPARATION ZYMOSAN AND CTB 

Zymosan (Sigma) and Chlorophenylthio-cAMP (CPT-cAMP; cAMP analog; Sigma) were 

injected at a final concentration of 12,5µg/ml and 50µM respectively. First, zymosan was 

suspended in sterile saline (Fisher scientific; United Kingdom) at a concentration of 

37,5µg/ml. This stock solution was sterilized by heating in the thermomixer (Eppendorf) 

during 10 minutes at 90°C, and cooled down to room temperature (RT). Second, CPT-cAMP 

was diluted in sterile saline to a concentration of 150µM. At last, zymosan/CPT-cAMP/saline 

(1:1:1) were joined just before injection. 

Cholera toxin subunit B (CTB; Sigma) was injected at a final concentration of 5µg/ml 

(0,5%). First, 500µg CTB is diluted in phosphate buffered saline (PBS) containing 1% 

dimethyl sulfoxide (DMSO) to a 1% stock solution, which was preserved at -20°C. Just before 

the intravitreal injection, the CTB was diluted in PBS (1:1) so a final CTB concentration of 

5% was obtained.  

3.2.4.2 INTRAVITREAL INJECTION 

Intravitreal injections were performed as described by Chiu et al, 2007 (figure 13). Briefly, 

a microinjector (Micro4 Microsyringe pump controller; World Precision Instruments; 

Sarasota; USA) equipped with a Hamilton syringe connected to a glass capillary with an 

outer diameter of 50-70µm was used to inject either 3µl of zymosan and cAMP or 1µl of CTB. 

Under the guidance of an operation microscope (Leica), the capillary was inserted into the 

nasal part of the eye, approximately 1mm above the limbus, under a 45° angle. After the 

intravitreal injection (0,5µl/s), the capillary stayed in the eye for at least 4 minutes before 

Figure 13: The intravitreal injection. A) The capillary was loaded with the compound that has to be injected and placed in 

the right place (1mm above the limbus and under 45°). B) The capillary was inserted into the left eye of the mouse. C) The 

compound is injected in the eye and the capillary stayed in the eye for at least 4 minutes. 
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retracting, to avoid reflux. Of note, in case intravitreal injection is combined with ONC, the 

ONC has to be performed first because manipulation of the eye during or just after the 

intravitreal injection procedure can result in reflux of the injected solution.  

3.2.5 SACRIFICE ANIMALS 

3.2.5.1 PERFUSION 

First, the mice were euthanized (see above). Then, an incision was made in the integument 

with the help of scissors (91460-11; fine science tools) and forceps and the abdominal wall, 

the diaphragm and the rib case were removed with scissors and forceps, so the pleural cavity 

was exposed. A small cut was made in the right atrium of the heart using scissors. First, 

12ml of sterile saline was injected into the left ventricle of the heart with a syringe (Henke 

Sass Wolf; Norm-ject) and a needle (23G; nr.16; BD microlance 3). This was needed to clear 

most of the blood out of the circulatory system. Red blood cells are autofluorescent and could 

interfere with fluorescent stainings. Thereafter, with the same syringe and needle, 12ml of 

phosphate buffered paraformaldehyde (PFA; 4% in PBS) was injected into the left ventricle 

to fixate the animals. PFA is responsible for creating crosslinks between proteins by linking 

the NH2-group at the end of the side chain of lysine to the nitrogen atom of a peptide bond. 

The fixation was used to inhibit postmortem decay and to preserve a biological sample as 

close to its original state as possible. 

3.2.5.2 DISSECTION OF THE OPTIC NERVE AND THE EYE 

After the perfusion, incisions were made around the eye with a scalpel (91003-12; fine 

science tools) and a small incision in the upper eyelid of the eyes was made so these can 

be oriented after dissection (figure 14). The integument on top of the head and the bones in 

the nose and from the skull were removed with scissors and forceps so respectively, the skull 

and the brain were exposed. The anterior side of the brain was then slowly lifted to expose 

the ONs, which were cut as close to the brain as possible with the spring scissors. Thereafter, 

the brain was removed and the two ONs were separated, by cutting the optic chiasm with 

spring scissors. Carefully, the eye and ON were taken out and were put on a glass slide 

(VWR). All extra ocular muscles, connective and fatty tissue were removed and the ON was 

cut as close to the ONH as possible. The ON was cleaned by clamping the ON at the proximal 

side of the optic chiasm and carefully pulling the ON out of the sheath. The ONs were 

straightened between two filter papers (Carl Schleicher & Schuell Selecta; Germany). 

Thereafter, the ONs and the eyes were put in PFA (4% in PBS) during 1h. Overf ixation has 

to be avoided as this increases the autofluorescent background. The ONs and eyes were 

put in PBS with sodiumazide (0,01%; 65,01M; Merck Schuchardt; Germany) and kept in a 

24-well plate. The sodium azide works antibacterial by inhibiting bacterial cytochrome 

oxidase and has a beneficial effect on preserving the fluorescent signal. 
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3.2.5.3 DISSECTION OF RETINA 

A petridish with wax and small needles were used to fixate the eye with the cornea facing 

up (figure 15). Under the guidance of a binocular microscope (Leica) and with scalpel and 

scissors, an incision into the limbus was made and the cornea and the iris were removed, as 

well as the lens. Then, four cuts, one deep cut in the superior part of the retina and three 

smaller cuts in the other quadrants, were made in the remaining eyecup, resulting in a 

4-petaled flower-like structure in which the retina can be oriented. Next, the retina was 

carefully detached and removed from the underlying tissues with the help of forceps. The 

retina was cleaned, flattened on filter paper and put in PFA during 1h. Afterwards, the retina 

was put in PBS with sodiumazide (0,01%) and kept in a 24-well plate. 

Figure 14: The dissection of the eye and the ON. A) The integument above the skull was removed by making incisions 

around the eye. B) The bones in the nose were broken. C) The skull was removed so the brain becomes visible. D) The brain 

was carefully lifted to visualize the ONs and these were cut as close to the brain as possible. E) Then, the brain was removed 

and the ONs were clearly visible. F) The ONs were separated by cutting the optic chiasm. G) The muscles and connective 

tissue that attach the eye to the rest of the body were removed. H) The eye with the ON still attached was put on a glass slide. 

