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Editorial on the Research Topic
 Brain vs. retina - Differences and commonalities: The role of oxidative stress in neurodegenerative diseases




The articles in this Research Topic shed light on the intricate relationship between oxidative stress and neurodegeneration in ophthalmic and neurological disorders. Oxidative stress is a hallmark of these disorders, and the articles highlight the importance of understanding the mechanisms of oxidative stress in order to develop effective therapeutic interventions. Both the brain and the retina are highly susceptible to oxidative stress, which can contribute to neurodegeneration (Wakamatsu et al., 2008; Angelova and Abramov, 2018; Domanskyi and Parlato, 2022). Oxidative stress is a condition with an imbalance between the production of reactive oxygen species (ROS) and the ability of cells to detoxify or repair the damage caused by ROS (Pizzino et al., 2017). Although the retina is the light sensitive part of the eye, it is also an extension of the brain as it contains central neural tissue and is directly connected to the brain via the optic nerve. So, while the retina is technically not a part of the brain, it is directly connected and dependent on the brain for its function in creating our visual perception (Rabin, 2013). Moreover, the exchange of (neurotrophic) factors between the eye and the brain is essential for survival and function of the connected cells, which means, if the counterpart dies, this has direct effects to the corresponding cells in the other organ and subsequently to their up- or downstream connected cells.

In the brain, oxidative stress can be caused by a number of factors, including inflammation, mitochondrial dysfunction and the accumulation of misfolded proteins such as amyloid beta and tau, which are hallmarks of Alzheimer's disease (Korovesis et al., 2023). ROS can damage proteins, lipids as well as DNA, and this damage can lead to neuronal dysfunction and death, which can contribute to the development and progression of neurodegenerative diseases (Pereira et al., 2012; Williams et al., 2013). In addition to Alzheimer's disease, other neurodegenerative diseases such as Parkinson's disease, multiple sclerosis, and Huntington's disease can also manifest in the eye or in its extensions (Archibald et al., 2009; Williams et al., 2013). For example, patients with Parkinson's disease may have visual hallucinations, whereas changes in visual acuity and contrast sensitivity are more common in multiple sclerosis (Zhang et al.).

In the retina, oxidative stress can also be caused by a number of factors, including age-related changes, light exposure and inflammation. The high metabolic rate and constant exposure to light renders the retina particularly vulnerable to oxidative stress, which can generate ROS (Sasaki et al., 2010; Williams et al., 2013). ROS can damage the cells of the retina, including the light-perceiving photoreceptors, and this damage can contribute to the development of age-related macular degeneration and other eye diseases such as glaucoma (Zanon-Moreno and Pinazo-Duran, 2008; Wiktorowska-Owczarek and Nowak, 2010; Marie et al., 2015). However, oxidative stress and inflammation play a role in the development and progression of other retinal diseases such as diabetic retinopathy, retinitis pigmentosa, or Leber's Hereditary Optic Neuropathy (LHON) (Kang and Yang, 2020; Gallenga et al., 2021; Rovcanin et al., 2021).

The article by Ryan et al. explores the role of oxidative stress in traumatic injury to the brain and retina. The study discovered that oxidative stress plays a critical role in neuronal death and tissue damage in the brain and retina after injury (Ryan et al.). Mitochondrial transplantation, as demonstrated in the second article by Lin et al., can mitigate these effects and improve locomotor function after spinal cord injury in rats. Similarly, the article by Zhou et al. reveals that superoxide dismutase 2 can ameliorate mitochondrial dysfunction in skin fibroblasts of patients with LHON, providing a potential therapeutic strategy for this genetic disorder.

In the context of retinal degeneration, the article by Gibbons et al. demonstrates that SARM1 promotes photoreceptor degeneration in an oxidative stress model of retinal degeneration. This finding highlights the importance of targeting SARM1 as a potential therapeutic strategy for retinal degenerative diseases (Gibbons et al.). In addition, the article by Wang et al. shows that complement C3a receptor inactivation can attenuate retinal degeneration induced by oxidative damage, providing further evidence for the role of oxidative stress in retinal degeneration.

The article by Constable et al. provides insights into the electroretinogram (ERG) characteristics of patients with autism spectrum disorder and attention deficit hyperactivity disorder. The study used discrete wavelet transform analysis to identify specific frequency bands that may be associated with these disorders (Constable et al.). Zhang et al. demonstrates a correlation between ophthalmologic problems and cognitive impairment in patients with Parkinson's disease, suggesting ophthalmic examinations may serve as a useful tool for monitoring cognitive decline in these patients. Finally, Wolfrum et al. shed light on the role of p53 in AMD and draw comparisons to the role of p53 in Alzheimer's and Parkinson's disease.

In conclusion, the close relationship between the eye and the brain provides an opportunity for researchers and clinicians to gain insight into the pathogenesis and progression of neurodegenerative diseases and develop novel diagnostic and therapeutic approaches. Collectively, these articles highlight the importance of oxidative stress in the pathogenesis of neurodegenerative and ophthalmic disorders. Future studies should focus on elucidating the mechanisms of oxidative stress and identifying effective therapeutic strategies that can mitigate the damaging effects of oxidative stress on the brain and retina.

Overall, this Research Topic provides a comprehensive overview of the current understanding of the interplay between oxidative stress and neurodegeneration in ophthalmic and neurological disorders. We hope that the findings presented here will inspire further research in this area and ultimately lead to the development of effective treatments for these devastating disorders. Additionally, due to several similarities between eye and brain disorders understanding similar pathomechanisms might lead to dual-use of therapeutics. Moreover, as the retina is visible from the outside, diagnostic techniques to not only diagnose eye diseases but also brain disease should be investigated with a greater extent.
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SARM1 (sterile alpha and armadillo motif-containing protein) is a highly conserved Toll/IL-1 Receptor (TIR) adaptor with important roles in mediating immune responses. Studies in the brain have shown that SARM1 plays a role in induction of neuronal axon degeneration in response to a variety of injuries. We recently demonstrated that SARM1 is pro-degenerative in a genetic model of inherited retinopathy. This current study aimed to characterise the effect of SARM1 deletion in an alternative model of retinal degeneration (RD) in which the retinal pigment epithelium (RPE) fragments following administration of oxidising agent, sodium iodate (NaIO3), leading to subsequent photoreceptor cell death. Following administration of NaIO3, we observed no apparent difference in rate of loss of RPE integrity in SARM1 deficient mice compared to WT counterparts. However, despite no differences in RPE degeneration, photoreceptor cell number and retinal thickness were increased in Sarm1–/– mice compared to WT counterparts. This apparent protection of the photoreceptors in SARM1 deficient mice is supported by an observed decrease in pro-apoptotic caspase-3 in the photoreceptor layer of Sarm1–/– mice compared to WT. Together these data indicate a pro-degenerative role for SARM1 in the photoreceptors, but not in the RPE, in an oxidative stress induced model of retinal degeneration consistent with its known degenerative role in neurons in a range of neurodegenerative settings.

Keywords: SARM1, sodium iodate, retinal degeneration, photoreceptors, cell death, caspase-3


HIGHLIGHTS


-SARM1 is expressed in the neural retina, but not in the RPE/choroid of mice.

-Deletion of SARM1 has no effect on the pace of RPE degeneration in the NaIO3 model.

-Sarm1–/– mice show reduced photoreceptor degeneration, markers of cell death, and retain photoreceptor segment length compared to WT counterparts.





INTRODUCTION

Retinal degenerative diseases, such as age-related macular degeneration (AMD) and retinitis pigmentosa (RP), represent one of the leading causes for incurable blindness worldwide. Although the risk factors and disease pathogenesis may differ greatly among these various diseases a common endpoint is the death of photoreceptors (Murakami et al., 2013). As these cells are responsible for the processing of light and initiation of visual signalling, photoreceptor cell death is detrimental to visual function and is ultimately the cause of vision loss in these diseases.

Retinal pigment epithelium (RPE) atrophy and photoreceptor degeneration are key features of late-stage disease in AMD termed geographic atrophy (GA). The RPE is a monolayer of pigmented cells separating the neuroretina and the choroid. It is of neuroectodermal origin and is therefore considered part of the retina. It plays a vital role in providing support for the photoreceptors and participates in the visual cycle, as such photoreceptor cell death occurs following RPE loss/dysfunction. Systemic administration of the oxidising agent sodium iodate (NaIO3) in mice has been demonstrated to be an effective model for studying RPE atrophy in vivo, as in response to NaIO3, RPE integrity is lost leading to subsequent secondary photoreceptor degeneration (Kiuchi et al., 2002). In this model it has been shown that RPE cells undergo cell death via necroptosis, an inflammatory form of regulated cell death, whereas the photoreceptor cells undergo apoptosis both as a direct effect of NaIO3 administration and from the loss of the supporting RPE (Wang et al., 2014; Hanus et al., 2016).

SARM1 is a member of the Toll/IL-1 Receptor (TIR) domain containing superfamily of proteins and has a role in regulating signalling pathways downstream of Toll Like Receptors (TLRs; O’Neill et al., 2003; Carty et al., 2006). However, unlike other mammalian TIR proteins, SARM1 has a novel role in promoting degeneration of axons in injured neurons, with deletion of SARM1 leading to neuroprotection in mouse and Drosophila models of neurodegeneration (Osterloh et al., 2012). SARM1 activation has been implicated in a range of models of pathological neurodegeneration, including amyotrophic lateral sclerosis (ALS; White et al., 2019), traumatic brain injury (Marion et al., 2019), and chemotherapy induced peripheral neuropathy (Geisler et al., 2016; Bosanac et al., 2021).

This pro-degenerative function is mediated via an enzymatic NAD+ cleavage site in the TIR domain of SARM1 (Gerdts et al., 2015; Essuman et al., 2017). Upon activation SARM1 consumes large amounts of NAD+, an essential metabolite, leading to metabolic collapse and subsequent cell death/degeneration (Essuman et al., 2017). Such activation occurs in response to a variety of cellular insults, for example mitochondrial toxins, oxygen-glucose deprivation, trophic factor withdrawal, and injury. The precise mechanism by which these disparate factors trigger SARM1 activation is not fully understood (Kim et al., 2007; Tuttolomondo et al., 2009; Mukherjee et al., 2013; Summers et al., 2014), however, recent evidence has suggested that SARM1 acts as a metabolic sensor, becoming activated when the NMN:NAD+ ratio within a cell becomes skewed toward the former, leading to consumption of the latter by activated SARM1 (Zhao et al., 2019; Figley et al., 2021).

Recently we identified a role for SARM1 in photoreceptor cell death, consistent with its pro-degenerative function in other neuronal cell types, in a mouse model of the inherited retinopathy retinitis pigmentosa (Ozaki et al., 2020). Here we demonstrate the pro-degenerative role of SARM1 in photoreceptors is maintained in the NaIO3 model of retinal degeneration. Interestingly, the attenuation of photoreceptor cell death in the absence of SARM1 occurs despite the pace of RPE atrophy remaining apparently unaffected by the presence or absence of SARM1.



MATERIALS AND METHODS


NaIO3 Model of Retinal Degeneration

All studies carried out in the Smurfit Institute of Genetics in TCD adhere to the principles laid out by the internal ethics committee at TCD, and all relevant national licences were obtained before commencement of all studies. Before experiments, all mice were kept on a 12-h light/dark cycle. Mice used were C57BL/6J mice and Sarm1–/– mice at 6–12 weeks old. NaIO3 (40 mg/kg or 50 mg/kg) in 0.9% saline was administered to C57BL/6J and Sarm1–/– mice via a single intravenous injection (via tail vein). Control mice received an intravenous injection of 0.9% saline. Mice were euthanized at either 8 h, 3 days, or 7 days post injection of NaIO3.



Optical Coherence Tomography and Fundus Imaging

Spectral domain optical coherence tomography (SD-OCT) and bright-field live fundus imaging was performed on mice using the image-guided OCT system (Micron IV, Phoenix Research Laboratories) and Micron Reveal software. Mouse pupils were dilated with 1% tropicamide and 2.5% phenylephrine and mice were anaesthetized using a mixture of ketamine/medetomidine (100/0.25 mg/kg). Vidisic lubricant was applied on the cornea of the anaesthetized mice, and the eye was positioned in front of the OCT camera. 50 frames were averaged along the horizontal axis above the optic disc from each eye. The thickness from the ONL to the RPE was measured at 1080 points along the retinal section using the InSight software.



Western Blot

Retinal tissue was lysed in RIPA lysis buffer with phosphatase and protease inhibitors (Sigma-Aldrich) and centrifuged at 15,000 g for 15 min. Protein lysates were resolved on a 12% polyacrylamide SDS-PAGE gel and transferred onto a PVDF membrane. Membranes were blocked for 1 h in 5% non-fat milk in Tris-buffered saline with 0.05% Tween-20 (TBST), and then incubated overnight at 4°C in primary antibody against SARM1 (1:1000, 13022, Cell Signalling Technology) and β-Actin (1:5000, Sigma-Aldrich). Membranes were washed three times with TBST and incubated with horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibodies (1:2000, Sigma-Aldrich) in 5% non-fat milk in TBST for 1 h at room temperature. Membranes were washed three times with TBST. Membranes were developed using enhanced chemiluminescence (Advansta) with a Fujifilm LAS3000.



Mass Spectrometry

Retinas were lysed in 10 mM Tris-HCL, pH 7.4, 1 mM EDTA, 0.5% Triton X-100, 1 mM phenylmethylsulfonyl fluoride. Retinal samples were dissolved in 8 M urea, 100 mM Tris pH 8.5. Proteins were reduced with DTT and alkylated with IAA. Protein digestion was performed by overnight digestion with trypsin sequencing grade (Promega) resuspended in diluted TFA and stored at 4°C until MS analysis, where 10–20 μg of protein were ran on a Thermo Scientific Q Exactive mass spectrometer operated in positive ion mode and connected to a Dionex Ultimate 3000 (RSLCnano) chromatography system. All data was acquired while operating in automatic data dependent switching mode. A high-resolution (70,000) MS scan (300–1600 m/z) was performed to select the 12 most intense ions prior to MS/MS analysis using high-energy collision dissociation (HCD). Proteins were identified and quantified by MaxLFQ (Cox et al., 2014), termed MaxLFQ by searching with the MaxQuant version 1.5 against a human reference proteome database.

Modifications included C carbamlylation (fixed) and M oxidation (variable).



RT-qPCR Analysis

Total RNA was extracted from mouse retinas using Isolate II RNA extraction kit (Bioline) as per the manufacturer’s instructions. RNA was reverse transcribed using MMLV Reverse Transcriptase (Promega). Target genes were amplified by real-time PCR with SensiFast SYBR Green (Bioline) using the ABI 7900HT system (Applied Biosystems). The comparative CT method was used for relative quantification after normalisation to the “housekeeping” gene Ubiquitin C. Primers used were as follows:

[image: image]



Haematoxylin and Eosin Staining

NaIO3 (50 mg/kg) was administered to C57BL/6J and Sarm1–/– mice via a single intravenous injection (via tail vein). Mice were euthanized 3- or 7-days post injection of NaIO3, eyes were enucleated and fixed in 4% paraformaldehyde for 1.5 h at room temperature. Eyes were washed 3 times with PBS. The lens and cornea were removed. Eyes were placed in 20% sucrose for 1 h at 4°C, followed by 30% sucrose overnight at 4°C. Eyes were embedded in OCT and frozen. 12 μm sections were collected onto Polysine slides (VWR) using a cryostat. Cryosections were blocked and permeabilized with 5% normal goat serum (NGS) (Sigma) and 0.05% Triton-X100 (Sigma) in PBS for 1 h at room temperature. Cryosections were incubated with primary antibody diluted in 5% NGS and 0.05% Triton-X100 in PBS overnight at 4°C in a humidity chamber. Primary antibody was cleaved caspase-3 (1:100, CST) and peanut agglutinin (PNA)-Alexa-568 (1:300; Invitrogen). Following three washes with PBS, cryosections were incubated with secondary antibody (AlexaFluor goat-anti rabbit 594, 1:500) for 2 h at room temperature. Cryosections were counterstained with Hoechst 33342 (1:10,000, Sigma) and washed 3 times with PBS. Slides were mounted onto coverslips with Hydromount (VWR) mounting medium and analysed using a confocal microscope (Zeiss LSM 710).



Immunohistochemistry

NaIO3 (50 mg/kg) was administered to C57BL/6J and Sarm1–/– mice via a single intravenous injection (via tail vein). Mice were euthanized 3- or 7-days post injection of NaIO3, eyes were enucleated and fixed in 4% paraformaldehyde for 1.5 h at room temperature. Eyes were washed 3 times with PBS. The lens and cornea were removed. Eyes were placed in 20% sucrose for 1 h at 4°C, followed by 30% sucrose overnight at 4°C. Eyes were embedded in OCT and frozen. 12 μm sections were collected onto Polysine slides (VWR) using a cryostat. Cryosections were blocked and permeabilized with 5% normal goat serum (NGS) (Sigma) and 0.05% Triton-X100 (Sigma) in PBS for 1 h at room temperature. Cryosections were incubated with primary antibody diluted in 5% NGS and 0.05% Triton-X100 in PBS overnight at 4°C in a humidity chamber. Primary antibody was cleaved caspase-3 (1:100, CST) and peanut agglutinin (PNA)-Alexa-568 (1:300; Invitrogen). Following three washes with PBS, cryosections were incubated with secondary antibody (AlexaFluor goat-anti rabbit 594, 1:500) for 2 h at room temperature. Cryosections were counterstained with Hoechst 3342 (1:10,000, Sigma) and washed 3 times with PBS. Slides were mounted onto coverslips with Hydromount (VWR) mounting medium and analysed using a confocal microscope (Zeiss LSM 710).



Terminal Deoxynucleotidyl Transferase dUTP Nick End Labelling Staining

Paraffin embedded sections from WT and Sarm1–/– mice were stained using in situ Cell Death Detection kit, TMR red (Roche) for 1 h at 37°C according to the manufacturer’s protocol, and nuclei were stained with Hoechst 33342 (1:10,000, Sigma). Slides were mounted onto coverslips with Hydromount (VWR) mounting medium and analysed using a confocal microscope (Zeiss LSM 710). The number of TUNEL positive nuclei in the ONL were counted at 3 points across the retina.




RESULTS


SARM1 Has No Effect on the Pace of Retinal Pigment Epithelium Degradation in the NaIO3 Model of Retinal Degeneration

Given the importance of RPE function for photoreceptor health, and roles for SARM1 in non-neuronal cells (Strauss, 2005; Panneerselvam et al., 2013; Carty et al., 2019) we were interested to examine the effect of SARM1 deficiency on the RPE in a model of retinal degeneration that is thought to initiate with RPE loss. We have previously shown that the majority of SARM1 expressed in the neural retina is found in the photoreceptors. SARM1 mRNA was also detected by qPCR in the RPE/choroid of C57BL/6J mice, however, SARM1 protein expression in the RPE was not examined (Ozaki et al., 2020). We examined the expression of SARM1 protein in the mouse RPE/choroid tissue and neural retina. SARM1 was expressed in the neural retina, but was not present in the RPE when determined by Western blot (Figure 1A). This pattern of expression was confirmed by mass spectrometry analysis (Figure 1B). Consistent with the lack of SARM1 protein expression in the RPE/choroid, we observed no difference in RPE atrophy in the presence or absence of SARM1 following administration of NaIO3. Fundus images taken at 3 and 7 days post administration of NaIO3 showed no difference in the extent of pigmentary disruption between WT and Sarm1–/– mice (Figure 1C). Additionally, there was similar upregulation of heme oxygenase 1 (HMOX1) in the retina in response to NaIO3, in both WT and Sarm1–/– mice at 8 h post administration, indicating Sarm1–/– mice experience a similar level of oxidative stress to WT mice (Figure 1D).
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FIGURE 1. SARM1 is expressed in the retina, not the RPE/choroid and has no effect on the pace of RPE degradation in the NaIO3 model of retinal degeneration. Western blot analysis of SARM1 expression in the neural retina and RPE/choroid in C57BL/6J and Sarm1–/– mice, Beta-actin is the loading control (A). Mass spectrometry analysis of SARM1 expression in the neural retina and RPE/choroid in C57BL/6J and Sarm1–/– mice, expression measured as label free quantification (LFQ) (B). Colour fundus photographs of C57BL/6J and Sarm1–/– mice 3-days and 7-days following administration of saline or NaIO3 (50 mg/kg) (C). RT-qPCR analysis of HMOX1 transcript levels in the retina 8-h following administration of NaIO3 or saline (*P ≤ 0.05, by one-way ANOVA, n = 4 saline injected mice, n = 6 NaIO3 injected mice) (D).




SARM1 Promotes Photoreceptor Cell Death in the NaIO3 Model of Retinal Degeneration

Examination of retinal tissue sections from WT and Sarm1–/– mice at 3-days post administration of NaIO3, stained with haematoxylin and eosin (H&E) (Figure 2A), supported the observation by fundus imaging that the RPE is affected to a similar extent in WT (Figure 2A, left hand panel) and Sarm1–/– mice (Figure 2A, right hand panel). However, H&E staining also showed that there are more photoreceptor nuclei in Sarm1–/– mice. We observed that there are significantly more nuclei in ONL rows present in Sarm1–/– at 3 days post administration of NaIO3 compared to WT counterparts (Figure 2B). Similarly, the number of ONL nuclei in a set area at the central posterior region of each section (Figure 2C) and the area of the ONL (Figure 2D) are significantly increased in the absence of SARM1. Furthermore, PNA staining in the sub-retinal space indicates significantly more cone photoreceptor segments remain in Sarm1–/– mice compared with WT mice post administration of NaIO3 (Figures 2E,F).
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FIGURE 2. SARM1 promotes photoreceptor cell death in the NaIO3 model of retinal degeneration. Representative images of paraffin embedded retinal sections from WT and Sarm1–/– mice 3-days post administration of NaIO3 stained with haematoxylin and eosin (H&E) (A). Quantification of the number of nuclei per ONL row (B), number of nuclei in the ONL in an area of height 450 pixels in the centre of the ONL in each image (C), and ONL area (*P ≤ 0.05, **P ≤ 0.01, n = 5 mice) (D). Representative images of retinal cryosections stained with PNA (E). Quantification of area of PNA stained cone segments (*P ≤ 0.05, n = 4 WT mice, n = 5 Sarm1–/– mice) (F). Representative images of paraffin embedded retinal sections from WT and Sarm1–/– mice 3-days post administration of NaIO3 stained with TUNEL (Red) and DAPI (Blue) (G). Quantification of the number of TUNEL positive nuclei in the ONL (n = 4 WT mice, n = 5 Sarm1–/– mice) (H). Representative images of retinal cryosections from WT and Sarm1–/– mice 3-days post administration of NaIO3 stained with cleaved caspase-3 (Red) and DAPI (Blue) (I). Quantification of the number of cleaved caspase-3 positive cells in the ONL (*P ≤ 0.05, n = 4 WT mice, n = 5 Sarm1–/– mice) (J). Optical coherence tomography (OCT) images taken in vivo from C57BL/6J and Sarm1–/– mice 3-days post administration of NaIO3 (50 mg/kg) (K).


