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Abstract 1 

Secondary degeneration following an initial injury to the central nervous system (CNS) 2 

results in increased tissue loss and is associated with increasing functional impairment. 3 

Unilateral partial dorsal transection of the adult rat optic nerve (ON) has proved to be a useful 4 

experimental model in which to study factors that contribute to secondary degenerative 5 

events. Using this injury model, we here quantified the protective effects of intravitreally 6 

administered bi-cistronic adeno-associated viral (AAV2) vectors encoding either brain 7 

derived neurotrophic factor (BDNF) or a mutant, phospho-resistant, version of collapsin 8 

response mediator protein 2 (CRMP2T555A) on retinal ganglion cells (RGCs), their axons, 9 

and associated myelin. To test for potential synergistic interactions, some animals received 10 

combined injections of both vectors. Three months post-injury, all treatments maintained 11 

RGC numbers in central retina, but only AAV2-BDNF significantly protected ventrally 12 

located RGCs exclusively vulnerable to secondary degeneration. Behaviourally, treatments 13 

that involved AAV2-BDNF significantly restored the number of smooth-pursuit phases of 14 

optokinetic nystagmus. While all therapeutic regimens preserved axonal density and 15 

proportions of typical complexes, including heminodes and single nodes, BDNF treatments 16 

were generally more effective in maintaining the length of the node of Ranvier in myelin 17 

surrounding ventral ON axons after injury. Both AAV2-BDNF and AAV2-CRMP2T555A 18 

prevented injury-induced changes in G-ratio and overall myelin thickness, but only AAV2-19 

BDNF administration protected against large-scale myelin decompaction in ventral ON. In 20 

summary, in a model of secondary CNS degeneration, both BDNF and CRMP2T555A 21 

vectors were neuroprotective, however different efficacies were observed for these 22 

overexpressed proteins in the retina and ON, suggesting disparate cellular and molecular 23 

targets driving responses for neural repair. The potential use of these vectors to treat other 24 

CNS injuries and pathologies is discussed. 25 
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Introduction 30 

The injured central nervous system (CNS) of adult mammals has only a limited capacity to 31 

regenerate. Trauma to the brain and spinal cord creates a neural environment adversely 32 

affected by intrinsic and extrinsic factors that together induce degeneration and restrict 33 

regrowth. After an injury, secondary pathological events further compromise adjacent 34 

initially intact tissue, triggering homeostatic system disruptions and culminating in 35 

widespread cell death, axonal degeneration, demyelination, gliosis and increased functional 36 

loss (Fitzgerald et al., 2009; Levkovitch-Verbin et al., 2010). Loss of trophic support due to 37 

axonal injury and breakdown of transport systems also negatively impacts the response to 38 

injury (Almasieh et al., 2012; Eichler and Rich, 1989; Geden and Deshmukh, 2016; Rich, 39 

1992). From a therapeutic perspective it is clearly important to identify the pathological 40 

processes that distinguish primary versus secondary degenerative events after CNS trauma, 41 

thereby potentially optimizing treatment regimes.  42 

Partial transection of the dorsal aspect of the optic nerve (ON) in adult rat is an established 43 

model that enables the topographic separation of primary versus secondary degenerative 44 

events, allowing comparison of the effects of exogenous therapies on retinal ganglion cells 45 

(RGCs) in the eye and their axons and associated myelin within the injured central tract 46 

(Chiha et al., 2018). Therapeutic injections into the vitreous can directly target cells in the 47 

retina and by extension the ON. Further, RGC survival and ON integrity are readily 48 

quantitatively assessed using physiological and behavioural methods.  49 

There are numerous examples where exogenously applied neurotrophic factors have been 50 

shown to promote neuronal viability and plasticity. These include studies in experimental 51 

models of Parkinson’s disease (Frim et al., 1994; Kelly et al., 2015), Alzheimer’s disease 52 

(Jiao et al., 2016), glaucoma (Almasieh et al., 2012; Martin et al., 2003; Nafissi and Foldvari, 53 

2016), brain injury (Chen et al., 2013; Henry et al., 2007), and spinal cord injury (Harvey et 54 

al., 2015; Kwon et al., 2007) with many others reviewing this in detail. Complete ON 55 

transection initiates RGC death as early as 3 days after injury with 85-90% loss of adult 56 

RGCs within 14 days post injury (Berkelaar et al., 1994; Harvey et al., 2006; Isenmann et al., 57 

1997). Similarly, after partial transection (PT) of the dorsal ON, RGCs in dorsal retina 58 

directly affected by the injury are dying after 3 days, but cell death overall peaks at 3 months 59 
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with evidence of further RGC death 6 months after injury in ventral regions of the retina that 60 

are vulnerable to secondary degeneration (Levkovitch-Verbin et al., 2010). Secondary RGC 61 

death following PT injury is characterised by necrotic morphologies and multiple 62 

mechanisms of apoptosis and death including DNA damage and altered mitochondrial 63 

membrane permeability, specifically cytochrome c mediated apoptosis (Chiha et al., 2018; 64 

Fitzgerald et al., 2009).  The survival and regenerative capability of lesioned RGCs can be 65 

enhanced to some extent by intraocular injections of recombinant growth factors. For 66 

example intravitreal injections of recombinant brain-derived-neurotrophic factor (BDNF) 67 

supports compromised lesioned RGCs and promotes their survival (Mansour-Robaey et al., 68 

1994; Mey and Thanos, 1993) However, due to its relatively short half-life, neuroprotection 69 

is temporary (Poduslo and Curran, 1996). Repeated intravitreal injections of BDNF or 70 

adenovirus vector containing the BDNF gene slightly prolong neuroprotection (Di Polo et al., 71 

1998; Mansour-Robaey et al., 1994), but induce further ocular damage, adverse inflammatory 72 

responses, cytotoxicity and transient transgene expression (Harvey et al., 2006; Isenmann et 73 

al., 2004; Thomas et al., 2001). In addition, ON injury also results in the downregulation of 74 

the high affinity BDNF receptor, tropomyosin-related kinase B receptor (TrkB) in RGCs, 3 to 75 

5 days after injury, thus potentially limiting the neuroprotective duration of BDNF 76 

administration during the cell death phase (19). This is overcome by the co-expression of 77 

BDNF and its receptor TrkB, which exceeded neuroprotection mediated by either BDNF or 78 

TrkB therapy (Osborne et al., 2018). 79 

Therefore, other approaches to enhance injured RGC viability must be explored. A number of 80 

studies have now shown that gene therapy using adeno-associated serotype 2 vectors (AAV2) 81 

encoding the BDNF gene provides more long-term expression of the peptide, with minimal 82 

cytotoxicity and inflammation, promoting the viability of many injured/axotomized RGCs for 83 

at least a year (Di Polo et al., 1998; Harvey et al., 2012; Isenmann et al., 2004; LeVaillant et 84 

al., 2016; Nafissi and Foldvari, 2016; Osborne et al., 2018; Thomas et al., 2001). The use of 85 

bi-cistronic AAV2 vectors encoding both the gene of interest and a fluorescent protein such 86 

as green fluorescent protein (GFP) allows the visualisation of transduced RGCs and their 87 

axons (6, 12). Other studies have shown the protective potential of inhibiting the 88 

phosphorylation of collapsin response mediator protein 2 (CRMP2), a key molecule that 89 

binds to and regulates tubulin dynamics and important growth-associated proteins via 90 

interaction with kinesin 1 (Kimura et al., 2005). CRMP2 is important in neuronal 91 
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polarisation, axonal growth and polymerisation along with the stabilisation of the microtubule 92 

assembly during development. Importantly, CRMP2 signalling is directly linked with potent 93 

inhibitory effects of myelin on neurite outgrowth and antagonising these signals can regrow 94 

neurites through myelin debris substrates following injury (Liz et al., 2014; Nagai et al., 95 

2016). The physiological activity of CRMP2 is inhibited when it is phosphorylated or cleaved 96 

in the microtubule-binding domain that includes the Threonine 555 site (Arimura et al., 97 

2005), triggering growth cone collapse and microtubule destabilisation (Yoshimura et al., 98 

2006). Further, the level of phosphorylated CRMP2 is greater in degenerating spinal cord 99 

(Nagai et al., 2016) and axons following experimental autoimmune encephalomyelitis 100 

(Petratos et al., 2012), while inhibiting CRMP2 phosphorylation demonstrates reparative 101 

effects in spinal cord injury (Sekine et al., 2019), by reducing inflammation and enhancing 102 

sensitivity to BDNF (Nagai et al., 2016). Moreover, treating RGCs with AAV2 encoding a 103 

mutated site-specific T555A CRMP2 gene (AAV2-CRMP2T555A), renders CRMP2 104 

phosphorylation resistant, limiting axonal degeneration and demyelination in murine models 105 

of experimental autoimmune encephalomyelitis (Lee et al., 2019; Petratos et al., 2012). 106 

Based on these various observations we have assessed RGC viability, axon maintenance and 107 

myelin integrity in response to intravitreally administered AAV2 encoding either BDNF or 108 

