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Abstract

:

Visual loss in acute optic neuritis is typically attributed to axonal conduction block due to inflammatory demyelination, but the mechanisms remain unclear. Recent research has highlighted tissue hypoxia as an important cause of neurological deficits and tissue damage in both multiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE) and, here, we examine whether the optic nerves are hypoxic in experimental optic neuritis induced in Dark Agouti rats. At both the first and second peaks of disease expression, inflamed optic nerves labelled significantly for tissue hypoxia (namely, positive for hypoxia inducible factor-1α (HIF1α) and intravenously administered pimonidazole). Acutely inflamed nerves were also labelled significantly for innate markers of oxidative and nitrative stress and damage, including superoxide, nitric oxide and 3-nitrotyrosine. The density and diameter of capillaries were also increased. We conclude that in acute optic neuritis, the optic nerves are hypoxic and come under oxidative and nitrative stress and damage. Tissue hypoxia can cause mitochondrial failure and thus explains visual loss due to axonal conduction block. Tissue hypoxia can also induce a damaging oxidative and nitrative environment. The findings indicate that treatment to prevent tissue hypoxia in acute optic neuritis may help to restore vision and protect from damaging reactive oxygen and nitrogen species.
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1. Introduction


Optic neuritis is an inflammatory demyelinating disease of the optic nerve that can cause severe visual deficits, including blindness [1,2]. The deficits often appear to resolve over time, but more permanent residual deficits can frequently be revealed upon careful examination [2,3,4,5]. The reversible and permanent visual deficits are typically attributed respectively to the inflammatory demyelination and neuroaxonal degeneration that accompany them [6,7,8,9]. This damage appears to involve a range of innate immune mechanisms, including the actions of reactive oxygen species (ROS) [10,11,12,13,14,15,16,17], nitric oxide [17,18,19,20,21,22,23,24,25,26,27,28], peroxynitrite [19,21,23,29,30,31,32] and mitochondrial failure [17,33,34,35,36,37,38,39], reviewed in [14,40,41,42,43,44,45], all of which are increased in optic neuritis [11,12,46,47,48]. Accordingly, treatments to control ROS have been found to provide protection in experimental autoimmune optic neuritis [46,49,50,51], which is a common feature of the animal model of multiple sclerosis, experimental autoimmune encephalomyelitis (EAE) [52,53].



There is no satisfactory treatment for optic neuritis. Steroids can shorten the duration of the attack, but they barely change the long-term outcome [4,9,54,55,56,57]. A treatment avenue would arise if it was possible to control the innate immune factors involved in the damage, but their control is complicated by the fact that the cause of their initiation is unclear. The innate immune factors are common features of inflammatory lesions, but, for example, ROS and mitochondrial dysfunction can both precede the histological appearance of inflammation by a week or more [10,11,17,52], suggesting that they are not caused by inflammation, at least if inflammation is defined by the arrival and presence of inflammatory cells. The innate mechanisms are, however, all promoted in tissue if the tissue is hypoxic, i.e., if the tissue has a pathologically low concentration of oxygen. Thus, hypoxia is a potent promotor of mitochondrially produced superoxide and the consequent cascade of reactive oxygen species [58,59,60,61]. Hypoxia also induces the production of nitric oxide via the formation of the inducible form of nitric oxide synthase (iNOS) [62,63,64], namely, the form of the enzyme that produces large amounts of nitric oxide continuously. The free radicals superoxide and nitric oxide combine avidly to form the highly toxic oxidising agent peroxynitrite [65,66], which damages proteins by nitrating tyrosine to nitrotyrosine [65,67]. Hypoxia also, of course, impairs mitochondrial function, and such damage is prominent in EAE [16,37]. Hypoxia therefore emerges as a potential cause of the innate immune factors believed to be responsible for demyelination and axonal degeneration in optic neuritis, but it is not yet known whether the inflamed optic nerve is hypoxic.



There is evidence that the vasculature of the inflamed optic nerve may be hypoperfused as several studies have found deficits in blood flow in the retina and near the optic nerve head in acute optic neuritis in humans [68,69,70,71] and animals [72], and this blood supply is derived from the optic nerve. The hypoperfusion appears to be caused by raised concentrations of the potent vasoconstricting agent, endothelin-1, in the blood and cerebrospinal fluid in both optic neuritis and MS [73,74,75,76,77]. However, it is not inevitable that a reduction in vascular perfusion will result in tissue hypoxia because the reduction may be a physiological response to a reduction in metabolic demand. Such a reduction can occur if, for example, the demand for oxygen is reduced by the inhibition of mitochondrial complex IV by nitric oxide [17,78,79] (i.e., the existence of a condition of virtual hypoxia, also known as histotoxic hypoxia, in which the oxygen concentration can actually rise because of reduced oxygen utilisation). If the optic nerve is actually hypoxic (also known as hypoxic hypoxia, where the oxygen concentration is low, e.g., due to reduced blood flow and thus reduced oxygen delivery), the hypoxia may indicate an avenue to treatment because we have found, in neuroinflammatory lesions, that breathing raised oxygen or treatment with vasodilating nimodipine can quite promptly reverse hypoxia. Furthermore, such protection from hypoxia also provides protection from the associated disability, demyelination and degeneration that occur in EAE [80,81,82] and from the pattern III demyelination in experimental white matter inflammation [83]. Notably, if the optic nerve in optic neuritis is actually hypoxic, corrective treatment could simultaneously reduce all the mentioned mediators of innate damage, namely, ROS, nitric oxide, peroxynitrite and mitochondrial failure. Here, we explore whether the optic nerve is actually hypoxic in experimental autoimmune optic neuritis and the relationship of the hypoxia with the presence of the innate immune factors.




2. Results


Animals were selected for a histological study of their optic nerves based on the expression of a hindlimb neurological deficit (weakness) because it is not easy to screen animals for their expression of optic neuritis while they are awake. Our previous research has found that in a DA rMOG model of EAE, as examined here, almost 100% of animals will express optic neuritis eventually, but the expression is not necessarily coincident with the expression of a hindlimb deficit. Most commonly, optic neuritis occurs first, but, in some animals, it occurs second. Thus, in this study, optic nerves were studied that expressed optic neuritis at different stages of lesion development.



Twenty-six of the thirty animals immunised with rMOG expressed the hind limb and tail weakness/paralysis expected with animals exhibiting a neurological deficit due to EAE (Table 1). Of the twenty-six animals with hindlimb and tail deficits, twenty-three exhibited bilateral optic neuritis, one had only unilateral disease, and two had no inflammation in their optic nerves. The two animals with no optic neuritis had been perfused at the first peak of hindlimb and tail disease (11 and 14 days post-immunisation, respectively). Thus, in these two animals, the pathology in the spinal cord preceded that in the optic nerves. Of the four animals without obvious hindlimb or tail deficits, one animal (perfused at 29 days post-immunisation) had bilateral and one (perfused at 45 d post-immunisation.) had unilateral optic neuritis upon histology examination: the remaining nerves were not inflamed (perfused at 18 and 44 days post-immunisation., respectively). In total, forty-seven out of fifty-six nerves collected for histological examination were inflamed and designated EAE-ON, and the remaining nine nerves were not inflamed and designated EAE-NON.