SARM1 mediated neuronal degeneration does not require caspase-3 or RIPK3 to initiate cell death, however, it has been reported that photoreceptor cells undergo apoptosis following administration of NaIO3 (Hanus et al., 2016). In order to determine whether loss of SARM1 affects photoreceptor apoptosis we utilised two markers of cell death: Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) and cleaved caspase-3. We observed no significant difference in the number of TUNEL positive nuclei in the ONL of Sarm1–/– mice compared to WT counterparts (Figures 2G,H). However, there are significantly higher amounts of cleaved caspase-3 positive nuclei in the ONL of WT mice, compared to Sarm1–/– mice, indicating decreased levels of photoreceptor apoptosis in the absence of SARM1 at this timepoint (Figures 2I,J). Additionally, there is an increased number of immune cells infiltrating into the retina in WT mice compared to Sarm1–/– mice at 3 days following administration of NaIO3, as observed by OCT imaging (Figure 2K). Infiltrating cells were most abundant in WT mice around the optic nerve head and were present above the retinal ganglion cell layer of the retina (Figure 2K). These data indicate that SARM1, among other cell death pathways, is promoting photoreceptor cell death in response to NaIO3 administration, and that deletion of SARM1 can reduce these observed effects.



Loss of SARM1 Preserves Photoreceptor Number and Length in the NaIO3 Model of Retinal Degeneration, Following Severe Retinal Pigment Epithelium Degradation

Haematoxylin and eosin stained retinal sections (Figure 2A) indicate that the RPE appears to remain largely intact at 3 days following administration of NaIO3. To determine whether loss of SARM1 could confer protection against photoreceptor cell death following more severe degradation we examined H&E stained retinal sections at 7 days following administration of NaIO3. At 7 days following administration of NaIO3 there is a large degree of RPE degradation (Figure 3A), despite this there is increased photoreceptor cell survival in Sarm1–/– mice compared to WT counterparts. Examination of H&E stained paraffin embedded retinal sections from WT and Sarm1–/– mice at 7 days following NaIO3 administration shows that there are significantly more photoreceptor nuclei in the ONL, as measured by number of nuclei per row (Figure 3B), the number of ONL nuclei in an area at the centre of each section (Figure 3C), and ONL area (Figure 3D). Using optical coherence tomography (OCT) we measured the thickness between the outer plexiform layer (which forms the interface between the bipolar cells and photoreceptors) and the RPE. This measurement gives the thickness of the entire photoreceptor length, inclusive of both the cell soma and photoreceptor segments. We observed a significant decrease in photoreceptor length in WT compared to Sarm1–/– mice at 7 days following NaIO3 injection (Figures 3E,F). These data indicate that the protection against photoreceptor cell death conferred by deletion of SARM1 can persist following further degradation of the supporting RPE.
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FIGURE 3. Loss of SARM1 preserves photoreceptor number and length in the NaIO3 model of retinal degeneration, following severe RPE degradation. Representative images of paraffin embedded retinal sections from WT and Sarm1–/– mice 7-days post administration of NaIO3 stained with haematoxylin & eosin (H&E) (A). Quantification of the number of nuclei per ONL row (B), number of nuclei in the ONL in an area of height 450 pixels in the centre of the ONL in each image (C), and ONL area (D) (*P ≤ 0.05, **P ≤ 0.01, n = 4 WT NaIO3 mice, n = 4 Sarm1–/– NaIO3 mice). Optical coherence tomography (OCT) images taken in vivo from C57BL/6J and Sarm1–/– mice 7-days post administration of NaIO3 (50 mg/kg) (E). Quantification of the distance of the ONL to the outer segments (OS) (marked with red line on OCT images) InSight (*P ≤ 0.05, by Student’s unpaired t test, n = 4 WT saline mice, n = 3 Sarm1–/– saline mice, n = 4 WT NaIO3 mice, n = 4 Sarm1–/– mice) (F).





DISCUSSION

Previous studies from our lab (Ozaki et al., 2020) and others (Sasaki et al., 2020) have shown that SARM1 has a pro-degenerative role in inherited retinopathies, using models of retinitis pigmentosa and Leber Congenital Amaurosis (LCA). In this study, we have identified a similar, previously uncharacterised role for SARM1 in a model of RPE atrophy. We show that SARM1 promotes photoreceptor cell death, but has no obvious effect on degeneration of the RPE in the NaIO3 model.

SARM1 has been previously shown to be highly expressed in neural tissues in comparison to other tissue types. Here, our data clearly demonstrates that in the eye SARM1 is expressed in the neural retina, but not in the RPE/choroid. As such, in the context of the NaIO3 model, in which there is initially loss of RPE integrity followed by subsequent photoreceptor cell degeneration, any alterations to photoreceptor cell degeneration in Sarm1–/– mice are likely to be a direct consequence of loss of SARM1 in photoreceptor cells, rather than a direct effect on the supporting RPE. Indeed, SARM1 deficiency did not appear to slow the rate of pigmentary disruption as observed by fundus photography, and there was no apparent difference in the fragmentation of the RPE monolayer when observed by H&E staining in tissue sections at either timepoint post treatment with NaIO3. Despite this balance in the acute loss of RPE integrity in both WT and Sarm1–/– mice, it is clear that SARM1 deficiency is protective for photoreceptor cells, as Sarm1–/– mice demonstrate a decreased rate of thinning of the retina and reduced loss of photoreceptor cell nuclei.

The precise mechanism by which SARM1 promotes cell death in photoreceptors in this model remains to be described. We have previously shown that SARM1 cleaves NAD+ in photoreceptor cells in a model of RP, and it is likely that a similar mechanism is at play here (Ozaki et al., 2020). This is also the mechanism observed in axonal degeneration of peripheral neurons (Gerdts et al., 2015; Essuman et al., 2017). However, it is clear that there is reduced cleaved caspase-3, a marker of apoptosis, in the photoreceptors in SARM1 deficient mice. This may be a consequence of SARM1 deficiency reducing extrinsic death ligands or intrinsic stress signalling and subsequently reducing activation of caspase-3, or it may indicate a role for caspase-3 in SARM1-mediated photoreceptor degeneration, akin to that described for SARM1- induction of mitochondrial apoptosis in activated CD8 T cells (Panneerselvam et al., 2013). Furthermore, in addition to loss of RPE trophic support, photoreceptor degeneration in the NaIO3 model may be triggered by other factors, including direct effects of oxidising agent NaIO3 on photoreceptors, and immune cell infiltration (Wang et al., 2014; Moriguchi et al., 2018). Indeed, SARM1 has been shown to induce chemokines CCL2, CCL7, and CCL12 in a model of peripheral nerve injury (Wang et al., 2018), these are distinct from the passenger mutations in Ccl3/4/5 carried by the Sarm1–/– mice (Uccellini et al., 2020) and interestingly, are key chemokines involved in mononuclear cell infiltration in the retina (Natoli et al., 2016; Karlen et al., 2018). In this study, we also observed reduced immune cell infiltrate when assessed by OCT, which may account for some aspect of the delayed photoreceptor degeneration in the Sarm1–/– mice. However, it is not clear whether the cell infiltration is lessened in response to the reduced numbers of dying cells and consequent reduced inflammatory environment or is due to a direct effect of loss of chemokine signalling due to SARM1 deficiency. As such further investigation is required to fully describe the mechanism by which SARM1 becomes activated in this model and by which it promotes photoreceptor degeneration.

To date a number of studies have been published describing various molecules, such as zinc chloride and isoquinolines, that are capable of inhibiting the NAD+ cleavage activity of SARM1, through a proposed mechanism involving interaction and possible modification of cysteine residues (Loring et al., 2020; Bosanac et al., 2021). These various inhibitors have been shown to prevent axonal degeneration induced by SARM1 following injury (Hughes et al., 2021) or in response to paclitaxel (Bosanac et al., 2021), both in vitro and in vivo. Our study adds to the growing body of data indicating that SARM1 inhibitors may also be of use in retinal degenerative diseases that have a SARM1 dependent component (Ozaki et al., 2020; Sasaki et al., 2020) making SARM1 a potential therapeutic target of interest for future study in retinal degeneration.
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Mitochondrial Transplantation Attenuates Neural Damage and Improves Locomotor Function After Traumatic Spinal Cord Injury in Rats
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Mitochondrial dysfunction is a hallmark of secondary neuroinflammatory responses and neuronal death in spinal cord injury (SCI). Even though mitochondria-based therapy is an attractive therapeutic option for SCI, the efficacy of transplantation of allogeneic mitochondria in the treatment of SCI remains unclear. Herein, we determined the therapeutic effects of mitochondrial transplantation in the traumatic SCI rats. Compressive SCI was induced by applying an aneurysm clip on the T10 spinal cord of rats. A 100-μg bolus of soleus-derived allogeneic mitochondria labeled with fluorescent tracker was transplanted into the injured spinal cords. The results showed that the transplanted mitochondria were detectable in the injured spinal cord up to 28 days after treatment. The rats which received mitochondrial transplantation exhibited better recovery of locomotor and sensory functions than those who did not. Both the expression of dynamin-related protein 1 and severity of demyelination in the injured cord were reduced in the mitochondrial transplanted groups. Mitochondrial transplantation also alleviated SCI-induced cellular apoptosis and inflammation responses. These findings suggest that transplantation of allogeneic mitochondria at the early stage of SCI reduces mitochondrial fragmentation, neuroapoptosis, neuroinflammation, and generation of oxidative stress, thus leading to improved functional recovery following traumatic SCI.
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INTRODUCTION

Traumatic spinal cord injury (SCI) often leads to devastating neural consequences, including partial or total paralysis (Mothe and Tator, 2012). The pathophysiology of traumatic SCI is initiated by a mechanical injury, followed by a series of neuroinflammatory events that result in secondary injuries. Increased expression of proinflammatory cytokines, ionic imbalance, mitochondrial dysfunctions, overproduction of oxygen and nitrogen radicals, and subsequent necrotic and apoptotic cell death are major features of the secondary injuries (Hausmann, 2003; Pineau and Lacroix, 2007). Considering the impact of profound neuroinflammation on the outcomes of traumatic SCI, numerous clinical trials have been conducted aiming to alleviate neuroinflammation; however, none of these approaches have been successful. This consequence could be attributed to the limitations imposed by the complicated spatiotemporal course of neuroinflammation in SCI (Hurlbert et al., 2015; Devaux et al., 2016; Colon et al., 2018), which complicates choosing a proper time window for treatment. Hence, exploring a novel strategy that effectively counteracts inflammation-induced secondary injuries is critical for treating traumatic SCI. Recently, a mitochondria-targeted treatment has emerged as a potential anti-inflammatory intervention (Wang et al., 2019; Lee et al., 2021).

Healthy mitochondria—which function as a powerhouse of cells—are essential for cell survival. They govern energy production, which is released in the form of adenosine triphosphate (ATP). Mitochondrial dysfunction promotes the overproduction of reactive oxygen and nitrogen species (RONS) and perturbs intracellular calcium homeostasis (Ide et al., 2001; Bolanos et al., 2009; McEwen et al., 2011; Ahuja et al., 2017) and is a common pathway preceding cell death and evident in several diseases (Swerdlow et al., 2010; Gollihue et al., 2018) especially neurological disorders-including ischemic stroke, epilepsy, and other neurodegenerative diseases (Wu et al., 2019), since the nervous system is enormously energy dependent. In the central nervous system, mitochondria are transportable between cells; neurons release damaged mitochondria to astrocytes either for disposal or recycling under normal conditions (Davis et al., 2014). These astrocytes can transfer viable mitochondria to the ischemic neurons during cerebral infarction to support both their viability and recovery (Hayakawa et al., 2016). Moreover, the neurorestorative effect of the transplantation of endothelial progenitor cells is primarily mediated through the release of the active extracellular mitochondria that derived from the progenitor cells in a rat model of ischemic stroke (Garbuzova-Davis et al., 2017; Russo et al., 2018). Furthermore, transferring exogenous mitochondria to the injured hippocampal neuronal cultures not only significantly increases neurite regrowth, but also restores their membrane potential (Chien et al., 2018). This transferable feature of mitochondria enlightens the innovation of mitochondrial transplantation (MT) treatments, which rapidly increases the mitochondrial density around the lesioned regions by direct administration of healthy mitochondria to replace the dysfunctional counterparts (McCully et al., 2017). The beneficial effects of MT on ischemia/reperfusion-induced myocardial injuries (McCully et al., 2009, 2017) have been proven in animal and human studies. However, studies testing the therapeutic effects of MT on SCI-induced functional impairments and neuroinflammation-related secondary insults are limited and the results remained conflicting.

Accordingly, to address this issue, we hypothesized that MT could alleviate SCI-induced functional and histological deficits and neuroinflammation-associated secondary injuries. To test this hypothesis, we made compressive traumatic SCI in rats by applying an aneurysm clip on their T10 spinal cord for 20 s. A 100 μg of soleus-derived allogeneic mitochondria labeled with fluorescent tracker, MitoTracker Deep Red FM (MTDR), was transplanted into the injured spinal cords of rats after the induction of traumatic SCI. The effects of MT on the SCI-induced impairments of somatosensory and locomotor functions were determined by performing somatosensory evoked potentials (SSEP) assay and Basso, Beattie, and Bresnahan (BBB) scoring, respectively. Luxol fast blue (LFB) staining was adopted to examine the degrees of demyelination in the injured spinal cord. The levels of neural apoptosis and neuroinflammation in the injured region were determined with Western blots, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, and enzyme-linked immunosorbent assay (ELISA).



MATERIALS AND METHODS


Animals

All experimental procedures were approved by the Institutional Animal Care and Use Committee. Adult Sprague–Dawley rats (220–250 g) were purchased from BioLASCO (Taipei, Taiwan) and maintained in the institutional Laboratory Animal Center. The rats were housed under an 11-h light/13-h dark cycle (lights on at 7 A.M.) at a stable temperature (24 ± 1°C) and humidity in the facility. The rats were given free access to food and water.

Fifty-six adult rats were used in this study. Six rats served as donors of allogeneic mitochondria and 40 rats were employed as experimental subjects. We used 10 rats to investigate the spatiotemporal distribution and viability of the transplanted mitochondria. These 10 rats were sacrificed on postinjury day (PID) 1, 3, 7, 10, 14, and 28 according to the experimental design. The remaining rats were used to investigate the effects of MT on the parameters of interest. They were randomly divided into four groups, i.e., sham laminectomy + vehicle control group, sham laminectomy + MT group, SCI + vehicle control group (Vehicle), and SCI + MT group. The MT rats were administered allogeneic mitochondria suspended in 1x phosphate-buffered saline (PBS), while the Vehicle rats were injected with an equal volume of 1x PBS. The details of MT were described in the following sections.



Allogeneic Mitochondria Isolation and Labeling

Allogeneic mitochondria were freshly isolated from the bilateral soleus muscles of healthy donor rats. The donor rat was placed in a prone position under deep anesthesia with 4–5% of isoflurane (Panion & BF Biotech Inc., Taipei, Taiwan). An incision was made at the midline of the dorsal lower limb from its ankle to popliteal fossa. The superficial connective tissues and the gastrocnemius muscles were dissected to expose the soleus. Then, the bilateral soleus muscles were excised, immersed in 1x PBS, cut into tiny pieces, and homogenized with mitochondrial isolation solution (Cat. #: 89801, Thermo Fisher Scientific, Waltham, MA, United States) by a glass tissue grinder. The homogenates were centrifuged at 700 × g for 10 min at 4°C and the supernatants containing mitochondria were collected and centrifuged at 3,000 × g for 15 min at 4°C. After discarding the supernatants, the pellets were washed with wash buffer and centrifuged at 12,000 × g for 5 min at 4°C twice. Finally, the washed pellets were resuspended in 1x PBS and then stained with MTDR (Cat. #: M22425, Thermo Fisher Scientific) at 37°C for 30 min. The labeled mitochondria obtained from different donor rats were washed, suspended in 1x PBS, pooled together, and ready for further use.



Procedures of Induction of Traumatic Spinal Cord Injury and Mitochondrial Transplantation

The rats were anesthetized by an intraperitoneal injection (i.p.) of Zoletil® 50 (40 mg/kg; Virbac, Carros, France), administrated with enrofloxacin (5 mg/kg, Bayer, Leverkusen, Germany) and placed in a prone position. A 2-cm dorsal longitudinal incision was made over the T9-T10 vertebrae, dissected the paraspinal muscles, removed the spinal processes of T9-T10, and performed a laminectomy of the T10 vertebra to expose the spinal cord. Then, a new aneurysm clip (Model: No: 07-940-02, Sugita, Mizuho Logistics, Chiba, Japan) was extramurally applied on the T10 spinal cord for 20 s to elicit compressive traumatic SCI.

Following SCI, we used a microsyringe pump (Model: KDS101, KD Scientific, Holliston, MA, United States) to transplant mitochondria into the injured region of spinal cord of rats via the intraparenchymal route. Each rat received two injections which were conducted at 2 mm rostral and caudal to the epicenter of the injured site (0.6 mm in depth), respectively. The MT rats received administrations of mitochondria (50 μg in 1.5 μL 1x PBS, each shot), and the Vehicle rats received injections of equal volume of 1x PBS and served as controls. Then, the wound was closed in layers. The rats recovered from anesthesia under a warm blanket, housed individually, and had free access to water and chow. The urinary bladder of each rat was manually voided twice daily until the recovery of the bladder reflex.



Assessment of Sensory and Locomotor Functions of Rats

The sensory function of the hind limbs was evaluated using SSEP on PID 28 (Lee et al., 2012). The rats were anesthetized using Zoletil® 50 (40 mg/kg, i.p.; Virbac, Carros, France) and kept in a prone position. A needle electrode was inserted into the plantar aspect of the foot to stimulate the tibial nerve with rectangular pulses at a supramaximal intensity of 7 Hz for a duration of 0.2 ms. The needle electrode recorder was inserted into the C2-C3 interspinous ligament. The reference electrode was placed in the subcutaneous tissue next to the recording electrode. In contrast, the ground electrode was placed in the shoulder, ipsilateral to the side being stimulated. The recorded signals were averaged 20–50 times at a band-pass filter setting of 50–5,000 Hz, with a 20-ms time base. During the whole process, the heart rate, blood pressure, and core temperature of the rats were monitored.

The hindlimb locomotor function was independently evaluated by two observers which were blinded to the treatment groups using the BBB scale weekly (Lee et al., 2020).



Western Blotting

To collect spinal cord samples for Western blot, the rats were deeply anesthetized with Zoletil® 50 (40 mg/kg, i.p.; Virbac, Carros, France) and transcardially perfused with chilled normal saline. The 1-cm sections of the spinal cords centered at the epicenter of the injured site were dissected and homogenized with T-PER lysis buffer (Cat. #: 78510, Thermo Fisher Scientific Inc.) containing protease inhibitors (Cat. #: 04693116001, Roche, Basel, Switzerland) and phosphatase inhibitors (PHOSS-RO, Roche). After centrifuging at 15,000 × g for 15 min, the supernatants (25 μg) were loaded onto polyacrylamide gels (9–12%), electrophoresed with Mini-PROTEAN® tetra cell system (Bio-Rad Laboratories, Hercules, CA, United States), and transferred to PVDF membranes (Cat. #: IPVH00010, Merck-Millipore, Burlington, MA, United States) with wet transfer tank (Model: TE22 Mighty Small Transfer Tank, Hoefer, Holliston, MA, United States). The membranes were incubated overnight at 4°C with appropriate dilutions of primary antibodies, including cleaved caspase-3 (1:1,000; Cat. #: 9661, Cell Signaling Technology, Danvers, MA, United States), Bcl-2 (1:1,000; Cat. #: ab59348, Abcam, Cambridge, United Kingdom), BAX (1:1,000; Cat. #: 2772, Cell Signaling Technology), dynamin-related protein 1 (Drp1) (1:1,000; Cat. #: 8570, Cell Signaling Technology), tumor necrosis factor (TNF) (1:2,000, Cat. #: ab6671, Abcam), interleukin-6 (IL-6) (1:1,000, Cat. #: ab6672, Abcam), inducible nitric oxide synthase (iNOS) (1:1,000; Cat. #: A0312, ABclonal, Woburn, MA, United States), and β-actin (1:10,000; Cat. #: ab8227, Abcam). The band densities were measured using an image system (Model: Azure 280, Azure Biosystems, Dublin, CA, United States) and the densitometry was carried out using the ImageJ software (v2.0.0-rc-69/1.52p, U.S. National Institutes of Health). Relative protein expression was estimated by normalizing with the β-actin level. For re-probing, the membranes were incubated with a stripping buffer containing 2% SDS, 62.5 mM Tris, and 0.8% 2-mercaptoethanol for 20 min at 55°C to remove the bound antibodies.



Measurement of Nitric Oxide, 3-Nitrotyrosine, and Malondialdehyde

We determined the tissue concentrations of nitric oxide (NO), 3-nitrotyrosine (3-NT), and malondialdehyde in the spinal cord homogenates, respectively, using the Griess reagent kit (Cat. #: G7921, Sigma-Aldrich, St. Louis, MO, United States), 3-NT ELISA kit (Cat. #: ab113848, Abcam), and malondialdehyde assay kit (Cat. #: NWK-MDA01, Northwest Life Science Specialties, Vancouver, WA, United States) according to the manufacturers’ protocols.



Histological Examination

To determine the distribution of the transplanted mitochondria, the 1-cm sections of the spinal cords centered at the epicenter of the injured site were post-fixed with 4% paraformaldehyde and prepared into 20-μm thick horizontal sections using a cryostat. For the TUNEL assay and LFB staining, the spinal section was post-fixed with 4% paraformaldehyde and prepared into 20-μm thick transverse sections using a cryostat.

The TUNEL assay and LBF staining were carried out with commercial kits (TUNEL assay: Cat. #: S7165, Sigma-Aldrich; LFB staining: Cat. #: ab150675, Abcam). The labeled mitochondria and the TUNEL-positive nuclei were visualized under a fluorescence microscope (Nikon Microsystems). The LFB-stained sections were photographed at low magnification. Moreover, the ratio of the LFB-positive area to the total cross-sectional area of the spinal cord was quantified using ImageJ software and presented as a percentage. The images of the aforementioned experiments were captured with a fluorescence optical microscope (Model: ECLIPSE Ci, Nikon, Tokyo, Japan) equipped with a digital camera (Model: DS-Fi3, Nikon).



