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Abstract 38 

Loss of function following injury to the central nervous system is worsened by secondary 39 
degeneration of neurons and glia surrounding the injury and initiated by oxidative damage. However, 40 
it is not yet known which cellular populations and structures are most vulnerable to oxidative damage 41 
in vivo. Using Nanoscale secondary ion mass spectrometry (NanoSIMS), oxidative damage was semi-42 
quantified within cellular subpopulations and structures of optic nerve vulnerable to secondary 43 
degeneration, following a partial transection of the optic nerve in adult female PVG rats. 44 
Simultaneous assessment of cellular subpopulations and structures revealed oligodendroglia as the 45 
most vulnerable to DNA oxidation following injury. 5-ethynyl-2'-deoxyuridine (EdU) was used to 46 
label cells that proliferated in the first 3 days after injury. Injury led to increases in DNA, protein and 47 
lipid damage in OPCs and mature oligodendrocytes at 3 days, regardless of proliferative state, 48 
associated with a decline in the numbers of OPCs at 7 days. O4+ pre-oligodendrocytes also exhibited 49 
increased lipid peroxidation. Interestingly, EdU+ mature oligodendrocytes derived after injury 50 
demonstrated increased early susceptibility to DNA damage and lipid peroxidation. However, EdU- 51 
mature oligodendrocytes with high 8OHdG immunoreactivity were more likely to be caspase3+. By 52 
day 28, newly derived mature oligodendrocytes had significantly reduced MYRF mRNA indicating 53 
that the myelination potential of these cells may be reduced. The proportion of caspase3+ 54 
oligodendrocytes remained higher in EdU- cells. Innovative use of NanoSIMS together with 55 
traditional immunohistochemistry and in situ hybridisation have enabled the first demonstration of 56 
subpopulation specific oligodendroglial vulnerability to oxidative damage, due to secondary 57 
degeneration in vivo.   58 

 59 

Significance statement 60 
Injury to the central nervous system is characterised by oxidative damage in areas adjacent to the 61 
injury. However, the cellular subpopulations and structures most vulnerable to this damage remain to 62 
be elucidated. Here we use powerful NanoSIMS techniques to show increased oxidative damage in 63 
oligodendroglia and axons and to demonstrate that cells early in the oligodendroglial lineage are the 64 
most vulnerable to DNA oxidation. Further immunohistochemical and in situ hybridisation 65 
investigation reveals that mature oligodendrocytes derived after injury are more vulnerable to 66 
oxidative damage than their counterparts existing at the time of injury and have reduced MYRF 67 
mRNA, yet pre-existing oligodendrocytes are more likely to die.  68 

 69 
 70 
Introduction 71 
 72 
Following injury to the central nervous system (CNS), secondary degeneration results in structural 73 
changes to axons and myelin, as well as death of neurons and glia in areas surrounding the initial 74 
injury site, leading to further loss of function (Lu et al., 2000; Park et al., 2004). However, it is not 75 
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known which cellular populations and structures are most vulnerable to secondary degeneration in 76 
vivo. Secondary degeneration can be effectively modelled by a partial optic nerve transection, where 77 
dorsal axons are transected by the primary injury leaving  initially unaffected ventral axons vulnerable 78 
to secondary degeneration (Fitzgerald et al., 2009a; Fitzgerald et al., 2010). As such, findings using 79 
the model are highly applicable to the development of therapeutic strategies to limit damage and 80 
functional loss following neurotrauma. Using this and other models, we and others have demonstrated 81 
that progression of secondary degeneration features oxidative stress, occurring as a consequence of 82 
the overproduction of reactive oxygen and nitrogen species, ultimately resulting in the oxidation of 83 
DNA, lipids and proteins (Park et al., 2004; Xiong et al., 2007; Doig et al., 2014). Reactive species 84 
and oxidative stress are observed early in the partial optic nerve transection model, with increased 85 
immunoreactivity of manganese superoxide dismutase in astrocytes as early as 5 minutes after injury 86 
in optic nerve vulnerable to secondary degeneration (Fitzgerald et al., 2010), and increased 87 
hypochlorous acid indicative of myeloperoxidase activity from macrophages in the injury site soon 88 
thereafter (Doig et al., 2014). It has been postulated that selective vulnerability of oligodendroglia, 89 
particularly oligodendrocyte precursor cells (OPCs) to oxidative damage (Back et al., 2002; 90 
Fünfschilling et al., 2012), may underlie much of the pathology of secondary degeneration 91 
(Szymanski et al., 2013). Previous studies have assessed oxidative damage to neurons (Coyle and 92 
Puttfarcken, 1993), glia and oligodendrocytes (Thorburne and Juurlink, 1996; Juurlink et al., 1998; 93 
Ziabreva et al., 2010). However, many of these studies have utilised immortalized cell lines or 94 
primary OPC cultures and compared relative expression of ion channels as a surrogate indicator of 95 
vulnerability. Comparative in vivo studies indicate that OPCs are more vulnerable than mature 96 
oligodendrocytes in neonatal hypoxic-ischemic injury (Back et al., 2002), whereas studies using 97 
inhibitors of complex IV indicate greater vulnerability of differentiated oligodendrocytes (Ziabreva et 98 
al., 2010). In vivo comparative measures of damage specific to neurons, myelin, OPCs and 99 
oligodendrocytes following neurotrauma are lacking.   100 
 101 
OPCs have an increased susceptibility to oxidative damage, attributed to their high iron content, low 102 
reduced-glutathione levels (Thorburne and Juurlink, 1996) and low antioxidant defenses (French et 103 
al., 2009; Volpe, 2011). When considering neurotrauma, a loss in OPC numbers over time, with a 104 
concomitant increase in newly derived mature oligodendrocytes has been demonstrated following 105 
spinal cord injury (Watanabe et al., 2002). However, the influence of differentiation and proliferative 106 
state on cellular vulnerability following neurotrauma in vivo is yet to be explored. Selective 107 
vulnerability of OPCs is thought to impact upon function through both lack of availability of OPCs to 108 
generate new myelinating oligodendrocytes as well as compromised neuroglial signaling (Fields, 109 
2015; Gautier et al., 2015). Importantly, the mechanisms driving depletion of OPCs are currently 110 
unknown and it is not known if proliferating cells are more susceptible to oxidative damage following 111 
neurotrauma.   112 
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 113 
Studies comparing the degree of damage in cellular subpopulations and structures such as 114 
oligodendroglia, myelin and paranodes have not been possible using conventional 115 
immunohistochemical techniques, due to the inherent limitations of fluorescence microscopy. Using 116 
Nanoscale secondary ion mass spectrometry (NanoSIMS) to image metal isotope-conjugated 117 
antibodies, it is theoretically possible for simultaneous analysis of up to 100 antigens of interest, with 118 
the same level of reliability as immunohistochemistry (Angelo et al., 2014), and without secondary 119 
antibody emission overlap (Bandura et al., 2009). NanoSIMS images can be interpreted using 120 
immunointensity analysis techniques (Angelo et al., 2014; Lozić et al., 2016) that reveal comparative, 121 
semi-quantitative information regarding the intensity of labelling in different cells and cellular 122 
components in the tissue. Here, oxidative damage to oligodendrocyte subpopulations and cell 123 
structures were compared in areas of white matter vulnerable to secondary degeneration following 124 
partial optic nerve transection, using NanoSIMS analysis. Complementary immunohistochemical and 125 
in situ hybridisation analyses, identifying cells that had proliferated and/ or differentiated using EdU, 126 
were used to illuminate functional significance of oxidative damage in specific oligodendroglial 127 
subpopulations, dependent upon DNA damage and proliferative status.    128 
 129 
 130 