Inflammation typically affected the anterior (orbital) portion of the nerve first (Figure 1e), often spreading caudally towards the chiasm, and sometimes involving the chiasm (Figure 1f). Immunofluorescent examination of labelling for IBA1 and ED1 revealed that optic nerves from animals immunised for EAE expressed significantly higher microglial/macrophage density (IBA1, p < 0.001; Figure 1b) and activation (ED1, p < 0.001; Figure 1d) than optic nerves from control animals ‘immunised’ with IFA alone. Labelling for IBA1 and ED1 was also significantly higher in EAE-ON than in EAE-NON (IBA1: p = 0.0011, ED1: p = 0.014).



Immunohistochemical labelling for the marker of hypoxia, HIF1α, was significantly higher in EAE-ON nerves than in nerves from IFA animals, regardless of whether the nerves were obtained during the first or second peak of the disease (p = 0.0029; Figure 2c). The labelling for HIF1α was more intense in the most inflamed nerves (p = 0.033; Figure 2d). The complementary label for hypoxia, pimonidazole, confirmed that the labelling for HIF1α correlated with evidence of low oxygen concentration, and, again, the labelling was significantly more intense in the EAE-ON group compared with the IFA group (p = 0.0017; Figure 2e).



The number and diameter of blood vessels were measured in nerves immunolabelled for the endothelial expression of GLUT1. Sections from EAE-ON nerves showed an apparently significant increase in the number of vessels compared with nerves from IFA animals (p = 0.0090). The trend towards significance compared with EAE-NON nerves may have been limited by the small sample size of nerves in the EAE-NON group (Figure 3b). The apparent increase in vessel number was accompanied by a significant increase in vessel diameter, compared with either EAE-NON nerves (p = 0.0038) or nerves from IFA animals (p < 0.001; Figure 3c).



Labelling for iNOS was significantly more intense in the EAE-ON group at the peak of the disease (i.e., 2 days after onset), especially in the more profoundly inflamed lesions (Figure 4c-iii; see also yellow line in Figure 4g) than in the IFA or EAE-NON nerves (EAE-NON: p = 0.024, IFA: p < 0.001; Figure 4d). However, by day 4 after the onset of disease expression, the labelling for iNOS was reduced in the EAE-ON nerves to resemble that in the non-inflamed nerves, and labelling was significantly lower than that in EAE-ON at the peak of the disease (p = 0.0015; Figure 4d, see also Figure 4g). Labelling for 3NT was also significantly more intense in EAE-ON, especially at the peak of the disease, compared with the IFA or EAE-NON nerves (EAE-NON: p = 0.040, IFA: p = 0.0011; Figure 4f). Labelling for 3NT was absent from the most inflamed nerves (see yellow line in Figure 4h). DHE was only injected into animals perfused on day 4 after the onset of disease expression, i.e., at a time after the labelling for iNOS had reduced, but the findings nonetheless showed significantly more cells labelled after DHE in the EAE-ON group compared with the EAE-NON and IFA nerves (EAE-NON: p = 0.14, IFA: p = 0.055, EAE-NON and IFA: p = 0.031; Figure 4b). Labelling for iNOS and 3NT was most common in the cytoplasm of cells in inflamed optic nerves, but the autofluorescence from DHE was mainly seen in cell nuclei (Figure 4a-iii).




3. Discussion


The main finding of this study is that in optic neuritis due to EAE, acutely inflamed optic nerves are significantly hypoxic. The hypoxia is accompanied by evidence of significant increases in the expression of a range of deleterious innate immune factors, including superoxide, nitric oxide, and the potent oxidising agent, peroxynitrite, formed by the combination of the free radicals superoxide and nitric oxide. The increased production of superoxide (evidenced by DHE-induced fluorescence) and nitric oxide (evidenced by the appearance of the iNOS enzyme) were an expected consequence of tissue hypoxia [58,59,60,61,62,63,64], and these free radicals combined avidly to form peroxynitrite [65,66] (evidenced by the appearance of protein damage by labelling for 3NT). The hypoxia and simultaneously raised expression of deleterious innate immune factors raises the possibility that hypoxia may contribute to, or perhaps even be responsible for, the appearance of innate immune factors.



The optic nerves were almost certainly hypoxic because of inadequate vascular perfusion, and this interpretation is supported by observations of reduced vascular perfusion of the retina and optic nerve head in both human [68,69,70,71] and experimental [72] optic neuritis. The cause of hypoperfusion is probably a combination of vasoconstriction, raised tissue pressure (oedema) and the physical compression of the vessels, with the balance of these phenomena varying between individuals and at different stages of disease progression. The vasoconstriction can be attributed, at least in part, to increased plasma and cerebrospinal fluid concentrations of the potent vasoconstricting agent endothelin-1, which is well documented in both optic neuritis and MS [73,74,75,76,77]. A rise in tissue pressure due to oedema resists vascular perfusion because perfusion is driven by a difference in fluid pressure at either end of the vessels, and this pressure gradient into the oedematous tissue is diminished if the tissue pressure is raised. The physical compression of vessels occurs with a rise in tissue pressure, especially if the oedematous tissue swells to become constrained by the inelastic dura or by the bone of the optic foramen. The importance of such swelling is immediately apparent upon direct observation of the inflamed lumbar spinal cord in EAE because the cushion of surrounding cerebrospinal fluid is displaced and the cord immediately abuts the dura, which compresses, indeed flattens, the surface veins [81]. A detailed MRI examination of optic neuritis [8] emphasised the role of inflammation and oedematous ‘pressure block’ as a mechanism underlying visual loss. Localised pressure can indeed block axonal conduction by deforming and depolarising axons [84], but, here, we advance this interpretation by considering that it is vascular insufficiency and resulting tissue hypoxia that is the more likely explanation. Hypoxia readily causes reversible and irreversible conduction failure, depending on the severity and longevity of the hypoxia. Mild and/or brief hypoxia causes mitochondrial failure and a lack of sufficient ATP to maintain the resting potential. In axons, the resulting depolarisation causes conduction failure (and visual loss) by preventing impulse propagation or reducing the ability of axons to conduct impulses at a higher frequency, depending on the severity of the energy crisis.



The results show an apparent increase in vessel number in acute optic neuritis, combined with an increase in vessel diameter (Figure 3). The increase in vessel number is observed quite early in the disease course, and perhaps before the opportunity for significant vessel proliferation. It is therefore possible, if not likely, that the increase in vessel number is apparent rather than real, and due to the increased frequency that dilated vessels will appear in a particular tissue section. Vessel dilation appears to contradict the interpretation of vasoconstriction as a cause of hypoxia, but the dilated vessels are largely the numerous capillaries and the constricted vessels are the few arteries and arterioles.