Statistical Analysis

All data are presented as the mean ± standard deviation. All statistical analyses were conducted using the Prism 7th edition. Two-tailed Student’s t-test was used to compare means between two groups. The BBB scoring was analyzed by repeated-measures two-way ANOVA followed by Sidak’s multiple comparisons. Significance was set at p < 0.05.




RESULTS


Spatiotemporal Distribution and Viability of the Transplanted Mitochondria in the Injured Spinal Cord

The amount (50 μg × 2, resuspended in 1x PBS) of transplanted mitochondria administered in this presented study was similar to the effective dosage characterized by Gollihue et al. (2018). Initially, we detected the MTDR signals in the horizontal sections of the injured spinal cord of rats (Figure 1A) that received MT to demonstrate the spatiotemporal distribution of transplanted mitochondria. No MTDR signal was detected in the injured spinal cord of rats injected with vehicle (Figures 1B,D) or MTDR dye (Figures 1C,E) on PID 1 and 28, suggesting that there was no obvious confoundedness of autofluorescence and that MTDR stained the exogenous mitochondria only. In the sections of the spinal cord with MTDR-labeled mitochondria, the MTDR signals were detectable at time points of PID 1, 3, 7, 10, 14, and 28 (Figures 1F–K). The exogenous MTDR-labeled mitochondria appeared as a cluster on PID 1 (Figure 1F) and gradually spread to the rostral and caudal ends of the lesion (Figures 1G–K).


[image: image]

FIGURE 1. The spatiotemporal distribution of transplanted mitochondria in the injured spinal cord of rats with traumatic SCI. (A) Diagram of the schematic spinal cord. The red dash line indicated the injury site. The blue frame indicated the 1-cm sampling area. The asterisks denoted the sites of administration of allogeneic mitochondria. (B) Representative micrograph of MTDR signals in the injured spinal cord of rat injected with 1x PBS vehicle on PID 1. (C) Representative micrograph of MTDR signals in the injured spinal cord of rat injected with MTDR dye on PID 1. (D) Representative micrograph of MTDR signals in the injured spinal cord of rat injected with 1x PBS vehicle on PID 28. (E) Representative micrograph of MTDR signals in the injured spinal cord of rat injected with MTDR dye on PID 28. (F–K) Representative micrograph of MTDR signals which were detected on PID1, 3, 7, 10, 14, and 28 in the injured spinal cord of rats injected with MTDR-labeled mitochondria. Horizontal sections were used. Scale bar = 100 μm. N = 1 rat per panel. The asterisks indicate the points of injection.




Mitochondrial Transplantation Improves Recoveries of Sensory and Locomotor Functions in Rats With Traumatic Spinal Cord Injury

The effects of MT on the sensory function of traumatic SCI rats were examined by SSEP assessment performed on PID 28. Our results showed that there were no discriminable waveforms in the Vehicle group, whereas SSEPs were recognized in four out of five MT rats (Figure 2A). The locomotor functions of SCI rats were scored with the BBB test. Complete paralysis of the hind limbs in both groups was noted (BBB = 0) on PID 1 (Figure 2B). The MT rats showed better recovery of hindlimb locomotor function than the Vehicle ones in the BBB test carried out on PID 14 (3.60 ± 2.07 vs. 0.50 ± 0.58, score, MT vs. Vehicle, p < 0.01), 21 (4.60 ± 2.41 vs. 1.25 ± 0.50, score, MT vs. Vehicle, p < 0.01) and 28 (6.00 ± 2.00 vs. 1.50 ± 0.58, score, MT vs. Vehicle, p < 0.0001) (Figure 2B).
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FIGURE 2. Effects of mitochondrial transplantation on the sensory and locomotor functions and the white matter sparing in the injured spinal cord of rats with traumatic SCI. (A) Representative micrographs of SSEP traces recorded in SCI rats on PID 28. Scale = 100 μV/5 ms (B) Quantitative results of BBB scoring. **p < 0.01, ****p < 0.0001, Sidak’s multiple comparisons performed after the repeated measures two-way ANOVA. (C) Representative micrographs of LFB staining of transverse sections prepared from the injured spinal cords of rats. Scale bar = 100 μm. The red frames indicated the analyzed areas. (D) Quantitative results of percentage of LFB-positive area. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s t-test. Data were expressed as mean ± standard deviation. N = 5. MT: mitochondria trans-plantation.




Mitochondrial Transplantation Protects Against Traumatic Spinal Cord Injury-Induced Demyelination in the Injured Spinal Cord of Rats

The results of LFB staining revealed that the severity of demyelination increased as the distance from the epicenter of the injured site decreased in both Vehicle and MT rats (Figure 2C). MT improved the preservation of white matter in the injured region (−1.6 mm: 86.39 ± 2.20 vs. 69.26 ± 7.57%, MT vs. Vehicle, p < 0.01; −0.8 mm: 50.96 ± 9.91 vs. 37.30 ± 7.26%, MT vs. Vehicle, p < 0.05; + 0.8 mm: 72.09 ± 5.89 vs. 36.07 ± 12.11%, MT vs. Vehicle, p < 0.001; + 1.6 mm: 72.39 ± 5.25 vs. 60.05 ± 7.10%, MT vs. Vehicle, p < 0.05) of spinal cords (Figures 2C,D).



Mitochondrial Transplantation Ameliorates Mitochondrial Fragmentation and Cellular Apoptosis in the Injured Spinal Cord of Rats With Traumatic Spinal Cord Injury

The mitochondrial dynamics of fusion and fission are crucial for mitochondrial homeostasis. It has been reported that mitochondrial fission occurs during early apoptosis and mitochondrial fragmentation-related mitochondrial dysfunction is linked to subsequent cell death (Liu et al., 2015; Jia et al., 2016). Accordingly, Western blotting was used to determine the protein level of Drp1, a marker of mitochondrial fission and fragmentation, in the injured sham control or injured spinal cords and found that MT rats had a lower Drp1 level (0.45 ± 0.12 vs. 1.00 ± 0.24, relative expression, MT vs. Vehicle, p < 0.01) than the Vehicle rats in the SCI groups on PID 1 (Figure 3).
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FIGURE 3. Effects of mitochondrial transplantation on Drp1 expression in the injured spinal cord of rats with traumatic SCI on PID 1. (A) Representative micrograph of Western blot analysis of Drp1 in sham control groups. (B) Corresponding quantitative results of relative expression of Drp1 in sham control groups. (C) Representative micrograph of Western blot analysis of Drp1 in SCI groups on PID 1. (D) Corresponding quantitative results of relative expression of Drp1 in SCI groups on PID 1. The 1-cm spinal cord specimens centered at the epicenter of the injured site were used in Western blots. Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, two-tailed Student’s t-test. N = 5. MT, mitochondria transplantation.


Furthermore, we examined the effects of MT on cellular apoptosis in the injured spinal cord as well. First, we adopted immunoblotting to examine the expression of apoptosis regulatory proteins, i.e., cleaved caspase-3, Bcl-2, and BAX, in the regions of interest (Figures 4A–H) on PID 1. Quantitative results showed that apoptotic related proteins were not changed in sham control groups (Figures 4A–D). However, MT downregulated the expression of cleaved caspase-3 (0.68 ± 0.19 vs. 1.00 ± 0.18, relative expression, MT vs. Vehicle, p < 0.05) and BAX (0.71 ± 0.21 vs. 1.00 ± 0.07, relative expression, MT vs. Vehicle, p < 0.05) but upregulated the Bcl-2 (1.48 ± 0.27 vs. 1.00 ± 0.09, relative expression, MT vs. Vehicle, p < 0.01) level in the injured spinal cord of rats on PID 1 (Figures 4E–H). Second, TUNEL assay was performed to visualize the population of apoptotic cells in the injured spinal cord on PID 28. The results revealed that MT reduced the density of apoptotic cells (60.63 ± 14.46 vs. 107.74 ± 11.93, number/mm2, MT vs. Vehicle, p < 0.001) in the injured spinal cord (Figures 4I,J).
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FIGURE 4. Effects of mitochondrial transplantation on cellular apoptosis in the injured spinal cord of rats with traumatic SCI. (A) Representative micrograph of Western blots of cleaved caspase-3, Bcl-2, and BAX in sham control groups. (B–D) Corresponding quantitative results of relative expression of cleaved caspase-3, Bcl-2, and BAX in sham control groups. (E) Representative micrograph of Western blots of cleaved caspase-3, Bcl-2, and BAX in SCI groups on PID 1. (F–H) Corresponding quantitative results of relative expression of cleaved caspase-3, Bcl-2, and BAX in SCI groups on PID 1. The 1-cm spinal cord specimens centered at the epicenter of the injured site were used in Western blots. (I) Representative micrographs of TUNEL assay. The white arrowheads indicate both DAPI and TUNEL dual-positive cells. The sections used in TUNEL assay were obtained from the 1-cm spinal cord specimens centered at the epicenter of the injured site. Scale = 100 μm. (J) Quantitative results of the TUNEL assay. Data were expressed as mean ± standard deviation. *p < 0.05, ***p < 0.001 two-tailed Student’s t-test. N = 3–5. MT, mitochondria transplantation.




Mitochondrial Transplantation Suppresses the Expression of Pro-inflammatory Cytokines in the Injured Spinal Cord of Rats With Traumatic Spinal Cord Injury

Neuroinflammation is accompanied by an increase of secretion of pro-inflammatory cytokines are critical hallmarks of secondary injury after SCI (Beattie et al., 2000; Bains and Hall, 2012). We confirmed that the inflammatory cytokines were not elevated after MT in sham control groups (Figures 5A–C). Moreover, we evaluated the levels of pro-inflammatory cytokines in the injured spinal cord after MT and demonstrated that MT rats had lower expression of TNF (0.57 ± 0.16 vs. 1.00 ± 0.10, relative expression, MT vs. Vehicle, p < 0.01) and IL-6 (0.49 ± 0.20 vs. 1.00 ± 0.14, relative expression, MT vs. Vehicle, p < 0.01) than the Vehicle control rats (Figures 5D–F).
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FIGURE 5. Effects of mitochondrial transplantation on expression of pro-inflammatory cytokines in the injured spinal cord of rats with traumatic SCI on PID 1. (A) Representative micrograph of Western blots of TNF and IL-6 in sham control groups. (B,C) Quantitative results of relative expression of TNF and IL-6 in sham control groups. (D) Representative micrograph of Western blots of TNF and IL-6 in SCI groups on PID 1. (E,F) Quantitative results of relative expression of TNF and IL-6 in SCI groups on PID 1. The 1-cm spinal cord specimens centered at the epicenter of the injured site were used in Western blots. Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, two-tailed Student’s t-test. N = 3–5. MT, mitochondria transplantation.




Mitochondrial Transplantation Attenuates Oxidative Damages in the Injured Spinal Cord of Rats With Traumatic Spinal Cord Injury

Overproduction of iNOS-derived NO and generation of 3-NT are signatures of oxidative damage during neuronal injury (Visavadiya et al., 2016). We investigated the effects of MT on the levels of these indicators of oxidative damage in the injured spinal cord on PID 1. The results demonstrated that the level of iNOS was not changed in the sham control groups (Figures 6A,B). In the injured groups, MT rats exhibited lower levels of iNOS (0.39 ± 0.06 vs. 1.00 ± 0.24, relative expression, MT vs. Vehicle, p < 0.01, Figures 6C,D), NO (2.41 ± 1.11 vs. 6.04 ± 0.25 μM, MT vs. Vehicle, p < 0.001, Figure 6E), and 3-NT (241.31 ± 121.06 vs. 467.33 ± 99.52 ng/ml, MT vs. Vehicle, p < 0.001, Figure 6F) than the Vehicle control rats on PID1. However, the concentrations of malondialdehyde, a marker for lipid peroxidation, were similar between the MT and Vehicle groups (Figure 6G).
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FIGURE 6. Effects of mitochondrial transplantation on oxidative stress in the injured spinal cord of rats with traumatic SCI on PID 1. (A) Representative micrograph of Western blot of iNOS in sham control groups. (B) Quantitative results of relative expression of iNOS in sham control groups. (C) Representative micrograph of Western blot of iNOS in SCI groups on PID 1. (D) Quantitative results of relative expression of iNOS in SCI groups on PID 1. The 1-cm spinal cord specimens centered at the epicenter of the injured site were used in Western blots. (E–G) Quantitative results of the level of NO, 3-NT and malondialdehyde in SCI groups. Data were expressed as mean ± standard deviation. *p < 0.05, ***p < 0.001, two-tailed Student’s t-test. N = 4–5. MT, mitochondria transplantation.





DISCUSSION

This study was designed to elucidate the therapeutic effects of transplantation of allogeneic mitochondria on traumatic SCI. Our results showed that MT improved the recovery of somatosensory and locomotor functions after SCI and promoted the preservation of white matter in the injured spinal cord of rats with traumatic SCI. Attenuated mitochondrial fragmentation, cellular apoptosis, neuroinflammation, and oxidative stress were also evident in the spinal cord of rats that received MT. Moreover, by addressing the spatiotemporal distribution of the viable transplanted allogeneic mitochondria, we were able to newly demonstrate that transplanted allogeneic mitochondria survived in the lesioned region for at least 28 days in a rat model of traumatic SCI.

To the best of our knowledge, only two studies investigating the therapeutic effects of MT on traumatic SCI have been published (Li et al., 2015; Gollihue et al., 2018). Gollihue et al. (2018) first demonstrated that culture- and muscle-derived mitochondria, which were transplanted in the injured spinal cord, maintained their bioenergetics on PID 1. However, they did not identify any improving effect of MT on functional recovery in SCI rats (Gollihue et al., 2018). Conversely, Li et al. (2015) reported that the transplantation of mitochondria isolated from bone marrow mesenchymal stem cells to the injured spinal cord improved locomotor functional recovery in SCI rats, which is in line with our findings. These discrepancies may derive from the differences in the injecting site and the frequency of spinal cord puncture. First, intraparenchymal injection inevitably causes SCI. The midline of the dorsal spinal cord, the posterior median sulcus, has relatively fewer neural networks, compared with other parts of the spinal cord (Jacquesson et al., 2014; Mii et al., 2021). The midline incision is of paramount importance during surgery for intramedullary spinal pathologies. This can be attributed to its role in minimizing neural damage. Second, reduction in puncture time can mitigate tissue trauma. Therefore, we used a midline injection with two injection attempts, namely, rostral and caudal to the epicenter (Li et al., 2019), rather than a circumferential injection with four injection attempts (Gollihue et al., 2018).

It has been reported that transplanted mitochondria maintain their bioenergetics after transplantation (Garbuzova-Davis et al., 2017; Chien et al., 2018; Gollihue et al., 2018; Li et al., 2019); however, few studies have addressed their viability in the host. MTDR and mitochondria-targeting transgenically labeled green fluorescent protein (tGFP) are two widely used tools to label and trace the transplanted mitochondria. Given that the fluorescent signal of mitochondria-targeting tGFP decayed over time (Gollihue et al., 2018), we adopted MTDR to label the allogeneic transplanted mitochondria in this study. MTDR, a mitochondrial potential-dependent dye, stains viable mitochondria and sustains along with their viability (Xiao et al., 2016). Hence, MTDR is also suitable for detecting the viability of transplanted mitochondria. We found that the MTDR signals could be recognized in the injured spinal cord on PID 28, suggesting that the transplanted mitochondria survived for a least 28 days in the lesioned region. Our results were in line with a previous finding that transplanted xenogeneic mitochondria survived for 4 weeks in the myocardium of pigs with cardiac ischemia (Kaza et al., 2017). Furthermore, by characterizing the spatial distribution of the transplanted mitochondria, we also found that the spread region of the transplanted mitochondria was relatively restricted around the injection site. Hence, multiple and repeated administrations of allogeneic mitochondria may be required when dealing with a large volume of damaged tissue.

Intact mitochondrial function and bioenergetics depend on balanced mitochondrial fusion and fission. This mitochondrial dynamic is reactive to environmental changes. SCI leads to a shift from fusion to fission and subsequently results in neural death (Liu et al., 2015). It has been reported that the expression of mitochondrial fusion protein was increased, whereas the level of mitochondrial fission protein decreased in the spinal cord at 8 h after acute SCI (Jia et al., 2016). The expression of the mitochondrial fusion protein was downregulated, but the level of mitochondrial fission protein was upregulated at 24 h after acute SCI (Jia et al., 2016). Herein, we assessed mitochondrial fission by determining Drp1 expression and found that MT suppressed the expression of Drp1 in the spinal cord of SCI rats, suggesting that MT alleviates injury-induced mitochondrial fission. Our results are consistent with reports of pharmacological inhibition of mitochondrial fission improving locomotor functions in several SCI models (Li et al., 2015; Liu et al., 2015). The ratio of fusion/fission protein expression was suggested to be an important factor for maintenance of neuronal mitochondrial morphology and viability (Uo et al., 2009). We evaluated the ratio of Drp1/Mfn1 between the PBS and MT in the Sham and SCI groups. The results demonstrated that the ratio of Drp1/Mfn1 was decreased after MT in SCI group (Supplementary Figure 1). Our results were suggested the neuroprotection effects after MT in SCI rats.

Apoptosis, one of the leading causes of neural death in SCI, propagates from the injured site into the periphery and lasts for several weeks (Springer et al., 1999; Beattie et al., 2000). Inhibiting apoptosis improves locomotor functions in SCI models (Pei et al., 2017; Wei et al., 2018). Our results showed that MT repressed traumatic SCI-induced apoptosis by increasing the expression of anti-apoptotic protein, Bcl-2, and reducing the level of pro-apoptotic protein, BAX, the expression of apoptotic marker, cleaved caspase-3, and the TUNEL-positive cells. In line with our results, MT also exerted an anti-apoptotic effect in the model of cardiac ischemia (McCully et al., 2009, 2017). In SCI, apoptosis has been linked to mitochondrial fission according to the finding that the Drp1 inhibitor ameliorated SCI-induced apoptosis (Li et al., 2015). Thus, mitochondrial dynamics may be an upstream factor regulating the subsequent apoptosis. This relationship between mitochondrial fission and apoptosis was also evident in this study.

Mitochondria govern the homeostasis of cellular oxidative stress. An imbalance between the production and clearance of free radicals causes overwhelming injury to cells (Lobo et al., 2010). Since the mitochondrial content is relatively high in neurons, mitochondrial dysfunction following SCI elicits a huge accumulation of free radicals (Sullivan et al., 2007; Zhang et al., 2018). Antioxidant therapies are known to exert neuroprotective effects against SCI (Bains and Hall, 2012; Yang et al., 2016). In this study, we found that MT reduced the levels of NO, iNOS, and 3-NT in the injured spinal cord of rats. NO and iNOS are activators for the generation of RONS. 3-NT is a marker of protein oxidation in the injured spinal cord. Taken together, antioxidation may be involved in the mechanisms underlying the therapeutic effects of MT on traumatic SCI.

Activated microglia and infiltrating immune cells release a remarkable amount of pro-inflammatory mediators, such as TNF, IL-6, and NO, within hours after SCI and subsequently initiate a catastrophic secondary injury (Carlson et al., 1998; Hausmann, 2003; Pineau and Lacroix, 2007). Inhibiting the surge of inflammatory cytokines improves the functional outcomes in rats with SCI (Coelho-Santos et al., 2012; Guerrero et al., 2012; Wei et al., 2018). Herein, we observed a reduction in the TNF, IL-6, and NO levels in the injured spinal cords of MT rats, indicating reduction in inflammatory markers of MT. Similar to our findings, MT-induced downregulation of TNF and IL-6 has been also identified in a rabbit model of myocardial ischemia (Masuzawa et al., 2013). Our results suggested that anti-inflammation may be involved in the mechanisms underlying the therapeutic effects of MT on traumatic SCI. Moreover, it is noteworthy that IL-6 also behaves as a neurotrophic factor (Wagner, 1996; Erta et al., 2012) and promotes neuronal axon regeneration (Leibinger et al., 2013). Hence, the role of IL-6 in the MT-induced beneficial effects on SCI deserves further investigation.

Sirtuin 3 (SIRT3) has been identified as a stress-responsive deacetylase (Lombard et al., 2007), which shown to play a role in protecting cells under stress in the mitochondria (Bause and Haigis, 2013). It can exhibit mighty anti-inflammation and anti-oxidation upon neuronal injury (Huang et al., 2019; Ye et al., 2019). Mitochondrial SIRT3 is known to act as a pro-survival factor, playing an essential role to protect neurons under excitotoxicity (Kim et al., 2011). Dai et al. show that SIRT3 attenuates oxidative stress-induced mitochondrial dysfunction via coordination of mitochondrial biogenesis and fission/fusion (Dai et al., 2014). Overexpression or activation of SIRT3 can provide an incremental protective effect against oxidative injury (Pillai et al., 2010; Dai et al., 2014). Although there was no significant change in anti-inflammatory markers, our results showed the increased expression of SIRT3 after MT in the SCI group (Supplementary Figure 2), which suggested that MT ameliorated SCI-induced neuronal injury may relate to the SIRT3-mediated anti-inflammatory pathway.

Previous in vivo and in vitro studies have reported evidence of intracellular transmission of mitochondria under normal physiological and pathological conditions via tunneling nanotubes, extracellular vesicles, cellular fusion, and gap junctions (Torralba et al., 2016). However, evidence of intercellular transmission of exogenous mitochondria following mitochondrial transplantation is still undetermined. Very limited number of exogenous mitochondria were internalized into the host cells in experimental models of spinal cord and myocardial injury (McCully et al., 2009; Li et al., 2019). Similarly, our results also showed that the regional administration of viable allogenic mitochondria dispersed into the periphery, where most of these exogenous organelles were located interstitially, rather than being internalized into the recipient cells (Supplementary Figure 3). Furthermore, the transplanted mitochondria have been hypothesized to increase ATP generation in the mitochondrial dysfunction tissues in order to support the injured cells. However, this hypothesis was not supported by the fact that administration of mitochondrial components or ATP/adenosine diphosphate failed to reproduce the therapeutic effects of MT on ischemic myocardial injury (McCully et al., 2009). On the other hand, recent reports showed that transplanted mitochondria suppressed the micro-environmental Ca2+ overload through the Ca2+-buffering capacity to protect the neighboring cells (Chang et al., 2019). Additionally, Al Amir Dache et al. (2020) show human blood contains circulating cell-free respiratory competent mitochondria, which is suggestive of the maintenance of their bioenergetics under physiological calcium concentrations. However, the exact contribution of Ca2+-buffering capacity of MT on attenuating neuroinflammation and apoptosis after SCI requires further investigations (Bertero et al., 2020; McCully et al., 2020).