I) The tissue that still surrounds the ON was removed together with the extraocular muscles. J) Then the ON was cut as close 

to the ONH as possible. K) The ON was cleaned. L) At last, the ON was put in 4% PFA between two filter papers. 
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3.3 OPTICAL CLEARING 

At this moment, deep tissue imaging is not possible for thick tissues as such. This holds 

especially for dense myelinated tissues, such as the ON. With the multiphoton microscope, 

the fluorescent signal is not detected beyond 100µm because of light scattering. Thus, to 

visualize whole mounted ONs, the tissue needs to be made transparent. For this, the optical 

clearing method, three-dimensional imaging of solvent-cleared organs (3DISCO) was tested 

(Ertürk et al, 2012a). First, the ONs were dehydrated through ascending series of 

tetrahydrofuran (THF; 50%, 70%, 80% and 2x100%; Sigma) during 20 minutes. This step 

was followed by an optical clearing step with benzyl alcohol and benzyl benzoate (BABB; 1:2 

BA/BB; Sigma/Sigma), which makes the tissue transparent by adjusting the refractive index 

(RI) of the environment. The ONs were mounted between two coverslips that were ógluedô 

together with vaseline. The disadvantage is that BABB is a very reactive agent that affects 

the morphology of the tissue. Optical clearing dissolves the lipid structures in the cell such 

as the cell membrane and myelin. As such, making sections of cleared tissues results in a 

bad section morphology. Furthermore, cleared tissues cannot be stored for prolonged 

periods of time because the clearing solution degrades the fluorescent signal (Pernet et al, 

Figure 15: The dissection of the retina. A) The eye was fixed on a petridish filled with pink wax and three needles. B) The 

cornea was removed together with the iris. C) Also, the lens was removed so only the eye cup is left. The opaque layer that 

was visible, is the retina. D) Four cuts were made in the eye cup resulting in four petals. E) The retina was separated from 

the RPE. F) The retina is detached from the rest of the eye by cutting at the height of the ONH. G) The retina was removed 

from the rest of the eyecup and flattened and cleaned on a glass slide. 
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2013b). For these reasons, imaging of cleared ONs has to be performed immediately or as 

soon as possible after the optical clearing step. Rehydration of the tissue disrupts the 

transparency. 

3.4 WESTERN BLOTTING 

Western blotting is an analytical technique that uses specific antibodies to identify and 

relatively quantify proteins that have been separated by gel electrophoresis based on their 

molecular weight (MW). 

3.4.1 SAMPLE PREPARATION 

The eye was removed from unfixed anesthetized mice by grasping the eye with a curved 

forceps and quickly rotating the animals. In this way, the blood vessels were squinted and 

blood loss was limited. The dissection of the retina was performed on ice, which reduces 

proteolytic activity and thus degradation of proteins. First, the cornea and the lens were 

removed and then, the retina was separated by tearing the RPE. Thereafter, the extracted 

retina was immersed in 100µl lysis buffer on ice, which disrupts the cell membrane and 

solubilizes the intracellular proteins so they can migrate individually through the gel. Next, 

the tissue was homogenized by sonicating the sample five times during 10 seconds. The 

homogenized mixture was heated at 70°C during 5 minutes. Subsequently, the solution was 

centrifuged at 4°C at 13,000 routs per minute (rpm) during 10 minutes. The supernatant was 

transferred to a new tube and stored at -80°C. 

The protein concentrations of the various samples were determined with the fluorescence-

based Qubit protein quantitation assay and the Qubit 2.0 fluorometer (Life Technologies). To 

be able to determine protein concentration, first, a standard curve was acquired by using 

three standards (0ng/µl, 200ng/µl and 400ng/µl; Invitrogen). The Qubit working solution was 

prepared by diluting the Qubit Protein Reagent (1:200; Invitrogen) in Qubit Protein Buffer 

(Invitrogen). The Qubit Protein Reagent contains advanced molecular probes that become 

fluorescent upon binding proteins. Of every standard, 10µl was diluted in 190µl of the Qubit 

working solution. Every sample was diluted 1/800 (first 1/20 in Milli-Q (MQ; Millipore 

Corporation) and then 1/40 in Qubit working solution). The standards and the samples were 

vortexed for 2-3 seconds and incubated at RT during 15 minutes to reach the optimal 

fluorescence. Absorbance values of the standards were plotted in function of the protein 

concentration and the equation of this standard curve was then used to determine the protein 

concentration of the samples.  

3.4.2 VERTICAL GEL ELECTROPHORESIS AND ELECTRO BLOTTING 

Proteins present in the protein mixture need to be separated so specific detection of the 

target proteins is possible. This was obtained with a lithium dodecyl sulphate-polyacrylamide 

gel electrophorese (LDS-PAGE) that separates the proteins based on their MW. Briefly, 
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5-13µl of every protein sample (depending on the concentration) was mixed with 5µl of 4X 

NuPAGE LDS sample buffer (Novex; Life Technologies; Carlsbad; USA), 2µl 10X NuPAGE 

sample reducing agent (Novex; Life Technologies) and further diluted with RNase-free water 

to a total volume of 20µl. LDS sample buffer is an anionic detergent and contains a positively 

charged lithium group and an apolar side chain. It causes protein denaturation by forming 

interactions with hydrophobic amino acid residues and applies a negative charge to all 

proteins. The reducing agent breaks covalent binding between subunits of a protein. This 

mixture was vortexed shortly and was heated in a heating block at 70°C during 10 minutes. 

Subsequently, 20µl of the sample mix and 10µl of the standard (Novex Sharp pre-stained 

Protein Standard; Invitrogen), which contains 12 proteins with a known MW, were loaded 

onto the gel (NuPAGE 4-12% Bis-Tris gel; Invitrogen). The chambers of the setup were filled 

with running buffer (Novex NuPAGE MOPS SDS running buffer; Invitrogen). The gel 

electrophoresis was performed during 55 minutes at 200V whereby the proteins migrated 

towards the positively charged anode through a polyacrylamide meshwork.  

To detect the separated proteins with the help of antibodies, the proteins were transferred 

by electro blotting the gel onto a polyvinylidene fluoride (PVDF) membrane (0,2µm 

nitrocellulose; BioRad) using a Trans-Blot Turbo Transfer System apparatus (BioRad) and 

Trans-blot Turbo Transfer Packs (BioRad). To avoid contamination of the membrane, the 

blot can only be touched with tweezers. 