The finding that the inflamed optic nerve is hypoxic is potentially clinically important because it indicates potential routes to neuroprotective treatment. Routes that overcome hypoxia may not only restore mitochondrial function but also simultaneously reduce all the damaging innate immune markers examined in this study because all are promoted by tissue hypoxia, as noted above. Our previous research has revealed that the prevention of hypoxia in inflamed lesions with either raised inspiratory oxygen or with vasodilating nimodipine is very effective in promptly raising the oxygenation of the lesions, even to normal levels [81]. These treatments are also very effective in restoring neurological function [80,82] and protecting tissue structure (e.g., protection from demyelination) [80,83], but the two treatments are not equivalent in their action. Treatment with oxygen has the advantage of increasing the oxygenation of tissue even if the vessels are too narrowed to allow for the passage of red cells, as long as the vessels have any flow of plasma in which the oxygen is dissolved. However, a potential disadvantage of oxygen treatment is the risk, if vascular perfusion is good, of increasing the oxygenation of the tissue above normal levels and so promoting the production of reactive oxygen species [85]. Treatment with nimodipine has the advantage that it avoids the risk of over-oxygenation because treatment results in the increased perfusion of normally oxygenated blood, rather than hyper-oxygenated blood. However, a disadvantage of nimodipine is that although the drug dilates constricted vessels, it understandably cannot dilate vessels that are narrowed due to physical compression by, for example, oedema. Thus, the choice of treatment is influenced by the mechanisms responsible for causing the tissue hypoxia, such as whether hypoperfusion is due to the constriction or compression of vessels.



Hypoxia of the optic nerve will promote a tissue energy crisis by impairing mitochondrial function. It is therefore relevant that a new approach to the neuroprotective treatment of optic neuritis has been suggested using sodium channel blocking agents, on the basis that such treatment is expected to reduce any energy deficit, such as that resulting from mitochondrial failure [86]. In support of this treatment approach, the sodium channel-blocking agents flecainide, lamotrigine and phenytoin have been proven to provide very effective neuroprotection in models of EAE [87,88,89,90] and experimental autoimmune neuritis [91]. Furthermore, phenytoin has been tested in clinical trial in acute optic neuritis and found to provide very effective neuroprotection, namely, a 30% reduction in the loss of the retinal nerve fibre layer [92]. The beneficial effects of sodium channel blocking agents may not only help to compensate for reduced energy levels but they may also reduce the production of deleterious innate immune factors by their ability to reduce microglial activation [93,94,95,96].




4. Materials and Methods


4.1. Animals


All experiments were performed in accordance with the UK Home Office Animals (Scientific Procedures) Act (1986). Female Dark Agouti (DA; 140–160 g; Envigo, London, UK) were housed in a 12 h light/dark cycle with food and water ad libitum. EAE (n = 30) was induced using our usual protocol [81,82], which includes subcutaneous injection at the base of the tail with an emulsion containing 100 µL incomplete Freund’s adjuvant (IFA) mixed with 100 µL recombinant MOG (rMOG; a gift from the Christopher Linington lab) under light anaesthesia with isoflurane. Control animals were ‘immunised’ with IFA mixed with 100 µL saline only (n = 15). After immunisation, animals were daily weighed and evaluated for any neurological deficit using a 10-point scale [82], with higher scores indicating more severe deficits. Animals would usually start to show neurological deficits 8–10 days after immunisation, with the deficits reaching a peak approximately 2 days later. The deficits then subsided, manifesting as a remission, followed by a relapse.



Some of the animals were injected intravenously with pimonidazole (60 mg/kg body weight; HPI Inc., Westborough, MA, USA) 24 h prior to trans-cardial perfusion. Under hypoxic tissue conditions (approximately PO2 < 10 mmHg), a reduced form of pimonidazole binds permanently to the tissue, which could later be visualised using immunohistological methods [97,98], providing an indication of the absolute oxygen concentration of the tissue. In another batch of animals, dihydroethidium (DHE; Invitrogen, Carlsbad, CA, USA; 1.2 mg/animal) was injected intravenously 4 h prior to trans-cardial perfusion. DHE reacts with superoxide and forms fluorescent labelling [98,99] that can be used as an in vivo guide to the production of superoxide.




4.2. Tissue Processing


Animals were trans-cardially perfused with heparinised saline followed by 4% paraformaldehyde (PFA; Sigma, Dorset, UK) either at the peak of the first relapse (day 2 after the onset of neurological deficit), 2 days after the peak (day 4), or at the peak of the second relapse (>20 days post-immunisation). The optic nerves were removed and post-fixed in PFA overnight at 4 °C before being transferred to 30% sucrose (Sigma) for cryoprotection. The optic nerves were embedded in OCT (Thermo-Fisher scientific, Waltham, MA, USA) and cut longitudinally in sections 10 µm thick using a cryostat (Leica, Wetzlar, Germany), and the sections were thaw-mounted onto glass slides (SuperFrost Plus; VWR, Leicestershire, UK).




4.3. Histology


Sections were air-dried overnight at room temperature, followed by rehydration with phosphate-buffered saline (PBS; Sigma). The sections were incubated for 1.5 h in a blocking buffer containing 10% normal goat serum (Vector laboratories, Newark, CA, USA) diluted in PBST (PBS with 0.1% Triton X-100). For immunofluorescent labelling, the slides were incubated overnight at 4 °C in related primary antibodies (rabbit-anti-IBA1 1:200, 019-19741, WAKO; mouse-anti-ED1 1:100, MCA341GA, Bio-Rad; rabbit-anti-HIF1a 1:100, ab82832, Abcam; rabbit-anti-pimonidazole 1:200, HP3-1000, HPI Inc.; rabbit-anti-GLUT1 1:100, ab14683, Abcam; rabbit-anti-iNOS 1:100, PA1-036, Invitrogen; mouse-anti-3NT 1:100, ab61392, Abcam) diluted in a blocking buffer and then for 1 h in corresponding secondary antibodies diluted 1:200 (AlexFluor546-conjugated goat-anti-rabbit IgG, A11035; AlexFluor488-conjugated goat-anti-mouse IgG, A11001; Invitrogen), before being mounted with a DAPI-containing mounting medium (Biotium, Fremont, CA, USA). For labelling by immunohistochemistry, biotin-conjugated secondary antibodies (goat-anti-rabbit, BA1000, Vector laboratories) were used, and the slides were incubated in a biotin-streptavidin amplification solution (ABC kit; Vector laboratories) for 1 h, followed by a diaminobenzidine (DAB; Vector laboratories) reaction.




4.4. Imaging and Quantification


Immunofluorescent images were acquired with a confocal microscope (LSM710; Zeiss, Oberkochen, Germany) with a 10× objective (Zeiss) and immunohistochemistry images were acquired with a light microscope (Zeiss) under a 40× objective (Nikon, Tokyo, Japan). The microscopy settings were kept constant throughout image acquisition between sections with similar labelling. Image processing was conducted with ImageJ 1.54f software (NIH, Bethesda, MD, USA). For each image, positive labelling was identified as pixels with intensity above a certain threshold, and the relative area of labelling was then quantified as the area of positive labelling divided by the area of the observed tissue. For GLUT1 images, vascular diameter was calculated for each vessel from its area and length. The result generated for each optic nerve was an average of results acquired from several microscopic images taken across the whole length of the optic nerve.