CONCLUSION

We illustrated the therapeutic effects of transplantation of allogeneic mitochondria on traumatic SCI-induced somatosensory and functional impairments in rats. By determining the spatiotemporal distribution of viable transplanted mitochondria, we demonstrated the long-term survival of allogeneic mitochondria in the injured spinal cord of rats. Moreover, repressed mitochondrial fragmentation, apoptosis, oxidative stress, and inflammation may be likely involved in the mechanisms underlying the therapeutic effects of MT on SCI. Our findings provide basic evidence for the further translational application of MT in traumatic SCI. However, more detailed time-course studies on neuropathological changes after MT are needed, including the temporal expression of various pro-inflammatory cytokines and proteins associated with oxidative stress particularly at later stages of the injury, to better define the long-term therapeutic effects of MT on wound healing and functional improvements at the chronic stage after SCI.
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Background: To evaluate the electroretinogram waveform in autism spectrum disorder (ASD) and attention deficit hyperactivity disorder (ADHD) using a discrete wavelet transform (DWT) approach.

Methods: A total of 55 ASD, 15 ADHD and 156 control individuals took part in this study. Full field light-adapted electroretinograms (ERGs) were recorded using a Troland protocol, accounting for pupil size, with five flash strengths ranging from –0.12 to 1.20 log photopic cd.s.m–2. A DWT analysis was performed using the Haar wavelet on the waveforms to examine the energy within the time windows of the a- and b-waves and the oscillatory potentials (OPs) which yielded six DWT coefficients related to these parameters. The central frequency bands were from 20–160 Hz relating to the a-wave, b-wave and OPs represented by the coefficients: a20, a40, b20, b40, op80, and op160, respectively. In addition, the b-wave amplitude and percentage energy contribution of the OPs (%OPs) in the total ERG broadband energy was evaluated.

Results: There were significant group differences (p < 0.001) in the coefficients corresponding to energies in the b-wave (b20, b40) and OPs (op80 and op160) as well as the b-wave amplitude. Notable differences between the ADHD and control groups were found in the b20 and b40 coefficients. In contrast, the greatest differences between the ASD and control group were found in the op80 and op160 coefficients. The b-wave amplitude showed both ASD and ADHD significant group differences from the control participants, for flash strengths greater than 0.4 log photopic cd.s.m–2 (p < 0.001).

Conclusion: This methodological approach may provide insights about neuronal activity in studies investigating group differences where retinal signaling may be altered through neurodevelopment or neurodegenerative conditions. However, further work will be required to determine if retinal signal analysis can offer a classification model for neurodevelopmental conditions in which there is a co-occurrence such as ASD and ADHD.

Keywords: discrete wavelet transform, electroretinogram, retina, neurodevelopment, autism, attention deficit hyperactivity disorder


INTRODUCTION

Altered retinal signaling in neurodevelopmental conditions such as autism spectrum disorder (ASD) (Ritvo et al., 1988; Constable et al., 2016, 2020b), schizophrenia and bipolar disorder (Hébert et al., 2010, 2015, 2020; Lavoie et al., 2014; Maziade et al., 2022) have been reported with differences between these groups and controls in time-domain parameters of the electroretinogram (ERG) waveform. Whilst this method is widely employed in cardiology (Addison, 2005; Meziani et al., 2013) and neurology (Bullmore et al., 2003; Faust et al., 2015), wavelet analysis has not been used previously to study time-frequency domain of the ERG in the neurodevelopmental disorders ASD and Attention Deficit Hyperactivity Disorder (ADHD). Discrete Wavelet Transform (DWT) analysis may provide biomarkers that facilitate stratification of these neurodevelopmental conditions (Molloy and Gallagher, 2021) which are known to share substantial genetic risk (Rommelse et al., 2010; Brainstorm Consortium et al., 2018, Cao et al., 2022).

Autism spectrum disorder and ADHD are the main neurodevelopmental disorders diagnosed in early childhood with a global prevalence estimated at approximately 1 and 3.4%, respectively (Polanczyk et al., 2015; Nevison et al., 2018). The co-occurrence of neurodevelopmental conditions is high with approximately 1:3 children with ASD also meeting diagnostic criteria for ADHD (Berenguer-Forner et al., 2015). ASD and ADHD often present as co-occurrence in children (Russell et al., 2014; Mansour et al., 2017) as well as other co-occurrences of conditions such as anxiety, epilepsy, and sleep disorders (Bougeard et al., 2021). Visual perception in ASD shows superiority in visual search (Constable et al., 2020a) and abnormal electrophysiological cortical differences in global motion perception (van der Hallen et al., 2019), motion onset (Constable et al., 2012), and coherence thresholds perception (Robertson et al., 2014). For reviews of sensory and visual perception in ASD see Dakin and Frith (2005) and Robertson and Baron-Cohen (2017). Individuals with ADHD also display differences in visual tasks and perception relating to visual attention (Zarka et al., 2021) and visual search (Mullane and Klein, 2008). Sensory processing problems are common in both ASD and ADHD children and a measure of sensory function using the ERG may help our understanding of the differences and similarities of these two groups (Dellapiazza et al., 2021).

The retina has three cell types connected in a vertical signaling pathway from the photoreceptors to the bipolar cells and then to the ganglion cells. Lateral neurons modify this path at two points: horizontal cells feedback to regulate the signal between photoreceptors and bipolar cells and amacrine cells link bipolar and ganglion cells (Masland, 2012). The retinal signal in response to brief flashes of light is captured as the ERG waveform. This is composed of an initial a-wave, a negative deflection originating from the hyperpolarization of the photoreceptors. The b-wave is a positive peak following the a-wave and is formed principally by the depolarization of bipolar cells. The cone and rod bipolar cells contribute to either the ON- or OFF- pathways within the retina (Kaneda, 2013). The ON-bipolar cells use slower metabotropic glutamate receptors and respond to an increase in retinal illumination, whilst- the OFF-bipolar cells utilize faster ionotropic glutamate receptors and respond when there is a decrease in retinal illumination (Severns and Johnson, 1993; Hanna and Calkins, 2006, 2007). The a-wave of the light-adapted ERG is shaped principally by the hyperpolarization of the cones but also has post receptoral contributions from bipolar cells (Bush and Sieving, 1994; Robson et al., 2003; Friedburg et al., 2004). Inhibitory pathways are formed by the horizontal and amacrine cells that utilize GABA and dopamine as the principal inhibitory neurotransmitters respectively (Diamond, 2017). The Oscillatory Potentials (OPs) are high frequency waves that appear on the b-wave and contribute to its amplitude and are initiated by the amacrine cells with some ganglion and bipolar cell modulation (Wachtmeister, 1980, 1981, 1998, 2001).

The DWT allows the energy to be determined within frequency bands at discrete time windows within the whole ERG waveform. The method was first applied to the ERG by Gauvin et al. (2014) who used a DWT derived from a continuous wavelet transform function to extract the energy associated within the frequency bands centered on: 20, 40, 80 and 160 Hz within the a- and b-wave time windows. The group then quantified the relative contributions of the DWT coefficients within each frequency band to specific sub-components of the ON- (20 Hz) and OFF- (40 Hz) pathway responses within the a- and b-waves (termed a20, a40, b20, b40) as well as characterizing the slow and fast OPs at 80 (op80) and 160 Hz (op160), respectively (Gauvin et al., 2014, 2015, 2016, 2017). This work demonstrated the fundamental strength of the DWT analysis in its power to quantify the discrete energies related to the ON- and OFF-pathways and the OPs. Our study aimed to explore the ability of the DWT analysis to identify features in the ERG waveform that could distinguish the neurodevelopmental conditions ASD and ADHD from a control group.



MATERIALS AND METHODS


Participants

A total of 55 ASD, 15 ADHD, and 156 control individuals took part with mean age (years) ± SD of: ASD: 14.2 ± 4.9; range (6.0–27.3), ADHD: 15.8 ± 3.2; range (8.4–21.8) and control: 13.2 ± 5.0; range (3.1–26.7) Kruskal–Wallis test (p < 0.001) although age would not be a factor in this young population with ERG amplitudes remaining stable from ages 15 to 24 years before media opacities influence the amount of light reaching the retina (Birch and Anderson, 1992). Within the control group 22 participants (14%) were siblings of an ASD participant which provided a more representative sample of the general population. The sex balance for each group was: ADHD 8 male: 7 female, control 50 male, and 112 female and in the ASD group 40 male and 15 females [χ2(2), 28.1 p < 0.001].

All participants were recruited at two sites from existing databases or local autism groups and via social media. Electrophysiological testing typically occurred in the afternoon for the participants. All ASD participants met criteria for a diagnostic classification based on DSM-IV-TR (American Psychiatric Association [APA], 2000) or DSM-5 (American Psychiatric Association [APA], 2013) criteria. Clinical assessments were guided by a combination of standardized observation (Autism Diagnostic Observation Schedule; Lord et al., 1989 or ADOS-2, Gotham et al., 2007) and interview (Developmental, Dimensional and Diagnostic interview, Skuse et al., 2004). The clinical diagnosis of ADHD was based on ICD-10 Research Diagnostic Criteria, incorporating measures of Hyperactivity, Impulsivity and Inattention provided by parents/carers and schoolteachers. The diagnostic assessments were performed by pediatric psychiatrists or clinical psychologists in the social communication disorder clinics at Great Ormond Street Hospital for Children in the United Kingdom or local Child and Adolescent Mental Health clinics in South Australia.

Participants were excluded if there was a history of strabismus surgery, other syndromic or metabolic disorders, or if there was a history of brain injury. We excluded participants who had co-existing ASD and ADHD, ADD, or OCD. Cognitive abilities were measured by the age-appropriate Wechsler scales: ASD group (mean ± SD): 101 ± 20 [range 60–136 for N = 41 (measure available for 75% of the group)]; ADHD group: 88 ± 10 [range 72–105 for N = 7 (measure available for 47% of the group)].

Eight of seventy-five participants had taken a psychoactive medication on the day prior to testing; Seven (12%) in the ASD group and one participant had taken methylphenidate (6%) in the ADHD group (6%). One individual with ASD was on an antiepileptic medication but had been seizure free for 5 years. The study was approved by human research ethics committees at both sites and written informed consent was obtained from either the participant or parent/guardian/carer as required before testing.



Electrophysiology

The ERG recording protocol has been reported previously in more detail (Constable et al., 2020b,2021) and followed the International Society for Clinical Electrophysiology of Vision guidelines (Robson et al., 2022). All recordings were taken under normal room luminance (350–450 Lux). Five white flash strengths at: –0.119, 0.398, 0.602, 0.949, and 1.204 log photopic cd.s.m–2 on a 40 cd.m–2 white background were randomly presented to the right and then to the left eye at 2 Hz with 60 averages per flash strength. Traces were rejected from the average if they fell above or below the 25th centile. Repeats of the recordings were made in each eye if required. The waveform data, iris color along with video and images of the electrode position below the eye were exported using the RFF extractor version 2.9.4.1 (LKC Technologies Inc., Gaithersburg, MD, United States). The iris color index is automatically reported by the RETeval as the ratio of the 25th centile gray scale between the iris and pupil at the midline. Measurements of the iris color allowed for this parameter to be accounted for given that individuals with darker irises have lower ERG amplitudes (Al Abdlseaed et al., 2010). In addition, the electrode height (Hobby et al., 2018) was accounted for from the photographic image and a scaled ruler for each eye at 5 levels from –2 to +2 representing the height of the electrode from the recommended position of 2 mm below the lid margin. A value of –1 represents the electrode placed 1 mm below the recommended position). If the electrode was positioned greater than 2 mm below the reference level, then the data were not included in the sample. The mean ± SD iris colors for the groups were: ASD 1.23 ± 0.11, ADHD 1.27 ± 0.12, and control 1.25 ± 0.12 [Kruskal–Wallis test (p < 0.001)]. Only waveforms with an a-wave amplitude >1 μV were included (see Supplementary Material for further details on methods).



Discrete Wavelet Transform Analysis

The DWT function (Eq. 1) where the DWT(j,k) represents the wavelet coefficients at discrete frequencies (j) and discrete time windows (k), for the raw signal x(t) of the ERG waveform of amplitude vs. time, with ψ representing the Haar square wavelet function (Mallat, 2009).

[image: image]

The coefficients within each time window represent the energy (μV.s) within the signal which were extracted for statistical analysis. A scalogram presents the energies within each frequency band centered on (20, 40, 80, and 160 Hz) within time windows between –20–17.5 and 0–17.5 ms (a-wave), 17.5–55 ms (b-wave), and 8.125–55 ms and 8.125–55 ms (OPs) (Gauvin et al., 2015).

The DWT analysis gives results for the energy in the 20 Hz (ON-pathway) and 40 Hz (OFF-pathway) for the a- and b-wave components (Gauvin et al., 2015; Gauvin et al., 2017) as well as the 80 and 160 Hz components of the OPs that quantify the energy within the slow and fast OPs. The %OPs are measured as the percentage of the OPs energy (i.e., the 80 ops + 160 ops coefficients) to the overall ERG energy (i.e., the 20b + 40b + 80ops + 160ops coefficients), as described by Gauvin et al. (2016).

The DWT analysis was performed in MATLAB (Mathworks Inc.). See (Gauvin et al., 2014, 2015, 2016, 2017) for detailed descriptions of the DWT methodology applied to the ERG waveform. Code is available on request from Dr. Mercedes Gauthier.



Statistical Analyses

Non-parametric pairwise comparisons were performed between groups (i.e., ASD, control, and ADHD) at each of the five flash strengths for each of the six DWT-related dependent variables, the b-wave amplitude and %OPs. The method proposed by Noguchi et al. (2020) was used via the “mctp” function in the “nparcomp” R package with its default settings (Tukey-type contrast, global pseudo-rank estimation method, Fisher asymptotic approximation method, and with 95% CIs). In addition to the “mctp” adjusting p-values for multiple comparisons, a stringent p < 0.005 was adopted as a cut-off of statistical significance (Benjamin et al., 2018). Confidence limits around each estimator for comparisons between groups are provided in the statistical output section of the Supplementary Material.

See Supplementary Material for statistical output and further details on the methods. The data set is available at Flinders FigShare Repository: https://doi.org/10.25451/flinders.17712347.v3




RESULTS


Discrete Wavelet Transforms

Scalogram plots of the DWT coefficients are shown in Figure 1 of the ERG and OPs waveforms normalized to the ADHD color scale for a representative individual in each group. Note the reduced energy in the OP waveform (op80 and op160) in the ASD group compared with the control but no difference in the energy levels in the ERG waveform in the b20 and b40 energies between the ASD and the control. In contrast, the energy in all the frequency bands representing the DWT coefficients is higher in the ADHD compared to the control and ASD participant in the ERG and OP waveforms. There were no significant group differences across flash strengths for the dependent variables (Mann–Whitney U test p > 0.09).
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FIGURE 1. DWT scalograms of the ERG and OPs waveforms for ASD, control and ADHD normalized to the color scale of the ADHD participant using a Flash Strength of log 1.204 photopic cd.s.m–2. Red indicates greater energy levels and blue low energy levels. Upper panel shows the ERG waveforms and lower panels show the corresponding OP waveforms. In the upper panel the b20 and b40 bands of the ASD scalogram are not significantly different from that of the control. In contrast the ADHD participant’s recording shows increased energy within all frequency bands of the scalogram compared to the ASD and control. The lower panels, show a reduced op80 and op160 energy in the ASD participant compared to the control.




Pairwise Comparisons

Figure 2 illustrates the group characteristics for the five flash strengths with the b40 and op80 coefficients. The boxplots display the distribution of the data with a notch at the median and the interquartile range (shown by the box itself) enables visualization of the dispersion in the data. The maverick observations are shown as the squares (see Supplementary Material Statistical Outputs for all data).
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FIGURE 2. Group differences in the b40 and op80 DWT coefficients across the five flash strengths. The ADHD group exhibited higher b40 and op80 energy levels across the flash series. In contrast the difference between ASD and controls was more significantly reduced for the op80 energy compared to the b40 at the higher flash strengths. Boxplots display ∼95% CIs around the median values.


Table 1 reports the pairwise p-values comparison between the three groups for each of the DWT coefficients and the b-wave amplitude (b_amp) and %OPs for the two main flash strengths of 1.204 and 0.602 log photopic cd.s.m–2 (see Supplementary Material for all strengths). For comparison at the 1.204 log cd.s.m–2 the b20, b40, op80, and op160 coefficients were all significantly greater than control (p < 0.001) for the ADHD group. The respective energies (μV.s) for ADHD and controls at this flash strength were: Median (95% CI) ADHD group: b20 104.1 (96.0–112.6), b40 93.1 (87.0–101.6), op80 30.8 (28.7–35.9), and op160 17.9 (16.6–18.9). For the control group: b20 68.6 (65.6–71.4), b40 62.8 (61.0–65.6), op80 23.6 (23.1–24.2), and op160 13.6 (13.1–13.9). In contrast, for the ASD and control group differences at 1.204 log photopic cd.s.m–2 there were no significant differences for the b20 and b40 coefficients (p > 0.008) but there were significant differences (p < 0.001) for the op80 and op160 coefficients with the ASD coefficient values being: b20 65.2 (62.6–70.2), b40 55.5 (52.3–60.9), op80 20.2 (19.0–21.4), and op160 10.8 (9.9–11.7).


TABLE 1. Median (Mdn) and lower (L) and upper (U) 95% confidence intervals for the three groups (ASD) autism spectrum disorder, control, and attention deficit hyperactivity disorder (ADHD) at each flash strength (FS) in log photopic cd.s.m–2.

[image: Table 1]
The %OPs as a measure of the contribution of the OPs to the overall broadband ERG energy were significantly reduced for the ASD (p < 0.003) across several flash strengths but only at the highest flash strength of 1.204 log photopic cd.s.m–2 for ADHD (p < 0.001) with median (95% CI) values of: ASD 54.3 (53.7–55.2), control 57.1 (56.4–57.5), and ADHD 55.3 (53.8–55.5)%.

The a20 component representing the ON-response showed a significant increased energy for ADHD compared to the control group (p < 0.001) only for flash strengths from 0.398 to 1.204 log photopic cd.s.m–2 and at the maximal flash strength of 1.204 log photopic cd.s.m–2 the respective values for a20 for the ADHD and control groups were: [median (95% CI)]: 29.5 (27.2–35.3) μV.s and 22.5 (21.2–24.0) μV.s. The a40 component representing the OFF-pathway was also significantly lower (p < 0.001) for the ASD group compared to control at the 0.602 and 1.204 log photopic cd.s.m–2 flash strengths with significant group differences observed between the ADHD and control group only at the two weakest flash strengths of –0.119 and 0.398 log photopic cd.s.m–2 (p < 0.001).

As previously reported, the light-adapted b-wave amplitude was reduced for ASD compared to controls (Constable et al., 2016, 2020b) and increased for ADHD compared to controls (p < 0.001). For example, at the 1.204 cd.s.m–2 flash strength the b-wave amplitudes (μV) [median (95% CI)] were: ASD 23.5 (21.7–25.7), control 30.4 (28.4–31.3), and ADHD 37.2 (33.3–41.1). See Supplementary Table 2 for all values.

There were no significant correlations between groups for the dependent variables (p > 0.48) using robust percentage bend correlation method (Wilcox, 2012). A larger sample and consistent diagnostic metrics would be required before any conclusions regarding correlations between the DWT parameters and severity could be applied. See Supplementary Material for details of the correlation analysis.




DISCUSSION

Ours is the first study to apply a DWT analysis of the ERG in individuals with a neurodevelopmental disorder. Our aim was to test the hypothesis that there would be underlying differences between ADHD and ASD in the light adapted ERG waveforms that we have previously reported as abnormal in ASD (Constable et al., 2016, 2020b). We did find a pattern of difference between the ASD and control groups OPs. Whilst some differences in the shape of the second light-adapted OP peak have been described previously in a small cohort of adults with ASD (Constable et al., 2016), we can now provide the first quantification of this component of the ERG in children with ASD. We propose that the reduced b-wave amplitude we found in association with ASD could be explained by reduced energy and contribution of the neural generators of the OPs. The OPs originate in the amacrine cells, which utilize dopamine as their main neurotransmitter (Wachtmeister, 1998, 2001). Genetic studies have suggested dopamine regulation plays a role in ASD (Liu et al., 2021; Pavăl and Micluţia, 2021). The characteristics of the coefficients op80, op160 and %OPs we observed, in relation to the b-wave, could be related to the amacrine cells and dopamine signaling, transport or storage (Wachtmeister and Dowling, 1978; Wachtmeister, 2001, 1981). Supportive evidence is provided by the observation that reduced retinal dopamine levels in Parkinson’s disease are associated with lower b-wave amplitudes (Jackson et al., 2012; Nowacka et al., 2015).

Our findings in respect of ADHD concerned the b20 and b40 coefficients of the ERG, which relate to the ON- and OFF-pathways. These use glutamate as the principal neurotransmitter. There appears to be greater energy in those coefficients than in controls. The a20 coefficient was increased in ADHD compared with controls at flash strengths from 0.40 to 1.20 log cd.s.m–2 implying there is an ON-response difference between groups in this component. There is no direct involvement of the ON-pathway with the a-wave of the light-adapted ERG and the 20 Hz component is representative of the generalized on-response within the retina (Gauvin et al., 2015, 2017). In contrast, the a40 or OFF-pathway component to the a-wave did not differentiate these two groups at flash strengths greater than 0.60 log photopic cd.s.m–2 suggesting there is a relatively normal OFF-pathway response within the time window of the a-wave in children with ADHD. The post-receptor OFF-pathway normally contributes the amplitude of light-adapted a-wave (Bush and Sieving, 1994; Robson et al., 2003; Friedburg et al., 2004). The elevated energy in DWT coefficients that we observed may reflect alterations in bipolar cell functions that contribute to the b-wave. These implicate glutamate signaling and or transport/storage as the underlying cause, and glutamic gene function is associated with hyperactivity and impulsivity in ADHD (Naaijen et al., 2017). A polymorphism in metabotropic glutamate receptors predisposes to ADHD in the Chinese Han population (Zhang et al., 2021).

The %OPs were not significantly different between ADHD and control for flash strengths lower than 1.20 log photopic cd.s.m–2 (p > 0.11) with the main coefficients contributing to the elevated b-wave in ADHD being b20 and b40. In contrast, in keeping with the reduced op80 and op160 coefficients in ASD the %OPs were significantly lower for the ASD group compared to the control group for all flash strengths greater than 0.4 log photopic cd.s.m–2 (p ≥ 0.005) supporting the reduced contribution of the OPs to the overall b-wave amplitude in ASD.

Evidence from mouse models also supports the clinical findings here. A recent study using the BTBR inbred mouse strain as an ASD model showed reductions in the b-wave response under dark and light adapted conditions (Cheng et al., 2020) as well as. Studies of an ADHD mouse model in which novel DA transporter had been knocked out have indicated ERG b-wave amplitudes are increased under light-adapted conditions, which is consistent with our findings (Dai et al., 2017). Offspring of mice exposed to valproic acid as an ASD model also show reduced dark-adapted ERG responses (Guimarães-Souza et al., 2019) in support of previous findings of adults and children (Ritvo et al., 1988; Constable et al., 2016) and a deficit in ON-pathway retinal function. Currently no dark-adapted ERG studies have been performed in ADHD and this would be of interest to determine if the elevated ON-pathway response was also present under a different state of retinal adaptation.