 131 
Materials and Methods 132 
 133 
Animal procedures 134 
All procedures involving animals were approved by the University of Western Australia Animal 135 
Ethics Committee, approval number RA3/100/673, and adhered to the National Health and Medical 136 
Research Council Australian Code of Practice for the care and use of animals for scientific purposes. 137 
Adult female PVG rats were procured from the Animal Resources Centre (Murdoch, Western 138 
Australia) and housed under temperature controlled conditions on a 12 hour light/dark cycle, with 139 
access to rat chow and water ad libitum. Female rats were used in order to complement our existing 140 
body of published work examining the pathology of secondary degeneration following partial optic 141 
nerve transection (Fitzgerald et al., 2009a; Payne et al., 2012; Doig et al., 2014); note that the surgery 142 
for this valuable model is not practical in mice due to the size of the knife relative to the orbit and the 143 
presence of large blood vessels. The partial optic nerve transection procedure was conducted as 144 
described previously (Fitzgerald et al., 2010). In brief: rats were anaesthetized with xylazine 145 
(10mg/kg IP ilium xylazil; Troy Laboratories Pty Ltd., Sydney, NSW, Australia), in combination with 146 
ketamine (50mg/kg Ketamil, Troy Laboratories), the dorsal aspect of the right optic nerve was incised 147 
to a depth of 200μm, 1mm behind the eye. Post-operative analgesia was provided once (subcutaneous 148 
injection of 2.8mg/kg Carprofen (Norbrook Australia, Pty. Ltd; Victoria, Australia)). 5-Ethynyl-2-149 
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deoxyuridine (EdU) (Molecular Probes; Eugene, Oregon, United States) was administered via 150 
intraperitoneal injection at 20mg/kg to rats to be used for immunohistochemical outcomes twice a day 151 
at 12-hour intervals for 3 days, commencing during post-operative analgesia. All animals were 152 
euthanized with Lethabarb (sodium pentobarbitone 850mg/kg plus sodium phenytoin 125mg/kg; 153 
Provet, Western Australia, Australia). Animals were transcardially perfused with saline followed by 154 
4% paraformaldehyde (Sigma-Aldrich; St. Louis, Missouri, United States) in 0.1M phosphate buffer; 155 
pH 7.2-7.4). Optic nerves were harvested and post fixed in 4% paraformaldehyde (Sigma-Aldrich; St. 156 
Louis, Missouri, United States) for 1 hour, and then cryoprotected in 15% sucrose until 157 
cryosectioning. Optic nerves were cryosectioned transversely at 14μm thickness for 158 
immunohistochemistry and 10μm thickness for NanoSIMS. 159 
 160 
Experimental Design and Statistical Analysis 161 
In total, 8 groups of animals were used for immunohistochemical and/ or in situ hybridisation 162 
outcomes; uninjured 3 days (n = 10), injured 3 days (n = 10 for immunohistochemistry and n = 8 for 163 
in situ hybridisation and caspase 3 outcomes), uninjured 7 days (n =10), injured 7 days (n =10), 164 
uninjured 28 days (n = 10) and injured 28 days (n = 10 for immunohistochemistry and n = 8 for in situ 165 
hybridisation and caspase 3 outcomes), with EdU administered to all animals. There were no 166 
significant differences recorded between the uninjured groups and therefore controls were combined 167 
for statistical comparisons. There were 2 groups used for NanoSIMS outcomes; uninjured 3 days (n = 168 
3) and injured 3 days (n = 3). The numbers of animals per group for NanoSIMS analyses were 169 
appropriate given the fine scale nature of the ultrastructural analysis, and were similar to those 170 
described in published electron microscopy (Fitzgerald et al., 2009b; Xing et al., 2014) and 171 
NanoSIMS (Lozić et al., 2016) studies. Power analyses indicated that the numbers of animals per 172 
group would be sufficient to detect differences, based upon type I/II errors of α = 0.05 and β = 0.2 for 173 
both NanoSIMS and immunohistochemistry measures. The study design assessed between subject 174 
factors, with no repeated measures, analysing effects of injury, and time after injury, on a range of 175 
NanoSIMS and immunohistochemistry based outcomes.    176 
 177 
For NanoSIMS data sampling, 20x magnification light-microscopy images of haematoxylin and eosin 178 
stained-optic nerve were used to select at least one FOV (50μm x 50μm) in the ventral aspect of each 179 
optic nerve for NanoSIMS imaging. Additional FOV were used when available. Regions 180 
encompassing linear nuclei immediately ventral to the injury site, or equivalent in normal nerve, were 181 
selected for analysis. Choice of FOV was hypothesis driven; regions that would encompass a range of 182 
cell types and structural features in nerve exclusively vulnerable to secondary degeneration were 183 
actively selected. For immunohistochemistry and in situ hybridisation sampling, a single FOV was 184 
selected per section, and there was one section per animal, located in ventral nerve at the injury site. 185 
 186 
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Data were expressed as mean ± standard error of the mean (SEM). Statistical analyses were conducted 187 
using SPSS statistical software (IBM), comparing day 3, 7 and 28 injured tissue to grouped control 188 
groups using either one-way or two-way analysis of variance (ANOVA) with Bonferroni or Sidak 189 
post-hoc tests as appropriate. Normality of data was assumed and homogeneity of variances was 190 
tested using Levene’s test. F, dF and p values were presented for ANOVA tests, p values alone were 191 
presented for post-hoc comparisons. Student’s paired t-tests were used for comparisons between in 192 
situ hybridisation outcomes or proportions of caspase3+ cells, for 8OHdG low or high 193 
immunoreactivity subpopulations or for EdU- or EdU+ cells. For NanoSIMS analyses, variances were 194 
not homogeneous, therefore a significance value of p ≤ 0.01 was employed. For 195 
immunohistochemistry and in situ hybridisation analyses, where variances were equal, significance 196 
was set at p ≤ 0.05. Significances less than p = 0.001 are denoted as p ≤ 0.001. Multiple comparisons 197 
were conducted in a hypothesis driven fashion, comparing the effects of injury and time after injury 198 
on the selected outcomes, in regions of the optic nerve established as vulnerable to secondary 199 
degeneration (Fitzgerald et al., 2009a). 200 
 201 
NanoSIMS  202 
Metal - antibody conjugation 203 
Metal-conjugated primary antibodies were prepared using the MaxPAR antibody conjugation kit 204 
(DVS Sciences, Toronto, Canada) according to the manufacturer’s protocol (Table 1). Following the 205 
conjugation procedure, antibodies were diluted in phosphate buffered saline (PBS) stabilisation buffer 206 
(supplemented with 1% (w/v) bovine serum albumin (Thermo Fisher Scientific) and 0.05% (w/v) 207 

sodium azide (Sigma)) at concentrations between 0.25-0.4 mg/mL and stored at 4ºC. Metal 208 

conjugation to the Click-iT® EdU Alexa Fluor® 647 (Molecular Probes) reagent was performed at a 209 
ratio of 4:1 144Nd: Alexa Fluor® 647, the ratio selected based on optimisation using fluorescence 210 
spectrometry. Conjugation was demonstrated by spectral shift in the fluorescence emission. However, 211 
as excess unbound metal could not be sufficiently removed by extensive dialysis and interfered with 212 
sampling of other metals, the Click-iT® reaction was not performed on this tissue.  213 
 214 
Substrate preparation 215 

TPO glass wafers (Corning) were pre-coated with 10 μg/ml poly-L-lysine (Sigma-Aldrich) for 1 hour 216 

(h) at room temperature, followed by 10 μg/ml laminin (Sigma-Aldrich) at 37ºC overnight. Optic 217 

nerves were transversely cryosectioned at 10 μm thickness. Sections to be used for NanoSIMS 218 

analysis were stained with haematoxylin and eosin free floating, then placed onto the pre-coated TPO 219 
glass wafer and allowed to adhere for 10 min at room temperature. The sections were then subjected 220 
to immunohistochemical procedures as previously described (Fitzgerald et al., 2010). In brief, 221 
sections were incubated for 24h at 4ºC with metal-conjugated primary antibodies recognizing 8OHdG 222 
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(RRID:AB_297482), CC1 (RRID:AB_443473), MBP (RRID:AB_1141521), 3NT 223 
(RRID:AB_310089), Caspr (RRID:AB_869934), βIIIT (RRID:AB_444319), NG2 224 
(RRID:AB_10672215) and olig2 (RRID:AB_2157554), all at concentrations of 1 μg/ml. Sections 225 
were then washed in PBS and left to dry before NanoSIMS imaging. Sections used as negative 226 
controls were incubated with buffer with no antibody or lanthanide metal at 4°C overnight. 227 
 228 
NanoSIMS imaging  229 
NanoSIMS analyses were performed with a CAMECA NanoSIMS 50L at the University of Western 230 
Australia. The sections were coated with gold to provide conductivity. Prior to each analysis, every 231 
FOV was pre-sputtered with the primary beam to a dose of more than 2 x 1017 ions/cm2. Elemental 232 
and isotopic maps were obtained using a Hyperion (H200) RF plasma oxygen ion (O-) source. The 233 
beam diameter was approximately 100 nm, the impact energy was 16 keV and the beam current was 234 
approximately 100 pA. Images were carried out with a raster size of 50 μm2, a resolution of 256 x 256 235 
px, a dwell time of 9 ms per pixel and 12 planes were recorded for each field of view. The multi-236 
collection system was calibrated using metal isotope conjugated antibodies, using antibody master 237 
mixes at a concentration of at least 1mM lanthanide metal air dried on silicon wafers. Because 238 
sections were labelled with more than seven antibodies each area was imaged twice with the 239 
following configurations: 240 