4.5. Statistics


Statistical analyses were performed with Excel 2010 (Microsoft, Redmond, WA, USA), Prism 10.0 (GraphPad, La Jolla, CA, USA) or Matlab 2023a (MathWorks, Natick, MA, USA) using Student’s t-test, ANOVA or linear regression. The threshold for statistical significance was indicated as not significant (p > 0.05), * (p ≤ 0.05), ** (p ≤ 0.01), *** (p ≤ 0.001).





5. Conclusions


We conclude that in optic neuritis due to EAE, the acutely inflamed optic nerves are significantly hypoxic. The hypoxia is accompanied by, or may perhaps even be responsible for, the appearance of a range of deleterious innate immune factors, including the formation of reactive oxygen and nitrogen species. The hypoxia and innate immune factors can impair mitochondrial function, causing axonal conduction block and loss of vision, and promoting demyelination. The finding of optic nerve hypoxia in optic neuritis opens new perspectives for the treatment of the disease because preventing hypoxia may not only restore mitochondrial function but also avoid the formation of an environment that promotes demyelination and axonal damage.







Author Contributions


Conceptualization, Z.Y., C.M., R.D. and K.J.S.; methodology, Z.Y., C.M., R.D. and K.J.S.; resources, C.L.; data curation, Z.Y., C.M., H.K.Ö., E.G. and A.G.Y.; writing—original draft preparation, Z.Y. and K.J.S.; writing—review and editing, all authors; visualization, Z.Y. and K.J.S.; supervision, R.D. and K.J.S.; funding acquisition, K.J.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Multiple Sclerosis Society (grant number: 142), International Progressive Multiple Sclerosis Alliance (grant number: PA-2001-35703 and PA-2301-40697), and The Fondation Leducq (grant number: 16 CVD 05).




Institutional Review Board Statement


The animal study protocol was approved by the Ethics Committee of University College London and the UK Home Office (project code: PP9974401, date of approval: 16 January 2023).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data contained within the article will be made available upon reasonable request.




Acknowledgments


We gratefully acknowledge support from the Multiple Sclerosis International Federation to C.M.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Bennett, J.L. Optic Neuritis. Continuum 2019, 25, 1236–1264. [Google Scholar] [CrossRef] [PubMed]

	



Balcer, L.J.; Miller, D.H.; Reingold, S.C.; Cohen, J.A. Vision and vision-related outcome measures in multiple sclerosis. Brain 2015, 138 Pt 1, 11–27. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, J.L.; Costello, F.; Chen, J.J.; Petzold, A.; Biousse, V.; Newman, N.J.; Galetta, S.L. Optic neuritis and autoimmune optic neuropathies: Advances in diagnosis and treatment. Lancet Neurol. 2023, 22, 89–100. [Google Scholar] [CrossRef]

	



Beck, R.W.; Cleary, P.A. Optic neuritis treatment trial. One-year follow-up results. Arch. Ophthalmol. 1993, 111, 773–775. [Google Scholar] [CrossRef] [PubMed]

	



Beck, R.W.; Cleary, P.A.; Backlund, J.C.; Optic Neuritis Study Group. The Course of Visual Recovery after Optic Neuritis: Experience of the Optic Neuritis Treatment Trial. Ophthalmology 2020, 127, S174–S181. [Google Scholar] [CrossRef]

	



Henderson, A.P.D.; Altmann, D.R.; Trip, S.A.; Miszkiel, K.A.; Schlottmann, P.G.; Jones, S.J.; Garway-Heath, D.F.; Plant, G.T.; Miller, D.H. Early factors associated with axonal loss after optic neuritis. Ann. Neurol. 2011, 70, 955–963. [Google Scholar] [CrossRef] [PubMed]

	



Kolappan, M.; Henderson, A.P.D.; Jenkins, T.M.; Wheeler-Kingshott, C.A.M.; Plant, G.T.; Thompson, A.J.; Miller, D.H. Assessing structure and function of the afferent visual pathway in multiple sclerosis and associated optic neuritis. J. Neurol. 2009, 256, 305–319. [Google Scholar] [CrossRef]

	



Youl, B.D.; Turano, G.; Miller, D.H.; Towell, A.D.; MacManus, D.G.; Moore, S.G.; Jones, S.J.; Barrett, G.; Kendall, B.E.; Moseley, I.F.; et al. The pathophysiology of acute optic neuritis. An association of gadolinium leakage with clinical and electrophysiological deficits. Brain 1991, 114 Pt 6, 2437–2450. [Google Scholar] [CrossRef]

	



Toosy, A.T.; Mason, D.F.; Miller, D.H. Optic neuritis. Lancet Neurol. 2014, 13, 83–99. [Google Scholar] [CrossRef]

	



Steudler, J.; Ecott, T.; Ivan, D.C.; Bouillet, E.; Walthert, S.; Berve, K.; Dick, T.P.; Engelhardt, B.; Locatelli, G. Autoimmune neuroinflammation triggers mitochondrial oxidation in oligodendrocytes. Glia 2022, 70, 2045–2061. [Google Scholar] [CrossRef]

	



Qi, X.; Lewin, A.S.; Sun, L.; Hauswirth, W.W.; Guy, J. Suppression of mitochondrial oxidative stress provides long-term neuroprotection in experimental optic neuritis. Investig. Opthalmol. Vis. Sci. 2007, 48, 681–691. [Google Scholar] [CrossRef]

	



Kang, E.Y.-C.; Liu, P.-K.; Wen, Y.-T.; Quinn, P.M.J.; Levi, S.R.; Wang, N.-K.; Tsai, R.-K. Role of Oxidative Stress in Ocular Diseases Associated with Retinal Ganglion Cells Degeneration. Antioxidants 2021, 10, 1948. [Google Scholar] [CrossRef]

	



Lassmann, H.; van Horssen, J.; Mahad, D. Progressive multiple sclerosis: Pathology and pathogenesis. Nat. Rev. Neurol. 2012, 8, 647–656. [Google Scholar] [CrossRef] [PubMed]

	



van Horssen, J.; Witte, M.E.; Schreibelt, G.; de Vries, H.E. Radical changes in multiple sclerosis pathogenesis. Biochim. Biophys. Acta 2011, 1812, 141–150. [Google Scholar] [CrossRef] [PubMed]

	



Haider, L. Inflammation, Iron, Energy Failure, and Oxidative Stress in the Pathogenesis of Multiple Sclerosis. Oxid. Med. Cell Longev. 2015, 2015, 725370. [Google Scholar] [CrossRef] [PubMed]

	



Nikić, I.; Merkler, D.; Sorbara, C.; Brinkoetter, M.; Kreutzfeldt, M.; Bareyre, F.M.; Brück, W.; Bishop, D.; Misgeld, T.; Kerschensteiner, M. A reversible form of axon damage in experimental autoimmune encephalomyelitis and multiple sclerosis. Nat. Med. 2011, 17, 495–499. [Google Scholar] [CrossRef] [PubMed]

	



Qi, X.; Lewin, A.S.; Sun, L.; Hauswirth, W.W.; Guy, J. Mitochondrial protein nitration primes neurodegeneration in experimental autoimmune encephalomyelitis. J. Biol. Chem. 2006, 281, 31950–31962. [Google Scholar] [CrossRef] [PubMed]

	