The pathophysiology of ADHD and ASD remains a conundrum. There are no biomarkers for either condition, and we know multiple genetic and environmental factors contribute to the phenotypes (Geurts et al., 2013; Cooper et al., 2014; Kohls et al., 2014; Ronald et al., 2014; van Steijn et al., 2014; Naaijen et al., 2017). We provide some tentative evidence for neurophysiological changes that not only differentiate both conditions from typically developing children, but also evidence that they can be distinguished from each other based on ERG characteristics. Our findings suggest an elevation in the overall energy in the ERG within the b-wave and OPs in ADHD, which is consistent with reports of greater background retinal noise in this group (Bubl et al., 2015; Lee et al., 2022). In contrast, we report a reduction in the OPs contribution to the b-wave in ASD. We suggest this could account for the reduction in the b-wave amplitude previously reported in those with ASD, under dark and light adapted conditions (Ritvo et al., 1988; Constable et al., 2016, 2020b,2021; Lee et al., 2022).

Discrete wavelet transform analysis has been applied to other clinical conditions. For instance, the multifocal ERG and the pattern ERG reveal a positive association with primary open angle glaucoma (Brandao et al., 2017; Hassankarimi et al., 2019). In congenital stationary night blindness, DWT analysis of the ERG and multifocal ERG highlighted the known absence of the ON-pathway involvement in the waveforms (Dorfman et al., 2020). A DWT analysis of low contrast pattern reversal visual evoked potentials at different spatial frequencies found the DWT coefficients showed greater significant differences than time domain or fast Fourier transform parameters for describing the evoked potentials (Hassankarimi et al., 2020). In cardiac disease, wavelet analysis has been used extensively for analysis of the ECG and cardiac arrhythmia (Rahul and Sharma, 2021; Li et al., 2022). It has also been used to analyze EEG signals in epilepsy (Zarei and Asl, 2021) and Parkinson’s disease (Liu et al., 2017). The application of retinal signal analysis may provide a new marker for the classification of neurodevelopmental and neurodegenerative disorders given the broad heterogeneity and the lack of sufficient objective clinical and neuroscientific evidence within current classifications (Molloy and Gallagher, 2021). There is a need for a different approach that can support more reliable diagnoses, prognoses, and better targeted treatments. The DWT methodology has the potential to provide a “biotype” based on retinal signal analysis (Clementz et al., 2016; Cuthbert, 2020) and contribute to this field. Signal analysis of the ERG waveform may also provide more subtle functional insights into the structural changes within the retina which have been documented in longitudinal studies of Alzheimer’s or Parkinson’s disease using retinal imaging techniques (Kashani et al., 2021). It may also provide a sensitive method to monitor the effects of clinical trials of pharmacological and gene therapy to manage retinal and ophthalmic diseases (Yu-Wai-Man et al., 2020; Maguire et al., 2021; Gajendran et al., 2022).

Analysis of the ERG waveform using wavelet functions [as well as other signal analysis techniques such as Variable Frequency Complex Demodulation (VFCDM), (Chon et al., 2009), or Functional Data Analysis (Calle-Saldarriaga et al., 2021)] could provide better characterization of the heterogeneity inherent within the neurodevelopmental disorders that share common clinical traits (Thapar et al., 2017; Molloy and Gallagher, 2021). Of these, VFCDM can provide one of the highest time-frequency resolutions (Chon et al., 2009) and has been used to analyze other physiological signals (Wang et al., 2006; Siu et al., 2009, Posada-Quintero et al., 2016; Hossain et al., 2021). VFCDM uses a bank of low-pass filters to decompose the signal into a suite of band-limited signals. These can estimate instantaneous amplitude, frequency, and phase within each frequency band with higher resolution than DWT. VFCDM may offer an additional process to unlock the hidden signals within the ERG of neurological and retinal conditions.

This study is the first to apply a wavelet transform approach to analyzing clinical waveforms in neurodevelopmental conditions using the ERG. The method allows an objective description of the ON- and OFF- pathways as well as the contribution of the OPs to the overall ERG signal. A combination of time domain (b-wave amplitude) and time-frequency domain parameters (b20, b40, op80, op160) may assist with developing classification models of ADHD and ASD in the future, as well as providing a simple method to extract information on the underlying contributions of the ON- and OFF- pathways without the need for modeling luminance-response functions across several flash strengths (Hamilton et al., 2007; Hébert et al., 2017; Constable et al., 2020b). We speculate that the wavelet approach may in future aid in the study of retinal neurophysiology in schizophrenia and bipolar disorder (Hébert et al., 2015, 2020) as well as neurodegenerative conditions such as Parkinson’s disease (Garcia-Martin et al., 2014; Nowacka et al., 2015). Further work will be required to establish abnormalities in these retinal signals are specific to neurodevelopmental disorders and what effects may be observed in the case of co-occurrence of other conditions (Silverstein and Thompson, 2020).
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Background: Alzheimer’s disease (AD) and vascular dementia (VaD) are the two most common types of neurodegenerative dementia among the elderly with similar symptoms of cognitive decline and overlapping neuropsychological profiles. Biological markers to distinguish patients with VaD from AD would be very useful. We aimed to investigate the expression of blood-brain barrier (BBB)-related blood-borne factors of soluble low-density lipoprotein receptor-related protein 1 (sLRP1), cyclophilin A (CyPA), and matrix metalloproteinase 9 (MMP9) and its correlation with cognitive function between patients with AD and VaD.

Materials and methods: Plasma levels of sLRP1, CyPA, and MMP9 were analyzed in 26 patients with AD, 27 patients with VaD, and 27 normal controls (NCs). Spearman’s rank correlation analysis was used to explore the relationships among biomarker levels, cognitive function, and imaging references. Receiver operating characteristic (ROC) curve analysis was used to discriminate the diagnosis of AD and VaD.

Results: Among these BBB-related factors, plasma CyPA levels in the VaD group were significantly higher than that in the AD group (p < 0.05). Plasma sLRP1 levels presented an increasing trend in VaD while maintaining slightly low levels in patients with AD (p > 0.05). Plasma MMP9 in different diagnostic groups displayed the following trend: VaD group > AD group > NC group, but the difference was not statistically significant (p > 0.05). Furthermore, plasma sLRP1 levels were positively related to MoCA scores, and plasma CyPA levels were significantly correlated with MTA scores (p < 0.05) in the AD group. Plasma MMP9 levels were negatively correlated with MoCA scores (p < 0.05) in the VaD groups. No significant correlation was detected between the other factors and different cognitive scores (p > 0.05). ROC analysis showed a good preference of plasma CyPA [AUC = 0.725, 95% CI (0.586–0.865); p = 0.0064] in diagnosis.

Conclusion: The plasma CyPA level is a reference index when distinguishing between an AD and subcortical ischemic vascular dementia (SIVD) diagnosis. Blood-derived factors associated with the BBB may provide new insights into the differential diagnosis of neurodegenerative dementia and warrant further investigation.

KEYWORDS
vascular dementia (VaD), Alzheimer’s disease (AD), blood-brain barrier, low-density lipoprotein receptor-related protein, cyclophilin A, matrix metalloproteinase-9


Introduction

Dementia manifests as global cognitive decline and significantly impairs daily activities, which has imposed a heavy burden on the public and healthcare systems as society ages (Jia et al., 2020). Alzheimer’s disease (AD) and vascular dementia (VaD) are the two most common types of neurodegenerative dementia among the elderly. AD has a slow course characterized by gradual deterioration of cognitive function. VaD has a variable course presented by a stepwise worsening of executive function, which can have a sudden or slow onset (O’Brien and Thomas, 2015). Although these two types of dementia share many clinical features, including symptoms of cognitive decline and overlapping neuropsychological profiles, the underlying pathophysiological mechanisms are different. Efficient therapy depends on accurate diagnosis, thus it is crucial to distinguish between VaD and AD (Neto et al., 2015; Tachibana et al., 2016). Despite advances in molecular neuroimaging, the understanding of clinicopathological relevance and the development of novel biomarkers have been limited in the last decade (Park and Moon, 2016; Bjerke and Engelborghs, 2018). Moreover, imaging is relatively expensive and invasive and is usually not immediately available for such a diagnosis. As another option, lumbar puncture is an invasive procedure, which requires written informed consent. Clinicians still need reliable and non-invasive molecular markers for the differential diagnosis of neurodegenerative dementia. Blood testing is an economical, minimally invasive and more accessible procedure and is more suitable for investigating these pathological mechanisms and distinguishing between different forms, at least as a primary screening test.

Although the etiology of AD and VaD may differ, the overall mechanisms of subsequent neurovascular dysfunction are similar, with defective blood-brain barrier (BBB) function. BBB failure is considered to be a core mechanism in vascular-related diseases and neurodegenerative dementia, driving disease pathology and progression (Yamazaki and Kanekiyo, 2017; Cai et al., 2018; Ueno et al., 2019; Uemura et al., 2020). The breakdown of the BBB is caused by the degeneration of pericytes and endothelial cells, loss of tight junctions, and brain capillary leakages, which cause toxic molecules from the blood to enter the brain and initiate multiple neurodegenerative pathways (Bell et al., 2010; Zlokovic, 2011; Nelson et al., 2016; Storck et al., 2016; Montagne et al., 2020). Currently, it is speculated that low-density lipoprotein receptor-related protein 1 (LRP1), cyclophilin A (CyPA), and matrix metallopeptidase 9 (MMP9) are involved in the regulation of BBB permeability (Bell et al., 2012; Halliday et al., 2016). Soluble LRP1 (sLRP1) circulates freely in plasma and is primarily responsible for peripheral Aβ clearance (Quinn et al., 1997). Several studies have reported a significant reduction in LRP1 expression in brain microvascular endothelial cells in AD (Shibata et al., 2000; Deane et al., 2004; Donahue et al., 2006). Circulating sLRP in the plasma binds Aβ and prevents brain reentry across the BBB, producing a peripheral sink that promotes the outflow of Aβ from the brain (Sagare et al., 2007, 2012; Deane et al., 2008). Plasma sLRP1 levels and Aβ binding to sLRP1 are significantly reduced due to increased levels of oxidized sLRP1, which does not bind Aβ, resulting in an increase in free Aβ levels in plasma to return to the brain via the receptor for advanced glycation end products (RAGE) in patients with AD (Deane et al., 2003; Sagare et al., 2007, 2011). CyPA is secreted by activated macrophages, lymphocytes, and platelets and mediates the harmful effects of pericytes on BBB disruption (Seizer et al., 2010, 2015, 2016; Pan et al., 2020). Previous studies have shown that the plasma CyPA level is a new biomarker for the diagnosis of coronary artery disease (CAD) and renal disease progression and is used as a prognostic factor in patients with ruptured intracranial aneurysms (Satoh et al., 2013; Ramachandran et al., 2014; Kao et al., 2015; El-Ebidi et al., 2020; Rath et al., 2020). MMP9 is involved in the increase of BBB permeability during AD, which accelerates its onset (Barr et al., 2010; Shackleton et al., 2019). These results provide support for the use of BBB-related blood-borne factors as sensitive predictors of neurodegenerative dementia (specifically BBB dysfunction-related cognitive decline) because they are tentatively present in biofluids and are involved in BBB function. Few studies have analyzed the correlation between BBB-related blood-borne factors (sLRP1, CyPA, and MMP9) and dementias.

In this clinical study, we aimed to measure plasma sLRP1, CyPA, and MMP9 levels in patients with AD, patients with VaD, and healthy controls and to evaluate their correlation with cognitive function to assist the discovery of new biomarkers.



Materials and methods


Study populations

A total of 80 participants were enrolled in our research who were admitted to the Department of Xuanwu Hospital, Capital Medical University from July 2019 to July 2021. More specifically, 26 patients with AD, 27 patients with subcortical ischemic vascular dementia (SIVD), and 27 age-matched cognitive normal controls (NC) were recruited. The diagnosis of AD was performed according to the National Institute on Aging and the Alzheimer’s Association (NIA-AA) criteria (Jack et al., 2011). The diagnosis of SIVD was performed according to the modified National Institute of Neurological Disorders and Stroke and the Association Internationale pour la Recherche et l’Enseignement en Neurosciences (NINDS-AIREN) and has evidence of ischemic lesions on brain magnetic resonance imaging (Erkinjuntti, 2003). Moreover, healthy individuals, not affected by neurodegenerative diseases, were recruited as NC. This study was approved by the ethics committee. Written informed consent was obtained before enrollment. The details of inclusion/exclusion criteria for AD and VD are shown in the Supplementary material.



Plasma sample processing

Blood samples were taken in the morning after a 12-h fast. Notably, 6 ml of whole blood were drawn from each subject and stored in a polypropylene tube containing EDTA. Plasma separation was performed by centrifugation at 1,880 × g for 15 min. Finally, plasma was collected in centrifugal tubes and stored at −80°C until analysis.



Measurements

The levels of sLRP1, CyPA, and MMP9 were measured in plasma using a commercially available enzyme-linked immunosorbent assay (ELISA) (LRP1: IC-LRP1-Hu, ImmunoClone, United States; CyPA: KE1726, immunoway, United States; and MMP9: KE1407, immunoway, United States) according to the manufacturer’s instructions, and the dilution concentrations of sLPR1, CYPA, and MMP9 were 1:2,000, 1:10, and 1:50, respectively. The cognition of participants was assessed using the Mini-Mental State Examination (MMSE) and the Montreal Cognitive Assessment (MoCA). Total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL), and high-density lipoprotein cholesterol (HDL) were measured by the clinical levorotary testing center. Periventricular hyperintensity (PVH) and deep white matter hyperintense signals (DWMH) were evaluated using the Fazekas scale, and the scores of these two parts were summarized to obtain the total score (the lowest total score is 0, and the highest is 6) (Fazekas et al., 1987). A high Fazekas score is clinically associated with the diagnosis of individuals at high risk of cerebrovascular disease (Hilal et al., 2021). Concordantly, a high Fazekas score can successfully predict the cognitive function of patients with dementia in a clinical setting (Lam et al., 2021). Another, medial temporal lobe atrophy (MTA) visual rating scale has been shown to have high diagnostic accuracy for AD (Cavedo et al., 2014). It has also been reported in patients with VaD (Barber et al., 2000). In our study, ratings of PVH (0 = absence, 1 = “caps” or pencil-thin lining, 2 = smooth “halo,” and 3 = irregular) and DWMH (0 = absence, 1 = punctate foci, 2 = beginning confluence of foci, and 3 = large confluent areas) were summarized into total Fazekas scores using the axial fluid-attenuated inversion recovery (FLAIR) images from a 3T MRI and were classified into low WMSA burden (Fazekas scores < 3) and high WMSA burden (Fazekas scores ≥ 3). MTA was dichotomized into groups of 0–1 (none to mild) vs. 2–4 (moderate to severe) by analyzing the width of the choroidal fissure, the width of the temporal horn of the lateral ventricle, and the height of the hippocampus on T1-weighted coronal sections. The total score of each patient was approved by two experienced neurologists who were blind to the clinical data. The typical images of MTA/white matter hyperintensity from patients have shown in Supplementary Figure 1.



Statistical analysis

Descriptive statistics were used to summarize the participant characteristics. For normally distributed data, including the variables of age, TC, HDL, MMSE scores, and MoCA scores, the means ± standard deviation (SD) was used to describe the quantitative variables. The two groups were compared using t-test, among groups were compared using ANOVA, and the differences between the groups were statistically significant based on further pairwise comparison t-test with normal distributions. For non-normally distributed data, including the variables of TG, LDL, years of education, sLRP1, CyPA, and MMP9 levels, we used medians and interquartile ranges to describe the quantitative variables. Baseline characteristics were compared using the independent-sample Kruskal-Wallis test. Categorical data were presented as proportions, and among groups were compared using the chi-square test. The Spearman correlation analysis was performed to assess the correlation between two quantitative variables, adjusted for age, sex, and education. The diagnostic value of AD and SIVD was estimated by the area under the curve (AUC) using the receiver operating characteristic (ROC) curve. p < 0.05 was considered to indicate significant results. p-values were corrected using the Bonferroni method for multiple comparison corrections. All statistical analyses were performed using SPSS version 23.0 (SPSS Inc., Chicago, IL, United States).




Results


Demographics

The demographic and clinical characteristics of each diagnostic group are described in Table 1. No significant difference was found between the groups in age, gender distribution, education, and others. The differences in the MMSE, MoCA scores, and Fazekas WMSA burden among the different groups were presented (refer to Table 1).


TABLE 1    Participant characteristics.
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Differences in sLRP1, CyPA, and MMP9 levels between diagnostic groups

Plasma sLRP1, CyPA, and MMP9 levels in the diagnostic group are shown in Table 2. Plasma sLRP1 levels in the AD group showed a decreasing trend compared with that in the NC group, but the difference was not statistically significant (H = 3.817, p = 0.148). The difference in plasma CyPA levels was statistically significant across the three groups (H = 8.302, p = 0.016). Further pairwise comparison showed that plasma CyPA levels in the SIVD group were significantly higher than that in the AD group (p = 0.018). The differences in the plasma MMP9 levels were not statistically significant (H = 3.778, p = 0.151). Figure 1 shows the plasma sLRP1, CyPA, and MMP9 levels in each group.


TABLE 2    sLRP1, CyPA, and MMP9 values by diagnostic groups.
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FIGURE 1
Box and dot plots of plasma (A) sLRP1, (B) CyPA, and (C) MMP9 per diagnostic group. Analytes with significant differences between diagnostic groups are shown. *p = 0.018.




The correlation of plasma biomarker levels with cognition score

Spearman correlation analysis found that plasma sLRP1 levels were positively related to MoCA (r = 0.414, p = 0.040) scores in the AD groups, and plasma MMP9 levels and MoCA (r = −0.528, p = 0.014) scores showed a significant negative correlation in the SIVD groups; however, CyPA levels were not significantly correlated with cognitive scores (Table 3 and Supplementary Figure 2). Correlation analysis showed a significant correlation between plasma CyPA levels and MTA scores in the AD group (r = 0.464, p = 0.017). No significant correlation was detected between the other biomarkers and imaging parameters (p > 0.05) (Table 3). The correlation of plasma biomarkers with other factors is shown in the Supplementary Tables 1–4.


TABLE 3    Correlation of plasma biomarker levels with cognitive scores and imaging parameters.

[image: Table 3]



Differential diagnostic value of CyPA concentrations

The ROC analysis was finally performed to assess the differential diagnosis value in patients with AD and SIVD group using CyPA concentration; the performance was found to be good [AUC = 0.725, 95% CI (0.586–0.865); p = 0.0064]. ROC analysis identified a cutoff value for CyPA of 60.15 ng/ml (Figure 2).


[image: image]

FIGURE 2
Receiver operating characteristic (ROC) analysis of CyPA concentrations in plasma as a candidate biomarker of differential diagnosis for Alzheimer’s disease (AD) and subcortical ischemic vascular dementia (SIVD). AUC, area under the curve.





Discussion

Our study aimed to explore the levels of BBB-related blood-borne factors sLRP1, CyPA, and MMP9 in AD, SIVD, and NC. Furthermore, the association of BBB-related factors with cognitive function and imaging parameters was evaluated. To the best of our knowledge, this study is the first to demonstrate that BBB-related blood-borne factors are associated with different types of dementia. Our results support the use of blood-borne factors as potential biomarkers for the differential diagnosis of dementia.

This study showed that plasma CyPA levels presented a decreasing trend in the AD group, and an increasing trend in the SIVD group compared with the NC group, and the plasma CyPA level in the SIVD group was significantly higher than that in the AD group. We used plasma CyPA as a reference index for the differential diagnosis of SIVD and AD. To date, studies have shown that CyPA secretion is increased in patients with central nervous system diseases, such as cerebrovascular disease, brain trauma, and obstructive sleep apnoea with mild cognitive impairment (MCI) (Redell et al., 2007; Chang et al., 2018, 2020; Li et al., 2021). These studies have confirmed that CyPA is critical for brain damage. Furthermore, CyPA levels in endothelial cells and pericytes of the brain are elevated in patients with AD (Halliday et al., 2016). Associations between serum CyPA levels and regional gray matter volume indicated that blood levels of CyPA may reflect the pathological mechanism of AD in the brain (Choi et al., 2021). Given our study of CyPA, we postulate that plasma CyPA exerts a crucial association with dementia, especially when comparing AD vs. VaD. The molecular mechanisms underlying the effects of CyPA on AD and SIVD are not yet fully understood. In vitro studies have shown that CyPA induces endothelial dysfunction, the proliferation of vascular smooth muscle cells, and the migration of inflammatory cells and promotes the development of atherosclerosis (Nigro et al., 2011; Satoh et al., 2011). Pan et al. (2020) demonstrated that CyPA mediates the destruction of brain BBB by pericytes through CD147/NF-κB/MMP9 signaling and junction protein degradation, which may provide a new insights into the management by targeting CyPA and pericytes. APOE protein can control BBB integrity via the inhibition of CypA-MMP9 signaling cascades (Halliday et al., 2016; Montagne et al., 2020, 2021). Bell et al. also found that the level of CyPA in the cerebral microvessels of APOE ε4 and APOE−/− mice was five to six times higher than that in the control group of APOE ε2 and APOE ε3 mice. Knocking out CyPA could eliminate BBB damage caused by APOE ε4 and APOE−/− mice. Moreover, treating APOE ε4 mice with low doses of cyclosporine was shown to eliminate BBB damage, indicating that the change in CyPA on the BBB is reversible, and CyPA may be a therapeutic target that causes BBB destruction (Bell et al., 2012; Montagne et al., 2021). Taken together, these results indicate that CyPA controls cerebrovascular integrity. In conjunction with our study, although the number of patients in this study was small, the differences between patients with VaD and AD were significant. These results suggest that plasma CyPA measurements, while not diagnostic, might be combined with psychometric and imaging references to improve the early differentiation between VaD and AD, which may help to better select patients in future clinical trials. To the best of our knowledge, this is the first study to describe elevated plasma CyPA levels in patients with VaD.

Our results provide evidence of differences in plasma CyPA in AD vs. VaD. We also found that plasma CyPA levels were associated with MTA scores in the AD group; however, CyPA levels were not significantly correlated with cognitive scores. The breakdown of the BBB initially occurs in the hippocampus during normal aging, which is a key area for memory. Disruption of the BBB in the hippocampus is associated with MCI, which is in turn associated with damage to pericytes (Montagne et al., 2015). Individuals with early cognitive impairment, regardless of changes in Aβ and/or tau biomarkers of AD, develop brain capillary damage and disruption of the hippocampal BBB, indicating that BBB disruption is an early biomarker of human cognitive dysfunction independent of Aβ and tau (Nation et al., 2019). These results indicate that CyPA is involved in the brain structure of the hippocampus via the BBB, which may be an early event in the aging human brain that begins in the hippocampus and is reflected by CyPA. Thus, CyPA may predict early BBB dysfunction in the hippocampus in AD; however, the mechanism requires further exploration. Another study showed that CyPA and MMP9 levels in serum were associated with cognitive impairment and white matter signal abnormalities, which is controversial in our study (Li et al., 2021). The correlation between CyPA levels and cognitive function requires further verification.