1) 41K (hematoxylin and eosin),144Nd, 151Eu (Caspr), 158Gd (CC1), 162Dy (8OHdG), 170Er (3NT) 241 
and 175Lu (MBP)  242 

2) 27Al (hematoxylin and eosin), 144Nd (for preliminary EdU analysis), 152Sm (olig2), 158Gd 243 
(CC1), 162Dy (8OHdG), 172Yb (NG2) and 176Yb (βIIIT)  244 

 245 
NanoSIMS Quantification  246 
NanoSIMS analyses result in secondary ion maps, with individual pixels representing the counts of 247 
secondary ions acquired within the acquisition time. The use of pseudo colouring allows assignment 248 
of colour to the lanthanide metal signals. The white colour is indicative of overlap of multiple colours 249 
such as red, cyan, and purple. Analysis of these maps was conducted using the OpenMIMS plugin for 250 
Fiji (version 2.0; NIH). Semi-quantitative analyses of 8OHdG and 3NT (antibodies conjugated to 251 
162Dy and 170Er, respectively) were performed by determining the mean secondary ion count, defined 252 
as counts per pixel within specified ROI. The ROI were defined by manually tracing around areas 253 
with high secondary ion counts, present as a result of labelling with metal conjugated antibodies 254 
recognizing βIIIT, MBP, Caspr, NG2, olig2 or CC1 (antibodies conjugated to 176Yb, 175Lu, 151Eu, 255 
152Sm, 158Gd, respectively). Area and mean counts were reported as pixel intensity. Visualization of 256 
structural information was achieved using overlays of secondary ion images in Abode Photoshop CC 257 
2017 (2017, Adobe), each assigned to a colour channel as indicated on the respective images. 258 

 259 
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Immunohistochemistry, microscopy and analysis 260 
Immunohistochemical analyses were conducted according to previously described procedures 261 
(Fitzgerald et al., 2010). Primary antibodies used for immunohistochemical assessments were: 262 
8OHdG (1:400 or 1:1000, goat, Abcam, ab10802, RRID:AB_297482) (1:400, mouse, Abcam, 263 
ab62623, RRID:AB_940049), HNE (1:400, rabbit, Abcam, ab46545, RRID:AB_722490), 3NT 264 
(1:500, rabbit, Abcam, ab61392, RRID:AB_942087), NG2 (1:400, mouse, Abcam, ab50009, 265 
RRID:AB_881569), olig2 (1:500, goat, R&D Systems, AF4218, RRID:AB_2157554), CC1 (1:500 or 266 
1:750, mouse, Calbiochem, ab16794, RRID:AB_443473), O4 (1:50, mouse, EMD Millipore, 267 
MAB345, RRID:AB_94872), MBP (1:300, rabbit, Abcam, RRID:AB_1141521), caspase 3 (1:500, 268 
rabbit, Abcam, ab13847, RRID:AB_443014). Secondary antibodies were species-specific AlexaFluor 269 
350, 488 and 555-conjugated antibodies (1:500; Invitrogen, VIC, Australia). EdU positive cells were 270 
visualized using a Click-iT® EdU Alexa Fluor® 647 Imaging Kit (Molecular Probes) according to 271 
manufacturer’s instructions. Similarly, Tunel positive cells were visualised using a Click-iT® Tunel 272 
Alexa Fluor® 488 Imaging Kit (Molecular Probes) according to manufacturer’s instructions. 273 
 274 
In situ hybridisation analyses were conducted using the RNAscope® Multiplex Fluorescent v2 275 
system, utilising custom made probes to MYRF and ID2 (both C1 hybridised), Sox10 and Nkx2.2 276 
(both C2 hybridised); note that Nkx2.2 outcomes were somewhat variable and are not described 277 
further. The Multiplex Fluorescent Reagent Kit V2 and TSA® amplification (Perkin Elmer) was used 278 
largely according to manufacturer’s instructions (document 323100-USM) with the following 279 
optimizations: pre-treatment was with 5 min boiling in target retrieval reagent, followed by 20 min 280 
33% protease incubation at room temperature. Immunohistochemistry was conducted after 281 
completion of the in situ hybridisation protocol, and was followed by EdU detection in accordance 282 
with recommendations in technical note 323100-TN, using primary antibody dilutions of 1:300 for 283 
CC1 (RRID:AB_443473), 1:250 for 8OHdG (RRID:AB_297482) and 1:300 for MBP 284 
(RRID:AB_1141521), incubating overnight at room temperature. Secondary antibodies were donkey 285 
anti-goat AlexaFluor 350 (1:250; Invitrogen, VIC, Australia) for 8OHDG and CC1 and TSA® 286 
amplification (Perkin Elmer) with biotinylated secondary antibodies and streptavidin-horse radish 287 
peroxidase for NG2 (RRID:AB_10672215) and CC1 (RRID:AB_443473) as appropriate. TSA 288 
fluorescein, Cy3 and Cy5 fluorophores (Perkin Elmer) were utilised to amplify each of the fluorescent 289 
signals for the three or four colour analyses, in accordance with the instructions in the Multiplex 290 
Fluorescent Reagent V2 Kit.      291 