CRMP2T555A. We have compared the beneficial impact of each of these vectors on directly 109 

axotomized neurons versus RGCs with axons that are initially intact but then vulnerable to 110 

secondary degeneration. Degenerative events in the cell body and axon can be initiated by 111 

different mechanisms, and given that BDNF and CRMP2 may act primarily on cell bodies 112 

versus axons respectively (Balastik et al., 2015; Bretin et al., 2005; Chitranshi et al., 2019; 113 

Harvey et al., 2012; Lee et al., 2019; Osborne et al., 2018; Petratos et al., 2012; Yuasa-114 

Kawada et al., 2003), thus potentially protecting neuronal integrity at differing neuronal 115 

structural and functional domains, intravitreal co-delivery of both AAV2 vectors was also 116 

tested to determine if there are any synergistic effects. Morphological and functional analysis 117 

was carried out 3 months after unilateral partial dorsal transection of the ON in adult rats. 118 

These data are discussed in relation to the different therapeutic profiles of BDNF and 119 

CRMP2, as well as the mechanisms involved in primary injury and secondary degenerative 120 

events that impact neurons and/or their axons in the CNS. 121 
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Materials and Methods 122 

Animals 123 

PVG rats (160-190 g) were obtained from the Animal Resource Centre (Murdoch W.A.) and 124 

housed in cages with food and water ad libitum and subjected to a standard 12-hour light / 125 

dark cycle. All experimental procedures conformed to ‘Principles of Laboratory Animal 126 

Care’ and were approved by the Animal Ethics Committee of The University of Western 127 

Australia (approval number RA3/100/673). Animals were euthanized with Euthal (active 128 

constituents Pentobarbitone Sodium 170 mg/ml, Phenytoin Sodium 25 mg/ml) 90 days post-129 

surgery; uninjured control animals were euthanized in the same way. 130 

A total of 56 female 8-10-week-old PVG rats was used for these experiments. Animals were 131 

allocated to six groups: for immunohistochemistry studies a total of 37 animals was used: 132 

normal uninjured (n = 7), AAV2-GFP (n = 7), AAV2-BDNF-GFP (n = 5), AAV2-BDNF (n = 133 

6), AAV2-CRMP2T555A-GFP (n = 6), AAV2-BDNF plus AAV2-CRMP2T555A-GFP (n = 134 

6). The bi-cistronic AAV2-BDNF-GFP and AAV2-BDNF groups were pooled. Nineteen rats 135 

were used for the electron microscopy (EM) studies: normal uninjured (n = 4), AAV2-GFP (n 136 

= 4), AAV2-BDNF-GFP (n = 1), AAV2-BDNF (n = 3), AAV2-CRMP2T555A-GFP (n = 3), 137 

AAV2-BDNF plus AAV2-CRMP2T555A-GFP (n = 4). The AAV2-BDNF-GFP and AAV2-138 

BDNF groups were pooled.  139 

Intravitreal injections 140 

Rats were anesthetized with ketamine (50 mg/kg)/ xylazine (10 mg/kg, Troy Laboratories, 141 

NSW, Australia) administered intraperitoneally. Intravitreal AAV2 eye injections (each 4 µl 142 

in volume) were carried out 10 days prior to PT surgery using a glass micropipette inserted 143 

through the sclera as described previously (Harvey et al., 2002). The AAV2-GFP vehicle 144 

control and AAV2-BDNF-GFP (8 × 10
12

 GC/ml) vectors were generated from pTRUF12 145 

(GTC Virus Vector Core, NC) backbone and obtained from Gene Therapy Center Virus 146 

Vector Core Facility (University of North Carolina, Chapel Hill, NC), AAV2-BDNF 147 

(8 × 10
12

 GC/ml) was generated from pTRUF12.1 plasmids (donated by Joost Verhaagen, 148 

Amsterdam, Netherlands). The construction of rAAV-flag-CRMP2T555A-GFP (2.1 x 10
13 

149 

GC/ ml) plasmids generated through Vector BioLabs was as described previously (Lee et al., 150 
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2019; Petratos et al., 2012). In the bi-cistronic vectors, BDNF and CRMP2T555A were both 151 

linked via an internal ribosome entry site (IRES) to GFP.   152 

Partial transection of the optic nerve 153 

Unilateral PT of the ON was performed as previously described (Fitzgerald et al., 2010; 154 

Fitzgerald et al., 2009; Martin et al., 2003). Briefly, PVG rats were anaesthetized with 155 

ketamine (50 mg/kg) and xylazine (10 mg/kg, Troy Laboratories, NSW, Australia) 156 

administered intraperitoneally. An incision was made in the skin overlying the right eye and 157 

the underlying connective tissue incised by blunt dissection to expose the back of the eye. 158 

Lachrymal glands were deflected and extra ocular muscle incised to access the nerve. A 200-159 

µm incision was made on the dorsum of the optic nerve approximately 1 mm behind the optic 160 

nerve head using a diamond keratotomy knife (Geuder, Germany). Post-operative analgesia 161 

(2.8 mg/kg carprofen, Norbrook Australia, Pty. Ltd., VIC, Australia) and 1 ml sterile PBS 162 

were administered subcutaneously and animals recovered on a warming blanket. Uninjured, 163 

age-matched animals were used as controls, as we have previously demonstrated no 164 

significant differences between sham-operated and normal animals in relevant outcomes 165 

including RGC numbers (Fitzgerald et al., 2009).  166 

Optokinetic responses 167 

The uninjured left eye was closed with 6-0 silk suture under anaesthesia as detailed above, 168 

one day prior to behavioural testing. Eyelid suture ensured that all responses were due to the 169 

visual ability of the experimental eye following partial ON transection. Optokinetic 170 

nystagmus is an accepted first-line screening test of visual function, and was conducted as 171 

described previously (Abdeljalil et al., 2005; Fitzgerald et al., 2009). A normal optokinetic 172 

nystagmus comprises a smooth pursuit, with the head moving at the same speed as stripes 173 

inside a rotating drum, followed by a rapid realignment movement or fast reset phase (Fig. 174 

1A-B). The smooth pursuit and fast reset phases were analysed separately by a single 175 

investigator blinded to the treatment identity of the animals. Numbers of responses were 176 

analysed using one-way analysis of variance (ANOVA), and Dunnett's post-hoc test 177 

(significance value p ≤ 0.05). Analyses were performed by counting the number of purposeful 178 

movements in the direction of the stripes within the period each rat was engaged in the task. 179 

http://www.sciencedirect.com/science/article/pii/S0014488614001940#NEU2114


8 

 

Immunohistochemistry  180 

Experimental animals were sacrificed 3 months post injury and perfused transcardially with 181 

saline followed by 4% paraformaldehyde (Sigma-Aldrich; St. Louis, Missouri, USA) in 0.1M 182 

phosphate buffer, pH 7.2; uninjured control animals were processed similarly. The eyes and 183 

attached ONs were post-fixed in 4% paraformaldehyde overnight, cryoprotected by 184 

immersion in 15% sucrose in PBS, before they were embedded in optimal cutting 185 

temperature (OCT) compound (Sakura Finetek, USA). The retinae and ONs were 186 

cryosectioned (20µm and 14 µm respectively) longitudinally along the dorsal/ventral axis. If 187 

not processed immediately, the slides were stored at -80ºC. Retinal and ON sections were air 188 

dried for 1 hour at room temperature, rehydrated in PBS, and incubated overnight at 4ºC in 189 

combinations of primary antibodies were blocked in 5% normal donkey serum (NDS) and 190 

sterile PBS+0.2% Triton X100. Primary antibodies used for immunohistochemical 191 

assessment were: rabbit GFP (1:400; Chemicon); mouse βIII-tubulin (1:1000; IgG2A, 192 

Covance), goat Brn3A (1:400, Santa Cruz Biotechnology), rabbit Caspr (1:500, Abcam), goat 193 

Iba1 (1:1000, Abcam), rabbit 4-hydroxynonenal HNE (1:400, Abcam). Antibody binding was 194 

visualized following 2-hour incubation at room temperature with appropriate Alexa Fluor 195 

488, 555 and 647 secondary antibodies (1:400; Molecular Probes, Life technologies) and 196 

Hoechst nuclear stain (0.5µl/ml, Invitrogen, Scoresby, Victoria, Australia). Slides were 197 

washed in PBS and cover-slipped using Fluoromount-G (Southern Biotechnology).  198 

Confocal microscopy and immunohistochemical analysis 199 

Retinal and ON sections were imaged with a Nikon A1Si confocal microscope using a 60 × 200 

oil immersion objective or 20x objective. Samples were simultaneously excited with 405 nm 201 

and 488 nm lasers and fluorescence emission detected using the spectral detector over the 202 

range 410 nm to 600 nm with a 10 nm grating resolution and either 8- or 16-line averages. 203 

Fluorescent probes were spectrally unmixed in Nikon NIS Elements software (version 4.20) 204 

using single label control samples for reference spectra. Z stacks were collected at 0.5μm 205 

slice intervals through the entire section thickness and maximum intensity projections 206 

prepared for presentation. For semi-quantification of immunofluorescence in longitudinal ON 207 

sections, ON were visualised and Z stacks prepared at 20x magnification. Image analysis was 208 

performed on the ventral ON below the injury site using FIJI analysis software setting 209 

constant arbitrary threshold intensities for each image, and semi-quantifying mean intensities 210 

https://www.sciencedirect.com/topics/neuroscience/retinal
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and areas above the set threshold. Immunointensity data were normalised to background 211 

within the same section to adjust for variations in section thickness and staining application. 212 