Lipoprotein receptor-related protein 1, a major transporter in the brain-to-blood clearance of Aβ across the BBB, is associated with cognitive decline in AD (Deane et al., 2004; Storck et al., 2016; Ma et al., 2018). Our study found that lower plasma sLRP1 levels were associated with cognitive decline in patients with AD. A previous study showed that cannabinoid treatment enhanced Aβ transfer at the BBB, accompanied by increased brain and plasma sLRP1 levels (Bachmeier et al., 2013). This finding is consistent with those of this study. Another study found that BBB-associated pericytes cleared Aβ aggregation through LRP1/APOE subtype-specific mechanisms, supporting the role of the LRP1/APOE interaction as a potential therapeutic target for controlling Aβ clearance in AD (Ma et al., 2018). Masaya et al. identified LRP1 as the potential molecular mechanism by which APOE ε4 in patients with AD intensifies the deposition of Aβ protein in the brain, which was seen both in a mouse model of AD and in autopsies of patients with AD (Tachibana et al., 2019). Halliday et al. also suggested that APOE ε4 leads to the accelerated loss of the LRP1-dependent CyPA-MMP9 BBB degradation pathway in pericytes and endothelial cells (Halliday et al., 2016; Nikolakopoulou et al., 2021). A recent study suggested that the loss of brain endothelial LRP1 results in the loss of BBB integrity, neuronal loss, and cognitive deficits in mice, which could be reversed by endothelial-specific LRP1 gene therapy (Nikolakopoulou et al., 2021). Thus, increased cerebral LRP1 and plasma sLRP may explain the increased Aβ BBB transport and may provide an effective strategy to reduce the Aβ burden in the AD brain. At present, many studies have focused on the inhibition of Aβ production. However, the occurrence and development of AD are believed to be due to the reduction in Aβ, rather than the excessive production of Aβ (Mawuenyega et al., 2010; Xiang et al., 2015; Wang et al., 2017). Our study focused on Aβ clearance-related proteins and enzymes in AD, which can help discover their potential in the development of AD drugs and provide an optimistic prospect for future therapeutic targets. Furthermore, previous studies found downregulation of LRP1 protein and mRNA expression in VaD rats via the IKK/NF-κB signaling pathway (Cai et al., 2020; Wang et al., 2020). Nevertheless, Mercedes et al. proposed that serum sLRP1 can serve as a candidate marker to differentiate AD from mixed dementia phenotypes, with a significant increase in sLRP1 serum protein levels in subjects with mixed dementia and relatively normal levels in AD (Lachén-Montes et al., 2021). Our study also showed that plasma sLRP1 levels presented an increasing trend in VaD while maintaining slightly low levels in patients with AD. This inconsistency may be attributed to the relatively small sample size, different samples, and methods used. Further research is needed to determine whether and how sLRP1 in the blood affects cognitive preference in patients with dementia.

Matrix metallopeptidase 9 is a major protein related to brain disorders and the BBB (Rempe et al., 2016). Inhibition of MMP prevented tight junction protein loss, suggesting that MMP interferes with barrier integrity by degrading tight junction proteins (Yang et al., 2007). Previous studies have found that plasma MMP-9 levels of patients with AD are higher than those in normal controls through an increase in BBB permeability (Lorenzl et al., 2003, 2008). However, Horstmann et al. (2010) showed that plasma MMP9 activity was decreased by 41% in patients with AD compared with that in normal controls. Another study verified that the damage of MMP9 to neurovascular units is thought to be related to vascular cognitive dysfunction by increasing the BBB opening (Candelario-Jalil et al., 2011). The level of MMP9 in the CSF of patients with VaD was higher than that in the AD and normal control groups (Adair et al., 2004). In this study, plasma MMP9 in different diagnostic groups displayed the following trend: SIVD group > AD group > NC group, and higher plasma MMP9 was correlated with cognitive decline, which was broadly consistent with previous studies. MMP9 may increase the permeability of the BBB, activate inflammatory factors, cause various inflammatory responses in cells, and accelerate the onset of disease. Thus, MMP9 may contribute to the course of senile neurodegenerative dementia and may play a role in predicting cognitive function in the periphery. Further studies are required to explore the role of MMP in AD progression.

Our study has some limitations. First, due to the relatively small number of experimental studies and limited research participants, the quality of the statistical analysis may be affected; second, cross-sectional studies have limited causality, and a longitudinal follow-up study is needed to elucidate the relationship between CyPA, sLRP1, and MMP9 levels and disease progression; third, the diagnostic value of a single biomarker is limited, and combinations with other biomarkers should be considered in the future to be used to predict the diagnosis of neurodegenerative dementia; fourth, considering the effect of APOE on neurovascular injury and neuronal dysfunction, clarifying the relationship of BBB-related blood-borne factors with APOE genotypes is required in the future; fifth, as the assessment of imaging parameters uses visual rating, adding some quantitative volumetric analysis such as hippocampal volume would be informative in future validation studies; the assessment of scales for other cognitive domains and their correlations with biomarkers should also be considered; and finally, we did not have additional information to clarify the mechanism of BBB dysfunction.

In summary, our study suggests that the plasma CyPA level is a reference index when distinguishing between an AD and SIVD diagnosis. sLRP1 and MMP-9 may be ideal biomarkers of cognitive decline. Our findings highlight that blood-derived factors associated with the BBB may provide new insights into the differential diagnosis of neurodegenerative dementia and warrant further investigation.
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Background: In Leber’s hereditary optic neuropathy (LHON), mtDNA mutations mediate mitochondrial dysfunction and apoptosis of retinal ganglion cells. Mitochondrial superoxide dismutase 2 (SOD2) is a crucial antioxidase against reactive oxygen species (ROS). This study aims to investigate whether SOD2 could ameliorate mtDNA mutation mediated mitochondrial dysfunction in skin fibroblasts of LHON patients and explore the underlying mechanisms.

Methods: The skin of normal healthy subjects and severe LHON patients harboring m.11778G > A mutation was taken to prepare immortalized skin fibroblast cell lines (control-iFB and LHON-iFB). LHON-iFB cells were transfected with SOD2 plasmid or negative control plasmid, respectively. In addition, human neuroblastoma SH-SY5Y cells and human primary retinal pigmental epithelium (hRPE) cells were stimulated by H2O2 after gene transfection. The oxygen consumption rate (OCR) was measured with a Seahorse extracellular flux analyzer. The level of ATP production, mitochondrial membrane potential, ROS and malondialdehyde (MDA) were measured separately with the corresponding assay kits. The expression level of SOD2, inflammatory cytokines and p-IκBα/IκBα was evaluated by western-blot. Assessment of apoptosis was performed by TUNEL assay.

Results: LHON-iFB exhibited lower OCR, ATP production, mitochondrial membrane potential but higher level of ROS and MDA than control-iFB. Western-blot revealed a significantly increased expression of IL-6 and p-IκBα/IκBα in LHON-iFB. Compared with the negative control, SOD2 overexpression increased OCR, ATP production and elevated mitochondrial membrane potential, but impaired ROS and MDA production. Besides, western-blot demonstrated exogenous SOD2 reduced the protein level of IL-6 and p-IκBα/IκBα. TUNEL assays suggested SOD2 inhibited cells apoptosis. Analogously, in SH-SY5Y and hRPE cells, SOD2 overexpression increased ATP production and mitochondrial membrane potential, but decreased ROS, MDA levels and suppressed apoptosis.

Conclusion: SOD2 upregulation inhibited cells apoptosis through ameliorating mitochondrial dysfunction and reducing NF-κB associated inflammatory response. This study further support exogenous SOD2 may be a promising therapy for the treatment of LHON.
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SOD2, LHON, mitochondrial dysfunction, oxidative stress, retinal ganglion cell


Introduction

With a prevalence of about 1/30,000, Leber’s hereditary optic neuropathy (LHON) is a maternally inherited disease characterized by irreversible loss of vision and atrophy of the optic nerve (Yu-Wai-Man et al., 2011). The visual prognosis is usually poor and causes legal blindness. At present, it is still an incurable condition due to the lack of effective treatments. Three mutations (MTND1-3460, MTND4-11778, and MTND6-14484) account for 95% of European cases and MTND4-11778 alone for 80% of Japanese cases (Yen et al., 2006). These mutations change the function of mitochondrial respiratory chain complex I and lead to bioenergetic defect (Lopez Sanchez et al., 2020).

Mitochondrion contains the key structure of energy production, involved in both energy metabolism and free radical metabolism. By generating almost 90% of the total amount of cellular ROS, it is the major source of ROS under normal physiological conditions (Balaban et al., 2005; Sarewicz et al., 2010; Kausar et al., 2018). ROS is produced as a result of electronic leakage from the mitochondrial respiratory chain during oxidative phosphorylation (OXPHOS) and is responsible for oxidative damage mediated by permanently modifying proteins, lipids, and mtDNA (Islam, 2017; Schofield and Schafer, 2021). In LHON, abnormal function and structure of mitochondrial respiratory chain complex I generates excessive ROS (Carelli et al., 2009; Hayashi and Cortopassi, 2015; Lopez Sanchez et al., 2016). The accumulation of ROS plays an important role in the development of LHON and other neurodegenerative diseases (Singh et al., 2019; Liskova et al., 2021).

By transforming superoxide radicals into hydrogen peroxide and oxygen, superoxide dismutase (SOD) enzymes are among the most important defense systems against oxygen radicals. Three isoforms of SOD exist in mammals, including cytoplasmic superoxide dismutase (SOD1), mitochondrial superoxide dismutase (SOD2) and extracellular superoxide dismutase (SOD3) (Sheng et al., 2014; Rosa et al., 2021). Since mitochondria are involved in the pathogenesis of LHON, we verified the hypothesis that SOD2 might protect against mitochondrial dysfunction by inhibiting oxidative stress and prevent cell death. Free radicals and other oxidants are critical determinants of the cellular signaling pathways involved in the pathogenesis of several human diseases including inflammatory diseases. SOD plays an essential pathogenic role in the inflammatory diseases by not only catalyzing the conversion of the superoxide to hydrogen peroxide and oxygen but also affecting immune responses (Hernandez-Saavedra et al., 2005; Kwon et al., 2012; Nguyen et al., 2020). Thus, we detected inflammatory cytokine expression and explored the anti-inflammatory effect in LHON is mediated by NF-κB signaling. Because it is impossible to obtain retinal ganglion cells from the patients, we constructed fibroblastic cells derived from patients’ skin tissues, which have recently been used to explore the mechanisms and therapeutic effects by other groups (Chao de la Barca et al., 2016; Morvan and Demidem, 2018; Zhou et al., 2020). To further confirm the results, additional tests were performed in human neuroblastoma SH-SY5Y cells and in human primary retinal pigmental epithelium (hRPE) cells.



Materials and methods


Subjects and cell culture

This study was conducted followed the Declaration of Helsinki. All protocols in this study were approved by Ethic Committees of Henan Eye Hospital [IRB approval number: HNEECKY-2019 (12)]. Informed consents were obtained from all participants. Two genetically unrelated Chinese LHON subjects carrying mutation m.11778G > A, aged 28 and 31 years old, respectively, and an age-matched (30 years old) healthy control subject without mtDNA mutation were recruited at Henan Eye Hospital. One subject carried only one mutation m.11778G > A, and the other carried multiple variants LHON associated mutations including m.11778G > A, m.10398A > G and m.4833A > G. All patients presented typical clinical manifestations of LHON. The healthy control subject did not have any ophthalmic condition and was excluded for any other diseases. The immortalized fibroblast cell lines (LHON-iFB and control-iFB) were conducted as following. The volume of 2 mm3 skin tissues were obtained from volunteers and soak in 75% alcohol for 2 min. The tissues were cut into pieces and washed repeatedly, followed by incubating in complete medium at 37°C for 30–60 min. A small piece was clamped into a culture flask and cultured with 2 ml complete fibroblast medium in a 5% CO2 incubator for 2 h. The medium was changed every 3 days until the tissue blocks grow around it. After removing tissue pieces, the cells were trypsinized and incubated with complete medium for 1 week. Cells were infected with SV40-overexpressing lentivirus (EF1α-SV40-IRES-puromycin) and puromycin was used for selection until the cells were tolerant. The successfully screened cells were expanded and subjected to experiments. The complete fibroblast medium contains DMEM/F12 medium supplemented with 10% fetal bovine serum, 10 ng/ml basic fibroblast growth factor (Labsystech, Shanghai, China) and 1% penicillin and streptomycin (Solarbio, Shanghai, China).

Primary human RPE (hRPE) cells were prepared from donor eyes from the Henan Eye Bank based on our previous protocols (Fu et al., 2017; Qiu et al., 2021; Jin et al., 2022). None of the donors had a history of eye diseases. SH-SY5Y cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA, United States). The cells were cultured with DMEM medium (Invitrogen, Carlsbad, CA, United States) supplemented with 10% fetal bovine serum (Corning, Tewksbury, MA, United States), 100 U/ml penicillin and 100 U/ml streptomycin (Solarbio) in 37°C incubator.



Plasmids and transfection

The CDS (coding sequence) of the human SOD2 gene with a flag tag at the C-terminal was synthesized and subcloned into the pcDNA3.1 (+) expression vector (Invitrogen). All plasmids were confirmed by DNA sequencing and WB analysis. When cells grow to 80% confluence, transfection was performed using Lipofectamine 3000 (Invitrogen). After transfection, the cells were harvested at 48 h for protein extraction and further analysis.



Measurements of oxygen consumption

The rates of oxygen consumption (OCR) in fibroblast cell lines were measured with a Seahorse Bioscience XFe96 extracellular flux analyzer (Agilent, Santa Clara, CA, United States) (Dranka et al., 2011). Fibroblast cells were seeded at a density of 2.5 × 104 cells per well on the polystyrene tissue culture plates. Inhibitors were added with the following concentrations: oligomycin (1.5 μM), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP; 1 μM), antimycin A and rotenone (0.5 μM).



Determination of mitochondrial membrane potential

Mitochondrial membrane potential (MMP) was detected with a JC-1 Staining Kit (Beyotime, Shanghai, China). Skin fibroblast cells, hRPE cells and SH-SY5Y cells were cultured in 12-well plates separately. After treatments, cells were washed with PBS (phosphate buffer saline) and incubated with JC-1 staining fluid in darkness at 37°C for 30 min. Then, the cells were washed with cold staining buffer. Fluorescent cells were visualized using an Olympus confocal microscope. Cellular mitochondria with normal MMP emitted red fluorescence (J-aggregate), while those with abnormal MMP showed green fluorescence (J-monomer). Fluorescence intensity was quantified using Image-J software (National Institutes of Health, Bethesda, MD, United States). The MMP was reflected by ratio of red/green fluorescence intensity.



Reactive oxygen species level detection

Skin fibroblast, hRPE and SH-SY5Y cells were subjected to reactive oxygen species (ROS) assay, respectively, according to the manufacturer’s instruction (Beyotime). Briefly, cells were incubated with corresponding serum-free medium containing with DCFH-DA at 37°C for 30 min. DCFH-DA was removed and washed with serum-free medium for three times. Fluorescence of DCF was detected using fluorescence microscope analysis (Olympus, TKY, Japan). The average optical density of each group was measured with Image-J software.



Adenosine triphosphate and malondialdehyde assay

The ATP levels in various cells were determined by the Enhanced ATP Assay Kit (Beyotime) according to the manufacturer’s instructions. The luminescence was read on a microplate reader (Bio-Tek, Winooski, VT, United States) and the content of ATP was calculated according to ATP standard curve. ATP levels were normalized to μmol/mg protein. The lipid peroxidation levels of various cells were examined using a Lipid Peroxidation MDA Assay kit (Beyotime). The preparation of thiobarbituric acid (TBA) stock solution and MDA working solution, as well as the dilution of the standard substances were all performed in accordance with the product manual. The MDA content was measured at 532 nm using a microplate reader (Bio Tek). ATP levels and MDA levels were normalized to mmol/mg protein.



Terminal-deoxynucleoitidyl transferase mediated nick end labeling assay

Cell apoptosis was determined by using the One-step TUNEL cell apoptosis detection kits (Beyotime) following manufacturer’s protocols. Various cells were seeded in 12-well plates separately. After treatments, cells were fixed with 4% paraformaldehyde for 30 min and washed twice using PBS. Cells were permeabilized with PBS containing 0.3% Triton X-100 at room temperature for 5 min and washed twice with PBS. A total of 50 μl TUNEL detection solution was added to the sample and incubated in the darkness at 37°C for 60 min. Every sample was photographed by a fluorescent microscope.



Extraction of mitochondrial proteins

Mitochondrial proteins were extracted by the Cell Mitochondria Isolation kit (Beyotime). Cells were collected and resuspended in 2.5 ml of mitochondrial separation reagent containing 1 mM phenylmethylsulfonyl fluoride (PMSF). After incubation on ice for 15 min, the cell resuspension was homogenized by a glass homogenizer and centrifuged at 600 g for 10 min at 4°C. The supernatant was centrifuged at 11,000 g for 10 min at 4°C. The supernatant was discarded, whereas the precipitate containing the mitochondria was washed and re-suspended in 100 μl lysis solution with 1 mM PMSF. The lysed solution was centrifuged again and the supernatant containing mitochondrial proteins was collected for western blotting.



Western blotting analysis

Skin fibroblast cells were washed with PBS (Solarbio) for three times and lysed with RIPA lysis buffer for WB/IP assays (Yesen, Shanghai, China) containing 1% pro-tease inhibitor cocktail (ApexBio, Housto, TX, United States) on the ice for 30 min. The supernatants were collected after centrifuging at 12,000 rpm for 15 min. The protein concentration was detected by using a bicinchoninic acid (BCA) protein kit (Beyotime). All samples were diluted with 5 × SDS loading buffer (EpiZyme, Shanghai, China) and boiled at 95°C for 5 min. Equal amounts of total protein were separated on a 10% SDS-polyacrylamide gel and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, United States). After blocking with 5% non-fat milk for 1.5 h, the membranes were incubated with specific primary antibodies against flag (1:1,000, Abcam, Cambridge, United Kingdom), p-IκB-α (1:500, Abcam), IκB-α (1:1,000, Abcam), IL-6 (1:500, Abcam), and β-actin (1:1,000, Abcam) overnight at 4°C. After washed with TBST (containing 1% Tween-20, Solarbio) for three times, the membranes were incubated with secondary antibody (1:10,000, Millipore) at room temperature for 1.5 h. The membranes were washed with TBST (containing 1% Tween-20) for three times. Signals were developed with ECL kit (Millipore), and band densitometry was performed using the AlphaView SA Software (ProteinSimple, San Jose, CA, United States). β-Actin was used as loading control. Measurements were repeated three times for each experiment. Band intensity was analyzed using the Image-J software (Fu et al., 2017; Lei et al., 2017; Qiu et al., 2021).



Statistical Analysis

Statistical analysis was performed by using the GraphPad Prism 7 (GraphPad Software, San Jose, CA, United States). Experimental data were analyzed by Student’s t-test or one-way analysis of variance (ANOVA) followed by Bonferroni correction. P-value less than 0.05 was considered statistically significant. All data are presented as the mean ± standard deviation.




Results


Leber’s hereditary optic neuropathy-fibroblasts presented mitochondrial dysfunction, oxidative stress, inflammatory response, and increased apoptosis

LHON-WJ was a 28-year-old male carrying mutation m.11778G > A. His BCVA was 0.25 in the right and 0.20 in the left eye. LHON-MZT, aged 31 years old, had BCVA of 0.02 in both eyes and carried LHON associated mutations m.11778G > A, m.10398A > G, and m.4833A > G. SS-OCT revealed the retinal nerve fiber layer decreased in both cases.

As measured by the Seahorse XFe96 extracellular flux analyzer and microplate reader, LHON-iFBs from both patients had considerably lower OCR, particularly for maximal respiration (Figures 1A,B, n = 3), and ATP level (Figure 1C, n = 4) as compared to control-iFB. JC-1 fluorescence images and quantitative analysis revealed that LHON-iFBs displayed higher green fluorescence intensity, but much weaker red fluorescence intensity than the control-iFB, indicating a significant drop of mitochondrial membrane potential (Figures 1D,E, n = 4). These results indicated mitochondrial dysfunction in both LHON-iFBs.
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FIGURE 1
LHON-iFBs presented mitochondrial dysfunction and oxidative stress. (A,B) OCR, (C) ATP level, (D,E) mitochondrial membrane potential, and (F) ROS level in LHON-iFBs and control-iFB were measured immediately after samples were prepared from each group. (G) The level of MDA in fibroblasts were detected, respectively. The results (mean ± SD) were statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n = 3–5) by using one-way ANOVA with Bonferroni correction, and the assays were performed three times.


ROS and MDA measurements were performed in LHON-iFBs to assess oxidative stress. ROS level was detected by the DCFH-DA fluorescent probe. The averaged fluorescent intensity in the LHON fibroblast cell lines was higher than that in control fibroblasts (Figure 1F, n = 4), indicating overproduction of ROS in LHON fibroblasts. In addition, MDA, a product of lipid peroxidation, in LHON-iFBs were higher than in control-iFB (Figure 1G, n = 5). These results suggested that LHON-iFBs were at a higher status of oxidative stress.

Western blot revealed that the ratio of p-IκBα to IκBα protein, and the expression of IL-6 increased significantly in LHON-iFBs compared to the control-iFB, indicating that phosphorylation of IκBα and the secretion of the inflammatory cytokine were upregulated in LHON-iFBs (Figures 2A–C, n = 4). The fibroblasts from LHON patients presented higher inflammatory response.


[image: image]

FIGURE 2
LHON-iFBs presented inflammatory response and increased apoptosis. Western blot showed that (A,B) protein levels of IL-6 and (A,C) the ratio of p-IκBα to IκBα were upregulated robustly in LHON-iFB compared to control-iFB. (D) TUNEL assay was performed in LHON-iFBs and control-iFB treated with same concentration of hydrogen peroxide for 12 h. The results (mean ± SD) were statistically significant (*p < 0.05, **p < 0.01, ****p < 0.0001, n = 3–4) by using one-way ANOVA with Bonferroni correction, and the assays were performed three times.


To explore the apoptosis status in LHON-iFBs, we performed the TUNEL assay. Hydrogen peroxide treatment was used to induce apoptosis before measurements (Miyoshi et al., 2006; Cerella et al., 2009; Fan et al., 2020). TUNEL-positive cells (indicating apoptosis) were much more in LHON-iFBs as compared with control-iFB (Figure 2D, n = 3), demonstrating cells bearing mtDNA mutation were more susceptible to the insult.