 292 
Fluorescence imaging was performed using a Nikon Si1 inverted microscope (Nikon Corporation, 293 
Japan). Images were captured in a stack of 13 visual slices at 0.5μm increments along the z-axis, 294 
obtained from the middle 6μm of the optic nerve section. All images for assessment of each outcome 295 
measure were captured at a constant exposure, using identical microscope settings. The selected fields 296 
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of view were located in ventral optic nerve directly below the dorsal primary injury site. A single 297 
FOV was selected per section, and there was one section per animal. Images were deconvolved using 298 
autoquant blind deconvolution with Nikon Elements AT software. OPCs were identified as 299 
NG2+/olig2+ cells, pre-myelinating O4 cells were identified as O4+  and mature OLs were identified 300 
as CC1+ cells (Payne et al., 2013). O4 immunoreactivity was present diffusely on cell processes, so 301 
O4+ cells were defined as cells with over 50% O4 immunoreactivity surrounding a Hoechst+ nucleus. 302 
EdU+ cells were defined as newly derived cells. Numbers of cells within oligodendroglial 303 
subpopulations were quantified. This non-stereological technique does not allow for an estimate of 304 
total cell numbers within the nerve, but does allow for comparative assessment between time points 305 
after injury. 8OHdG, 3NT and HNE immunointensities were assessed within ROI defined by the 306 
oligodendroglial identification markers for OPCs, premyelinating oligodendrocytes and mature 307 
oligodendrocytes on a single, central visual slice. Similarly, intensities of in situ hybridisation signal 308 
were assessed within ROI defined by NG2 for OPCs and CC1 for mature oligodendrocytes, on a 309 
single, central visual slice. Note that the presence of the analysed transcription factors further 310 
confirmed cellular identity within the oligodendroglial lineage (Wang et al., 2001; Fancy et al., 2004; 311 
Liu et al., 2007; Emery et al., 2009). Subpopulations of cells were analysed for mRNA expression or 312 
the proportion of Tunel + or caspase3+ cells, based upon whether 8OHdG immunoreactivity in these 313 
cells was above or below an arbitrarily defined and constant threshold, or whether they were EdU- or 314 
EdU+. The mean intensity of MBP immunoreactivity in an area immediately surrounding CC1+ 315 
oligodendrocytes was also quantified, separately for EdU- and EdU+ cells. Analysis of 316 
immunointensity and cell numbers were performed using Fiji analysis software. Note that 317 
normalisation to background is not possible for oxidative stress immunointensity data, as the oxidised 318 
proteins, lipid and DNA are diffusely distributed throughout the tissue and there is nowhere that can 319 
be conclusively described as background. Data shown are mean arbitrary fluorescence intensities for 320 
8OHdG, 3NT, HNE and MBP as well as for ID2, Sox10 and MYRF mRNA. Mean counts of OPCs, 321 
O4s and mature oligodendrocytes cells were expressed at number of cells /mm2. Numbers of Tunel+ 322 
or caspase3+ cells were expressed as a proportion of the total number of CC1+ mature 323 
oligodendrocytes.     324 
 325 
Results: 326 
The NanoSIMS was utilised to compare the vulnerability of cellular subpopulations and structures 327 
within regions of secondary degeneration following neurotrauma in vivo. Imaging of metal isotope-328 
conjugated antibodies using NanoSIMS has been demonstrated to have the same level of reliability as 329 
immunohistochemistry (Angelo et al., 2014), without secondary antibody emission overlap (Bandura 330 
et al., 2009). 331 
 332 
Identification of oxidative damage in oligodendroglia, myelin structures and axons  333 
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To capitalize on the semi-quantitative information inherent in the secondary ion images produced by 334 
NanoSIMS, regions of lanthanide metal/antibody labelling indicating cell subtypes or structural 335 
features were analysed. Fields of view (FOV) for analysis were selected using longitudinally oriented 336 
optic nerve sections viewed by light microscopy (Figure 1A). The dark streaks (arrow) visualised via 337 
the haematoxylin and eosin  staining are nuclei and likely represent oligodendroglia arranged in linear 338 
arrays, as described in studies of oligodendroglial development (Walsh et al., 2016). FOV were 339 
chosen to encompass these features. Intensities of metal/antibody labelling indicating oxidative 340 
damage within these defined regions were semi-quantified, making it possible to compare oxidative 341 
damage between these cellular subpopulations and structures, for a specific indicator of oxidative 342 
damage. Note that we did not attempt to compare intensity of labelling between oxidative damage 343 
indicators, as while the degree of metal labelling is consistent for any individual outcome measure, 344 
intensity may be different for different antibodies. Regions of interest (ROI) were identified based on 345 
elevated pixel intensities of the metals bound to antibodies recognizing CC1 for mature but not 346 
necessarily myelinating oligodendrocyte somata, MBP for myelin ensheathing axons, Caspr for 347 
paranodes, βIII-tubulin (βIIIT) for axons, NG2 and olig2 for oligodendroglia (Figure 1). The pixel 348 
intensity of 8OHdG and 3NT labelling in these ROI were then determined, in order to semi-quantify 349 
DNA oxidation and protein nitration respectively. Two sets of comparisons were conducted, the first 350 
assessing the effects of injury on pixel intensities within each cellular subpopulation or structure, and 351 
the second comparing pixel intensities in the various subpopulations or structures to each other. The 352 
FOV captured by the NanoSIMS and used in these first analyses were too small to identify sufficient 353 
numbers of NG2+/olig2+ cells for valid statistical analysis of oxidative damage within OPCs. 354 
Therefore NG2+ and olig2+ ROI were analysed separately. However, it is important to note that the 355 
olig2+ transcription factor is expressed in all oligodendroglia (Payne et al., 2013) and NG2+  profiles 356 
include pericytes (Ozerdem et al., 2002), as well as neuronal stem cells (Richardson et al., 2011), 357 
astrocytes (Zhu et al., 2008) and areas of extracellular matrix (Busch and Silver, 2007). The use of 358 
pseudo colouring allowed assignment of colour to the lanthanide metal signals, and overlay of these 359 
colours is as expected e.g. blue overlaid with red appears purple.  Tissue sections labelled with 360 
lanthanide-conjugated antibodies displayed expected labelling patterns. For example, olig2 was 361 
present in nuclei identified on 41K images of the same FOV, and NG2+ and CC1+ ROI corresponded 362 
to expected cellular distributions (Figure 2 a, b, arrow heads). Note that the NanoSIMSs images are 363 
generated as a reflection of ablation of a very small depth of tissue. As such, not all features expected 364 
in traditional immunohistochemistry images will be apparent e.g. Caspr representation (Figure 2 a, b). 365 
Control tissue sections not incubated with lanthanide-conjugated antibody were largely blank (Figure 366 
2 c, d).  367 
 368 
8OHdG pixel intensities within mature oligodendrocytes (p = 0.003), NG2+ areas (p ≤ 0.001), olig2+ 369 
cells (p ≤ 0.001), βIIIT+ axons (p = 0.004) and paranodal areas (p = 0.001) were significantly 370 
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increased 3 days after injury, compared to these cell populations and structures in uninjured tissue (F 371 
= 3.438, dF = 10, two-way ANOVA) (Figure 3a, c), demonstrating increased DNA oxidation in all of 372 
these structures vulnerable to secondary degeneration. In contrast, 8OHdG pixel intensity colocalised 373 
with MBP did not change from control after injury (p = 0.046; note requirement for significance is p ≤ 374 
0.01 due to the lack of homogeneity of variances) (Figure 3a). Olig2+ cells showed significantly 375 
higher levels of colocalised 8OHdG pixel intensity than mature CC1+ oligodendrocytes (p ≤ 0.001), 376 
MBP (p ≤ 0.001), Caspr (p = 0.001) or axons (p ≤ 0.001) at 3 days after injury (Figure 3a, c) 377 
indicating selective vulnerability of OPCs to DNA oxidation. Taken together, the data indicate 378 
selective vulnerability of oligodendroglial DNA to oxidative stress in regions remote from the initial 379 
injury site.  380 
 381 
Assessments of 3NT pixel intensity revealed that protein nitration increased at 3 days after injury in 382 
mature oligodendrocytes (p = 0.002), NG2+ cells (p = 0.002), olig2+ cells (p ≤ 0.001), βIIIT+ axons 383 
(p = 0.004) and paranodes (p ≤ 0.001) (F = 0.752, dF = 10, two-way ANOVA) (Figure 3b, d). 384 
However, in contrast to the higher DNA oxidation observed in Olig2+ cells, comparisons between 385 
ROI in terms of 3NT pixel intensity at 3 days after injury showed no significant differences between 386 
the cell populations and structures (Figure 3b, d). It is important to view the NanoSIMS images in the 387 
context of the multiple images of the same FOV. For example, some of the red 3NT signal in the first 388 
image of Figure 3d injured (blue arrow) appears not to be co-localised with a cellular element. 389 
However, if compared to the adjacent image of the same FOV, the red signal can be seen to co-390 
localise with the white olig2/NG2/3NT signal. Comparisons in basal levels of DNA oxidation and 391 
protein nitration between oligodendroglia, axons and myelin proteins in uninjured tissue did not 392 
reveal any significant differences between any of the markers (Figure 3a, b). 393 
 394 
Population dynamics of newly derived and previously existing oligodendroglia during secondary 395 
degeneration 396 
To gain a better understanding of oligodendroglial population dynamics, the proliferation and 397 
differentiation of these cells was assessed using traditional immunohistochemistry to detect 398 
subpopulations of oligodendroglia along the differentiation lineage; cells that had proliferated in the 3 399 
days after injury were labelled with EdU in vivo. Following injury, there was a significant increase in 400 
the number of newly derived OPCs at days 3 (p ≤ 0.001) and 7 (p ≤ 0.001) following injury compared 401 
to uninjured controls (F = 3.78, dF = 117, two-way ANOVA). Despite the increase in the number and 402 
proportion of newly derived OPCs, the total numbers of OPCs (newly derived and previously existing 403 
populations together) decreased in areas of secondary degeneration 7 days after injury (p = 0.029), 404 
and remained depleted at 28 days (p < 0.001) (Figure 4a). Dying cells were quantified using TUNEL 405 
staining, however, the numbers of these cells were low, precluding useful statistical comparisons (data 406 
not shown). 407 
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 408 
There was a significant increase in the numbers of newly derived EdU+ premyelinating 409 
oligodendrocytes (O4+) at 3 (p ≤ 0.001), 7 (p ≤ 0.001) and 28 (p = 0.004) days after injury (F = 2.85, 410 
dF = 79, two-way ANOVA) (Figure 4b). The total numbers of O4+ cells increased at 3 (p = 0.037) 411 
and 7 (p = 0.001) days after injury compared to controls (Figure 4b). It has been previously 412 