 213 

Quantification of RGC survival and transduction efficiency 214 

Retinal sections were imaged as detailed above using the 60x objective with oil immersion 215 

and analysed by an operator blinded to experimental groups. βIII-tubulin immunoreactivity 216 

surrounding a Hoechst labelled nucleus and Brn3A
+
 immunohistochemistry were used as 217 

markers for RGCs in the ganglion cell layer as described previously (Fitzgerald et al., 2009; 218 

Nadal-Nicolas et al., 2012; Nadal-Nicolas et al., 2009). βIII-tubulin
+ 

and Brn3A
+ 

RGCs were 219 

counted in 20µm thick dorso-ventral radial sections of the retina, in three fields of view along 220 

linear regions of the dorsal, central and ventral retina. RGC counts were made using the 221 

optical fractionator method as described previously (Fitzgerald et al., 2009; Gundersen, 1986; 222 

Mead et al., 2014) and RGC per mm
2
 estimates were made using the thickness of the sections 223 

(20µm) and the linear length of the field of view.  224 

Node paranode analysis 225 

For node/paranode analyses, images of longitudinal ON sections were captured using a 60x 226 

objective with oil immersion, and ~100 node/paranode complexes were assessed from a 227 

single defined and consistent field of view visualised in a single in focus slice from a z-series 228 

of images, collected as described above, in ventral ON below the injury site. The length of 229 

the paranodal gap, was defined as the distance between two Caspr
+
 paranodes and the 230 

paranodal length was defined as the average length of the flanking Caspr
+
 paranodes. 231 

Assessments of βIII-tubulin
+ 

complexes were only conducted when a βIII-tubulin+ axon was 232 

flanked by two Caspr
+ 

paranodes. Assessments were conducted by a single investigator 233 

blinded to group identity.  234 

Electron microscopy: Tissue preparation, Image collection and analysis  235 

Ultrastructural analysis was undertaken for 3 to 4 animals per group. Following euthanasia, 236 

animals were transcardially perfused with 0.9% saline followed by phosphate buffered 2.5% 237 

glutaraldehyde (Sigma-Aldrich: St Louis, Missouri, United States). The ON containing the 238 

injury site was post-fixed in 1% osmium (ProSciTech, Kirwan, Queensland, Australia) for 239 

90 min with shaking, and processed using a Lynx tissue processor into Araldite Procure 240 

mixture (ProSciTech). Embedded ON segments were cured for 24 h, serially cross-sectioned 241 
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(1μm) in three sets at 50μm intervals, and stained with toluidine blue to identify the injury 242 

site. Ultrathin sections were also cut, and low-power photographs of entire sections were 243 

taken to ensure identification of the lesion site. Sequential high-power images were captured 244 

at 4000× magnification with 15-20% overlap from ventral ON sections. The images were 245 

saved as TIF files, stitched together using the MosaicJ plugin (FIJI) and all axons within the 246 

image were assessed using FIJI analysis software to determine the minimum axon diameter, 247 

axon area, and the minimum fibre diameter (i.e., including both the axon and the myelin 248 

sheath). G ratios were calculated by dividing the minimum diameter of each axon by the 249 

minimum diameter of the fibre, including both the axon and the myelin sheath of normally 250 

myelinated axons. 251 

Statistical analyses 252 

Results were analysed using the statistical package Graphpad prism (version 8.00 GraphPad 253 

Software, La Jolla California USA). Equality of variance F-tests were conducted to test for 254 

homogeneity of variance in groups within experiments. All data achieved normal distribution. 255 

All data are expressed as means of each treatment group ± SEM, unless otherwise stated. 256 

ANOVAs followed by Tukey post hoc test was used to statistically compare quantitative 257 

measures of each treatment group to all other treatment groups. For selected outcomes of 258 

interest, comparisons were made to injured AAV2-GFP control using Dunnett’s post hoc 259 

tests. ANOVA F-test and degrees of freedom (df), as well as p value from post hoc tests are 260 

given. All statistical tests required p≤0.05 for significance. For almost all statistical 261 

comparisons the AAV2-BDNF-GFP and AAV2-BDNF treatment groups were not 262 

significantly different from each other, and the data from these two groups were therefore 263 

pooled. Based on this, pooling was also extended to the EM data even though only one 264 

animal was analysed from the AAV2-BDNF-GFP treatment group. No outliers were 265 

removed.   266 

Results 267 

Transgene expression in the retina and optic nerve of AAV2-injected eyes 268 

Using AAV2 as a vector for gene transduction is associated with a delay in activation and 269 

expression of the transgene due to the time needed for second strand synthesis, transcription 270 

and subsequent translation (Fisher et al., 1996; Leaver et al., 2006). Some transgene 271 

expression has been demonstrated as early as 3 days post-injection (Sarra et al., 2002), 272 
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however in another study significant levels of expression were not observed until 7 days after 273 

intraocular administration (Harvey et al., 2002). Based on these data we chose to inject the 274 

AAV viral constructs 10 days prior to partial ON transection, to ensure significant levels of 275 

functional therapeutic constructs at the time of injury. Note that previous studies have shown 276 

that transduction of RGCs with these same AAV2 vectors allows efficient target gene 277 

transfer, regulating the overexpression of both mRNA transcripts, respectively. For instance, 278 

immunohistochemistry was used to show BDNF expression in transduced RGCs (Leaver et 279 

al., 2006) along with immunohistochemistry and immunoprecipitation using antibodies 280 

specific for the C-terminus of CRMP2 to demonstrate altered phosphorylated and 281 

unphosphorylated CRMP2, as well as modulation of key binding proteins such as tubulin and 282 

kinesin (Lee et al., 2019; Petratos et al., 2012). 283 

Three months following ON injury, retinal and ON tissue from rats injected intravitreally 284 

with AAV2-GFP, AAV2-BDNF-GFP, AAV2-BDNF, AAV2-CRMP2T555A-GFP or 285 

combined AAV2-BDNF and AAV2-CRMP2T555A-GFP was harvested. Post-IRES GFP 286 

expression was detected immunohistochemically and quantified when co-localised with βIII-287 

tubulin
+ 

RGCs in the ganglion cell layer (Supplementary Fig. 1A-D). Based on this GFP 288 

expression, the average retinal transduction efficiency of βIII-tubulin
+ 

RGCs was 40.9±1.75% 289 

SEM transduction following AAV2-BDNF-GFP injections, 40.4±1.9% SEM following 290 

AAV2-CRMP2T555A-GFP injections and 43.9±1.3% SEM following combined AAV2-291 

BDNF and AAV2-CRMP2T555A-GFP injection (Supplementary Fig. 1A). Transduction 292 

efficiency was not statistically different between the groups in dorsal and ventral retina (p ≥ 293 

0.05), however in central retina combined AAV2-BDNF plus AAV2-CRMP2T555A-GFP 294 

transduction was significantly higher (p = 0.02) than AAV2-BDNF alone. This rate of 295 

transduction (about 40%) is remarkably similar to that found previously using both AAV2-296 

GFP and AAV2-CRMP2T555A-GFP vectors (Petratos et al., 2012). 297 

The anterograde transport of intravitreally delivered post-IRES GFP was visualised along the 298 

ON following PT injury (Supplementary Fig. 1). Assessing ON transfection using 299 

immunohistochemistry to detect GFP and semi-quantifying outcomes as area above set 300 

threshold, we identified no statistical difference between intravitreal injection of AAV2-301 

BDNF-GFP, AAV2-CRMP2T555A-GFP and combined AAV2-BDNF plus AAV2-302 

CRMP2T555A-GFP. We also observed co-labelling of viable GFP and βIII-tubulin
+ 

axons in 303 



12 

 

the ON (Supplementary Fig. 1G-H), suggesting intact axonal transport systems in transduced 304 

RGCs (Lee et al., 2019; Petratos et al., 2012; Sekine et al., 2019; Yoshimura et al., 2006). 305 

AAV injections and the effect on visual function following partial ON transection 306 

As has been previously reported, partial ON transection resulted in a significant reduction in 307 

the number of optokinetic nystagmus responses measured 3 months after PT (Payne et al., 308 

2012; Savigni et al., 2013; Selt et al., 2010; Szymanski et al., 2013). We did not observe 309 

statistically significant reductions in the number of total pursuits (smooth, partial and micro 310 

pursuits) between normal uninjured animals and injured animals treated with AAV2-GFP, 311 

however treatment groups that include BDNF namely, AAV2-BDNF and treatment that 312 

combines AAV2-BDNF plus AAV2-CRMP2T555A-GFP, significantly increased the total 313 

number of pursuits (p = 0.04 and 0.03 respectively, F = 3.00 (DF 41), Fig. 1C) compared to 314 

AAV2-GFP. The number of smooth pursuits and fast rests was not significantly different 315 

between the treatment groups (p > 0.05 F = 1.10, (DF 43), F = 1.41 (DF 40) respectively, Fig. 316 