Exogenous superoxide dismutase 2 protected Leber’s hereditary optic neuropathy-fibroblasts by ameliorating oxidative stress, mitochondrial dysfunction, inflammatory response and apoptosis

Next, we assessed the protective effects of exogenous SOD2. Firstly, we confirmed the overexpression of SOD2 mediated by plasmid (Figure 3A, n = 3). Subsequently, we found that compared with cells treated with negative control plasmid, LHON-iFBs transfected with SOD2 showed significantly decreased ROS (Figure 3B, n = 4) and MDA level (Figure 3C, n = 5), suggesting SOD2 suppressed oxidative stress in LHON fibroblasts.
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FIGURE 3
Protective effects of SOD2 on oxidative stress and mitochondrial dysfunction in LHON-iFBs. (A) The protein levels of exogenous SOD2 in mitochondria were detected by Western blot. The (B) ROS level, (C) MDA level, (D,E) OCR, and (F) ATP level in LHON-iFBs were measured immediately after samples were prepared from each group. (G) Representative fluorescence intensity images and red/green ratio of JC-1 fluorescence and from mitochondria in each group. The results (mean ± SD) were statistically significant (*p < 0.05, **p < 0.01, ****p < 0.0001, n = 3–5) by using one-way ANOVA with Bonferroni correction, and the assays were performed three times.


Mitochondrial energy metabolism analysis showed the OCR, particularly maximal respiration (Figures 3D,E, n = 3), and ATP levels (Figure 3F, n = 3) were significantly increased in the SOD2 treated group when compared with the negative control group. JC-1 fluorescence revealed that the SOD2 group displayed weaker green fluorescence intensity and stronger red fluorescence intensity than the negative control group, indicating SOD2 ameliorated the decrease of mitochondrial membrane potential (Figure 3G, n = 5). SOD2 protected mitochondrial dysfunction in LHON fibroblasts.

In addition, LHON-iFB group transfected with SOD2 displayed decreased ratio of p-IκBα to IκBα protein and the level of IL-6 (Figures 4A–C, n = 4), which indicated that SOD2 downregulated the phosphorylation of IκBα and the secretion of inflammatory cytokines IL-6.


[image: image]

FIGURE 4
Protective effects of SOD2 on inflammatory response and apoptosis in LHON-iFBs. Western blot showed that (A,B) protein levels of IL-6 and (A,C) the ratio of p-IκBα to IκBα were inhibited by SOD2 significantly in LHON-iFBs transfected with SOD2 plasmid. (D) TUNEL staining demonstrated cell apoptosis in LHON-iFBs transfected with SOD2 plasmid or negative control plasmid for 48 h, respectively, before exposure to hydrogen peroxide for 12 h. The results (mean ± SD) were statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, n = 3–4) by using one-way ANOVA with Bonferroni correction, and the assays were performed three times.


LHON-iFBs were transfected with SOD2 plasmid or negative control plasmid for 48 h, respectively, before exposure to hydrogen peroxide for 12 h. LHON fibroblasts overexpressed with exogenous SOD2 displayed weaker fluorescence of apoptosis marker than the negative control group (Figure 4D, n = 3). SOD2 reduced hydrogen peroxide-induced apoptosis in LHON-iFBs.



Superoxide dismutase 2 prevented hydrogen peroxide induced oxidative stress, mitochondrial dysfunction and apoptosis in human primary retinal pigmental epithelium and SH-SY5Y cells

To further confirm the protective effects of SOD2 in neurons, we repeated hydrogen peroxide-induced oxidative stress in other two cell models. Primary human retinal pigment epitheliums (hRPE) and human neuroblastoma cells (SH-SY5Y) were transfected with SOD2 or negative control plasmids for 48 h, respectively, before exposure to hydrogen peroxide for 12 h. SOD2 overexpressed substantially in gene transfected hRPE and SH-SY5Y cells (Figure 5A, n = 5).
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FIGURE 5
Protective effects of SOD2 on hydrogen peroxide-induced oxidative stress, mitochondrial dysfunction and cell apoptosis in hRPE and SH-SY5Y. (A) The protein levels of exogenous SOD2 in mitochondria were detected by Western blot. The (B) ROS level and (C) MDA level in hRPE and SH-SY5Y were measured immediately after samples were prepared from each group. (D) Representative fluorescence intensity images and red/green ratio of JC-1 fluorescence from mitochondria in each group. (E) ATP level was detected in hRPE and SH-SY5Y cells. (F) TUNEL staining demonstrated cell apoptosis in hRPE and SH-SY5Y. The results (mean ± SD) were statistically significant (**p < 0.01, ***p < 0.001, n = 3–5) by using one-way ANOVA with Bonferroni correction, and the assays were performed three times.


Compared with the control group, SOD2 significantly decreased ROS (Figure 5B, n = 3) and MDA levels (Figure 5C, n = 5) in hRPE and SH-SY5Y cells treated with hydrogen peroxide.

Then we examined the effects of SOD2 on mitochondrial membrane potential and ATP levels in hRPE and SH-SY5Y cells underwent oxidative stress. In concert with the above findings, weaker green fluorescence intensity and stronger red fluorescence intensity was evident in the SOD2 group than the negative control group, which meant higher membrane potentials (Figure 5D, n = 3). Similarly, the level of ATP (Figure 5E, n = 4) was higher in the SOD2 treated group. These data indicated that hydrogen peroxide induced mitochondrial dysfunction in hRPE and SH-SY5Y cells was alleviated by exogenous SOD2.

Hydrogen peroxide (400 μM/2 h) increased TUNEL-positive cells as compared with the PBS treated hRPE and SH-SY5Y cells. However, cells transfected with SOD2 exhibited weaker staining (Figure 5F, n = 3). SOD2 reduced hydrogen peroxide-induced apoptosis in hRPE and SH-SY5Y cells.




Discussion

The majority of LHON pathogenic mutations affect a single subunit of mitochondrial complex I (mitochondrial NADH dehydrogenase), causing dysfunction of electron transport chain. Complex I is the largest and most intricate mitochondrial OXPHOS complexes. It is comprised of 45 subunits, 7 (ND-1, −2, −3, −4, −4L, −5, and −6) of which are coded by the mtDNA (Hirst, 2009). Complex I transfers electrons from NADH to ubiquinone, and the energy release is coupled to proton translocations, which contributes to the generation and maintenance of membrane potential (DiMauro et al., 2013). LHON mutations variably affect Complex I, ultimately resulting in energetic deficiency and redox imbalance (Yu-Wai-Man et al., 2011).

In a damaged respiratory chain, electrons overflow and react with molecular oxygen, and eventually lead to the generation of ROS. Excessive ROS production may damage the respiratory subunits and other mitochondrial enzymes, causes lipid membrane peroxidation and apoptosis. These effects lead to cell energy failure and cell death (Yu-Wai-Man et al., 2011; DiMauro et al., 2013).

Recently, Rovcanin et al. (2021) reported increased oxidative stress level in the plasma of LHON patients. Investigations in mouse and transmitochondrial cytoplasmic hybrid (cybrid) model showed similar features resembling LHON, indicating oxidative stress played a critical role in the pathophysiology of LHON (Brown et al., 2000; Lin et al., 2012). On the other hand, previous studies have tested the therapeutic effects in LHON patients and several models. It was suggested that antioxidants including SOD2, coenzyme Q10, idebenone, and EPI-743 could reduce oxidative stress in this condition (Jurkute et al., 2019). In LHON cybrid cell model, estrogens reduced ROS production and apoptosis by activating mitochondrial biosynthesis and improving the metabolic defect (Giordano et al., 2011).

Retinal ganglion cells (RGC) are the main target of LHON, which are not accessible for experiment (Zhang et al., 2010). Various alternative strategies have been developed for LHON research due to the lack of access to RGCs. At present, iPS-RGC cells are a favored emerging cell model (Peron et al., 2020; Harvey et al., 2022; Singh et al., 2022). Fibroblasts have been induced into RGC-like cells by reprogramming of factors stimulation (Peron et al., 2020) or Sendai virus infection (Wu et al., 2018) and these cells present mitochondrial damage phenotype (Wu et al., 2018; Yang et al., 2020). This strategy allows us to obtain a cell model similar to optic nerve tissue for study. However, some limitations still exist. For example, the clone number was insufficient after differentiation due to immature technology (Peron et al., 2021), and mutated mtDNA might be missed in partial RGCs differentiated from iPSC{Peron, 2021 #79}. Skin-derived fibroblasts are a proven alternative cell model (Jankauskaite et al., 2017). As cells do not undergo differentiation processes, the genetic background is more stable. And fibroblasts have the advantages of easy obtaining and culture. Although fibroblasts cannot used for the study of axon degeneration and neural signaling, multiple studies demonstrated that they can be used as a valuable strategy for studying mitochondrial impairment in neurological disorders (Olesen et al., 2022). In addition, our previous study (Yao et al., 2022) and the current manuscript have proved that fibroblasts could reflect some cellular phenotypes of RGC cells with LHON, such as energy metabolism, mitochondrial dysfunction, and oxidative stress, which was consistent with iPSC. Therefore, in this study, we conducted LHON patients’ skin derived fibroblasts for the study of mitochondria function and inflammation. Nevertheless, iPS cell is still a cell model of significant potential in the future with its unique advantages.

We constructed immortalized skin fibroblasts LHON-iFB derived from severe LHON patients. These cells presented mitochondrial dysfunction, oxidative stress and NF-κB associated inflammatory response. We further showed that SOD2 ameliorated oxidative stress, mitochondrial dysfunction, inflammatory response, and apoptosis in the LHON-iFBs. To further prove the protective effects of SOD2, we constructed additional oxidative stress cell models. Overexpression of SOD2 alleviated oxidative stress, mitochondrial dysfunction and apoptosis in hRPE and SH-SY5Y cells exposed to hydrogen peroxide. These data further supported the protective effects of SOD2.

A large number of studies have demonstrated that inflammatory response plays a critical role in neurodegenerative disorders (Glass et al., 2010; van Horssen et al., 2019). However, reports that inflammatory response is involved in the pathophysiology of LHON are limited. We observed that the ratio of p-IκBα to IκBα protein and the level of IL-6 increased in LHON-iFBs. These results could be direct evidence that NF-κB associated inflammatory response were involved in LHON. However, the detailed role of inflammatory response in LHON is still unknown. As a possible interpretation, inflammatory responses might be a consequence of mitochondrial dysfunction. Released during severe injury induced by stress or infection, macromolecules damage-associated molecular patterns (DAMPs) are capable of eliciting a strong local inflammatory response (Chen and Nunez, 2010). Mitochondrion is a source of DAMPs. As such, mitochondrial dysfunction results in the release of DAMPs within the cytosol or in the extracellular environment thereby eliciting innate immune activation (Tait and Green, 2012). We speculate that energetic deficiency and redox imbalance increases mitochondrial membrane permeability and induces the release of mitochondrial components, such as mtDNA or cardiolipin, which in turn elicited inflammatory response. Inflammatory response seen in LHON models is an interesting phenomenon. Clearly, extensive experiments are necessary to further verify it and its underlying mechanisms.

In conclusion, skin derived LHON-iFB presented some crucial pathophysiologic features of LHON including mitochondrial dysfunction, oxidative stress, inflammatory response and susceptibility to insult. Mitochondria-targeted antioxidase SOD2 ameliorated mitochondrial dysfunction by inhibiting oxidative stress and cell death. Our data further support the notion that augment of exogenous SOD2 may be a promising therapy for the treatment of LHON (Qi et al., 2007).



Conclusion

The results showed LHON-iFB presented mitochondrial dysfunction and increased ROS, suggesting the skin fibroblasts derived from the patients may be a valuable model to study LHON. Exogenous SOD2 ameliorated mitochondrial dysfunction by inhibiting oxidative stress and preventing oxidative stress-induced cell death. The protective effects might be associated with reducing inflammatory response and inhibiting NF-κB signaling. The data further support exogenous SOD2 may be a promising therapy for the treatment of LHON.
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Retinal degeneration causes vision loss and threatens the health of elderly individuals worldwide. Evidence indicates that the activation of the complement system is associated with retinal degeneration. However, the mechanism of complement signaling in retinal degeneration needs to be further studied. In this study, we show that the expression of C3 and C3a receptor (C3ar1) is positively associated with the inflammatory response and retinal degeneration. Genetic deletion of C3 and pharmacological inhibition of C3ar1 resulted in the alleviation of neuroinflammation, prevention of photoreceptor cell apoptosis and restoration of visual function. RNA sequencing (RNA-seq) identified a C3ar1-dependent network shown to regulate microglial activation and astrocyte gliosis formation. Mechanistically, we found that STAT3 functioned downstream of the C3-C3ar1 pathway and that the C3ar1-STAT3 pathway functionally mediated the immune response and photoreceptor cell degeneration in response to oxidative stress. These findings reveal an important role of C3ar1 in oxidative-induced retinal degeneration and suggest that intervention of the C3ar1 pathway may alleviate retinal degeneration.
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Introduction

Retinal degeneration threatens the vision of elderly people around the world due to the gradual degeneration of photoreceptor cells that leads to complete blindness (Handa et al., 2019). Unfortunately, no effective treatments are available for retinal degeneration (Wong et al., 2014). Retinal degeneration is often accompanied by microglial cell activation and elevated levels of inflammatory cytokines as well as photoreceptor cell loss and retinal structure destruction (Ambati and Fowler, 2012; Menon et al., 2019; Voigt et al., 2019; Mulfaul et al., 2020; Orozco et al., 2020). These studies strongly suggest that the innate immune response plays an important role in retinal degeneration.

The complement system is a major component of the innate immune system and plays a key role in retinal development and homeostasis (Ricklin et al., 2016; Liszewski et al., 2017; Akhtar-Schafer et al., 2018). Studies have found elevated expression and deposition of C3 in damaged retinas (Chi et al., 2010; Stephan et al., 2012; Ramos de Carvalho et al., 2013; Linetsky et al., 2018). C3 activation is crucial for triggering immune responses causing retinal diseases (van Lookeren Campagne et al., 2016; Mohlin et al., 2017; Enzbrenner et al., 2021). During the activation of the classical complement pathway, C3 is cleaved into two fragments, C3a and C3b, which bind to the corresponding receptors to thereby regulate the innate immune response. The C3b-CR3 pathway has been demonstrated to be critical for the clearance of debris by microglia after CNS injury (Norris et al., 2018). In the rd10 retina, both C3 and CR3 mediate the inflammatory response and the microglial phagocytosis of apoptotic photoreceptors (Silverman et al., 2019).

Studies have also shown that the C3b-CR3 signaling pathway is involved in development, neuropathology and the inflammatory response (Litvinchuk et al., 2018). In a mouse model of AD and epilepsy, the C3a-C3ar1 axis was found to be involved in microglial activation and astrocyte gliosis formation (Lian et al., 2016; Wei et al., 2021). In addition, blockade of the C3a/C3aR axis alleviates severe acute pancreatitis-induced intestinal barrier injury by repressing inflammatory cytokines (Ye et al., 2020). Complement is also involved in orchestrating regeneration progression, as the C3ar1 signaling pathway facilitates skeletal muscle regeneration by regulating monocyte function and trafficking (Zhang et al., 2017). C3ar1 also plays an important role in chick retinal development and regeneration (Grajales-Esquivel et al., 2017).

Although C3ar1 is involved in retinal development and neuropathy, the role of the C3-C3ar1 axis in retinal degeneration is less understood. In our study, we assessed the roles of complement C3, its receptor C3aR and the downstream effector STAT3 in the regulation of retinal degeneration in a model of sodium iodate-induced oxidative stress using various techniques, such as gene knockout, immunofluorescence, RNA sequencing (RNA-seq) and functional assays. Furthermore, we identified that the C3a-C3ar1-STAT3 axis plays an important role in mediating microglial activation and photoreceptor cell injury.



Materials and methods


Animals

All studies were carried out on 8-week-old wild-type or C3-knockout (C3-KO) C57BL/6J mice. The C3-KO C57BL/6J mice were provided by Professor Yusen Zhou (State Key Laboratory of Pathogen and Biosecurity, Beijing Institute of Microbiology and Epidemiology, Beijing 100071, China). All animals were housed in a pathogen-free, temperature-controlled animal facility on a 12/12-h light/dark cycle and fed standard food and water ad libitum. All of the animal protocols were approved by the Institutional Animal Care and Use Committee of the General Hospital of the Chinese People’s Liberation Army and Zhengzhou University and were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals (Id number:2020-ky-67). All efforts were made to reduce the number of animals used and minimize the suffering caused by experimental procedures.



Treatment with sodium iodate and tissue collection

We selected sodium iodate (NaIO3) (Sigma–Aldrich, United States) for the establishment of the retinal degeneration model according to a previous publication (Xiao et al., 2017). Briefly, mice in the experimental groups were administered a single dose of 35 mg/kg NaIO3 dissolved in saline via femoral vein injection. The mice in the control group were administered an equivalent volume of saline. The NaIO3-treated and control mice (n = 6 per group) were examined by electroretinography (ERG) and multifocal electroretinography (mfERG), and their eyeballs were then collected from days 1 to 28 by enucleating the mice and immersing the eyeballs in 4% paraformaldehyde in 0.1 M phosphate buffer.



Histology and immunofluorescence

After fixation for 24 h, the anterior section of the eyes was dissected, and the remaining eye cup was dehydrated and then embedded in paraffin wax. Sections (at 5 μm) were cut on a microtome (Shandon AS325; Thermo Scientific, United States). All histologic analyses of outer nuclear layer (ONL) thickness were performed using retinal sections cut along the parasagittal plane (super inferior) as described previously (Wang et al., 2014). These sections also included the ocular nerve head to maintain regional consistency between replicates and groups. H&E staining was performed, and images were captured with a microscope (Olympus, Japan). For each section, 18 measurements spaced 200 μm apart were made to analyze ONL damage. Three measurements were made per sample and averaged.

For immunostaining, sections were dewaxed, subjected to antigen retrieval and blocked with 10% goat serum (Sigma–Aldrich Corp.) in phosphate-buffered saline containing 0.2% Triton X-100 (Sigma–Aldrich Corp.) for 1 h before being incubated with primary antibodies in a humidity chamber overnight at 40°C. The primary antibodies were as follows: anti-complement C3, 1:300; anti-Ibal, 1:300; anti-rhodopsin, 1:600; anti-C3aR, 1:300; anti-RPE65, 1:300 and anti-pSTAT3, 1:300. All antibodies were from purchased Abcam. After washing and incubation for 1 h at room temperature with secondary antibodies, the sections were counterstained with ProLong Gold with DAPI (Invitrogen) to reveal cell nuclei. Images were obtained using an Olympus FV3000 confocal microscope and were acquired at the corresponding histologically defined areas of the sections. Schematic of the retina with a sample location was shown in Supplementary Figure 1. All images in each individual experiment were acquired with a fixed detection gain. Images were processed and semiquantified by using ImageJ.



Electroretinography

ERG was performed using the Espion E3 console in conjunction with the ColorDome (Diagnosys LLC). ERG experiments were carried out on C57B6 wild-type or C3-KO mice at 1 week post injection. In brief, the mice were dark-adapted the night before the recordings were performed. The animals were anesthetized by a subcutaneous injection of xylazine (15 mg/kg) and ketamine (110 mg/kg). The pupils of the mice were dilated using 1% tropicamide, and the animals were positioned on a water warming pad to prevent hypothermia. For each animal, only the right eye was examined. Active gold electrodes were placed on the right eye cornea as the recording electrodes. The reference and ground electrodes were placed subcutaneously in the mid-frontal areas of the head and tail, respectively. Light stimulation was applied at a density of 0.5 log (cd⋅s/m2). The amplitudes of a- and b-waves were recorded and processed using a RETI-Port device (Roland Consult). All procedures were performed in a dark room under a dim red safety light.



TdT-UTP nick end labeling staining

TdT-UTP nick end labeling (TUNEL) assays were performed with a one-step TUNEL kit according to the manufacturer’s instructions (Beyond, Shanghai). Paraffin-embedded sections and cells grown in 24-well plates treated with NaIO3 were fixed. Briefly, the cells were permeabilized with 0.1% Triton X-100 for 10 min at room temperature, followed by TUNEL staining for 1 h at 37°C. The FITC-labeled TUNEL-positive cells were imaged under a fluorescence microscope at 488 nm excitation and 530 nm emission wavelengths. The cells with green fluorescence were defined as apoptotic cells.



Application of drugs

A C3aR antagonist (SB290157) and STAT3 inhibitor (SH-4–54) were purchased from Selleck (S8931 and S7337) and dissolved according to the manufacturer’s instructions. Mice were pretreated with SB290157 (10 mg/kg) or SH-4-54 (10 mg/kg) 3 days before the NaIO3 injection and then three treated times a week via i.p. injection for 1 week. After the ERG assay, the mice were sacrificed, and retinal tissue was collected for immunoassay and real-time PCR assays.



Ribonucleic acid extraction and real-time polymerase chain reaction

Total RNA was extracted, and a real-time PCR assay was conducted as previously reported (Wang et al., 2019). The primer sequences are listed below:
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Ribonucleic acid-seq and data analysis

First, retinal tissues were collected from normal controls and wild-type mice at 7 days after NaIO3 induction, and total RNA was then extracted. The RNA-seq analysis was performed on the Illumina NovaSeq6000 platform at a depth of 60 million read pairs per sample. Three mice from each group (total of 6 mice) were analyzed. Raw reads were first aligned to the Mus musculus genome (UCSC mm10) using HISAT2 with default parameters. Then, the htseq-count function of HTSeq was used to determine the number of aligned reads that fell under the exons of the gene (union of all the exons of the gene) to present the expression of each gene. We identified differentially expressed genes (DEGs) by using the DESeq2 package in the R environment (Love et al., 2014). Finally, Gene Ontology (GO) analysis was performed.



Statistical analysis

Statistical analysis of the two groups was performed using 2-tailed paired Student’s t-tests assuming equal variance. The results are expressed as the mean ± SEM deviation. Differences were considered significant at P < 0.05.