documented that in the uninjured, mature CNS, there is a relatively slow turnover of mature OLs 413 
(Young et al., 2013). Similarly, we observed very low numbers of newly derived EdU+ mature OLs in 414 
control uninjured animals, and only in 2 animals. Following injury, there was a significant increase in 415 
the numbers of newly derived mature oligodendrocytes at 28 days following injury (p ≤ 0.001) (F = 416 
6.28, dF = 119, two-way ANOVA) (Figure 4c). It is worthwhile noting that while these data are a 417 
snapshot in time and cannot be taken as cumulative, the total number of newly derived mature 418 
oligodendrocytes (Figure 4c) was lower than the sum of the numbers of newly derived OPCs or of 419 
premyelinating oligodendrocytes at 3, 7 and 28 days (Figure 4a, b). 420 
 421 
Oxidative damage to oligodendroglia following neurotrauma  422 
It is widely acknowledged that oligodendroglia are vulnerable to oxidative stress (Roth and Núñez, 423 
2016). However, direct comparisons between oxidative damage in newly derived oligodendroglial 424 
subpopulations and subpopulations existing at the time of injury, within regions of secondary 425 
degeneration in vivo have not yet been conducted. Accordingly, the immunointensities of markers 426 
indicating oxidative damage to DNA, proteins and lipids were compared in EdU+ and EdU- OPC, 427 
premyelinating and mature oligodendrocyte subpopulations.  428 
 429 
DNA oxidation was significantly increased in both newly derived (p ≤ 0.001) and previously existing 430 
(p ≤ 0.001) OPCs 3 days after injury, compared to control animals (F = 1.164, dF = 92); newly 431 
derived and pre-existing OPC DNA oxidation returned to control levels at 7  and 28 days post injury 432 
(Figure 5a). Both populations of OPCs displayed increased protein nitration, indicated by 3NT 433 
immunointensity 3 days after injury (newly derived p = 0.002, previously existing p = 0.050, F = 434 
2.306, dF = 84, two-way ANOVA); this also returned to control levels at 7 and 28 days after injury 435 
(Figure 5b). Similarly, both newly derived and pre-existing OPCs showed increased 436 
immunofluorescence of HNE in OPCs at 3 days after injury (p = 0.017 and p ≤ 0.001 respectively, F 437 
= 1.780, dF = 92, two-way ANOVA), which returned to control levels at 7 and 28 days after injury 438 
(Figure 5c). There were no differences between EdU+ and EdU- OPCs in terms of the degree of 439 
oxidative damage after injury, regardless of the oxidative damage indicator (Figure 5d-f, EdU- cells 440 
indicated by >, EdU+ cells indicated by >>). The data indicate that OPCs have transient increases in 441 
oxidative damage to DNA, lipid and protein at 3 days after injury.  442 
 443 
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Analysis of O4+ cells showed no increases in 8OHdG (p > 0.05, F = 0.406, dF = 71, two-way 444 
ANOVA) (Figure 6a) or 3NT (p > 0.05, F = 0.391, dF = 68, two-way ANOVA) (Figure 6b) 445 
immunoreactivity at any time point after injury, in either the newly derived or previously existing 446 
subpopulations. There was, however, a significant increase in HNE immunointensity in the non-447 
proliferating O4+ subpopulation at 3 days after injury (p = 0.001, F = 1.750, dF = 47, two-way 448 
ANOVA) (Figure 6c). The lack of newly derived EdU+ O4+ cells in the control group rendered 449 
comparisons of EdU+ cells derived after injury to control cells impossible, therefore no statistical 450 
comparisons were made between newly derived O4 subpopulations (Figure 6c). Representative 451 
images show EdU- cells indicated by >, EdU+ cells indicated by >> (Figure 6d-f).  452 
 453 
Both newly derived (p ≤ 0.001) and pre-existing (p ≤ 0.001) mature oligodendrocyte populations 454 
showed increased DNA oxidation 3 days after injury (F = 1.189, dF = 87, two-way ANOVA), 455 
returning to control levels at 7 and 28 days (Figure 7a). Interestingly, newly derived EdU+ mature 456 
oligodendrocytes displayed significantly higher DNA oxidation than their previously existing 457 
counterparts 3 days after injury (p ≤ 0.001), although, as shown in Figure 4c, this represents a very 458 
small proportion of the total numbers of mature oligodendrocytes (Figure 7a, EdU- cells indicated by 459 
>, EdU+ cells indicated by >>). Similarly, both newly derived (p = 0.001) and previously existing (p 460 
≤ 0.001) populations of mature oligodendrocytes displayed increased protein nitration 461 
immunoreactivity 3 days after injury (F = 2.044, dF = 90, two-way ANOVA), returning to control 462 
levels at 7 and 28 days post injury. There were no statistically significant differences in 3NT 463 
immunoreactivity between previously existing and newly derived mature oligodendrocytes at any 464 
time point (Figure 7b). Both EdU+ (p ≤ 0.001) and EdU- (p ≤ 0.001) mature oligodendrocytes 465 
demonstrated increases in lipid peroxidation 3 days after injury (F = 4.08, dF = 89, two-way 466 
ANOVA). Newly derived mature oligodendrocytes maintained higher immunointensity of lipid 467 
peroxidation at 7 days after injury compared to their previously existing counterparts (p = 0.003), and 468 
relative to the immunointensity of control HNE (p = 0.010). Previously existing mature 469 
oligodendrocytes returned to control levels at this time. Representative images show EdU- cells 470 
indicated by >, EdU+ cells indicated by >> (Figure 7d-f). 471 
 472 
Functional significance of oxidative damage to oligodendroglia following neurotrauma relative to 473 
proliferative state 474 
The effects of increased oxidative damage to DNA on expression of mRNA for transcription factors 475 
associated with OPC differentiation and oligodendrocyte myelination were assessed using fluorescent 476 
in situ hybridisation together with fluorescence immunohistochemistry. Comparisons were made 477 
between cells that were at baseline or had elevated 8OHdG immunoreactivity at 3 days, as this was 478 
the time point at which most significant increases in 8OHdG were observed (Figures 5 - 7).   At day 479 
28, populations were distinguished based upon whether they were EdU+ and therefore newly derived 480 
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soon after the injury; or EdU-, and were therefore either derived later than 3 days after injury, or were 481 
pre-existing at the time of injury.  482 
 483 
OPC differentiation factors ID2 (Wang et al., 2001; Havrda et al., 2014) Sox 10 and MYRF (Stolt et 484 
al., 2002; Liu et al., 2007) were compared in NG2+ or CC1+ cells that were high or low in 8OHdG 485 
immunoreactivity, relying upon oligodendroglial transcription factors to confirm OPC identification. 486 
There were no changes in intensity of ID2 (Figure 8a) (p = 0.65, dF = 7, t-test) or Sox10 expression 487 
(not shown) (p = 0.17, dF = 7, t-test) relative to 8OHdG immunoreactivity at day 3, and there were 488 
also no differences relative to EdU defined proliferation status at day 28 (Figure 8b ID2) (p = 0.09, dF 489 
= 6, t-test), although Levene’s test indicated significantly greater variability in EdU+ OPCs than in 490 
EdU- OPCs (p = 0.03). Similarly, at day 3 after injury, increased 8OHdG immunoreactivity did not 491 
lead to altered Sox10 (p = 0.17, dF = 7, t-test) or MYRF (p = 0.90, dF = 7, t-test) mRNA expression 492 
in CC1+ mature oligodendrocytes (Figure 8c, e). However, at day 28, while there was still no change 493 
in Sox10 mRNA (p = 0.28, dF = 6, t-test), newly derived CC1+ oligodendrocytes had significantly 494 
less MYRF mRNA (p = 0.00, dF = 6, t-test) than their pre-existing counterparts (Figure 8d, f; see 8g 495 
for representative image). MYRF is a transcription factor, turned on as OPCs differentiate into 496 
oligodendrocytes, and critical for oligodendrocyte maturation (Koenning et al., 2012).  Throughout 497 
life, MyRF is also critical for oligodendrocyte myelin maintenance and the loss of this factor can 498 
directly lead to significant demyelination (Koenning et al., 2012).  As such, reduced MYRF may be 499 
indicative of reduced myelination capacity in newly derived oligodendrocytes. The immunoreactivity 500 
of myelin basic protein (MBP) in the areas immediately surrounding CC1+ oligodendrocyte somata 501 
was also quantified relative to proliferative status, at day 28. MBP immunoreactivity immediately 502 
surrounding EdU+ newly derived oligodendrocytes was not significantly less than that surrounding 503 
pre-existing oligodendrocytes (p = 0.33, dF = 6, t-test) (data not shown). This is perhaps not 504 
surprising, given that myelin internodes are frequently greater than 100 μm in length, depending upon 505 
the proliferative history of the cell, and the myelin measured close to a particular oligodendrocyte in a 506 
2-dimensional plane may be formed by a different oligodendrocyte with its soma 40μm distant in any 507 
direction (Young et al., 2013). 508 
 509 
The proportion of CC1+ mature oligodendrocytes that were Tunel+ and caspase3+ was compared for 510 
cells that were high or low in 8OHdG immunoreactivity at day 3. Mature oligodendrocytes with low 511 
8OHdG immunoreactivity were generally not either Tunel+ or caspase3+, and there was a 512 
significantly increased proportion of Tunel+ oligodendrocytes in the elevated 8OHdG subpopulation 513 
(Figure 9a) (p = 0.04, dF =7, t-test). Similar findings were observed when caspase3 was used an 514 
indicator of apoptotic cell death (Figure 9c) (p = 0.00, dF = 7, t-test). For oligodendrocytes with 515 
elevated 8OHdG, the proportion of Tunel+ cells was not different for EdU- and EdU+ cells (Figure 516 
9b) (p = 0.53, dF = 7, t-test). However when apoptotic death was considered more specifically 517 
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(Degterev and Yuan, 2008),  the percentage of caspase 3+ cells was higher for EdU- than for EdU+ 518 
cells (Figure 9d) (p = 0.00, dF = 7, t-test). Similarly, at day 28, the proportion of caspase3+ cells was 519 
significantly higher in EdU- than EdU+ mature oligodendrocytes (Figure 9e, f) (p = 0.00, dF = 7, t-520 
test). 521 
 522 
Discussion 523 
Multiplex NanoSIMS immunohistochemistry has enabled demonstration of selective vulnerability of 524 
oligodendroglia to DNA oxidation following neurotrauma in vivo. Detailed in vivo subpopulation and 525 
fate mapping analyses of oligodendroglial subpopulations along the differentiation lineage revealed 526 
susceptibility of OPCs and mature oligodendrocytes to DNA oxidation, protein nitration and lipid 527 
peroxidation, with mature oligodendrocytes newly derived directly after injury more vulnerable than 528 
pre-existing or later derived cells to DNA and protein damage. Reduced MYRF mRNA in the newly 529 
derived mature oligodendrocytes indicates that these cells may be compromised in their ability to 530 
make myelin. However, it is the EdU- cells that were pre-existing at the time of injury that are more 531 
likely to die at day 3. EdU- oligodendrocyte vulnerability to death at day 28 may also include cells 532 
derived later after injury, and further studies will be required to assess effects of proliferation along a 533 
substantially more extended time course in order to differentiate vulnerability of later derived 534 
oligodendrocytes from their preexisting counterparts. The findings complement and extend previous 535 