1D-E).  317 

RGC viability after partial optic nerve transection 318 

Three months after partial ON transection the number of viable RGCs was assessed in retinal 319 

sections using βIII-tubulin
+ 

and Brn3A
+ 

immunohistochemistry (Fig. 2A,D) (Nadal-Nicolas et 320 

al., 2009). RGC numbers were quantified in three regions of the retina: dorsal retina, 321 

impacted by primary degenerative mechanisms; central retina vulnerable to mechanisms of 322 

primary and secondary degeneration; and ventral retina vulnerable predominantly to 323 

secondary degeneration (Fig 1A) (Fitzgerald et al., 2009). Further, given that not all RGC 324 

subtypes express Brn3A and RGC loss after injury is often preceded by a downregulation in 325 

Brn3A (Nadal-Nicolas et al., 2012; Nadal-Nicolas et al., 2009), the total Brn3A expression 326 

was compared between different treatment groups as a proportion of the total number of βIII-327 

tubulin
+
 RGCs (Fig. 2E). 328 

Analysis of the estimated number of βIII-tubulin
+ 

RGCs/mm
2
 in dorsal retina revealed a 329 

significant 60% decrease in the number of surviving RGCs after control intravitreal AAV2-330 

GFP injections (p = 0.01, F = 1.24 (DF 86), Fig. 2F) 3 months after partial ON transection. 331 

Treatment with AAV2-BDNF in particular resulted in a moderate increase in RGC viability 332 
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(Leaver et al., 2006), but this increase was not found to be significant. Similar changes in 333 

viable RGC numbers were observed using Brn3A
+ 

as the RGC marker, although overall 334 

numbers were of course lower.  335 

 336 

In central retina, compared to normal retina, RGC density decreased significantly by about 337 

60-70% following partial ON transection and AAV2-GFP treatment using either βIII-tubulin
+ 

338 

(p = 0.0002, F = 1.24 (DF 86), Fig. 2G) or Brn3A
+ 

(p = 0.0005, F = 1.30 (DF 80)) 339 

quantification respectively. Treatment with intravitreally administered viral vectors resulted 340 

in significant increases in the number of RGCs/mm
2
 in central retina (p ≤ 0.01, Fig. 2G). 341 

Using βIII-tubulin
+ 

estimates, injections of AAV2-BDNF, AAV2-CRMP2T555A-GFP and 342 

AAV2-BDNF plus AAV2-CRMP2T555A-GFP increased the number of RGCs to 343 

approximately 97, 89 and 97% of normal values respectively. Interestingly, using Brn3A
+ 

344 

quantification, only AAV2-CRMP2T555A-GFP and the combination of AAV2-BDNF and 345 

AAV2-CRMP2T555A-GFP resulted in statistically significant increases in RGC numbers (p 346 

≤ 0.05, F = 1.30 (DF 80)). 347 

 348 

In ventral retina, after AAV2-GFP injections the relative number of RGCs decreased 349 

significantly (p ≤ 0.05, F = 1.24 (DF 86)) and (p ≤ 0.05, F = 1.30 (DF 80)) to about 40% and 350 

25% of control values using βIII-tubulin
+ 

and Brn3A
+ 

estimates respectively (Fig. 2H). After 351 

partial ON injury, in all AAV regimes the estimate of viable RGC number was higher than in 352 

the AAV2-GFP group, however only the treatment with AAV2-BDNF resulted in a saving of 353 

RGCs at the p ≤ 0.05 significance level (Tukey post hoc test). The difference between the 354 

AAV2-BDNF and AAV2-CRMP2T555A-GFP group just failed to reach significance (p = 355 

0.055). 356 

 357 

Transduction of RGCs with AAV2 administered viral constructs limits axonal degeneration  358 

Having established that intravitreally administered AAV2-BDNF, AAV2-CRMP2T555A-359 

GFP and a combination of the two is associated with the protection of many compromised 360 

RGCs, we then addressed whether this neuroprotection is associated with preservation of 361 

axons in the ON (Fig. 3). Using EM, axonal density was assessed in transverse sections of 362 

ventral ON (area below blue dotted line in Fig. 3B) 3 months after dorsal transection injury. 363 

The number of axons per mm
2 

decreased significantly (p ≤ 0.0001, F = 30.16 (DF 12), Fig 364 

3A) following partial ON injury and AAV2-GFP treatment compared to normal uninjured 365 
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animals (Fig. 3E, F). Intravitreal injection of AAV2-BDNF or AAV2-CRMP2T555A-GFP 366 

significantly (p = 0.0001) restored the number of axons to about 90% of normal, and the 367 

combination of AAV2-BDNF and AAV2-CRMP2T555A-GFP preserved densities to about 368 

97% of normal (p ≤ 0.0001, F = 30.16 (DF 12), Fig. 3G)). Statistical analysis using Tukey’s 369 

rather than Dunnett’s test revealed a statistically significant decrease in axonal counts in the 370 

AAV2-BDNF versus normal group (p = 0.026). 371 

These axonal counts from transverse EM sections were closely mirrored using semi 372 

quantitative immunohistochemical analysis of βIII-tubulin
+ 

axonal profiles in longitudinal 373 

ON sections (Fig.3 C, D). There was a significant decrease in βIII-tubulin
+ 

immunointensity 374 

following injury (p = 0.01, F = 11.60 (DF 27) Fig. 3C), while treatment with AAV2-BDNF, 375 

AAV2-CRMP2T555A-GFP and AAV2-BDNF + AAV2-CRMP2T555A-GFP resulted in 376 

significant increases in βIII-tubulin
+ 

immunointensity (p =0.008, p=0.0001 and p<0.0001 377 

respectively, F = 11.60 (DF 27)). In order to ensure changes to axonal density were not a 378 

result of ON swelling of shrinkage, ON diameter and area of ventral ON was measured and 379 

was found not be significantly different in injured and treated animals compared to normal 380 

uninjured animals (p ≥ 0.05, F = 0.12 (DF 14) and F = 0.39, (DF 14) respectively Fig. 3K-M). 381 

Tukey’s test revealed a significant difference between the βIII-tubulin
+ 

fluorescence intensity 382 

in the ON of AAV2-BDNF versus AAV2-CRMP2T555A-GFP groups (p = 0.023).  383 

RGC transduction with AAV2 viral vectors limits structural disruptions of the node of Ranvier 384 

complex 385 

Structural parameters of the nodes of Ranvier and of paranodes were quantified in ventral ON 386 

following PT injury, and the effects of intravitreally administered viral constructs 387 

quantitatively assessed (Fig. 4). It has been previously demonstrated in this injury model that 388 

the paranodal gap, defined as two Caspr+ paranodes, not necessarily with βIII-tubulin
+ 

389 

immunoreactivity between, increased significantly 3 months following partial ON injury 390 

(Giacci et al., 2018; Szymanski et al., 2013). Similarly, in this study we demonstrated 391 

significant increases in the length of the paranodal gap with injury when the paranodal gap 392 

was defined in this way (p = 0.005, F = 4.97 (DF 28), Fig. 4A, C). The combination of 393 

intravitreally administered AAV2-BDNF and AAV2-CRMP2T555A-GFP restored the 394 

paranodal gap to normal parameters (p = 0.008). However, when we limited paranodal gap 395 

analysis to βIII-tubulin
+ 

axons flanked by Caspr
+ 

paranodes, which represents a more rigours 396 
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definition of the Node of Ranvier, we observed a significant decrease (p ≤ 0.001, F = 5.69 397 

(DF33), Fig. 4B,D, E) in the paranodal gap following injury when compared to normal 398 

uninjured animals. Only intravitreal treatments that included AAV2-BDNF restored the 399 

paranodal gap to normal parameters; AAV2-BDNF (p=0.02, F = 5.69 (DF33)) and AAV2-400 

BDNF plus AAV2-CRMP2T555A-GFP (p=0.008, F = 5.69 (DF33)). Analysis of the 401 

percentage of βIII-tubulin
+ 

node/paranode complexes over total node/paranode complex was 402 

approximately 82 ±1.97% in normal uninjured animals, which decreased significantly (p = 403 

0.001, F = 6.627 (DF 29) to an average of 69 ± 2.37% following partial ON transection, data 404 

not shown. Treatment with the viral vectors that include AAV2-BDNF significantly restored 405 

the percentage of βIII-tubulin
+ 

node/paranode complexes to normal levels; specifically 406 

AAV2-BDNF injections significantly increased the complex composition to 82 ± 1.07% (p = 407 

0.0005, F = 6.627 (DF 29)) and the combination of AAV2-BDNF and AAV2-408 

CRMP2T555A-GFP increased the percentage of βIII-tubulin
+ 

node/paranode complexes to 79 409 

± 2.1%9 (p = 0.01), while AAV2-CRMP2T555A-GFP alone resulted in no statistically 410 

significant change (77 ±2.24%).  411 

The proportion of atypical node/paranode complexes, composed predominantly of hemi-412 

nodes and single nodes, increased significantly (p ≤ 0.0001, F = 16.01 (DF 28), Fig. 4G) from 413 

21 ± 0.85% in normal uninjured animals to 41 ± 2.52% in injured animals injected with 414 

AAV2-GFP. The percentage of atypical node/paranode complexes was preserved (p ≤ 415 

0.0001, F = 16.01 (DF 28)) following intravitreal injections of AAV2-BDNF, AAV2-416 