Beltrán, B.; Quintero, M.; García-Zaragozá, E.; O’Connor, E.; Esplugues, J.V.; Moncada, S. Inhibition of mitochondrial respiration by endogenous nitric oxide: A critical step in Fas signaling. Proc. Natl. Acad. Sci. USA 2002, 99, 8892–8897. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Vana, A.C.; Ribeiro, R.; Zhang, Y. Distinct role of nitric oxide and peroxynitrite in mediating oligodendrocyte toxicity in culture and in experimental autoimmune encephalomyelitis. Neuroscience 2011, 184, 107–119. [Google Scholar] [CrossRef]

	



Clementi, E.; Brown, G.C.; Feelisch, M.; Moncada, S. Persistent inhibition of cell respiration by nitric oxide: Crucial role ofS-nitrosylation of mitochondrial complex I and protective action of glutathione. Proc. Natl. Acad. Sci. USA 1998, 95, 7631–7636. [Google Scholar] [CrossRef]

	



Lizasoain, I.; Moro, M.A.; Knowles, R.G.; Darley-Usmar, V.; Moncada, S. Nitric oxide and peroxynitrite exert distinct effects on mitochondrial respiration which are differentially blocked by glutathione or glucose. Biochem. J. 1996, 314, 877–880. [Google Scholar] [CrossRef]

	



Cleeter, M.W.; Cooper, J.M.; Darley-Usmar, V.M.; Moncada, S.; Schapira, A.H. Reversible inhibition of cytochrome c oxidase, the terminal enzyme of the mitochondrial respiratory chain, by nitric oxide. FEBS Lett. 1994, 345, 50–54. [Google Scholar] [CrossRef] [PubMed]

	



Moncada, S.; Bolaños, J.P. Nitric oxide, cell bioenergetics and neurodegeneration. J. Neurochem. 2006, 97, 1676–1689. [Google Scholar] [CrossRef] [PubMed]

	



Mander, P.; Borutaite, V.; Moncada, S.; Brown, G.C. Nitric oxide from inflammatory-activated glia synergizes with hypoxia to induce neuronal death. J. Neurosci. Res. 2005, 79, 208–215. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, V.C.; Heales, S.J. Nitric oxide-induced mitochondrial dysfunction: Implications for neurodegeneration. Free Radic. Biol. Med. 2003, 34, 287–303. [Google Scholar] [CrossRef] [PubMed]

	



Heales, S.J.R.; Barker, J.E.; Stewart, V.C.; Brand, M.P.; Hargreaves, I.P.; Foppa, P.; Land, J.M.; Clark, J.B.; Bolaνos, J.P. Nitric oxide, energy metabolism and neurological disease. Biochem. Soc. Trans. 1997, 25, 939–943. [Google Scholar] [CrossRef]

	



Liñares, D.; Taconis, M.; Maña, P.; Correcha, M.; Fordham, S.; Staykova, M.; Willenborg, D.O. Neuronal nitric oxide synthase plays a key role in CNS demyelination. J. Neurosci. 2006, 26, 12672–12681. [Google Scholar] [CrossRef] [PubMed]

	



Brown, G.C.; Neher, J.J. Inflammatory neurodegeneration and mechanisms of microglial killing of neurons. Mol. Neurobiol. 2010, 41, 242–247. [Google Scholar] [CrossRef] [PubMed]

	



Bolaños, J.P.; Heales, S.J.R.; Land, J.M.; Clark, J.B. Effect of peroxynitrite on the mitochondrial respiratory chain: Differential susceptibility of neurones and astrocytes in primary culture. J. Neurochem. 1995, 64, 1965–1972. [Google Scholar] [CrossRef]

	



Calcerrada, P.; Peluffo, G.; Radi, R. Nitric oxide-derived oxidants with a focus on peroxynitrite: Molecular targets, cellular responses and therapeutic implications. Curr. Pharm. Des. 2011, 17, 3905–3932. [Google Scholar] [CrossRef]

	



Parihar, A.; Vaccaro, P.; Ghafourifar, P. Nitric oxide irreversibly inhibits cytochrome oxidase at low oxygen concentrations: Evidence for inverse oxygen concentration-dependent peroxynitrite formation. IUBMB Life 2008, 60, 64–67. [Google Scholar] [CrossRef]

	



Li, J.; Baud, O.; Vartanian, T.; Volpe, J.J.; Rosenberg, P.A. Peroxynitrite generated by inducible nitric oxide synthase and NADPH oxidase mediates microglial toxicity to oligodendrocytes. Proc. Natl. Acad. Sci. USA 2005, 102, 9936–9941. [Google Scholar] [CrossRef] [PubMed]

	



Mosavimehr, M.; Mesbah-Namin, S.A. Mitochondrial Dysfunction in EAE Mice Brains and Impact of HIF1-α Induction to Compensate Energy Loss. Arch. Neurosci. 2020, 7, e104209. [Google Scholar] [CrossRef]

	



Rosenkranz, S.C.; Shaposhnykov, A.A.; Trager, S.; Engler, J.B.; Witte, M.E.; Roth, V.; Vieira, V.; Paauw, N.; Bauer, S.; Schwencke-Westphal, C.; et al. Enhancing mitochondrial activity in neurons protects against neurodegeneration in a mouse model of multiple sclerosis. eLife 2021, 10, e61798. [Google Scholar] [CrossRef] [PubMed]

	



Mahad, D.H.; Trapp, B.D.; Lassmann, H. Pathological mechanisms in progressive multiple sclerosis. Lancet Neurol. 2015, 14, 183–193. [Google Scholar] [CrossRef]

	



Ng, X.; Sadeghian, M.; Heales, S.; Hargreaves, I.P. Assessment of Mitochondrial Dysfunction in Experimental Autoimmune Encephalomyelitis (EAE) Models of Multiple Sclerosis. Int. J. Mol. Sci. 2019, 20, 4975. [Google Scholar] [CrossRef]

	



Sadeghian, M.; Mastrolia, V.; Haddad, A.R.; Mosley, A.; Mullali, G.; Schiza, D.; Sajic, M.; Hargreaves, I.; Heales, S.; Duchen, M.R.; et al. Mitochondrial dysfunction is an important cause of neurological deficits in an inflammatory model of multiple sclerosis. Sci. Rep. 2016, 6, 33249. [Google Scholar] [CrossRef] [PubMed]

	



Witte, M.E.; Geurts, J.J.; de Vries, H.E.; van der Valk, P.; van Horssen, J. Mitochondrial dysfunction: A potential link between neuroinflammation and neurodegeneration? Mitochondrion 2010, 10, 411–418. [Google Scholar] [CrossRef] [PubMed]

	



Soane, L.; Kahraman, S.; Kristian, T.; Fiskum, G. Mechanisms of impaired mitochondrial energy metabolism in acute and chronic neurodegenerative disorders. J. Neurosci. Res. 2007, 85, 3407–3415. [Google Scholar] [CrossRef]

	



Lassmann, H. Multiple sclerosis: Lessons from molecular neuropathology. Exp. Neurol. 2014, 262, 2–7. [Google Scholar] [CrossRef]

	



Desai, R.A.; Smith, K.J. Experimental autoimmune encephalomyelitis from a tissue energy perspective. F1000Research 2017, 6, 1973. [Google Scholar] [CrossRef]