studies suggesting vulnerability of oligodendroglia in vitro (Back et al., 1998; Fern and Möller, 2000), 536 
and in a range of pathologies such as periventricular white matter damage (Back et al., 2005), 537 
hypoxia-ischemia and spinal cord injury (Watanabe et al., 2002) in vivo. Here we demonstrate higher 538 
levels of DNA oxidation in OPCs than axons and that OPC numbers decrease by 7 days after injury. 539 
We have previously demonstrated that retinal ganglion cells vulnerable to secondary degeneration do 540 
not begin to die until 2 - 3 weeks after injury (Fitzgerald et al., 2009a; Fitzgerald et al., 2009b). Taken 541 
together with the oxidative damage in mature oligodendrocytes at 3 days, it is clear that changes to 542 
OPCs and oligodendrocytes precede loss of neurons in secondary degeneration and are likely to be a 543 
contributing factor to functional loss.  544 
 545 
Using NanoSIMS, the cellular subpopulations and structures most vulnerable to oxidative damage 546 
within the CNS following neurotrauma were identified.  NanoSIMS imaging eliminates many of the 547 
limitations of multiplex imaging, as there are no autofluorescent background signals. Importantly, 548 
because the NanoSIMS has the capacity to resolve a fraction of a Dalton, there is no spectral overlap 549 
between mass-adjacent lanthanide metals. The quantitative accuracy between immunohistochemistry 550 
fluorescence intensity and NanoSIMS pixel intensity has been extensively tested and linear regression 551 
analysis has revealed robust similarities between the two imaging methods (Angelo et al., 2014). 552 
NanoSIMS revealed DNA oxidation increased in oligodendroglial cell bodies following injury, whilst 553 
there were no such increases in myelin. 8OHdG is mainly expressed in the nuclei of cells, but has also 554 
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been identified within cytoplasmic regions via incorporation in mitochondrial DNA (Richter et al., 555 
1988; Patel, 2002). The significant increase in DNA oxidation in Caspr+ and βIIIT+ regions may 556 
reflect oxidation of mitochondrial DNA, as mitochondria are freely able to enter and move throughout 557 
the axon and myelin sheath, with the highest number of mitochondria in the cytoplasmic ridges 558 
(Rinholm et al., 2016). It is worth noting that the mitochondria within the paranodal segment of the 559 
myelin sheath have a low surface area of cristae, indicative of low ATP production (Rinholm et al., 560 
2016). Low ATP production in conjunction with a high proton-motive force and reduced coenzyme Q 561 
pool results in significantly higher production of reactive oxygen species (Murphy, 2009), which 562 
likely explains the increased DNA oxidation in Caspr+ and not MBP+ regions. Olig2+ cells displayed 563 
significantly more DNA oxidation than the other cells and cellular structures measured, except NG2+ 564 
cells, 3 days after injury. Olig2 is a transcription factor expressed throughout the oligodendroglial 565 
lineage (Wegner, 2001). Greater DNA oxidation in olig2+ cells than CC1+ mature oligodendrocytes, 566 
and an absence of statistically significant difference between olig2+ and NG2+ regions indicate that 567 
OPCs exhibit more oxidative damage to DNA than the other tested cell types and cellular structures. 568 
DNA oxidation has been associated with severity of injury in a range of disease states (Nomoto et al., 569 
2008; Tsai et al., 2011). Our findings of a substantially greater proportion of both Tunel+ and 570 
caspase3+ oligodendrocytes in the cell subpopulation that exhibit DNA damage, provide further 571 
evidence that oxidative damage to DNA will compromise affected cells. However, the situation is 572 
complex, as more of the EdU- subpopulation of cells are dying by apoptotic mechanisms; 573 
oligodendrocytes derived soon after the injury appear to be protected from apoptotic cell death. 574 
Limitations with detection of EdU using NanoSIMS precluded assessment of caspase 3 in 575 
NG2+/olig2+ OPCs that were high in 8OHdG. Nevertheless, taken together, our data indicate that 576 
oligodendroglia, and in particular perhaps OPCs, are the most vulnerable of the tested cellular 577 
populations and structures exposed to secondary degeneration in vivo.  578 
 579 
OPCs that are EdU+ have proliferated but not yet differentiated into later stage oligodendroglia 580 
(Richardson et al., 2011). Our observed increase in the number of O4 EdU+ cells occurred within a 581 
similar time frame after injury as OPC proliferation, implying some OPC differentiation to O4 cells is 582 
occurring, but not precluding proliferation of O4 cells themselves. While these values are snapshots in 583 
time and do not represent cumulative numbers of EdU+ O4 cells, the data indicate that there is 584 
differentiation from OPCs into O4 cells, particularly between days 3 and 7. Differentiated and/ or 585 
newly derived O4 cells remain at the later 28 day time point, together with depletion of OPCs. We 586 
have demonstrated increased Tunel+ OPCs at 7 and 28 days after injury in this model, indicating that 587 
differentiation does not account for all of the OPC depletion (Payne et al., 2013). 588 
 589 
CC1+ mature oligodendrocytes display increased DNA oxidation 3 days after injury, with a small 590 
subpopulation of newly derived oligodendrocytes exhibiting even higher DNA oxidation than their 591 
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previously existing counterparts. There was no discernable decrease in the numbers of these mature 592 
pre-existing cells until 28 days after injury. It has been demonstrated that senescent fibroblasts exhibit 593 
significantly higher levels of DNA oxidation than young cells (Chen et al., 1995), with foci of DNA 594 
damage particularly evident in newly senescent i.e. recently divided cells, and associated with 595 
shortening of telomeres (von Zglinicki, 2002). Newly differentiated oligodendrocytes are susceptible 596 
to oxidative challenge (Ziabreva et al., 2010),  however differentiation does not necessary lead to 597 
increased oxidative damage to DNA (Covacci et al., 2001). We see that not all oligodendrocytes with 598 
elevated 8OHdG die, and newly derived oligodendrocytes with elevated 8OHdG have a lower 599 
percentage caspase3+. Susceptibility of an individual cell likely depends on the interplay of multiple 600 
factors including its proliferative history, anti-oxidant defenses and the micro-environment to which it 601 
is exposed. Fate mapping data indicate that the newly derived mature oligodendrocytes are also 602 
vulnerable to lipid peroxidation but nevertheless, go on to replace existing oligodendrocytes. 603 
However, these newly differentiated oligodendrocytes may not be able to generate myelin due to their 604 
substantially reduced levels of MYRF (Emery et al., 2009; Koenning et al., 2012; Bujalka et al., 2013; 605 
Hornig et al., 2013).  While it is not clear how much MYRF is required for myelination, these newly 606 
derived cells appear to be compromised and are likely to have reduced ability to generate new myelin 607 
to repair the damage of secondary degeneration. While we were unable to demonstrate reduced MBP 608 
adjacent to newly derived oligodendrocytes, the lack of a marker that identifies myelin associated 609 
with a particular oligodendrocyte soma in this rat model precludes definitive conclusions regarding 610 
whether myelin is produced by these cells. Nevertheless, the dysfunction of newly derived and 611 
increased early death of existing and also potentially later generated oligodendrocytes observed in the 612 
current study likely contributes to the dysmyelination and chronic loss of function observed during 613 
secondary degeneration at 28 days, 3 and 6 months in this model (Payne et al., 2012; Szymanski et al., 614 
2013). OPC differentiation into mature myelinating oligodendrocytes ensheathing axons is a 615 
metabolically demanding process which increases the susceptibility of these myelinating 616 
oligodendrocytes to apoptosis (Garbern, 2007; Butts et al., 2008). This, in conjunction with the hostile 617 
environment present following neurotrauma, potentially culminates in the increased susceptibility to 618 
oxidative damage of myelinating oligodendroglia to death. While some remyelination is indicated by 619 
the shorter internodes and increased number of intraperiodic lines observed at 3 months in this model 620 
(Payne et al., 2012; Payne et al., 2013), functional deficits persist, emphasizing the lack of effective 621 
myelin protection and/or repair.   622 
 623 
It has generally been accepted that mature oligodendrocytes are post-mitotic and are incapable of 624 
proliferating in response to injury (Mori and Leblond, 1970). Early reports of proliferation of 625 
oligodendrocytes in demyelinating lesions (Herndon et al., 1977) and following trauma (Ludwin, 626 
1979) did not clearly differentiate between label incorporated into precursor cells that had newly 627 
differentiated, or that was incorporated directly into oligodendrocyte DNA, perhaps as a result of 628 
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DNA repair. It is likely that the small number of EdU+ mature oligodendrocytes seen in controls and 629 
at 3 and 7 days post-injury in the current study were labelled as a result of DNA repair involving 630 
baseline levels of differentiation of OPCs . The larger increase in the numbers of newly derived 631 
oligodendrocytes at 28 days post-injury are likely derived from maturing OPC populations, 632 
differentiating as a consequence of injury. It has been suggested that OPC differentiation into mature 633 
oligodendrocytes is compromised in models of multiple sclerosis (Mi et al., 2009; Fancy et al., 2010). 634 
However the scenario following physical central nervous system injury may be different, as indicated 635 
in spinal cord injury (Zai and Wrathall, 2005) and by the significant numbers of newly differentiated 636 
oligodendrocytes observed in the current study. It is important to note that the current study assessed 637 
proliferation occurring immediately after injury, and whilst out of the scope of this study, it would be 638 
interesting to assess oxidative damage and differentiation in cellular subpopulations that arise within 639 
the multiple later phases of injury. 640 
 641 
Conclusion 642 
This work provides in vivo empirical evidence for the important role of oxidative damage in 643 
oligodendroglia in the pathology of secondary degeneration following neurotrauma. The semi-644 
quantification of oxidative damage to DNA, proteins and lipids in oligodendroglia shows, for the first 645 
time, acute damage to specific subpopulations of these cells at different stages following injury. 646 
Future fate mapping of proliferating OPCs and their progeny beyond 28 days after injury will enable 647 
investigation of whether early proliferative responses result in the derivation of new, healthy 648 
oligodendrocytes and compact myelin. Protecting against early oxidative damage due to secondary 649 
degeneration will be worth considering in the design of therapeutic strategies aiming to preserve 650 
structure and function following neurotrauma. 651 