CRMP2T555A-GFP and combined AAV2-BDNF plus AAV2-CRMP2T555A-GFP (Fig. 417 

4G). Consistent with these data, the proportion of typical node/paranode complexes was 418 

significantly decreased following injury (p = 0.01, F = 4.71, (DF 31), Fig. 4H). Treatment 419 

with the three therapeutic viral vector combinations maintained the proportion of typical 420 

complexes within normal parameters.  This was associated with a significant increase in the 421 

proportion of hemi-nodes (Fig. 4K) following partial ON injury and AAV2-GFP injections (p 422 

< 0.0001, F= 15.58 9 (DF 31), Fig 3I), and maintenance of a near normal proportion of hemi-423 

nodes after all AAV treatments (p < 0.0001). Assessment of the proportion of single nodes 424 

showed a significant increase with injury compared to uninjured normal animals (p = 0.04, F 425 

= 2.49 (DF31)), however treatment with the BDNF and CRMP2T555A vectors did not 426 

significantly influence this parameter (Fig. 3J).  427 
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RGC transduction with viral vectors and the effect on G-ratio, myelin thickness and myelin 428 

decompaction  429 

G-ratio is the ratio of the inner axonal diameter to the total outer diameter and is used as an 430 

assessment of axonal myelination and, by inference, axonal conduction (Chomiak and Hu, 431 

2009). Relative to normal animals, G-ratio increases 3-months following partial ON injury 432 

have previously been demonstrated (Payne et al., 2012). This was confirmed in our study 433 

with a statistically significant increase in mean G-ratio (p = 0.02, F = 6.3 (DF 15), Fig. 5A) 3-434 

months following ON injury and AAV2-GFP injection. Intravitreal treatments with AAV2-435 

BDNF and AAV2-CRMP2T555A-GFP significantly reduced the G-ratio (p ≤ 0.02). 436 

Similarly, we confirmed previously observed decreases in myelin thickness after partial ON 437 

injury (p = 0.02, F = 3.71 (DF 15)), while intravitreally delivered therapeutic factors 438 

increased myelin thickness relative to the AAV2-GFP treatment (Fig. 5B). The relative 439 

frequency distribution of the diameters of axons with normal levels of myelin decompaction 440 

(0-15% levels of decompaction) illustrates that there was no change in the distribution of 441 

these axon diameters following injury or intravitreal AAV2-BDNF and/or AAV2-442 

CRMP2T555A-GFP treatments (Fig. 5C).  443 

The conduction velocity of action potentials is directly proportional to the degree of 444 

myelination, and myelin decompaction leads to suboptimal conduction velocity (Gutierrez et 445 

al., 1995; Waxman, 1980). The proportion and degree of myelin decompaction was assessed 446 

and axons with myelin decompaction between 0 to 15% of fibre circumference were 447 

categorised as normally myelinated axons. The second and third categories included axons 448 

with myelin decompaction between 20 and 30% and over 30% of fibre circumference 449 

respectively (Fig. 5D-G). Following partial ON transection, the percentage of axons with 450 

decompaction up to 15% of fibre circumference decreased significantly (p ≤ 0.0001, F = 451 

33.69 (DF 39)). Treatment with viral vectors significantly attenuated the myelin 452 

decompaction (p<0.0001, p=0.0004, p=0.005). This was observed following individual 453 

intraocular injection of AAV2-BDNF or AAV2-CRMP2T555A-GFP, or injection with the 454 

combination of AAV2-BDNF and AAV2-CRMP2T555A-GFP, respectively. The proportion 455 

of axons with myelin decompaction between 20-30% of fibre circumference significantly 456 

increased (p ≤ 0.0001, F = 33.69 (DF 39)) following ON injury, and only treatment with 457 

AAV2-BDNF maintained the proportion of decompacted axons (p ≤ 0.0001).  458 
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The relationship between myelin thickness and axonal calibre also influences conduction 459 

velocity (Waxman, 1980) and it is therefore of interest that we observed changes in the 460 

correlation between the two measures as a consequence of partial ON injury and various 461 

AAV2 treatments (Fig. 5H). The relationship between axon diameter and myelin thickness is 462 

depicted using linear regression, where R
2
 values are between 0.0 and 1.0, with higher values 463 

indicating direct relationship between axon size and myelin thickness.  In normal uninjured 464 

animals, the correlation between myelin thickness and axon diameter had an R
2 

= 0.42, which 465 

was reduced to R
2 

= 0.20 after ON injury. Treatment with AAV2-BDNF restored the 466 

correlation between myelin thickness and axon diameter to R
2 

= 0.31. Treatment with AAV2-467 

CRMP2T555A-GFP resulted in R
2 

= 0.005 correlation between myelin thickness and axonal 468 

diameter, while the combined AAV2 treatment yielded an R
2 

= 0.0002. 469 

RGC transduction with viral vectors reduces oxidative stress but not inflammatory cell markers 470 

in the ON 471 

The oxidative stress marker HNE has been demonstrated to increase in ON vulnerable to 472 

secondary degeneration (O'Hare Doig et al., 2017). Similarly, we demonstrated that HNE was 473 

significantly increased in ventral ON areas (p = 0.002, F = 5.53 (DF 27), Supplementary Fig. 474 

2A-D). Only treatment with a combination of AAV2-BDNF and AAV2-CRMP2T555A-GFP 475 

significantly reduced HNE immunoreactivity relative to injury (p = 0.02). The marker of 476 

resident microglia, Iba1, was also significantly increased in ventral ON 3 months following 477 

injury (p = 0.04, F = 1.85 (DF 27), Supplementary Fig. 2E-H), but was unaffected by the 478 

treatment protocols (p ≥ 0.05). 479 

Discussion 480 

The present results show that, three months after partial ON transection, secondary 481 

degenerative events in the retina and nerve are attenuated long-term by therapeutic 482 

administration of AAV vectors encoding either BDNF or a mutant, phospho-resistant 483 

CRMP2 (CRMP2T555A). Intravitreal administration of AAV2-BDNF, AAV2-484 

CRMP2T555A-GFP, or the combination of the two constructs significantly enhanced the 485 

survival of βIII-tubulin
+
 RGCs in central retina, while in ventral retina in which RGCs were 486 

vulnerable to secondary degeneration, only AAV-BDNF was effective. Most (but not all) 487 

measured components of axonal and myelin structure were also preserved following 488 
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intravitreal administration of AAV2-BDNF, AAV2-CRMP2T555A-GFP and when 489 

combined. Furthermore, in combination these therapeutics were associated with a reduction 490 

in oxidative stress events. An improvement in some aspects of visual function was also 491 

recorded when AAV-BDNF vectors were used. 492 

The efficacy of AAV mediated therapeutic intervention has not previously been assessed on 493 

secondary degenerative events in the injured visual system. A limitation in the administration 494 

of AAV vectors is the time delay between ocular administration and transgene expression 495 

(Harvey et al., 2002; Leaver et al., 2006; Petratos et al., 2012; Sarra et al., 2002). In the 496 

present study, intravitreal AAV injections were performed 10 days prior to ON surgery. We 497 

previously demonstrated transgene expression at 3 and 7 days post ocular administration 498 

(Harvey et al., 2002), and vector expression gradually increases in a time dependant manner 499 

(Igarashi et al., 2016). Thus 10 days was sufficient to ensure availability of each therapeutic 500 

transgene product when the partial ON injury was performed. Such an approach may limit the 501 

clinical applicability of AAV for CNS trauma, however supplementary trophic factor 502 

injections can be used as a temporary but supportive subsidiary strategy (Koeberle and Ball, 503 

2002; Mansour-Robaey et al., 1994; Mey and Thanos, 1993), particularly when combined 504 

with AAV delivery at the time of injury (Hellstrom et al., 2011).  505 

RGC viability after partial ON injury 506 

The extent of neuronal survival after an injury is in many instances linked to the level of 507 

therapeutic viral vector transduction. Given that this study aimed to examine the therapeutic 508 

efficacy of intravitreally administered viral vectors on RGCs vulnerable to secondary 509 

degeneration after dorsal ON transection, the AAV injections were targeted towards the 510 

ventral quadrant of the retina to maximise transduction efficiency. Nonetheless we found no 511 

measurable differences in the level of RGC transduction in dorsal, central or ventral retina 512 

and levels of transduction were similar for all vectors. The importance of transduction 513 

efficiency depends to some extent on whether the vector-mediated product is secreted from 514 

transduced cells. Thus the therapeutic effects of CRMP2T555A are likely to be more limited 515 

to the transduced RGC population, whereas it is known that the survival of non-transduced 516 

RGCs after AAV-BDNF delivery is enhanced via the release of the neurotrophin from nearby 517 

transduced cells, thereby providing paracrine or bystander support (Baumgartner and Shine, 518 
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1997; Leaver et al., 2006). In addition, it should be noted that the survival of apparently non-519 

transduced RGCs may also reflect lower post-IRES expression of the GFP transgene in some 520 

neurons (Mizuguchi et al., 2000).  521 

The trophic effect of recombinant AAV2-BDNF is likely mediated through vector translation 522 

followed by the release of functional BDNF protein into the extracellular environment, which 523 

enables it to bind to the RGC surface TrkB receptors (Hellstrom et al., 2011). This results in 524 

receptor dimerization and autophosphorylation, and the activation of several intracellular 525 

signalling cascades that modulate growth-associated genes, enhance plasticity, and support 526 

the survival of existing neurons (Huang and Reichardt, 2001; Tejeda and Diaz-Guerra, 2017). 527 