	



Rajda, C.; Pukoli, D.; Bende, Z.; Majláth, Z.; Vécsei, L. Excitotoxins, Mitochondrial and Redox Disturbances in Multiple Sclerosis. Int. J. Mol. Sci. 2017, 18, 353. [Google Scholar] [CrossRef]

	



Lassmann, H. Axonal and neuronal pathology in multiple sclerosis: What have we learnt from animal models. Exp. Neurol. 2010, 225, 2–8. [Google Scholar] [CrossRef] [PubMed]

	



Smith, K.J.; Kapoor, R.; Felts, P.A. Demyelination: The role of reactive oxygen and nitrogen species. Brain Pathol. 1999, 9, 69–92. [Google Scholar] [CrossRef] [PubMed]

	



Gonsette, R. Neurodegeneration in multiple sclerosis: The role of oxidative stress and excitotoxicity. J. Neurol. Sci. 2008, 274, 48–53. [Google Scholar] [CrossRef] [PubMed]

	



Guy, J. Optic nerve degeneration in experimental autoimmune encephalomyelitis. Ophthalmic Res. 2008, 40, 212–216. [Google Scholar] [CrossRef] [PubMed]

	



Sanz-Morello, B.; Ahmadi, H.; Vohra, R.; Saruhanian, S.; Freude, K.K.; Hamann, S.; Kolko, M. Oxidative Stress in Optic Neuropathies. Antioxidants 2021, 10, 1538. [Google Scholar] [CrossRef] [PubMed]

	



Tsoi, V.L.; Hill, K.E.; Carlson, N.G.; Warner, J.E.A.; Rose, J.W. Immunohistochemical evidence of inducible nitric oxide synthase and nitrotyrosine in a case of clinically isolated optic neuritis. J. Neuro-Ophthalmol. 2006, 26, 87–94. [Google Scholar] [CrossRef] [PubMed]

	



Qi, X.; Sun, L.; Lewin, A.S.; Hauswirth, W.W.; Guy, J. Long-term suppression of neurodegeneration in chronic experimental optic neuritis: Antioxidant gene therapy. Investig. Opthalmol. Vis. Sci. 2007, 48, 5360–5370. [Google Scholar] [CrossRef] [PubMed]

	



Guy, J.; Ellis, E.A.; Hope, G.M.; Rao, N.A. Antioxidant enzyme suppression of demyelination in experimental optic neuritis. Curr. Eye Res. 1989, 8, 467–477. [Google Scholar] [CrossRef]

	



Guy, J.; Ellis, E.A.; Hope, G.; Rao, N.A. Influence of antioxidant enzymes in reduction of optic disc edema in experimental optic neuritis. J. Free Radic. Biol. Med. 1986, 2, 349–357. [Google Scholar] [CrossRef]

	



Hobom, M.; Storch, M.K.; Weissert, R.; Maier, K.; Radhakrishnan, A.; Kramer, B.; Bähr, M.; Diem, R. Mechanisms and time course of neuronal degeneration in experimental autoimmune encephalomyelitis. Brain Pathol. 2004, 14, 148–157. [Google Scholar] [CrossRef]

	



Storch, M.K.; Stefferl, A.; Brehm, U.; Weissert, R.; Wallström, E.; Kerschensteiner, M.; Olsson, T.; Linington, C.; Lassmann, H. Autoimmunity to myelin oligodendrocyte glycoprotein in rats mimics the spectrum of multiple sclerosis pathology. Brain Pathol. 1998, 8, 681–694. [Google Scholar] [CrossRef]

	



Beck, R.W.; Cleary, P.A.; Anderson, M.M., Jr.; Keltner, J.L.; Shults, W.T.; Kaufman, D.I.; Buckley, E.G.; Corbett, J.J.; Kupersmith, M.J.; Miller, N.R.; et al. A Randomized, controlled trial of corticosteroids in the treatment of acute optic neuritis. N. Engl. J. Med. 1992, 326, 581–588. [Google Scholar] [CrossRef] [PubMed]

	



Hickman, S.J.; Dalton, C.M.; Miller, D.H.; Plant, G.T. Management of acute optic neuritis. Lancet 2002, 360, 1953–1962. [Google Scholar] [CrossRef] [PubMed]

	



Gal, R.L.; Vedula, S.S.; Beck, R. Corticosteroids for treating optic neuritis. Cochrane Database Syst. Rev. 2015, 8, CD001430. [Google Scholar] [CrossRef]

	



Kapoor, R.; Miller, D.H.; Jones, S.J.; Plant, G.T.; Brusa, A.; Gass, A.; Hawkins, C.P.; Page, R.; Wood, N.W.; Compston, D.A.S.; et al. Effects of intravenous methylprednisolone on outcome in MRI-based prognostic subgroups in acute optic neuritis. Neurology 1998, 50, 230–237. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Waypa, G.B.; Marks, J.D.; Guzy, R.D.; Mungai, P.T.; Schriewer, J.M.; Dokic, D.; Ball, M.K.; Schumacker, P.T. Superoxide generated at mitochondrial complex III triggers acute responses to hypoxia in the pulmonary circulation. Am. J. Respir. Crit. Care Med. 2013, 187, 424–432. [Google Scholar] [CrossRef] [PubMed]

	



Hamanaka, R.B.; Chandel, N.S. Mitochondrial reactive oxygen species regulate hypoxic signaling. Curr. Opin. Cell Biol. 2009, 21, 894–899. [Google Scholar] [CrossRef] [PubMed]

	



Hoek, T.L.V.; Becker, L.B.; Shao, Z.; Li, C.; Schumacker, P.T. Reactive oxygen species released from mitochondria during brief hypoxia induce preconditioning in cardiomyocytes. J. Biol. Chem. 1998, 273, 18092–18098. [Google Scholar] [CrossRef]

	



Robinson, M.A.; Baumgardner, J.E.; Otto, C.M. Oxygen-dependent regulation of nitric oxide production by inducible nitric oxide synthase. Free Radic. Biol. Med. 2011, 51, 1952–1965. [Google Scholar] [CrossRef]

	



Jung, F.; Palmer, L.A.; Zhou, N.; Johns, R.A. Hypoxic regulation of inducible nitric oxide synthase via hypoxia inducible factor-1 in cardiac myocytes. Circ. Res. 2000, 86, 319–325. [Google Scholar] [CrossRef] [PubMed]

	



Eltzschig, H.K.; Carmeliet, P. Hypoxia and inflammation. N. Engl. J. Med. 2011, 364, 656–665. [Google Scholar] [CrossRef] [PubMed]

	



Bartesaghi, S.; Radi, R. Fundamentals on the biochemistry of peroxynitrite and protein tyrosine nitration. Redox Biol. 2017, 14, 618–625. [Google Scholar] [CrossRef]

	



Huie, R.E.; Padmaja, S. The reaction of no with superoxide. Free Radic. Res. Commun. 1993, 18, 195–199. [Google Scholar] [CrossRef] [PubMed]

	



Beckman, J.S.; Koppenol, W.H. Nitric oxide, superoxide, and peroxynitrite: The good, the bad, and the ugly. Am. J. Physiol. 1996, 271 Pt 1, C1424–C1437. [Google Scholar] [CrossRef] [PubMed]