 652 
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Abbreviations 666 
ANOVA: analysis of variance 667 
βIIIT: Beta three tubulin 668 
CNS: central nervous system 669 
FOV: field of view 670 
HNE: hydroxynonenal 671 
8OHdG: 8-hydroxyguanosine 672 
 MBP: myelin basic protein 673 
MYRF: myelin regulatory factor gene 674 
3NT: 3-nitrotyrosine 675 
OPC: oligodendrocyte progenitor cell 676 
SEM: standard error of the mean 677 
 678 
 679 
Figure Legends: 680 
 681 
Figure 1: NanoSIMS secondary ion images. Example FOV in haematoxylin and eosin stained 682 
optic nerve section selected for analysis using NanoSIMS (boxed); arrow indicates linear arrays of 683 
nuclei captured within FOV (a) (n = 3/group). Detection of 41K within haemotoxylin and eosin 684 
staining revealed structural features of normal uninjured optic nerve, including nucleic (white arrow) 685 
and cytoplasmic regions within the selected FOV, where (b) was taken during the first imaging scan 686 
and (c) was taken during the second NanoSIMS imaging scan. Note that there is a spatial shift 687 
between the imaging scans; * represents the center of the image from the first imaging scan. 688 
Movement of the FOV in the X Y plane between NanoSIMS scans was corrected by overlaying the 689 
two 41K images, identifying the coordinates required for correct alignment, and then applying for all 690 
further analyses. (d) and (e) are pseudofluorescence composite images illustrating the capacity of the 691 
NanoSIMS system to simultaneously detect multiple antigens of interest in multiple imaging cycles. 692 
Specifically: (d) illustrates detection of 8OHdG (red), CC1 (green), olig2 (blue), NG2 (purple) and 693 
βIIIT (yellow); (e) illustrates detection of 3NT (red), CC1 (green), MBP (blue), Caspr (purple) and 694 
8OHdG (yellow); note the subtle differences between the two images as the ion beam ablates in the 695 
process of imaging. 696 
 697 
Figure 2: Pseudofluorescence composite images confirming appropriate pixel distribution of 698 
metal-labelled antibodies of interest and negative controls. The pseudofluorescent composite 699 
images show distinctly different pixel distributions. Both (a) and (b) are the same FOV from normal 700 
optic nerve, captured using the two NanoSIMS scan settings described in Figure 1, to detect specific 701 
lanthanide-metal conjugated antibodies of interest. (a) 41K (grey) shows the location of nucleic and 702 
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cytoplasmic regions. Olig2 (blue) and NG2 (green) indicate OPCs when co-localised (arrow heads).  703 
Olig2 and βIIIT (red) are present in nuclei and cytoplasm, respectively. (b) 8OHdG (blue) staining 704 
pattern co-localises with nuclei (arrow head), within CC1+ (green) mature oligodendrocytes. CC1 and 705 
Caspr (red) labelling are both in the cytoplasm, with distinct staining patterns in line with their known 706 
cell structure distributions. * represents the center of the image from the first imaging scan. The 707 
NanoSIMS images of tissue not incubated with lanthanide-conjugated antibody (c,d) illustrate a 708 
distinctly different pixel distribution from the sections labelled with lanthanide conjugated antibodies 709 
shown in Figure 1 and 2a,b. Both c, and d are the same FOV from normal optic nerve, captured using 710 
the NanoSIMS scan settings described in Figure 1 to detect the specific lanthanide metals of interest. 711 
(c) illustrate images acquired using the NanoSIMS calibrated to detect: 144Nd, 151Eu, 158Gd, 162Dy, 712 
170Er, 175Lu and (d) represents the acquisition of 144Nd, 152Sm, 158Gd, 162Dy, 172Yb, 176Yb within the 713 
same field of view. The NanoSIMS scan setting used to detect specific metal lanthanides are indicated 714 
on each image (c, d).  715 
 716 
Figure 3: Comparative analysis of DNA oxidation and protein nitration in cellular 717 
subpopulations and structures vulnerable to secondary degeneration in vivo. (a) mean ± SEM 718 
pixel intensity indicating increased DNA oxidation in CC1+, Caspr+, NG2+ and olig2+ positive areas 719 
following injury relative to control (indicated by *), as well as significant increases in DNA oxidation 720 
in olig2+ areas compared to other cellular subpopulations and structures following injury (indicated 721 
by * over bar). (b) mean ± SEM pixel intensity indicating increased protein nitration in CC1+, MBP+, 722 
Caspr+, βIIIT+, NG2+ and olig2+ areas following injury (indicated by *). Representative 723 
pseudofluorescent composite images show (c) DNA oxidation (red) in CC1+ (green), Caspr+ 724 
(purple), NG2+ (green), and olig2+ (blue) areas in control and injured optic nerve and (d) protein 725 
nitration (red) within CC1+ (green), MBP+ (blue), Caspr+ (purple), NG2+ (green), olig2+ (blue) and 726 
βIIIT+ (purple) areas. 8OHdG and 3NT images for control and injured nerve were each taken of the 727 
same FOV. Orange arrow heads in (c) indicate CC1+ (green) regions before and after injury, note the 728 
increase in 8OHdG (red) pixel intensity within these regions after injury. Similarly, the white arrow 729 
heads in (c) indicate olig2+ areas, note the higher expression of 8OHdG (red) co-localised within 730 
these areas compared to other areas. White arrow heads in (d) illustrate examples of CC1+ (green) 731 
areas co-localising with 3NT (red) regions more with injury; blue arrowheads indicate 3NT signal in 732 
the first image of injured tissue, colocalising with white olig2/NG2/3NT in the second image. * = p < 733 
0.01, n = 3/group.  734 
 735 
Figure 4: Proliferation of oligodendroglial subpopulations vulnerable to secondary degeneration 736 
in vivo. Oligodendroglia of varying maturity were identified with antibodies to NG2/olig2 (OPCs), 737 
O4 (premyelinating oligodendrocytes) and CC1 (mature oligodendrocytes). Proliferating 738 
subpopulations were distinguished by EdU+ labelling and were observed at varying time points after 739 