Furthermore, via PI3K and Akt pathways, BDNF can also inhibit GSK3β activity, acting to 528 

reduce potential CRMP2 phosphorylation (Namekata et al., 2012). 529 

The therapeutic effect of intravitreally administered AAV2-CRMP2T555A-GFP involves the 530 

translation of the functional phospho-resistant CRMP2 protein, which is then transported 531 

along the axon (Liz et al., 2014; Nagai et al., 2016). In neurons, CRMP2 binds to tubulin 532 

heterodimers and promotes microtubule assembly, however the phosphorylation of CRMP2 533 

significantly attenuates that binding affinity (Fukata et al., 2002). Many factors can influence 534 

the phosphorylation status of CRMP2 (Yamashita and Goshima, 2012) but it is worth noting 535 

here that adult RGCs express a number of class 3 semaphorins as well as cognate plexin and 536 

neuropilin receptors (de Winter et al., 2004), and expression levels of many of these 537 

semaphorins are altered by ON injury (Sharma et al., 2012). Signal transduction of ligated 538 

Plexin A2 receptor, in collaboration with NgR1 has been identified to regulate the 539 

phosphorylation of CRMP2 in regenerating axons limiting their growth after injury (Sekine et 540 

al., 2019). In addition, phosphorylated-CRMP2 interacts with and increases the membrane 541 

insertion of voltage gated sodium and calcium channels (Brittain et al., 2012; Chew and 542 

Khanna, 2018), with subsequent intracellular calcium dysregulation identified as key 543 

secondary degenerative mechanisms governing partial ON transection (O'Hare Doig et al., 544 

2017). Indeed, the overexpression of CRMP2 has been shown to significantly delay axonal 545 

retraction bulb formation, temporarily rescuing mitochondrial transport defects after axotomy 546 

and attenuating axonal fragmentation following ON crush injury (Kinoshita et al., 2019; 547 

Kondo et al., 2019; Zhang et al., 2007). Similarly, significant protection of axons and myelin 548 

was observed by targeting GSK3β activity or inhibiting Nogo-A and thus limiting CRMP2 549 
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phosphorylation (Inagaki et al., 2001; Leibinger et al., 2017; Petratos et al., 2012; Sekine et 550 

al., 2019; Wilson et al., 2012). Additionally, delivery of the AAV2-CRMP2T555A vector has 551 

been demonstrated to prevent axonal degeneration, demyelination and ameliorate clinical 552 

progression in a murine ON model of multiple sclerosis (Petratos et al., 2012) illustrating the 553 

importance in abrogating the downstream phosphorylation of CRMP2 for axo-myelin 554 

integrity. Together it seems likely that RGC survival following the administration AAV2-555 

CRMP2T555A-GFP is mediated by maintaining the integrity of the axonal cytoskeletal 556 

structure, and perhaps by stabilising calcium homeostasis.  557 

Intravitreal injections of AAV2-BDNF, AAV2-CRMP2T555A-GFP, and both vectors 558 

together protected the number of surviving RGCs to varying degrees, depending on retinal 559 

location. In the central retina, where the impact of primary and secondary degenerative 560 

mechanisms is both present all three treatment regimens were effective in maintaining βIII-561 

tubulin
+
 RGCs. Not all RGCs express Brn3A, and injury can result in downregulation of this 562 

transcription factor (Nadal-Nicolas et al., 2012; Nadal-Nicolas et al., 2009), ; it is therefore 563 

intriguing that only AAV2-CRMP2T555A-GFP and the combination of AAV2-BDNF and 564 

AAV2-CRMP2T555A-GFP resulted in statistically significant increases in Brn3A
+
 RGC 565 

numbers in central retina. 566 

In the ventral retina, where cell loss is predominantly due to secondary degeneration, all 567 

treatments showed a trend towards enhanced survival, but only AAV2-BDNF was 568 

significantly neuroprotective when compared to AAV2-GFP controls. Surprisingly, the 569 

addition of AAV2-CRMP2T555A-GFP attenuated the neuroprotective capacity of AAV2-570 

BDNF in the combined AAV regime, even though there is enhanced TrkB transport and 571 

BDNF-mediated signal transduction in CRMP2-bound microtubules (Arimura et al., 2009b; 572 

Nagai et al., 2016; Sekine et al., 2019). It remains unclear why treatments that include 573 

CRMP2 are only partially effective against mechanisms of RGC demise in response to 574 

secondary degeneration. Enhanced retrograde and anterograde axonal transport and 575 

microtubule stability, as a consequence of CRMP2 interactions with kinesins (Sekine et al., 576 

2019) and tubulin, are likely to mediate somatic neuroprotection observed in the central retina 577 

(Arimura et al., 2009a; Kimura et al., 2005), yet one might have expected enhanced viability 578 

of RGCs in the ventral retina due to better maintenance of retrograde systems transporting 579 

endogenous neurotrophins such as BDNF from central visual targets in the brain (Quigley et 580 

al., 2000).  581 
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RGC axons and myelin integrity in the partially injured optic nerve  582 

In the present study, three months after partial dorsal transection, and generally consistent 583 

with the observed increase in RGC survival, all AAV vector regimens resulted in statistically 584 

significant maintenance of axonal density in the ventral portion of the ON. All treatments 585 

(AAV2-BDNF, AAV2-CRMP2T555A-GFP and AAV2-BDNF plus AAV2-CRMP2T555A-586 

GFP) significantly protected RGCs when combining counts of βIII-tubulin
+
 RGCs in central 587 

and ventral retina (Supplementary Fig. 3), closely reflecting ON axon counts. The 588 

inconsistency between ventral RGC and axonal counts is potentially due to a misalliance 589 

between regions of tissue sampling as secondary degeneration encompasses large areas of the 590 

retina and ON. To unequivocally determine the association between ventral located RGCs 591 

and axons, tracing individual axons to their source somata, will provide insight (Luo et al., 592 

2013). However, as discussed above, it is also apparent that ocular administration of mutant 593 

CRMP2T555A, while enhancing stability of vulnerable axons, is less effective in suppressing 594 

cell death programs in ventrally located RGCs vulnerable to secondary degeneration. We 595 

have previously demonstrated a delay in the degenerative sequence of secondary 596 

degeneration (Chiha et al., 2018); the pre-emptive treatment with phospho-resistant 597 

CRMP2T555A may inadvertently disrupt cytoskeletal dynamics and axonal transport and 598 

induce microtubule hyper-stability in unaffected axons and thus potentially negatively impact 599 

ventral RGCs. Thus, in other conditions, hyper-stability of microtubules is thought to induce 600 

degenerative events and can be detrimental to overall neuronal health (Dubey et al., 2015; 601 

Evans et al., 2005).   602 

An increase in the length of the node of Ranvier has been implicated in numerous CNS 603 

pathologies (Giacci et al., 2018; O'Hare Doig et al., 2017; Szymanski et al., 2013). Consistent 604 

with previous studies (Szymanski et al., 2013), we observed changes in the paranodal gap 605 

three-months following partial ON transection and only treatment that combined the 606 

therapeutic benefits of AAV mediated expression of BDNF and phospho-resistant CRMP2 607 

was effective at preservation of structure. The lengthening of the paranodal gap is arguably 608 

due to myelin retraction and detachment of paranodal loops (Fu et al., 2009; Popko, 2000). 609 

The physiological implication of paranodal gap lengthening is associated with conduction 610 

alterations. Studies have demonstrated increased nodal surface area is associated with 611 

increased conduction when combined with increased Nav (voltage gated sodium channels) 612 
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density, however conduction velocity decreases, if Nav density does not increase (Moore et 613 

al., 1978). Although we did not directly measure conduction velocity in secondary 614 

degeneration, given that others have previously demonstrated a progressive decrease in 615 

conduction velocity following ON lesion (Wang et al., 2012), we can extrapolate that a 616 

diminution in Nav occupied nodal space, was a contributor to functional impairment. 617 

Intriguingly, in the subset of node/ paranode complexes where the axon is βIII-tubulin
+ 

618 

immunopositive and flanked by Caspr labelled paranodes, which represents a rigours 619 

definition of the Node of Ranvier, the paranodal gap decreased in axons vulnerable to 620 

secondary degeneration. Similar decreases were also observed following chronic stress in 621 

mice, where the structure and clusters of Nav were preserved (Miyata et al., 2016). The 622 

current data and other studies suggest the node of Ranvier length may be adjusted to modify 623 

axonal conduction velocity and hence neural activity and function (Arancibia-Carcamo et al., 624 

2017). Intravitreally administered AAV vectors that include BDNF maintain the paranodal 625 

gap at uninjured levels. BDNF interaction with TrkB mediates Fyn kinase activation and may 626 

result in the regulation of Nav in the node of Ranvier (Ahn et al., 2007). While the 627 

administration of AAV2-CRMP2T555A-GFP alone is not sufficient in preserving the precise 628 

parameters of node paranode composition, specifically the paranodal gap (Ahn et al., 2007; 629 