3.4.3 IMMUNOLOGICAL DETECTION OF PROTEINS OF INTEREST 

The membrane was then further processed with antibodies specific for the protein of 

interest, and these were visualized with secondary antibodies and detection reagents. First, 

the membrane was incubated with 5% commercial block (ECL blocking agent; GE 

Healthcare; Diegem; Belgium) dissolved in tris-buffered saline (TBS) during 2h. No milk 

powder was used since this contains MMPs, which would interfere with the results. The blot 

was cut into smaller blots and the membrane was incubated overnight in small plastic 

pockets with the primary antibody (Table 1; Addendum 3) diluted in 5% blocking solution. 

Subsequently, the membrane was rinsed three times during 10 minutes with TBS. The blot 

was incubated with horse radish peroxidase (HRP)-conjugated secondary antibody (1/25000 

GAR-HRP; DAKO) diluted in 5% blocking solution during 45 minutes and rinsed two times 

during 10 minutes with TBS and once during 10 minutes with Tris. Then, the membrane was 

developed with the enhanced chemiluminiscence (ECL) system (Supersignal West Dura 

Extended Duration, Thermo Scientific). Briefly, the blot was immersed in a mixture of 1,5ml 

of solution A (luminol) and 1,5ml of solution B (H2O2). The HRP that is conjugated to the 

secondary antibody, catalyzes the oxidation of luminol to 3-aminophthalate, which leads to 

the emission of low-intensity light at 428nm. The blot was imaged with the BioRad ChemiDoc 

MP Imaging System (BioRad) that can detect this emission using the Image Lab 4.1 software 

(BioRad).  
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3.4.4 STRIPPING OF THE BLOT 

After imaging the blot, it was rinsed during at least 30 minutes in TBS at RT followed by 

stripping during 15 minutes in Restore Western Blot Stripping Buffer (Thermo Scientific) at 

37°C in the oven. Subsequently, the blot was rinsed two times during 5 minutes in TBS and 

5 minutes in AD. A second protein can be detected on the same blot by repeating the steps 

from the immunological detection. 

3.4.5 TOTAL PROTEIN STAIN 

After all the proteins have been detected, a total protein stain was performed. The method 

is based on the Bradford method, which is a colorimetric protein assay based on the 

absorption maximum shift of the dye Coomassie Brilliant Blue G-250 (BioRad; Hercules; 

USA). The red cationic form of the dye with an absorption maximum at 470nm, is converted 

into its more blue form upon binding to mainly basic and aromatic amino acid residues under 

acidic conditions. This dye-protein complex results in a maximal absorbance shift to 595nm. 

The absorbance at 595nm is proportional to the protein concentration. After imaging of the 

blot, it was rinsed in TBS during at least 30 minutes. Then, the blot was incubated in stripping 

buffer during 5 minutes and rinsed 2 times during 5 minutes in TBS and 1 time during 5 

minutes in MQ. The blot was incubated in Coomassie brilliant blue staining solution during 1 

minute and incubated in destaining buffer during 20 minutes. The blot was rinsed in aqua 

destillata (AD) during 5 minutes and imaged with the BioRad ChemiDoc MP Imaging System.  

3.5 EMBEDDING OF TISSUES 

3.5.1 OPTIC NERVE 

From the ON, cryosections were made. First, the ON was post-fixated in 4% PFA during 

1h and then rinsed with PBS. Thereafter, the ON was cryoprotected through ascending 

series of sucrose (15%, 20% and 30% in PBS; Sigma), which replaces water in the tissue by 

sucrose. Different methods of embedding have been tested to obtain the best cryosections.  

The first method was to embed the ON in 1,5% agarose (in PBS containing 5% sucrose; 

Life Sciences International). The ON was put on the bottom of a mold as straight as possible 

and was covered with a thin layer of agarose. After the agarose was solidified, the ON and 

the agarose were removed and put in a mold on top of a layer of solidified agarose. The mold 

was then filled with agarose and solidified in the fridge (4°C). Subsequently, the agarose was 

taken out of the mold and the orientation was marked. The agarose block was incubated in 

30% sucrose during at least 2 days at 4°C.  

The second approach was to embed the ON in TissueTek (Sakura Finetek; Berchem; 

Belgium). The mold was first filled with TissueTek and thereafter, the ON was put on the 

bottom of the mold as straight as possible. The TissueTek was frozen with liquid nitrogen 

and stored in the mold at -20°C until sectioning.  
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Another method was embedding the ONs right before cryosectioning. First, an empty 

TissueTek block was made and mounted on the cryostat (Microm HM650 cryostat; Thermo 

Scientific). A flat surface was created on the block without changing the angle of the sample 

stage of the cryostat. The ON was immersed in TissueTek during 15 minutes and then 

flattened as straight as possible on top of the flat surface of the empty TissueTek block. 

Thereafter, the ON was covered with TissueTek and frozen inside the cryostat chamber 

(-16°C). The advantage of the last method when compared to the other two is that this 

method is much faster and creates longer sections due to the possibility to put the ON more 

straight. The disadvantage is that sectioning has to happen very carefully because the two 

layers of TissueTek with the ON between them can separate.  

3.5.2 RETINA 

The dissected retina was post-fixated in 4% PFA during 1h and then rinsed in PBS. The 

retina was embedded in 1,5% agarose (in 5% sucrose in PBS). A thin layer of agarose was 

applied into the mold and solidified. The retina was then cut in half along the dorsal-ventral 

axis. The first half, the temporal part of the retina, was flattened on top of the first agarose 

layer with the RGC layer facing upwards. A thin layer of agarose was applied on top of the 

retina. Then, the second half of the retina, the nasal part, was flattened with the RGC layer 

upwards, on top of the second agarose layer. A last layer of agarose was applied on top of 

the retina. Thereafter, the agarose block was removed from the mold and the edges were 

trimmed in a trapezium-like shape. Sections of the temporal and the nasal retina were made 

at the same time, in which the latter was always on top. The agarose block was incubated in 

30% sucrose during at least 2 days at 4°C.  

3.6 PREPARATION OF CRYOSECTIONS 

After cryopreserving and embedding, cryosections of 14µm of both ON and retina were 

made with the cryostat (HM560; Prosan). The specimen temperature was set to -29°C and 

the knife temperature was set to -27°C when the tissue was embedded in agarose. The 

agarose block with the ON or the retina was mounted on the cryostat with the help of 

TissueTek and frozen inside the cryostat chamber. When the tissue was embedded in 

TissueTek, the specimen temperature was set to -16°C and the knife temperature to -14°C. 