	



Mohammadi, S.; Gouravani, M.; Salehi, M.A.; Arevalo, J.F.; Galetta, S.L.; Harandi, H.; Frohman, E.M.; Frohman, T.C.; Saidha, S.; Sattarnezhad, N.; et al. Optical coherence tomography angiography measurements in multiple sclerosis: A systematic review and meta-analysis. J. Neuroinflam. 2023, 20, 85. [Google Scholar] [CrossRef]

	



Collignon-Robe, N.J.; Feke, G.T.; Rizzo, J.F., 3rd. Optic nerve head circulation in nonarteritic anterior ischemic optic neuropathy and optic neuritis. Ophthalmology 2004, 111, 1663–1672. [Google Scholar] [CrossRef]

	



Chen, T.-C.; Yeh, C.-Y.; Lin, C.-W.; Yang, C.-M.; Yang, C.-H.; Lin, I.-H.; Chen, P.-Y.; Cheng, J.-Y.; Hu, F.-R. Vascular hypoperfusion in acute optic neuritis is a potentially new neurovascular model for demyelinating diseases. PLoS ONE 2017, 12, e0184927. [Google Scholar] [CrossRef]

	



Akarsu, C.; Tan, F.U.; Kendi, T. Color Doppler imaging in optic neuritis with multiple sclerosis. Graefe’s Arch. Clin. Exp. Ophthalmol. 2004, 242, 990–994. [Google Scholar] [CrossRef]

	



Buscho, S.E.; Xia, F.; Shi, S.; Lin, J.L.; Szczesny, B.; Zhang, W.; Motamedi, M.; Liu, H. Non-Invasive Evaluation of Retinal Vascular Alterations in a Mouse Model of Optic Neuritis Using Laser Speckle Flowgraphy and Optical Coherence Tomography Angiography. Cells 2023, 12, 2685. [Google Scholar] [CrossRef]

	



Rocha, N.P.; Colpo, G.D.; Bravo-Alegria, J.; Lincoln, J.A.; Wolinsky, J.S.; Lindsey, J.W.; Teixeira, A.L.; Freeman, L. Exploring the relationship between Endothelin-1 and peripheral inflammation in multiple sclerosis. J. Neuroimmunol. 2019, 326, 45–48. [Google Scholar] [CrossRef]

	



Monti, L.; Morbidelli, L.; Bazzani, L.; Rossi, A. Influence of Circulating Endothelin-1 and Asymmetric Dimethylarginine on Whole Brain Circulation Time in Multiple Sclerosis. Biomark. Insights 2017, 12, 1177271917712514. [Google Scholar] [CrossRef] [PubMed]

	



Pache, M.; Kaiser, H.J.; Akhalbedashvili, N.; Lienert, C.; Dubler, B.; Kappos, L.; Flammer, J. Extraocular blood flow and endothelin-1 plasma levels in patients with multiple sclerosis. Eur. Neurol. 2003, 49, 164–168. [Google Scholar] [CrossRef] [PubMed]

	



Haufschild, T.; Shaw, S.G.; Kaiser, H.J.; Flammer, J. Transient raise of endothelin-1 plasma level and reduction of ocular blood flow in a patient with optic neuritis. Ophthalmologica 2003, 217, 451–453. [Google Scholar] [CrossRef]

	



Castellazzi, M.; Lamberti, G.; Resi, M.V.; Baldi, E.; Caniatti, L.M.; Galante, G.; Perri, P.; Pugliatti, M. Increased Levels of Endothelin-1 in Cerebrospinal Fluid Are a Marker of Poor Visual Recovery after Optic Neuritis in Multiple Sclerosis Patients. Dis. Markers 2019, 2019, 9320791. [Google Scholar] [CrossRef]

	



Brunori, M.; Forte, E.; Arese, M.; Mastronicola, D.; Giuffrè, A.; Sarti, P. Nitric oxide and the respiratory enzyme. Biochim. Biophys. Acta (BBA)-Bioenerg. 2006, 1757, 1144–1154. [Google Scholar] [CrossRef] [PubMed]

	



Sarti, P.; Arese, M.; Bacchi, A.; Barone, M.C.; Forte, E.; Mastronicola, D.; Brunori, M.; Giuffrè, A. Nitric oxide and mitochondrial complex IV. IUBMB Life 2003, 55, 605–611. [Google Scholar] [CrossRef]

	



Amatruda, M.; Harris, K.; Matis, A.; Davies, A.L.; McElroy, D.; Clark, M.; Linington, C.; Desai, R.; Smith, K.J. Oxygen treatment reduces neurological deficits and demyelination in two animal models of multiple sclerosis. Neuropathol. Appl. Neurobiol. 2023, 49, e12868. [Google Scholar] [CrossRef]

	



Desai, R.A.; Davies, A.L.; Del Rossi, N.; Tachrount, M.; Dyson, A.; Gustavson, B.; Kaynezhad, P.; Mackenzie, L.; van der Putten, M.A.; McElroy, D.; et al. Nimodipine Reduces Dysfunction and Demyelination in Models of Multiple Sclerosis. Ann. Neurol. 2020, 88, 123–136. [Google Scholar] [CrossRef] [PubMed]

	



Davies, A.L.; Desai, R.A.; Bloomfield, P.S.; McIntosh, P.R.; Chapple, K.J.; Linington, C.; Fairless, R.; Diem, R.; Kasti, M.; Murphy, M.P.; et al. Neurological deficits caused by tissue hypoxia in neuroinflammatory disease. Ann. Neurol. 2013, 74, 815–825. [Google Scholar] [CrossRef] [PubMed]

	



Desai, R.A.; Davies, A.L.; Tachrount, M.; Kasti, M.; Laulund, F.; Golay, X.; Smith, K.J. Cause and prevention of demyelination in a model multiple sclerosis lesion. Ann. Neurol. 2016, 79, 591–604. [Google Scholar] [CrossRef] [PubMed]

	



Fern, R.; Harrison, P.J. The effects of compression upon conduction in myelinated axons of the isolated frog sciatic nerve. J. Physiol. 1991, 432, 111–122. [Google Scholar] [CrossRef]

	



Singer, M.; Young, P.J.; Laffey, J.G.; Asfar, P.; Taccone, F.S.; Skrifvars, M.B.; Meyhoff, C.S.; Radermacher, P. Dangers of hyperoxia. Crit. Care 2021, 25, 440. [Google Scholar] [CrossRef]

	



Bechtold, D.A.; Smith, K.J. Sodium-mediated axonal degeneration in inflammatory demyelinating disease. J. Neurol. Sci. 2005, 233, 27–35. [Google Scholar] [CrossRef]

	



Bechtold, D.A.; Miller, S.J.; Dawson, A.C.; Sun, Y.; Kapoor, R.; Berry, D.; Smith, K.J. Axonal protection achieved in a model of multiple sclerosis using lamotrigine. J. Neurol. 2006, 253, 1542–1551. [Google Scholar] [CrossRef]

	