Hilborn et al., 1998), it can preserve the proportion of typical node/paranode complexes 630 

including heminodes.  631 

Here we confirm myelin thinning and increased G-ratio association with secondary 632 

degeneration in partial ON injury (Payne et al., 2012) and demonstrate for the first time these 633 

changes were reversed by AAV mediated treatment with BDNF and/or phospho-resistant 634 

CRMP2. However, axon size was not affected by the growth factor treatments. The thickness 635 

of the myelin sheath reflects a combination of the number of intraperiodic lines and 636 

tightness/looseness of lamellae (Payne et al., 2012), raising the question as to whether viral 637 

vector mediated increases in myelin thickness are due to preservation of existing myelin 638 

sheath or remyelination? Although we did not assess the parameters to address this, others 639 

have demonstrated BDNF/TrkB activation mediates MAPK/Erk signalling within 640 

oligodendrocytes and that this can function to maintain myelin function and increase myelin 641 

thickness (Ishii et al., 2013; Michel et al., 2015; Xiao et al., 2010). TrkB activation by 642 

elevating BDNF levels promotes remyelination in vivo following ischemic stroke (Ramos-643 

Cejudo et al., 2015) spinal cord injury (McTigue et al., 1998) and cuprizone mediated 644 
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demyelination (Fulmer et al., 2014). Alternatively, the AAV BDNF and phospho-resistant 645 

CRMP2 viral vector mediated effect on myelination and G-ratio could be a consequence of 646 

the ‘inside-out’ model of neuroprotection, consequent of enhanced axonal integrity.  647 

Myelin decompaction is also a persistent, key feature of secondary degeneration. 648 

Decompacted ON axons were observed in normal uninjured axons, and to a much greater 649 

extent, following ON injury. Decompaction in the absence of axonal lesion is likely 650 

associated with oligodendrocyte turnover in mature nerve, although myelin decompaction 651 

may also in part be an artefact of the fixation process of electron microscopy (Dawson et al., 652 

2003; Marinkovic et al., 2009). Treatment with AAV mediated BDNF alone was protective in 653 

all degrees of decompaction, however the therapeutic efficacy of phospho-resistant 654 

CRMP2T555A was only effective at lower rates of decompaction. Intriguingly, similar to 655 

RGC somata numbers in ventral retina, CRMP2 attenuated the therapeutic capacity of BDNF 656 

in axonal decompaction exceeding 20%. Further, the relationship between myelin thickness 657 

and axon calibre is generally strongly positive (Giacci et al., 2018; Guy et al., 1989), but after 658 

phospho-resistant CRMP2 treatment there was no correlation between axon calibre and 659 

myelin thickness, with myelin thickness consistently limited to about 0.1µm. Axonal injury 660 

has been extensively associated with myelin pathology including demyelination, often 661 

followed by instances of remyelination or dysmyelination, consequent of abnormal 662 

myelination (Becker and McDonald, 2012; Blight, 1983). However, occurrences of 663 

remyelination of spared axons following axonal lesion have been littered with suboptimal 664 

myelin sheath, including abnormally thin myelin, shortened internodes and disruption to the 665 

normal linear relationship between axon diameter and myelin thickness (Nashmi and 666 

Fehlings, 2001; Scolding and Lassmann, 1996). Arguably chronic demyelination or 667 

suboptimal remyelination is a contributor to aberrant axonal signalling and dysfunction 668 

(Nashmi and Fehlings, 2001; Scolding and Lassmann, 1996). Abnormal myelination that is 669 

associated with injury, exacerbates the degenerative events due to added ‘noise’ and is 670 

arguably no more beneficial than the absence of myelination (Becker and McDonald, 2012), 671 

and this potentially deleterious process is inhibited by CRMP2 by limiting myelin thickness 672 

and disrupting the correlation between axon calibre and myelin thickness.   673 

In conclusion, our results suggest some dissociation between the processes of axonal loss and 674 

cell death in response to partial ON injury. Consequently, successful therapeutic intervention 675 
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is dependent on an orchestrated and appropriately timed response to secondary degeneration 676 

events in both the cell body and axon. Vector-mediated delivery of BDNF and/or 677 

CRMP2T555A both showed neuroprotective effects in the retina, but intravitreal injection of 678 

AAV2-BDNF in particular was more effective in ventral retina solely vulnerable to 679 

secondary degenerative events, and this vector had a greater impact on preserving visual 680 

behaviour. Both vectors prevented axonal die-back in the ON, but BDNF better maintained 681 

aspects of myelin integrity, and co-delivery of AAV2-CRMP2T555A-GFP occasionally 682 

reduced the efficacy of BDNF in this injury model of secondary degeneration (Table 1). The 683 

complex interactions seen in the retina and ON in primary versus secondary degenerative 684 

events presumably reflects the different biological activities of BDNF and CRMP2, the 685 

former likely to influence primarily TrkB signalling in RGC soma (Almasieh et al., 2012; 686 

Chitranshi et al., 2019; Harvey et al., 2012; Osborne et al., 2018), the latter having a greater 687 

impact on stabilising distal axonal integrity, microtubule dynamics and anterograde transport 688 

of neuronal growth related vesicular cargo (Bretin et al., 2005; Numata-Uematsu et al., 2019; 689 

Wang et al., 2015; Yuasa-Kawada et al., 2003; Zhang and Koch, 2017) . This is of particular 690 

relevance during axonogenesis and elongation whereby the alternatively spliced isoform of 691 

CRMP2A can be stabilised in the distal axon by the prolyl isomerase Pin1 (Balastik et al., 692 

2015). Whether AAV2-CRMP2T555A overexpression in PT axons was also able to stabilise 693 

CRMP2A in the ON to limit myelin decompaction requires further investigation.  These 694 

differences in efficacy may additionally be influenced by the fact that degenerative events in 695 

the cell body and axon can be initiated by different mechanisms (Almasieh et al., 2012; Casas 696 

et al., 2015; Munemasa and Kitaoka, 2012; Wang et al., 2012; Yu et al., 2013). 697 

From a broader perspective, the protective effects of AAV-BDNF are well-established in 698 

diverse CNS injury models and neurodegenerative conditions. Delivery of AAV2 encoding 699 

the mutant, phospho-resistant, version of CRMP2 has been shown to reduce axonopathy and 700 

demyelination in experimental models of multiple sclerosis (Lee et al., 2019; Petratos et al., 701 

2012), but the present data suggest that this vector may also be an effective therapy for other 702 

neurodegenerative conditions known to be associated with CRMP2 phosphorylation, 703 

including brain and spinal cord trauma (Nagai et al., 2016; Sekine et al., 2019; Taghian et al., 704 

2012; Zhang and Koch, 2017), glaucoma (Wang et al., 2015), and amyotrophic lateral 705 

sclerosis (Numata-Uematsu et al., 2019). 706 
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Figure 1: Optokinetic nystagmus test of visual function three months following partial 

ON transection and therapeutic administration of BDNF and phospho-mutant CRMP2. 

(A) Schematic illustrating positioning of test animal inside the optokinetic nystagmus 

apparatus in relation to camera. (B) Satellite view schematic illustrating animal response to 

rotating drum and three types of tracking movement categorized as smooth, partial and micro 

pursuit. (C) Optokinetic nystagmus was assessed with mean (+ SEM) of total numbers of 

smooth, partial and micro pursuits in animals that had undergone the partial ON transection 

and were treated with vehicle AAV2-GFP or therapeutic AAV2-BDNF, AAV2-

CRMP2T555A-GFP or AAV2-BDNF plus AAV2-CRMP2T555A-GFP. (D) and (E) 

represent mean smooth pursuits and fast resets respectively. Significant differences between 

experimental groups are indicated by *p<0.05, one-way ANOVA. 

Figure 2: RGC survival when treated with virally administered BDNF and/or phospho-

mutant CRMP2 following partial transection (PT) injury of the ON. (A) Schematic of the 

retina depicting the sites of the RGC counts. Total numbers of RGCs were counted using the 

optical fractionator method in three fields of view of ~ 200 - 300µm linear length for each of 

dorsal, central and ventral retina. RGC were quantified on 20µm thick retinal sections 

immunostained for βIII-tubulin
+
, Brn3A

+
 and Hoechst. Arrow indicates RGC identified with: 

(B) βIII-tubulin surrounding a Hoechst labelled nucleus, (C) labelled with Brn3A
+
 (D) and an 

overlay of Hoechst, βIII-tubulin
+ 

and Brn3A
+
. (E) The proportion of βIII-tubulin

+ 
RGCs that 

are Brn3A
+
, (* p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 one-way ANOVA). Scale bar 

for all micrographs =100µm. (F) The mean number (+ SEM) of all surviving βIII-tubulin
+
 

and Brn3A
+ 

RGCs per mm
2
 in normal uninjured retina, and retinas treated with AAV2-GFP, 

AAV2-BDNF, AAV2-CRMP2T555A-GFP or a combination of AAV2-BDNF and AAV2-

CRMP2T555A-GFP, in dorsal, (G) central and (H) ventral retina following PT injury.  