The sections of the ON and the retina were collected respectively on 5 and 10 glass slides 

(SuperFrost-plus microsope slides; Thermo Scientific) in series. The sections were stored at 

-20°C. Of note, sections of the ON that were injected with CTB have to be protected from 

light. 

3.7 HEMOXYLIN AND EOSIN STAINING 

To study the morphology of the tissue, hematoxylin and eosin (H&E) staining was 

performed on cryosections. The sections were rinsed with AD during 5 minutes and then 
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immersed in hematoxylin (Sigma) during 3 minutes. This stains all the basic structures like 

ribosomes, nuclei and nucleic acids. Thereafter, the sections were rinsed with running tap 

water during 10 minutes. Subsequently, they were immersed in eosin (Prosan) during 10 

seconds. Eosin stains the acidic structures like the cytoplasm and other eosinophilic 

structures. Then, the sections were rinsed twice with AD and dehydrated in ascending series 

of ethanol (50%, 70%, 96%; klinipath) during a few seconds and twice in 100% ethanol 

(Merck;VWR) during 3 minutes. The sections were immersed in xylene during 2 times 5 

minutes and then mounted with depex (DPX; Prosan). They were dried overnight at 37°C. 

3.8 IMMUNOHISTOCHEMISTRY 

Immunohistochemistry (IHC) is a technique that uses antibodies to visualize certain 

epitopes of specific proteins in tissue samples and is based on the specific binding of 

antibodies to epitopes of antigens. The interaction between the antibodies and the epitopes 

is detected following the indirect method. First, the application of a specific unlabeled primary 

antibody is responsible for the specificity by binding to the protein of interest. The 

visualization of this complex can be accomplished with several techniques. A fluorescent 

labeled secondary antibody can be applied that binds to the constant part (Fc region) of the 

primary antibody (figure 16A). This method is only possible if the protein of interest is 

abundant and/or if the primary antibody is sensitive. To improve the sensitivity, the 

fluorescent signal can be amplified with a tyramide signal amplification (TSA) kit (Perkin 

Elmer; Waltham; USA) using a short or long amplification procedure. If a short amplification 

step is needed, the secondary antibody that binds to the primary antibody is labelled with 

HRP (figure 16B). This catalyzes multiple reactions that convert tyramide together with H2O2 

to create O2 and highly reactive free oxygen radicals. Fluorescent labeled tyramide is 

precipitated and forms covalent bindings in the proximity of the antigen. If a long amplification 

step is needed, the secondary antibody is biotinylated and streptavidin is labeled with HRP 

Figure 16: Overview of the indirect method of IHC. A) If no amplification step is needed, the secondary antibody is labeled 

with a fluorophore. B) During a short amplification step, a primary antibody, a HRP conjugated secondary antibody and 

fluorescent labeled tyramidine are used to amplify the signal. C) During a long amplification step, a primary antibody, a 

biotinylated secondary antibody, a HRP conjugated streptavidine and a fluorescent labeled tyramidine are employed to amplify 

the signal once more. Reproduced from (Boenisch, 2001). 
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(figure 16C). Biotin is a low molecular vitamin that binds streptavidin with very high affini ty. 

It has multiple binding sites for streptavidin and increases the number of HRP molecules 

associated with the antigen. Here, the amount of fluorescent labeled tyramide near the 

protein of interest is even more increased than in the short amplification. 

3.8.1 WHOLE MOUNT 

First, the retinas were post-fixed in 4% PFA during 1h and then rinsed in PBS during 30 

minutes. The retinas were permeabilized during 2 times 10 minutes in PBST and frozen in 

PBST during 15 minutes at -80°C. The retinas were thawed at RT and rinsed in PBST during 

2 times 10 minutes. Then, they were incubated with the primary antibody (1:750 in 2% 

pre-immune serum and 2% triton X-100 (VWR) in PBS; table 3; Addendum 3) at RT. 

Thereafter, the retinas were rinsed in PBST during 3 times 10 minutes. The samples were 

incubated in the dark with the secondary antibody (1:500 in 2% triton X-100 in PBS; table 4; 

Addendum 3) during 2h. The retinas were rinsed during 3 times 10 minutes with PBST and 

rinsed with PBS. The retinas were post-fixed in 4% PFA during at least 1h and 30 minutes, 

rinsed in PBS and flattened on a microscope slide with the RGC layer up, covered with 

mowiol and mounted with a round coverslip.  

3.8.2 CRYOSECTIONS  

3.8.2.1 GENERAL PROTOCOL 

The sections were rehydrated in AD during 5 minutes and in TBS during 5 minutes. In 

fixated tissue samples, the chemicals involved in fixation create aldehyde cross-links 

between proteins which might interfere with the capability of the antibody to recognize its 

antigen. For epitope retrieval, sections can be placed in citrate buffer, which unmasks the 

antigens by breaking these cross-links upon heating, using the microwave or oven method. 

The sections were immersed in citrate buffer and put in the microwave during 2 times 5 

minutes at 700W and 5 minutes at 500W. In the oven method, the sections were immersed 

in preheated citrate buffer and put in the oven during 20 minutes at 95°C. The sections were 

cooled down during 20 minutes. Then, the slides were rinsed with TBS during 3 times 5 

minutes. When an amplification step is needed, blocking the endogenous peroxidases is 

necessary. The slides were immersed in methanol with 0,3% H2O2 during 20 minutes and 

rinsed with TBS during 3 times 5 minutes. Then, the aspecific binding places were blocked 

with blocking buffer or pre-immune serum (table 2; Addendum 3) during 45 minutes at RT. 

The primary antibody (table 3; Addendum 3) was applied and incubated overnight in a 

humidity chamber. After 3 times 5 minutes rinsing with TBS, the slides were incubated with 

the secondary antibodies (table 4; Addendum 3) during 2 hours. The slides were rinsed with 

TBS during 3 times 5 minutes. If the secondary antibody is linked with biotin, the slides were 

immersed in streptavidin-HRP (1:100 in TNB) during 30 minutes which will bind multiple 

times to biotin. HRP will convert H2O2 in H2O and oxygen radicals. The slides were rinsed 
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with TBS during 3 times 5 minutes and the fluorophore, Cy3-Tyr (1:50 in amplification diluent) 

was applied during 8 minutes, which will precipitate in the vicinity of oxygen radicals. The 

slides were rinsed with TBS during 3 times 5 minutes. Then, the slides were immersed in 

4ô,6-diamidino-2-phenylindole (DAPI; 1:1000 in PBS) during 30 minutes. All the antibodies 

were diluted in tris-sodiumchloride blocking buffer (TNB) and the entire protocol is performed 

at RT. Finally, the slides were mounted with mowiol and a coverslip.  