 

 21 

injury in (a): OPCs, (b): O4s and C: CC1+ cells. (a-c): Represents quantification of the mean densities 740 
± SEM of OPCs, O4 and CC1+ cells, respectively. Densities of EdU- cells are represented by black 741 
bars and densities of EdU+ cells are represented by the grey bars. Differences in the number of EdU+ 742 
cell numbers from control are indicated by # (p < 0.05). Differences in the total density (sum of EdU- 743 
and EdU+ subpopulations) compared to control are indicated by * (p < 0.05).  744 
 745 
Figure 5: 8OHdG, 3NT and HNE derived immunofluorescence in OPCs vulnerable to 746 
secondary degeneration in vivo. Mean ± SEM fluorescence intensity within OPCs (NG2+/olig2+ 747 
cells) is shown following (a): 8OHdG, (b): 3NT and (c): HNE labelling in uninjured optic nerve and 748 
at 3, 7 and 28 days following partial transection.  Arbitrary values for immunofluorescence were 749 
categorized as EdU- (represented by the black bars) or EdU+ (represented by the grey bars) to 750 
discriminate any differences due to proliferative state. Representative images of (d): 8OHdG, (e): 751 
3NT and (f): HNE labelling are of OPCs located within the ventral optic nerve vulnerable to 752 
secondary degeneration. (d-f): Cells indicated are NG2+/olig2+/EdU- (>) or NG2+/olig2+/EdU+ 753 
(>>). Statistical comparisons were made across and between groups. Differences in immunointensity 754 
compared to controls are indicated by * (p < 0.05). Scale bar d-f: 10 μm 755 
 756 
Figure 6: 8OHdG, 3NT and HNE derived fluorescence in premyelinating oligodendrocytes 757 
vulnerable to secondary degeneration in vivo. Mean ± SEM fluorescence intensity within 758 
premyelinating oligodendrocytes (O4+ cells) is shown following (a): 8OHdG, (b): 3NT and (c): HNE 759 
labelling in uninjured optic nerve and at 3, 7 and 28 days following partial transection.  Arbitrary 760 
values for immunofluorescence were categorized as EdU- (represented by the black bars) or EdU+ 761 
(represented by the grey bars) to discriminate any differences due to proliferative state. Representative 762 
images of (d): 8OHdG, (e): 3NT and (f): HNE labelling are of premyelinating oligodendrocytes 763 
located within the ventral optic nerve vulnerable to secondary degeneration. (d-f): Cells indicated are 764 
O4+/EdU- (>) or O4+/EdU+ (>>). Statistical comparisons were made across and between groups. 765 
Differences in immunointensity compared to controls are indicated by * (p < 0.05). Scale bar d-f: 10 766 
μm 767 
 768 
Figure 7: 8OHdG, 3NT and HNE derived fluorescence in mature oligodendrocytes vulnerable 769 
to secondary degeneration in vivo. Mean ± SEM fluorescence intensity within mature 770 
oligodendrocytes (CC1+ cells) is shown following (a): 8OHdG, (b): 3NT and (c): HNE labelling in 771 
uninjured optic nerve and at 3, 7 and 28 days following partial transection.  Arbitrary values for 772 
immunofluorescence were categorized as EdU- (represented by the black bars) or EdU+ (represented 773 
by the grey bars) to discriminate oligodendrocytes present at the time of injury and oligodendrocytes 774 
derived after injury. Representative images of (d): 8OHdG, (e): 3NT and (f): HNE labelling are of 775 
mature oligodendrocytes located within the ventral optic nerve vulnerable to secondary degeneration. 776 
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(d-f): Cells indicated are CC1+/EdU- (>) or CC1+/EdU+ (>>). Statistical comparisons were made 777 
across and between groups. Differences in immunointensity compared to controls are indicated by * 778 
(p < 0.05). Scale bar d-f: 10 μm. 779 
 780 
Figure 8: ID2, Sox10 and MYRF mRNA expression relative to 8OHdG immunoreactivity or 781 
EdU defined proliferation status in OPCs and oligodendrocytes. Fluorescence intensity of ID2 782 
(a,b), Sox10 (c,d) or MYRF (e,f) mRNA fluorescence in situ hybridisation signal in NG2+ OPCs at 3 783 
(a) or 28 (b) days after injury and in CC1+ mature oligodendrocytes at 3 (c,e) or 28 (d,f) days after 784 
injury. At 3 days, comparisons are made between cells that have baseline or elevated 8OHdG 785 
immunoreactivity; at 28 days, comparisons are made between cells that are EdU- or EdU+. Each 786 
symbol indicates the average for an animal, mean values for the group are indicated by black 787 
horizontal bars. Statistical comparisons were made between groups; differences in fluorescence 788 
intensity are indicated by * (p < 0.05). (g) Representative image at 28 days shows MYRF, EdU, CC1 789 
and nuclei. CC1+/MYRF+/EdU- (>) and CC1+/MYRF-/EdU+ (>>) cells are indicated; 790 
MYRF+/EdU+ oligodendrocytes are seldom observed, scale bar: 10 μm. 791 
 792 
Figure 9: Tunel labelling and caspase3 immunoreactivity relative to 8OHdG immunoreactivity 793 
or EdU defined proliferation status in oligodendrocytes. Percentages of CC1+ oligodendrocytes 794 
that are Tunel+ at 3 days after injury; comparisons are made between all CC1+ cells based on 8OHdG 795 
immunoreactivity (a), then between EdU- and EdU+ cells, both with elevated 8OHdG (b). Similarly, 796 
percentages of CC1+ oligodendrocytes that are Caspase3+ at 3 days after injury based upon 8OHdG 797 
immunoreactivity (c), then between EdU- and EdU+ cells, both with elevated 8OHdG (d).  (e) At 28 798 
days, caspase3+ oligodendrocyte comparisons are confined to EdU-/+ as 8OHdG immunoreactivity is 799 
not elevated. Each symbol indicates the average for an animal, mean values for the group are 800 
indicated by black horizontal bars. Statistical comparisons were made between groups; differences in 801 
percentages of Tunel+ or caspase3+ cells are indicated by * (p < 0.05). (f) Representative image of 802 
caspase3, EdU, CC1 and 8OHdG immunoreactivity at 28 days. CC1+/caspase3+/EdU- (>) and 803 
CC1+/caspase3-/EdU+ (>>) cells are indicated; caspase3+/EdU+ oligodendrocytes are seldom 804 
observed, scale bar: 20 μm.  805 
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Table 1 
 
 
 

 
Table 1: Antibodies and metal reagents used in immunolabelling for NanoSIMS assessments. 

The antigen, vendor, species, catalogue number, lot number, concentration used for labelling tissue 

and conjugated elements used are listed.  

 

Antigen Vendor Species Catalogue 
number 

Lot Concentration Element Reference 

8OHdG Abcam Goat ab10802 GR219814-6 1 μg/mL 162Dy (Haider et al., 

2011) 

CC1 Calbiochem Mouse ab16794 D00140406 1 μg/mL 158Gd (Guptarak et al., 

2014) 

MBP Abcam Rabbit ab40390 GR250243-1 1 μg/mL 175Lu (Fitzgerald et 

al., 2010) 

3NT Abcam Rabbit 06-284 2506418 1 μg/mL 170Er (Hartman et al., 

2007) 

Caspr Abcam Rabbit ab34151 GR143918-2 1 μg/mL 151Eu (Szymanski et 

al., 2013) 

βIIIT Sapphire 
Biosciences 

Rabbit ab18207 GR204562-1 1 μg/mL 176Yb (Eminli et al., 

2008) 

NG2 Abcam Rabbit ab83178 2387817 1 μg/mL 172Yb (Ye et al., 2016) 

Olig2 R&D 
Systems 

Goat af2418 UPA0515011 1 μg/mL 152Sm (Payne et al., 

2013) 




