Bechtold, D.A.; Kapoor, R.; Smith, K.J. Axonal protection using flecainide in experimental autoimmune encephalomyelitis. Ann. Neurol. 2004, 55, 607–616. [Google Scholar] [CrossRef]

	



Lo, A.C.; Saab, C.Y.; Black, J.A.; Waxman, S.G. Phenytoin protects spinal cord axons and preserves axonal conduction and neurological function in a model of neuroinflammation in vivo. J. Neurophysiol. 2003, 90, 3566–3571. [Google Scholar] [CrossRef]

	



Black, J.A.; Liu, S.; Hains, B.C.; Saab, C.Y.; Waxman, S.G. Long-term protection of central axons with phenytoin in monophasic and chronic-relapsing EAE. Brain 2006, 129, 3196–3208. [Google Scholar] [CrossRef]

	



Bechtold, D.A.; Yue, X.; Evans, R.M.; Davies, M.; Gregson, N.A.; Smith, K.J. Axonal protection in experimental autoimmune neuritis by the sodium channel blocking agent flecainide. Brain 2004, 128, 18–28. [Google Scholar] [CrossRef]

	



Raftopoulos, R.; Hickman, S.J.; Toosy, A.; Sharrack, B.; Mallik, S.; Paling, D.; Altmann, D.R.; Yiannakas, M.C.; Malladi, P.; Sheridan, R.; et al. Phenytoin for neuroprotection in patients with acute optic neuritis: A randomised, placebo-controlled, phase 2 trial. Lancet Neurol. 2016, 15, 259–269. [Google Scholar] [CrossRef]

	



Morsali, D.; Bechtold, D.; Lee, W.; Chauhdry, S.; Palchaudhuri, U.; Hassoon, P.; Snell, D.M.; Malpass, K.; Piers, T.; Pocock, J.; et al. Safinamide and flecainide protect axons and reduce microglial activation in models of multiple sclerosis. Brain 2013, 136 Pt 4, 1067–1082. [Google Scholar] [CrossRef]

	



Craner, M.J.; Damarjian, T.G.; Liu, S.; Hains, B.C.; Lo, A.C.; Black, J.A.; Newcombe, J.; Cuzner, M.L.; Waxman, S.G. Sodium channels contribute to microglia/macrophage activation and function in EAE and MS. Glia 2005, 49, 220–229. [Google Scholar] [CrossRef]

	



Black, J.A.; Liu, S.; Waxman, S.G. Sodium channel activity modulates multiple functions in microglia. Glia 2009, 57, 1072–1081. [Google Scholar] [CrossRef]

	



Sadeghian, M.; Mullali, G.; Pocock, J.M.; Piers, T.; Roach, A.; Smith, K.J. Neuroprotection by safinamide in the 6-hydroxydopamine model of Parkinson’s disease. Neuropathol. Appl. Neurobiol. 2015, 42, 423–435. [Google Scholar] [CrossRef]

	



Arteel, G.E.; Thurman, R.G.; Raleigh, J.A. Reductive metabolism of the hypoxia marker pimonidazole is regulated by oxygen tension independent of the pyridine nucleotide redox state. JBIC J. Biol. Inorg. Chem. 1998, 253, 743–750. [Google Scholar] [CrossRef] [PubMed]

	



Zanetti, M.; d’Uscio, L.V.; Peterson, T.E.; Katusic, Z.S.; O’Brien, T. Analysis of superoxide anion production in tissue. Methods Mol. Med. 2005, 108, 65–72. [Google Scholar] [PubMed]

	



Peshavariya, H.M.; Dusting, G.J.; Selemidis, S. Analysis of dihydroethidium fluorescence for the detection of intracellular and extracellular superoxide produced by NADPH oxidase. Free Radic. Res. 2007, 41, 699–712. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 03077 g001] 





Figure 1. Identification of EAE-ON and EAE-NON. Examples of fluorescent images of optic nerve sections labelled with (a) ED1 and (c) IBA1 in an IFA animal (IFA; (a-i,c-i)) and in an inflamed optic nerve of an animal with EAE (EAE-ON; (a-ii,c-ii)). Both (b) ED1 and (d) IBA1 showed significantly greater labelling in EAE-ON than in EAE-NON and IFA nerves. Each data point in (b,d) represents one nerve. (e,f) show inflamed nerves (EAE-ON). In such nerves, the labelling for ED1 and more intense IBA1 commenced from the orbital end of the nerve (e), extending in some nerves towards the chiasm and involving the chiasm (f). Mean ± SEM, one-tailed independent t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, bar = 100 µm. 
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Figure 2. The inflamed optic nerve was hypoxic. Photomicrographs of optic nerve sections labelled for (a) HIF1α and (b) pimonidazole in tissue from an IFA animal (IFA; (a-i,b-i)), and tissue representing EAE-NON (a-ii,b-ii) and EAE-ON (a-iii,b-iii) from animals immunised for EAE. The EAE-ON nerves showed significantly more intense labelling for (c) HIF1α compared with nerves from IFA animals, which was more intense in the most inflamed nerves (d). A reduction in absolute tissue oxygenation was confirmed in the EAE-ON nerves by significantly greater labelling for (e) pimonidazole compared with nerves from IFA animals. Each data point in (c–e) represents one nerve. Mean ± SEM, one-tailed independent t-test and linear regression (in EAE-ON group; (d)), * p < 0.05, ** p < 0.01, bar = 50 µm. 
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Figure 3. Vascular changes in the inflamed optic nerve. Fluorescent images of sections of optic nerves labelled for (a) GLUT1 in nerves from an IFA animal (IFA; (a-i)) and nerves identified as EAE-NON (a-ii) and EAE-ON (a-iii). The inflamed nerve showed a tendency for vessels to be less aligned with the length of the nerve, perhaps due to displacement by inflammatory cells. (b) Vessel number appeared significantly increased in the EAE-ON group, accompanied by significant (c) dilation compared with the EAE-NON and IFA groups. Each data point in (b,c) represents one nerve. Mean ± SEM, one-tailed independent t-test, ns: not significant, ** p < 0.01, *** p < 0.001, bar = 100 µm. 
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Figure 4. The inflamed optic nerve showed increased labelling for the presence of suspected superoxide (DHE), nitric oxide (iNOS) and peroxynitrite (3NT). Sections of optic nerves showing fluorescence resulting from (a) DHE and labelled for (c) iNOS; (e) 3NT in animals ‘immunised’ with IFA (a-i,c-i,e-i) and those immunised for EAE but without optic neuritis (EAE-NON; (a-ii,c-ii,e-ii)) or with optic neuritis (EAE-ON; (a-iii,c-iii,e-iii)). Inflamed optic nerves from animals with EAE showed significantly more intense fluorescence from (b) DHE and labelling for (b) iNOS, (c) 3NT and (f) DHE. The labelling for iNOS was highest for EAE-ON at peak of disease (day 2 after disease onset), but was significantly reduced when examined on day 4 (d). On day 2, the labelling for iNOS was positively correlated with the magnitude of inflammation (g), but labelling for 3NT was absent in the most inflamed nerves (h). Each data point in (b,d,f–h) represents one nerve. Mean ± SEM, one-way ANOVA, ns: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, bar = (a,c) 100 µm or (e,g) 50 µm. 
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