3.8.2.2 GAP-43 

The sections were rehydrated in TBS during 5 minutes. Then, the slides were immersed in 

methanol during 10 minutes and rinsed in TBS during 3 times 5 minutes. The aspecific 

binding places were blocked with blocking solution (10% pre-immune donkey (PID) in TBS; 

table 2; Addendum 3) during 1h and the primary antibody (1:200 in solution A; table 3; 

Addendum 3) was applied overnight. Thereafter, the slides were rinsed in TBS2T for 

permeabilization during 1h and blocked in solution A (5% PID; 2% BSA in TBS2T) during 1h. 

The slides were rinsed again in TBS2T during 1h and the secondary antibody 1:500 in 

solution A; table 4; Addendum 3) was applied during 2h. The slides were rinsed in TBS2T 

during 2 times 10 minutes and in TBS during 10 minutes. At last, the sections were mounted 

with mowiol and a coverslip. 

3.9 IMAGING 

Imaging of the sections and whole mounts of the ONs and retinas was performed with a 

multiphoton microscope (BX61WI, Olympus, Aartselaar, Belgium) and a confocal 

microscope (FV 1000D, Olympus, Aartselaar, Belgium). Unlike conventional fluorescence 

microscopes, the confocal microscope collects light form a single focal plane by using point 

illumination and a pinhole in an optically conjugated plane in front of the detector to eliminate 

out-of-focus signal. It scans the specimen point-by-point and line-by-line and assembles the 

pixel information into a single image. By moving the focal plane in axial direction, single 

images can be put together to build up a three-dimensional (3D) stack. A multiphoton 

microscope uses pulsed long-wavelength light. Where the two long-wavelength photons 

arrive simultaneously, the electron is excited into a higher energy state, from which it can 

decay, while emitting a fluorescence signal. 

Retinal whole mounts and optical cleared ONs were imaged with the upright FV 1000-M 

system multiphoton microscope and a MaiTai HP DeepSee laser system (690-1020nm; 

Spectra Physics) using Fluoview 4.0 software. Serial optical z-sectioning was performed over 

the entire surface of the retina or ON with a 20x objective (Olympus). The images were taken 

with dimensions of 512x512 pixels, a step size of 3µm and identical settings for laser 

intensity, brightness and contrast. The 3D images of the optical cleared ON were created 

with Imaris (Bitplane; Oxford Instruments company). 
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Images of the retinal and ON sections were obtained with the inverted IX81 variant confocal 

scanning microscope FV 1000D equipped with an argon laser (FV5-Lamar-2 with a 

wavelength of 458, 488 and 514nm), an Neon-Helium laser (FV10-LAHEG2-30-2 with a 

wavelength of 543nm) and two led diodes (wavelength 405 and 635nm). Images were taken 

with a 20x objective (Olympus) using the Fluoview 4.0 software. Images were taken with 

dimensions of 1024x1024 pixels, a step size of 1µm and identical settings for laser intensity, 

brightness and contrast. The stacks of the images of both microscopes were projected over 

the z-axis into a single projection and saved as an .oib file or an .tiff file for analysis. 

The H&E stained sections were imaged with the Zeiss Imager bright field microscope 

(Zeiss, Zaventem, Belgium) equipped with an AxioCam (MRc5).  

3.10 ANALYSES 

3.10.1 RETINAL WHOLE MOUNTS 

RGC density (number of RGCs/mm²) was evaluated on entire retinal flatmounts after 

immunostaining for Brn3a, which is a transcription factor expressed by the RGCs. The 

number of Brn3a+ cells were automatically computed using Fiji software and an in house 

made macro (Geerearts et al, submitted). Briefly, a rolling ball background subtraction was 

used and after local tresholding, Brn3a immunopositive RGCs were automatically counted, 

based on selection criteria for size and shape (circularity). The retinal flatmount was manually 

outlined and its surface was computed, to yield the total number of RGCs over the total 

surface of the retina. 

3.10.2 OPTIC NERVE SECTIONS 

To study axonal regeneration in the ON, the amount of axon growth has to be analyzed. 

Axon growth is quantified by manually counting the number of CTB or GAP-43+ axons every 

300µm (distance d) beyond the crush site, in 2-7 sections per ON with the help of ImageJ 

and the ZEN software. At each distance, the cross-sectional width of the nerve was 

measured along with counting the amount of axons. By dividing the amount of axons by the 

corresponding cross-sectional width of the ON, the number of axons per µm of nerve width 

can be calculated at each distance and in every section of one ON. For each distance, the 

amount of axons per µm of nerve width was then averaged over the sections. The average 

amount of axons per µm of nerve width was then divided by the sectional thickness 

(t = 14µm), which results in the amount of axons per µm². The total estimated number of 

axons in the ON extending distance d, measured in a nerve having a radius (r) of 150µm, 

was then estimated by multiplying the amount of axons per µm² by the surface area of a 

circle (ˊrĮ) (formula 1) (Leon et al, 2000). 
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3.10.3 WESTERN BLOT 

The western blots were analyzed with the Image Lab 4.1 software (BioRad). The total 

volume of the bands that correspond to the protein of interest was calculated together with 

the total volume of the total protein staining. These were divided by each other to calculate 

the relative volume of the protein of interest of each sample. 

3.11 STATISTICS 

Statistical analysis was performed using GraphPad Prism 5.01 software (GraphPad 

Software, La Jolla, USA). The values were expressed as mean values ± standard error 

(SEM). For the RONC experiments, in which statistical differences between two groups with 

one or more independent variables needed to be analyzed, a repeated measures two-way 

analysis of variance (ANOVA) was used in combination with a Bonferroni post-test. 