Figure 3: Axonal density and βIII-tubulin immunointensity following treatment with 

AAV2 administered BDNF and/or phospho-mutant CRMP2 after ON injury. (A) 

Number (+ SEM) of myelinated axons per mm
2 

in ventral nerve semi-thin sections in normal 

uninjured ON, and nerves from retinas transduced with AAV2-GFP, AAV2-BDNF, AAV2-

CRMP2T555A-GFP and a combination of AAV2-BDNF and AAV2-CRMP2T555A-GFP 

after PT injury (N = 3-4 per group). (B) Schematic diagram showing field of view sampled in 

ventral ON for axon counts. Scale bar = 100µm. (C) βIII-tubulin immunointensity in the 
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ventral ON assessed using area above set threshold for normal uninjured ON, and nerves 

treated with AAV2-GFP, AAV2-BDNF, AAV2-CRMP2T555A-GFP and a combination of 

AAV2-BDNF and AAV2-CRMP2T555A-GFP after ON injury. (D) Immunohistochemical 

assessment of area above threshold performed in ventral aspect of ON below injury site in 

longitudinal sections. Scale bar = 50 µm. Representative images of axonal density in ventral 

ON semi-thin sections in (E) normal uninjured animals (F) injured animals treated with 

AAV2-GFP and (G) injured animals treated with a combination of AAV2-BDNF and AAV2-

CRMP2T555A-GFP. Scale bar = 1 µm. Representative images of ventral ON immunostained 

with βIII-tubulin in (H) normal uninjured animals (I) injured animals treated with AAV2-

GFP and (J) injured animals treated with a combination of AAV2-BDNF and AAV2-

CRMP2T555A-GFP. Scale bar = 50µm. (K) representative images of transverse sections of 

normal and injured ON (L) ON diameter (µm +SEM) and (M) ventral ON area (mm
2
+SEM) 

(n=4, pooling of 6 images for each animal, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

one-way ANOVA).  

Figure 4: Node/paranode complex changes in ventral ON when treated with virally 

administered BDNF and/or phospho-mutant CRMP2 after ON injury. Nodal length (µm 

+ SEM) of (A) total node/paranode complexes indicated by Caspr
+
 paranodes. (B) Typical 

complexes selected only when Caspr
+
 immunostained paranodes flank a βIII-tubulin 

immunostained node. Results are expressed as the mean of ~100 complexes per animal. 

Representative images of node/paranode (C) total complexes and (D) typical complexes in 

normal rats and AAV2-GFP treated injured animals. (E) Images of location of node and 

paranode length measures. (F) A representative orthogonal z-projection of βIII-tubulin and 

Caspr
+
 immunopositive node and paranode structures respectively within the node of Ranvier 

from a normal ventral ON; scale bar = 5 μm. (G) Mean + SEM percentage of atypical node/ 

paranode complexes βIII-tubulin and Caspr immunostained uninjured ON, and nerves from 

eyes injected with AAV2-GFP, AAV2-BDNF, AAV2-CRMP2T555A-GFP and a 

combination of AAV2-BDNF and AAV2-CRMP2T555A-GFP after PT injury. Mean number 

+ SEM of (H) typical complexes; βIII-tubulin immunostained node, flanked by two-Caspr 

immunostained paranodes, (I) heminode complexes; βIII-tubulin immunostained node, 

flanked by one-Caspr immunostained paranode and (J) single nodes; a Caspr immunostained 

paranode, in ventral ON. (K) Representative images of typical, heminode and single node 

complexes.  
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Figure 5: Quantification of axonal and myelin changes in RGC axons from retinas 

treated with virally administered BDNF and/or phospho-mutant CRMP2. Axonal (A) G-

ratio, the ratio of the inner axonal diameter to the total outer diameter (mean + SEM) and (B) 

myelin thickness (mean + SEM) of normally myelinated axons. (C) Frequency histograms of 

axon diameter of all quantified normally myelinated axons in normal uninjured ON sections, 

and nerves from eyes treated with AAV2-GFP, AAV2-BDNF, AAV2-CRMP2T555A-GFP 

and a combination of AAV2-BDNF and AAV2-CRMP2T555A-GFP after PT injury (N = 3-4 

per group). Data are expressed as frequency (%) and mean axon diameter ± SD. (D) Myelin 

decompaction assessed as percent (+ SEM) of total fibre circumference with myelin 

disruption/ decompaction. Three levels of myelin decompaction were used to categorise 

degree of damage, 0 to 15%, 20 to 30% and over 30%. Axons with myelin decompaction 

≤15% were categorised as normally myelinated axons. Representative images of myelin 

decompaction quantification indicate (E) 10%, (F) 30% and (G) 90% myelin decompaction. 

(H) Myelin thickness is plotted using line of best fit as a function of axonal diameter of all 

normally myelinated axons. Significant differences between experimental groups are 

indicated by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA.  

 

 

Supplementary Figure 1: GFP expression in rat retina and ON three months following a 

rAAV2 intravitreal delivery of BDNF and phospho-mutant CRMP2. (A) Percentage of 

RGCs transduced with AAV2-BDNF, AAV2-CRMP2T555A-GFP and AAV2-BDNF plus 

AAV2-CRMP2T555A-GFP. (B) and (C) representative retinal sections immunolabeled for 

GFP, βIII-tubulin and Hoechst showing non-RGCs and β III positive RGCs transduced with 

GFP (arrows) respectively. (D) Representative retinal section of GFP transduced cell nuclei. 

(E) Comparison of area above threshold (+SEM) in axons immunolabeled with GFP 

following transduction with AAV2-BDNF, AAV2-CRMP2T555A-GFP and AAV2-BDNF + 

AAV2-CRMP2T555A-GFP. (F) and (G) AAV2-CRMP2T555A-GFP transduced ONs 

immunolabeled with GFP and βIII-tubulin respectively. (H) Co labelling of β III labelled 

axons with GFP. Scale bar = 50 µm. 
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Supplementary Figure 2: RGC transduction with viral vectors reduces oxidative stress 

but not inflammatory cell markers in injured ventral ON. (A) Immunointensity of 

oxidative stress marker HNE using mean (+ SEM) area above set threshold in normal 

uninjured animals and treated with vehicle AAV2-GFP or therapeutic AAV2-BDNF, AAV2-

CRMP2T555A-GFP or AAV2-BDNF plus AAV2-CRMP2T555A-GFP after ON injury. 

Representative images of HNE (green) in (B) normal (C) AAV2-GFP treated and (D) AAV2-

BDNF plus AAV2-CRMP2T555A-GFP sections of ventral ON. Scale bar = 50 µm. (E) The 

mean (+SEM) area above threshold of Iba1-positive microglia/ macrophages in normal 

animals and treated after ON injury. (F) Representative images of Iba1-positive microglia/ 

macrophages (magenta) in normal (G) Iba1-positive microglia/ macrophages (H) AAV2-

BDNF plus AAV2-CRMP2T555A-GFP sections of ventral ON. Scale bar = 50 µm. 

Significant differences between experimental groups are indicated by *p<0.05, **p<0.01, 

one-way ANOVA. 

Supplementary Figure 3: Combined RGC counts from central and ventral retina. The 

mean number (+ SEM) of all surviving βIII-tubulin
+
 RGCs per mm

2
 in normal uninjured 

retina, and retinas treated with AAV2-GFP, AAV2-BDNF, AAV2-CRMP2T555A-GFP or a 

combination of AAV2-BDNF and AAV2-CRMP2T555A-GFP central and ventral retina 

following PT injury. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 one-way ANOVA.
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Table 1: Summary of outcomes 3 months following PT injury and treatment with AAV2-GFP,   

AAV2-BDNF, AAV2-CRMP2T555A, and combined AAV2-BDNF plus AAV2-CRMP2T555A. 

 

 

Outcomes relative 
to uninjured control 

 

 

 

Outcomes relative to injured AAV-GFP 

 

AAV2-GFP 

 

AAV 2-

BDNF 

AAV2-

CRMP2T555A-GFP 

AAV2-BDNF/AAV2-

CRMP2T555A-GFP 

(-) Visual function ↑ - ↑ 

↓ RGC numbers ↑ ↑ ↑ 

↓ Axonal density ↑ ↑ ↑ 

↓ BIII tubulin III ↑ ↑ ↑ 

↑ Paranodal gap                 

(all complexes) 
- - ↓ 

↓ Paranodal gap                  

(β-III tubulin + 

complexes) 

↑ - ↑ 

↑ % atypical nodes ↓ ↓ ↓ 

↓ % typical complex ↑ ↑ ↑ 

↑ % heminodes ↓ ↓ ↓ 

↑ % Single nodes - - - 

↑ G-ratio ↓ ↓ ↓ 

↓ Myelin thickness ↑ ↑ ↑ 

↓ % axons with 0-15% 

decompaction 

↑ ↑ ↑ 

↑ % axons with 20-30% 

decompaction 

↓ - - 

↑ % axons with >30% 

decompaction 

↓ - - 

↑ Oxidative stress-HNE - - ↓ 

↑ Inflammatory cells-

Iba1 
- - - 

Table 1



Outcome measures relate to secondary degeneration events in central and ventral retina 

(combined data), and in ventral ON. Symbols for AAV2-GFP treated animals indicate 

direction of change from normal uninjured animals. Following treatment with viral vectors, 

significant decreases relative to injured AAV2-GFP treated animals are shown as ↓, 

significant increases as ↑, no significant differences are indicated by - . (-), intermediate 

decrease but not significantly different from normal uninjured group. 
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