Differences between groups were considered significant at *p<0,05; **p<0,01 and 

***p<0,001. 
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4 RESULTS 

4.1 METHODOLOGY: CHARACTERIZATION AND OPTIMIZATION 

4.1.1 RONC AS A MODEL TO STUDY AXONAL REGENERATION 

In present study, the role of MMP-2 and MT1-MMP in axonal regeneration is investigated 

by using the RONC model, which combines an ONC with a controlled intraocular 

inflammation. In this model, the ON is crushed at 1mm from the ONH during 5 seconds with 

a self-clamping forceps. Thereafter, the inflammation-inducing agent, zymosan, is injected 

intravitreally together with CPT-cAMP. The mice are sacrificed 14 days post injury (dpi) and 

axonal regeneration in the ON is quantified. Although the procedures in the RONC model 

are standardized, the model suffers from a high inter-animal variability. In most of the ON 

sections, a glial scar is observed just after the crush site. Most of the axons seem to 

regenerate around this glial scar, i.e. circumvent the glial scar, and only few of them 

regenerate through the glial scar (figure 17). Also, an accumulation of inflammatory cells is 

seen in the glial scar (figure 17C). Notably, there is some differential formation of the glial 

scar in various animals even within the same experiment.  

Figure 17: Most of the axons regenerate around the glial scar. A) The behavior of regenerating axons in the presence of 

a glial scar in the ON at 14 dpi is evaluated. Regenerating axons are traced with CTB in ON sections. B) Enlarged image of 

figure A showing that the glial scar (circumvented with a dashed line) is formed just after the ONC (indicated with an asterisk). 

Most of the regenerating axons circumvent the glial scar, while only a few regenerate through the glial scar. C) H&E of the 

same ON section showing accumulation of nuclei at the glial scar. Scale bar (A): 100µm; Scale bar (B, C): 50µm.   
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4.1.2 AXONAL TRACING METHOD 

To investigate the effect of MMP-2 and MT1-MMP on axonal regeneration, the number of 

regenerating axons after RONC is determined using two different methods (figure 18). The 

first tracing method is the intravitreal injection of CTB, which is a powerful tool for labeling 

neurons and neurites, as this neuronal tracer is anterogradely transported by binding to 

ganglioside GM1 and attaching to living neurons. The other tracing method includes a IHC 

staining against GAP-43, a growth associated protein, that is specifically expressed in 

regenerating axons. 

Figure 18: The number of regenerating axons can be visualized with CTB tracing and GAP-43 staining. The two 

different tracing methods determining the number of regenerating axons per ON at 14 dpi are compared. A) Regenerating 

axons are anterogradely traced with CTB on ON sections. B) Regenerating axons are stained for GAP-43 on ON sections. C) 

The number of CTB+ axons are quantified on ON sections. D) The number of GAP-43+ axons are quantified on ON sections. 

The ONC site is denoted with an asterisk. C and D are the enlarged images of respectively A and B indicated by squares. 

Scale bar (A, B): 200µm; Scale bar (C, D): 50µm  
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First, sections of the same ON were traced with CTB and then stained for GAP-43. The 

double stainings of these sections were used to analyse the number of CTB+ axons and 

GAP-43+ axons. However, these sections revealed that the special protocol of the GAP-43 

staining probably affects the CTB tracing and that the CTB signal is lost after the staining 

procedure. As such, a much lower number of CTB+ axons is counted on sections that were 

stained with GAP-43 than on unstained sections (data not shown). The IHC protocol for 

GAP-43 is thus not compatible with the fluorescent tracing, as the latter is quenched. 

Therefore, no double labeling of RGC axons is possible with the current methods. 

To evaluate which method is the better one, the number of CTB+ axons is compared with 

the number of GAP-43+ axons in adjacent sections (14µm) of the same ON (N=3; number of 

regenerating axons counted every 300µm) (figure 18). There is a trend towards more 

GAP-43+ axons (276 ± 48; 158 ± 10; 92 ± 18; 35 ± 8 at 300µm, 600µm, 900µm and 1200µm 

respectively) than CTB+ axons (168 ± 57; 85 ± 37; 23 ± 8; 10 ± 3 at 300µm, 600µm, 900µm 

and 1200µm respectively) (figure 19). However, both methods show a similar axonal 

regeneration pattern. While the number of axons counted with the CTB methods shows a 

lower number of axons, differences did not reach significance. 

4.1.3 OPTICAL CLEARING TO TRACE AXONAL TRAJECTORIES 

3D images come in handy when the navigation and potential misguidance of regenerating 

axons in the ON post injury is investigated. However, at this moment, it is not possible to 

image samples as thick as the rodent ON at microscopic resolution because of light 

scattering in such tissue. This restricts imaging to superficially coursing axons. One potential 

way to overcome this obstacle is tissue clearing. Therefore, the optical clearing following the 

Figure 19: There are more GAP-43+ regenerating axons in comparison with CTB+ regenerating axons. Graphic of the 

estimated number of regenerating axons per ON and the counted number of axons per section in function of the distance 

from the ONC comparing GAP-43+ (black) and CTB+ (white) axons. The number of CTB+ and GAP-43+ axons are counted at 

300, 600, 900 and 1200µm from the ONC. The number of GAP-43+ axons is higher than the number of CTB+ axons at 14 dpi 

but the data are not statistically significant (Repeated measures two way ANOVA; Mean ± SEM; N=3). 
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3DISCO method is tested. In the clearing process, the tissue is dehydrated and then 

immersed in a solution that resembles the RI of lipids in fixated tissue. The ON becomes 

transparent and light does not scatter, thereby rendering the tissue amenable to deep tissue 

fluorescence imaging. To investigate whether the 3DISCO works on ON and enables us to 

visualize the entire ON, uninjured ONs injected with CTB that were cleared were compared 

with uninjured ONs injected with CTB that were not cleared (figure 20). The optical clearing 

was also tested on thymocyte antigen 1-yellow fluorescent protein (Thy1-YFP) transgenic 

mice (figure 21). After the final clearing step, the ON was completely transparent (result not 

shown) and 3D images of the entire ON could be created, whereas in the ON without optical 

clearing, only the coursing axons near the surface of the ON could be visualized (figure 20, 

200 

Figure 20: The entire ON can be imaged in 3D using optical clearing. The 3DISCO method was tested comparing cleared 

and non-cleared uninjured ONs of WT mice of which the axons are traced with CTB. A) The Z-stack of an ON without optical 

clearing and B) with optical clearing shows the 2D images of ONs. C) 3D image of the ON without optical clearing and D) with 

optical clearing. E) A single image in the middle of the Z-stack of the ON without optical clearing and F) with optical clearing 

with the trans sectional images on the left side and above the image. The trans-sectional images show that only the surface 

of the non-cleared ON is visualized, while the entire ON can be visualized when it is cleared. Scale bar: 400µm.  

400 µm 400 µm 

C57Bl/6 WT uninjured CTB 
Without clearing 

C57Bl/6 WT uninjured CTB 
With clearing 

A B 

C D 

E F 



 
 

 
 

45 
Unraveling the role of MMP-2 and MT1-MMP in mammalian axonal regeneration 
L. Andries, Dr. M. Salinas-Navarro, L. De Groef and Prof. Dr. L. Moons                   Academic year 2014-2015 

21). Also, the entire ON of the Thy1-YFP transgenic mice can be visualized after tissue 

clearing (figure 21). Unfortunately, the process to get 3D images with a multiphoton 

microscope with a resolution that is high enough to be analyzed, is very time consuming.  

  

Figure 21: Thy1-YFP transgenic mice are compatible with the 3DISCO. A) Uninjured ONs of Thy1-YFP transgenic mice 

are cleared with the 3DISCO method. B) Axons are intrinsically traced since these express YFP under the control of the Thy1 

promotor and can be visualized in the entire ON after clearing. Scale bar: 200µm and 50µm. 
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4.2 THE ROLE OF MMP-2 IN AXONAL REGENERATION 

4.2.1 AXONAL REGENERATION IN WT AND MMP-2-/- MICE AT 14 DPI 

MMP-2 is a gelatinase that has been suggested to contribute to the hydrolysis of molecules 

that inhibit axonal regeneration in the injured CNS of adult mammals. In that way, it clears 

the path for axon outgrowth. Since, preliminary ex vivo data show that MMP-2 plays a role 

in neurite outgrowth (Gaublomme et al, 2014), in vivo experiments are performed in which 

the RGC axonal regeneration in the ON is examined. The RONC model is applied and the 

animals are sacrificed at 14 dpi. The day before they are sacrificed, CTB, conjugated to alexa 

fluor 488, is injected intravitreally. Since the optical clearing protocol is not fully optimized, 

the number of CTB+ axons is quantified with two different approaches. In the first approach, 

the CTB+ axons are visualized in whole mounted ON (figure 22). To lose as little information 

as possible, both sides of every ON are imaged with a multiphoton microscope and analyzed. 

Figure 22: The number of regenerating axons in WT and Mmp-2-/- mice can be analyzed on whole mounted ON without 

clearing. A, B) Axonal regeneration is visualized with CTB tracing in ON of WT mice and D, E) of Mmp-2-/- mice at 14 dpi. 

C) The axons of WT and F) of Mmp-2-/- mice are analyzed on both sides of the ON. ONC site is indicated with an asterisk. 

C and F are the enlarged images of respectively A and D indicated by squares. Scale bar: (A, B, D, E) 200µm and Scale bar: 

(C, F) 50µm. 
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In that way, the coursing CTB+ axons near the entire surface of the ON could be visualized. 

The number of CTB+ axons is quantified in WT (N=5) as well as in Mmp-2-/- mice (N=8) every 

300µm till 1200µm from the crush site. The resulting number of CTB+ axons post injury in 

WT mice correspond to the results observed in a previous study where the number of 

regenerating axons is counted in the same way but using only one side of the ON (Tom 

Buyens, personal communication; figure 23A). Thereafter, the results of the WT mice are 

compared to the results of the Mmp-2-/- mice. This analysis reveals a trend towards a reduced 

number of outgrowing axons in Mmp-2-/- mice, as compared to WT animals (figure 23B).  

A 

B 

Figure 23: Mmp-2-/- mice have a smaller number of regenerating axons compared to WT mice when analyzed on whole 

mounted ONs without clearing. A) Using this method, the number of regenerating axons of current study, counting on both 

sides of the ON, corresponds to the number of regenerating axons of previous study, counting on only one side of the ON 

(performed by Tom Buyens). B) Both sides of the ON of WT and of Mmp-2-/- mice are compared. The number of CTB+ axons 

in WT mice is higher than the number of CTB+ axons in the Mmp-2-/- mice. However, the difference is not significant (Repeated 

measures two way ANOVA; Mean ± SEM; N=5 (WT) and N=8 (Mmp-2-/-)). 
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A second approach, that is more used in general, is to make longitudinal, histological, 14µm 

sections of the ON and determine the number of CTB+ axons on multiple sections (4-6 

sections) per ON (figure 24). The total number of CTB+ axons per ON in WT (N=8) and 

Mmp-2-/- (N=15) mice is then estimated every 300µm from the crush site using formula 1. At 

300 and 600µm, there is a significant larger number of regenerating axons in the WT mice 

(respectively, 313 ± 39 and 143 ± 32) than in the Mmp-2-/- mice (respectively, 177 ± 16 and 

74 ± 39). At 900 and 1200µm, a fewer number of CTB+ axons is observed in the Mmp-2-/- 

Figure 24: The number of regenerating axons in WT and Mmp-2-/- mice can be analyzed on ON sections. A) Axonal 

regeneration is visualized with CTB tracing in ON sections of WT mice and B) of Mmp-2-/- mice at 14 dpi. C) The axons of WT 

and D) Mmp-2-/- mice are analyzed on ON sections. ONC site is indicated with an asterisk. C and D are the enlarged images 

of respectively A and B. Scale bar (A, B): 100µm; Scale bar (C, D): 50µm. 
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(respectively 33 ± 7; 25 ± 10) mice than in the WT mice (respectively 58 ± 15; 10 ± 5) but the 

difference is not statistically significant (figure 25). At all distances, the number of CTB+ 

axons in the Mmp-2-/- mice is between 40 and 50% lower than the number of CTB+ axons in 

the WT ON. 

4.2.2 AXONAL REGENERATION IN WT AND MMP-2-/- MICE AT 42 DPI 

To study the axonal regeneration after a longer period of time, a preliminary study is 

performed by applying the RONC model on a group of WT (N=5) and Mmp-2-/- (N=5) mice 

that are only sacrificed at 6 weeks (42 days) post injury. The CTB is injected one week before 

sacrificing the animals. The ONs are sectioned and the CTB+ axons are quantified on multiple 

sections (2-3 sections) per ON and the total number is estimated with formula 1 every 300µm 

till 3000µm from the crush site. Again, at 300µm from the crush site, there are significantly 

more CTB+ axons in the WT mice (399 ± 56) than in the Mmp-2-/- mice (271 ± 29). At the 

other distances, there is a higher number of CTB+ axons in WT mice than in Mmp-2-/- mice 

but there is no statistically significant difference (figure 26). At 300, 600, 900, 1200 and 

1500µm from the crush site the number of CTB+ axons in the Mmp-2-/- mice is 30-50% lower 

than in the WT mice. At the other distances, this varies between 10 and 80%.  

The number of CTB+ axons in WT mice and Mmp-2-/- mice at 14 and 42 dpi is compared. 

As expected, the number of CTB+ axons is higher in the ONs at 42 dpi than in the ONs at 

14 dpi in both WT and Mmp-2-/- mice. In WT mice, there is a trend towards more CTB+ axons 

at 42 dpi but the data are not statistically significant (figure 27). The number of CTB+ axons 

in WT mice is 28%, 69%, 176% and 346% higher (for respectively 300, 600, 900 and 

Figure 25: Mmp-2-/- mice have a smaller number of regenerating axons compared to WT mice when analyzed on ON 

sections at 14 dpi. Graphic of the number of CTB+ axons per ON and counted number of regenerating axons per section in 

function of the distance from the ONC comparing the number of CTB+ axons in WT (black) and Mmp-2-/- (white) mice at 14 dpi. 

The number of CTB+ axons are counted at 300, 600, 900 and 1200µm from the ONC. The number of CTB+ axons in WT mice 

is significantly larger at 300 and 600µm from the ONC. The number of CTB+ axons in WT mice is larger at 900 and 1200µm 

from the ONC but this is not significant (Repeated measures two way ANOVA; Mean ± SEM; N=8 (WT) and N=15 (Mmp-2-/-)). 
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1200µm) at 42 dpi than at 14 dpi. In the Mmp-2-/- mice, the number of CTB+ axons at 42 dpi 

is also higher than the number of CTB+ axons at 14 dpi (figure 28). Here, the results are 

statistically significant at every distance from the crush site measured. The number of CTB+ 

axons in Mmp-2-/- mice is 53%, 116%, 209% and 576% higher (for respectively 300, 600, 

900, 1200µm) at 42 dpi than at 14 dpi. 

Figure 26: Mmp-2-/- mice have a smaller number of regenerating axons compared to WT mice when analyzed on ON 

sections at 42 dpi. Graphic of the number of CTB+ axons per ON and the counted number of regenerating axons per section 

in function of the distance from the ONC comparing WT (black) and Mmp-2-/- (white) mice at 42 dpi. The number of CTB+ 

axons are counted every 300µm till 3mm from the ONC. The number of CTB+ axons in WT mice is significantly larger at 

300µm from the ONC. The number of CTB+ axons in WT mice is larger at every other distance from the ONC but this is not 

significant (Repeated measures two way ANOVA; Mean ± SEM; N=5 (WT) and N=6 (Mmp-2-/-)). 

Figure 27: WT mice have a smaller number of regenerating axons at 14 dpi compared to 42 dpi when analyzed on ON 

sections. Graphic of the number of CTB+ axons per ON and counted number of regenerating axons per section in function of 

the distance from the ONC comparing the number of CTB+ axons at 14 (black) and at 42 (white) dpi. The number of CTB+ 

axons are counted at 300, 600, 900 and 1200µm from the ONC. In WT mice, the number of CTB+ axons at 42 dpi is larger 

than at 14 dpi but this is not significant (Repeated measures two way ANOVA; Mean ± SEM; N=8 (14dpi) and N=5 (42dpi)). 
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4.2.3 MMP-2 EXPRESSION IN THE REGENERATING OPTIC NERVE AND RETINA. 

To investigate the expression pattern of MMP-2 in the healthy and regenerating ON and 

retina, an IHC study is done on tissues of WT mice (N=4). The mice are sacrificed at 2, 7 

and 14 dpi. Both the retina and the ON are sectioned and stained for MMP-2, followed by a 

DAPI counterstaining. The MMP-2 staining in the ONs does not show a specific signal at first 

sight and needs further optimization (figure 29).  

Figure 28: Mmp-2-/- mice have a smaller number of regenerating axons at 14 dpi compared to 42 dpi when analyzed 

on ON sections. Graphic showing the number of CTB+ axons per ON and counted number of regenerating axons per section 

in function of the distance from the ONC comparing the number of CTB+ axons at 14 (black) and at 42 (white) dpi The number 

of CTB+ axons are counted at 300, 600, 900 and 1200µm from the ONC. In Mmp-2-/- mice, the number of CTB+ axons at 42 dpi 

is significantly higher than at 14 dpi at all distances measured (Repeated measures two way ANOVA; Mean ± SEM; N=15 (14 

dpi) and N=6 (42 dpi)).  

Figure 29: Expression pattern of MMP-2 in the ON. ON dissected at 2, 7 and 14 dpi together with naive ON that serve as 

control. The ONs are stained with MMP-2 (red) and counterstained with DAPI (blue). The asterisks show the ONC. The right 

column are the enlarged images of the left column indicated by the square. Scale bar left column: 150µm; Scale bar right 

column: 50µm. 
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MMP-2 in the healthy and injured adult retina is expressed in the Müller glia. MMP-2 

expression in the retina at 7 dpi seems to be upregulated (figure 30A-D). In most of the 

retinas at 2 dpi (N=3/4) but also in some of the retinas at 7 and 14 dpi (N=2/4), MMP-2+ cells 

accumulate in the vitreous of the eye of zymosan injected WT animals (figure 31I-L).  

 

 

 

Figure 30: Expression pattern of MMP-2 in the retina. Retinas are dissected at 2, 7 and 14 dpi together with naive retinas 

that serve as control. A-H) Retinal sections without infiltrating cells are stained for MMP-2 (red) and counterstained with DAPI 

(blue) (A-D) and a H&E staining (E-H). I-P) Retina with infiltrating cells (except for the naïve retina), which are indicated by 

arrowheads, are stained for MMP-2 (red) and counterstained with DAPI (blue) (I-L) and a H&E staining (M-P). There seems 

to be an upregulation of MMP-2 expression at 7 dpi. Scale bar: 100µm. 
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