Results


Complement C3 and C3ar1 expression correlates with retinal degeneration

To further understand the molecular mechanisms underlying oxidative stress-induced retinal degeneration, we performed RNA-seq analyses of retinal tissues from 6- to 8-week-old wild-type C57BL/6J normal control and NaIO3-treated C57BL/6J mice. Using principal component analysis (PCA), we identified 659 DEGs (adjusted p < 0.01, cutoff for LogFC is 1.754) in mice treated with NaIO3 compared to the normal controls; 567 genes were upregulated and 92 were downregulated (Figures 1A–C). We found that the expression levels of complement genes were changed after NaIO3-induced retinal degeneration. Several complement components (C1qc, C1qa, C1qb, Itgb2, C5ar1, and C3ar1) had increased expression (Figure 1D). The real-time PCR results confirmed that the levels of C3 and C3ar1 were increased after NaIO3 treatment (Figures 1E,F). Immunofluorescence staining revealed prominent C3 and C3ar1 protein expression in the injured retinas but not in those of the normal control mice (Figures 1G–J), which provided direct evidence of oxidative stress-induced complement activation in mouse retinal tissues.
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FIGURE 1
Upregulation of C3 and C3aR in the NaIO3 mouse retinal degeneration model. (A) PCA graph showing the distribution of RNA-seq samples between the control and NaIO3-treated groups. (B) Unsupervised clustering of the top 500 genes expressed above background levels demonstrated similar patterns of gene expression between the control and NaIO3-treated groups. (C) Volcano plots highlighting the distributions of DEGs between the control and NaIO3-treated groups. (D) Some differentially expressed complement component genes between the control and NaIO3–treated groups are shown as a heatmap. (E,F) The mRNA levels of C3 and C3aR in the control and NaIO3-treated groups were analyzed by real-time PCR. (G–J) Immunofluorescence staining and semiquantified fluorescence levels of C3 (green) and C3ar1 in saline control- and NaIO3-treated retinas on day 7; nuclei were counterstained with DAPI (blue) (Bars, 50 μm). The data are expressed as the mean ± SEM ***P < 0.001, n = 6, unpaired t-test, two-tailed.




C3ar1 controls the immune interaction network

To better determine the role of C3ar1 in retinal degeneration, we searched the STRING database and constructed the protein interaction network centered on C3ar1. Based on coexpression scores determined by RNA expression patterns and on protein coregulation determined by Proteome HD, the network included a group of genes associated with retinal degeneration that are involved in the positive regulation of apoptotic cell clearance, synapse pruning, microglial activation, immune responses and complement pathway activation (Figure 2). For example, V-set and immunoglobulin domain-containing protein 4 (VSIG4), which is a strong negative regulator of T-cell proliferation and IL2 production, strongly interacts and coexpresses with C3ar1. The P2X purinoceptor 7 (P2RX7) receptor, a ligand-gated ion channel that responds to ATP binding, is responsible for the ATP-dependent lysis of macrophages through the formation of membrane pores permeable to large molecules. The P2RX7 receptor functions in both fast synaptic transmission and the ATP-mediated lysis of antigen-presenting cells. Together, these bioinformatics data suggest that the activation of the C3a-C3ar1 signaling pathway contribute to retinal degeneration through regulation of the inflammatory response and immune cell activation.
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FIGURE 2
STRING network analysis reveals a C3ar1-centered immune interaction network. STRING network analysis of the C3ar1-related protein interaction network. Network nodes represent proteins. Edges represent protein–protein associations. Number of nodes: 11, number of edges: 37, average node degree: 6.73, average local clustering coefficient: 0.849, expected number of edges: 11, PPI enrichment p-value: 3.45e-10.




Knockout of C3 and C3ar1 inactivation reduce microglial activation and the inflammatory response in mice with retinal degeneration

The immune response plays an important role in photoreceptor cell degeneration (Murakami et al., 2019). To investigate the role of the C3a-C3ar1 pathway in immune regulation and retinal degeneration, immunostaining with anti-GFAP and anti-Iba1 antibodies revealed marked increases in the fluorescence intensities of GFAP and Iba1 in retinas on day 7 after NaIO3 stimulation (Figure 3). Strikingly, C3 deficiency and C3ar1 inhibition nearly completely normalized the GFAP and Iba1 immunoreactivity levels (Figure 3). To identify the retinal locus of C3 on day 7 after NaIO3 induction, we performed fluorescence immunostaining with multiple antibodies, including anti-GFAP, anti-Iba1, anti-CD68 and anti-C3 antibodies (Figures 3A,B). C3 colocalized predominantly with Iba1+ cells, indicating that microglia were activation during photoreceptor cell degeneration. Triple immunostaining of CD68, C3 and Iba1 revealed the characteristics of microglial phenotypes. Oxidative stress induced an increase in the number of CD68-positive phagocytic microglia, while C3 deficiency and C3ar1 inhibition drastically decreased the number of microglial phagocytic phenotypes. Microglia and Müller glia activation is associated with an increased production of proinflammatory cytokines. To elucidate the characteristics of the inflammatory cytokines, we performed cytokine array assays using QAM-INF-1, revealing increased levels of proinflammatory factors, including TNFα, IL1, IL6, MIP1α, IFNγ, eotaxin, and IL13 (Figure 4A). C3 deficiency and C3ar1 inhibition obviously downregulated the expression of these inflammatory factors. Using real-time PCR, we confirmed that the levels of TNFα, IL1, and IL6 were increased after the application of NaIO3, and C3 deficiency and C3ar1 inhibition obviously downregulated the mRNA levels of these genes (Figures 4B–D). These results support that C3aR regulates astrocyte and microglial reactivity and the production of proinflammatory cytokines in retinas with oxidative stress injury.


[image: image]

FIGURE 3
Genetic deletion of C3 and inactivation of C3ar1 attenuate reactive gliosis and microglial infiltration. (A) Representative GFAP and C3 multicolor immunofluorescence staining in the retinas of saline control- and NaIO3-treated WT, C3-KO and C3ar1-inhibited mice. Scale bar: 50 mm. (B) Representative C3, Iba1 and CD68 multicolor immunofluorescence staining in the retinas of saline control- and NaIO3-treated WT, C3-KO and C3ar1-inhibited mice. Scale bar: 50 mm. (C–F) Quantification of C3, GFAP, Iba1 and CD68 immunoreactivities. The data represent the mean ± SEM, n = 6. ***p < 0.001.
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FIGURE 4
Cytokine retinal array analysis reveals high levels of proinflammatory factors. (A) Clustered column graph of the retinal cytokine profiles of saline control- and NaIO3-treated WT, C3-KO and C3ar1-inhibited mice obtained by using the Integral Molecular@QAM-INF-1 kit. (B–D) The retinal Il-6, TNF-α and TGF-β2 mRNA expression levels were determined by qRT–PCR. Each bar corresponds to the mean ± SD. ***p < 0.001.




Knockout of C3 and C3ar1 inactivation reduce photoreceptor cell apoptosis and restore visual function in mice with retinal degeneration

The above studies demonstrated the prominent role of C3a-C3ar1 in immune regulation. We also assessed the role of C3a-C3ar1 signaling in photoreceptor cell degeneration. H&E staining revealed a significant reduction in the ONL thickness on day 7 after NaIO3 induction compared to that in the control group. In contrast, the ONL thickness in mice with C3 deficiency and C3ar1 inhibition did not significantly differ from that in the controls on day 7 (Figures 5A,C). Furthermore, TUNEL staining showed that the apoptosis of photoreceptor cells was significantly reduced in the C3-KO and C3ar1-inhibited groups on day 7 (Figures 5B,D). These results indicated that C3a-C3ar1 played an important role in NaIO3-induced retinal photoreceptor cell degeneration and that the inactivation of C3 restored retinal function. Remarkably, the ERG a-wave and b-wave amplitudes were significantly decreased in wild-type mice on day 7 after NaIO3 induction but increased in C3-deficient and C3ar1-inhibited mice (Figures 6C–F, I,J). Because rhodopsin is a key protein in the phototransduction process, we analyzed the expression levels of rhodopsin and recoverin, revealing that they were significantly downregulated in wild-type mice compared to C3-deficient and C3ar1-inhibited mice after NaIO3 injection (Figures 6A,B,G,H).
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FIGURE 5
Genetic deletion of C3 and inactivation of C3ar1 protects the neural retina structure. (A) H&E staining of retinas of saline control- and NaIO3-treated WT, C3-KO and C3ar1-inhibited mice. (B) TUNEL immunofluorescence staining of retinas of saline control- and NaIO3-treated WT, C3-KO and C3ar1-inhibited mice. (C) Quantification of ONL thickness in the retinas of saline control- and NaIO3-treated WT, C3-KO, and C3ar1-inhibited mice. (D) Immunofluorescence staining and quantification of TUNEL in retinas of saline control- and NaIO3-treated WT, C3-KO, and C3ar1 inhibition mice.
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FIGURE 6
Genetic deletion of C3 and inactivation of C3ar1 rescues the retinal function of wild-type mice after NaIO3 induction. (A,B) Immunofluorescence staining of rhodopsin and recoverin in the retinas of saline control- and NaIO3-treated WT, C3-KO and C3ar1-inhibited mice. (C–F) ERG analysis of retinal function in saline control- and NaIO3-treated WT, C3-KO and C3ar1-inhibited mice (dMax 3.0). (G,H) Quantification of rhodopsin and recoverin in the retinas of saline control- and NaIO3-treated WT, C3-KO and C3ar1-inhibited mice. (I,J) Bar plot of the amplitudes of a and b waves in saline control- and NaIO3 treated WT, C3-KO and C3ar1-inhibited mice (mean ± SEM, n = 6. ***p < 0.001).




Involvement of the C3aR-STAT3 signaling pathway in retinal degeneration as determined by ribonucleic acid-seq

To further investigate the downstream mechanisms involving the C3a-C3ar1 pathway in photoreceptor degeneration, we compared the mRNA levels in NaIO3-treated retinas on day 7 with those in control retinas by RNA-seq analysis, revealing DEGs between control and NaIO3-treated retinas on day 7 (DE; fold-change > 2.0, p < 0.05). The downregulated DEGs included phototransduction genes, such as Arrestin3, Rhodopsin, and Rgr, while the C3, C3aR and STAT3 mRNA levels were obviously upregulated. GO enrichment analysis showed that the upregulated DEGs were involved in signaling pathways such as the STAT cascade, while the downregulated DEGs were involved in signaling pathways associated with phototransduction and visual perception (Figure 7A). A previous study indicated that C3ar1 regulates the expression of STAT3 and mediates inflammation during neuropathy (Litvinchuk et al., 2018), which is not clear in the retina. Real-time PCR and immunostaining confirmed the upregulation of STAT3 at both the mRNA and protein levels on day 7 after NaIO3 induction (Figures 7B–D). Knockout of C3 and C3ar1 inhibition also normalized the upregulation of STAT3. Our findings suggest that the enhanced expression of STAT3 contributes to microglial activation, the inflammatory response and photoreceptor degeneration after NaIO3 induction.


[image: image]

FIGURE 7
RNA-seq analysis revealed C3/C3aR/STA3 signaling pathway activation in the NaIO3 mouse model. (A) The top 100 DEGs in wild-type mice at 0 and 7 days after NaIO3 induction. Gene Ontology analysis of the signaling pathways related to up- and downregulated genes. (B) Immunofluorescence staining of STAT3 in the retinas of saline control- and NaIO3-treated WT, C3-KO and C3ar1-inhibited mice. (C) Quantification of STAT3 in the retinas of saline control- and NaIO3-treated WT, C3-KO and C3ar1-inhibited mice. (D) Stat3 mRNA expression in retinas as determined by qRT–PCR. Each bar corresponds to the mean ± SD. ***p < 0.001.




Inhibition of STAT3 attenuates microglial activation and rescues visual function

Previous studies have shown that the activation of the STAT pathway is involved in the immune response (Litvinchuk et al., 2018; Reichenbach et al., 2019). To better understand the role of the C3a/C3aR/STAT3 signaling pathway in photoreceptor degeneration, we pharmacologically inactivated STAT3 using the specific inhibitor SH-4-54. WT mice were pretreated with the STAT3 inhibitor SH-4-54 (10 mg/kg) 3 days before the application of NaIO3. Fluorescence immunostaining revealed that SH-4-54 obviously downregulated microglial cell activation. The Iba1-positive ratio of microglial cells was alleviated after the application of SH-4-54 (Figures 8A,E). The H&E staining results revealed the protective effect of the ONL layer, and the ERG results showed that the a-wave and b-wave amplitudes were partially preserved, indicating the retinal protective effect of the STAT3 inhibitor (Figures 8B,D,F,H,I). Furthermore, TUNEL staining showed that the apoptosis of photoreceptor cells was significantly reduced after the application of SH-4-54 (Figures 8C,G). Overall, these results established a novel signaling pathway (C3/C3aR/STAT3) linking microglial activation and photoreceptor cell degeneration to oxidative stress conditions.
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FIGURE 8
A pSTAT3 inhibitor inhibits microglial activation and rescues the retinal function of wild-type mice after NaIO3 induction. (A) Immunostaining of Iba in the retinas of saline control- and NaIO3-treated WT and pSTAT3-inhibited mice. (B) H&E staining of the retinas of saline control- and NaIO3-treated WT and pSTAT3-inhibited mice. (C) TUNEL immunofluorescence staining of retinas of saline control- and NaIO3-treated WT and pSTAT3-inhibited mice. (D) ERG analysis of retinal function in saline control- and NaIO3-treated WT and pSTAT3-inhibited mice. (E) Quantification of Iba1 in saline control- and NaIO3-treated WT and pSTAT3-inhibited mice. (F) Quantification of ONL thickness in the retinas of saline control- and NaIO3-treated WT and pSTAT3-inhibited mice. (G) Quantification of TUNEL in retinas of saline control- and NaIO3-treated WT and pSTAT3-inhibited mice. (H,I) Bar plot of the amplitudes of a and b waves in saline control- and NaIO3-treated WT and pSTAT3-inhibited mice. ***p < 0.001.





Discussion

The mechanism underlying retinal degeneration has not been fully elucidated, which severely restricts the development of new therapies. Strong evidence supports a key role of complement and the neuroinflammatory response in retinal diseases. Understanding the detailed mechanism will facilitate the development of potential treatments for photoreceptor cell degeneration-related diseases. In this study, we revealed that the C3a/C3aR/STAT3 pathways are important for mediating the immune response and photoreceptor cell apoptosis under oxidative stress conditions, which might be helpful for treating retinal degeneration diseases.

Complement and microglial cells mediate neural cell damage in many neural degeneration diseases, such as age-related macular degeneration (AMD), Stargard’s disease and glaucoma (Jha et al., 2011; Lenis et al., 2017; Natoli et al., 2017). One previous study showed that irreversible photoreceptor cell damage in mice treated with NaIO3 is related to macrophage accumulation (Moriguchi et al., 2018), and oxidative stress and complement activation have been correlated in AMD models (Pujol-Lereis et al., 2016). As the critical component of the complement system, C3 plays a role in photoreceptor cell death, but the mechanism is not clear. In this study, we observed the activation of microglial cells at 7 days after NaIO3 injection, and the colocalization of C3 and microglial cells was consistent with previous reports. We also detected the intracellular C3 expression in retinal pigment epithelium (RPE) cells at 1 day after NaIO3 injection (Supplementary Figure 2). Furthermore, RNA-seq data revealed the upregulated expression of C3ar1 and other components under oxidative stress conditions. This inspired us to explore the role of C3a-C3ar1 in retinal injury induced by NaIO3. Simultaneously, Pauly et al. (2019) were the first to explore the characteristics of complement components in specific retinal cell types under normal and pathological conditions using single-cell RNA-seq analysis. Their results strongly indicate that a local retinal complement that is independent of the systemic components typically produced by the liver is activated during retinal degeneration. For the first time, we found that NaIO3-induced photoreceptor apoptosis depended on C3a-C3ar1 axis activation and was partially mediated by the knockout of C3 or inhibition of C3ar1. However, the characteristics of macrophages in the peripheral infiltrating blood in the retina are not clear. One previous study found that the complement C3a signaling pathway mediates peripheral infiltrating blood monocytes and then facilitates skeletal regeneration (Zhang et al., 2017). Thus, we need to fully demonstrate the role of C3a-C3ar1 activation in macrophage infiltration and activation in the future.

Mechanistically, we identified STAT3 as a downstream gene of the C3/C3aR pathway during photoreceptor cell degeneration. Our RNA-seq analysis results revealed significant activation of the C3/C3aR/STAT cascade in the NaIO3-induced retinal degeneration model. Strikingly, genetic deletion of C3 and pharmacological inhibition of C3aR or STAT3 led to the prevention of photoreceptor loss and preservation of retinal function. These findings are consistent with the previously reported critical role of C3aR in mediating CNS immune homeostasis and tau pathology by targeting a transcription factor network in human AD (Litvinchuk et al., 2018). Several studies have found that STATA3 is involved in RPE cell survival, the inflammatory response, visual cycle maintenance and cytokine release (Patel and Hackam, 2013; Patel et al., 2013). Moreover, features of the immune response, such as proinflammatory cytokine release, microglial infiltration and Muller glial reactivity, were suppressed after the C3/C3aR/STAT3 pathway was blocked in our study. Additionally, given the complexity and the degree of crosstalk between various immune pathways, other transcription factors (TFs), such as Hmox1, NFkB, and NFE2L2, might also interact with the C3a-C3ar1 pathway and be involved in retinal degeneration (Karlen et al., 2020; Potilinski et al., 2021).

Taken together, the results of this study demonstrate that the activation of the C3a/C3aR/STAT3 pathway plays an important role in mediating microglial activation and photoreceptor cell degeneration. Therefore, inhibition of local C3 and normalization of the C3a/C3aR/STAT3 pathway could be helpful for the prevention of AMD and other retinal degeneration diseases.
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SUPPLEMENTARY FIGURE 1
Schematic of the retina with a sample location.

SUPPLEMENTARY FIGURE 2
Intracellular C3 activation in RPE cells after NaIO3 injury in vivo. (A) Double immunofluorescent staining C3 (green) and RPE65 (red) of wild-type 0d and 1d after NaIO3 injection. (B) Confocal assay of C3 localization of wild-type 0d and 1d after NaIO3 injection. (C) TUNEL immunofluorescent staining of wild-type and C3-deficient mice 1d after NaIO3 injection. (D) Quantification of (C).
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Objective: Visual impairment is a common non-motor symptom (NMS) in patients with Parkinson's disease (PD) and its implications for cognitive impairment remain controversial. We wished to survey the prevalence of visual impairment in Chinese Parkinson's patients based on the Visual Impairment in Parkinson's Disease Questionnaire (VIPD-Q), identify the pathogens that lead to visual impairment, and develop a predictive model for cognitive impairment risk in Parkinson's based on ophthalmic parameters.

Methods: A total of 205 patients with Parkinson's disease and 200 age-matched controls completed the VIPD-Q and underwent neuro-ophthalmologic examinations, including ocular fundus photography and optical coherence tomography. We conducted nomogram analysis and the predictive model was summarized using the multivariate logistic and LASSO regression and verified via bootstrap validation.

Results: One or more ophthalmologic symptoms were present in 57% of patients with Parkinson's disease, compared with 14% of the controls (χ2-test; p < 0.001). The visual impairment questionnaire showed good sensitivity and specificity (area under the curve [AUC] = 0.918, p < 0.001) and a strong correlation with MoCA scores (Pearson r = −0.4652, p < 0.001). Comparing visual impairment scores between pre- and post-deep brain stimulation groups showed that DBS improved visual function (U-test, p < 0.001). The thickness of the retinal nerve fiber layer and vessel percentage area predicted cognitive impairment in PD.

Interpretation: The study findings provide novel mechanistic insights into visual impairment and cognitive decline in Parkinson's disease. The results inform an effective tool for predicting cognitive deterioration in Parkinson's based on ophthalmic parameters.

KEYWORDS
 Parkinson's disease, visual dysfunction, cognitive impairment, visual impairment in Parkinson's disease questionnaire, deep brain stimulation


Introduction

Visual impairment is a common non-motor symptom (NMS) in patients with Parkinson's disease (PD), affecting up to 78% of patients with PD (Hamedani et al., 2020). Although vision is an important determinant of quality of life, visual impairment is often underreported by patients and overlooked by their physicians (Ekker et al., 2017). Deficits in contrast sensitivity, color discrimination, and stereopsis are widespread in patients with PD and are associated with the risk of cognitive decline (Leyland et al., 2020; Murueta-Goyena et al., 2021). These parameters are not routinely assessed by ophthalmologists and neurologists. Visual dysfunction in PD is subtle and unlikely to be captured outside of the research setting. We introduced the Visual Impairment in Parkinson's Disease Questionnaire (VIPD-Q) (Borm et al., 2020) to provide insight into the relationship between ophthalmologic problems and cognitive impairment in patients with PD.

The role of visual dysfunction as a biomarker of disease and a predictor of cognitive impairment in PD has been reported in previous studies (Weil et al., 2016). These studies usually ascribe visual deficits to intracranial impairment. As the understanding of the gut–brain axis deepens, the knowledge basis for visual dysfunction in PD will likely change over time. We conducted metatranscriptomic sequencing and 16s rDNA sequencing in PD patients with and without visual impairment to identify the relationship between ophthalmology dysfunction and microbiota dysbiosis in patients with PD. To our knowledge, we have conducted the first study focusing on this issue.

We utilized optical coherence tomography (OCT) and machine learning software to analyze the ocular characteristics of patients with PD, such as retinal nerve fiber layer (RNFL) thickness and microvascular density in the fundus. These indices have been demonstrated to correlate with cognitive status in PD within a few pioneering studies (with relatively small sample sizes ranging from n = 17 to n = 63); only a limited number of ophthalmologic symptoms have been evaluated in PD (Kwapong et al., 2018; Murueta-Goyena et al., 2019, 2021).

We aimed to systematically determine the application value of VIPD-Q in patients with PD and explore the link between ophthalmology dysfunction and cognitive impairment.



Methods


Study design

We used the VIPD-Q screening questionnaire to assess ophthalmologic symptoms and UPDRSIII and MoCA scores in patients with PD (Borm et al., 2020). The questionnaire was administered by two university hospitals (Qilu Hospital, First Affiliated Hospital) and scored by two clinicians (one ophthalmologist, HW and one neurologist, CZ) between June 2019 and July 2021. Participants underwent neuro-ophthalmologic examinations, including ocular fundus photography, automated perimetry, and OCT. Patients undergoing deep brain stimulation (DBS) took an extra VIPD-Q 3 months after the operation. Exclusion criteria included secondary causes of parkinsonism, prior brain surgery (except DBS), glaucoma, intraocular surgery, diabetes, and other diseases that affected the visual field or neurologic systems, and the current use of medications that affected visual function.



Ethical considerations

The study was conducted in accordance with the principles of the Declaration of Helsinki. The Ethics Committees at the Qilu Hospital (protocol KYLL-202008-065) and the First Affiliated Hospital of Shandong First Medical University (protocol S569) approved this study. Written informed consent was obtained from all participants.



Measures

RNFL and retinal thickness were measured using the Spectralis OCT device (CIRRUS 5000, Carl Zeiss, Oberkochen, Germany). Scans were performed by the same operator (HW). Image acquisition was conducted using the TruTrack eye-tracking technology that recognizes, locks onto, and follows the patient's retina. Ocular fundus photography was performed by an ophthalmologist using a digital ocular fundus camera (VISUCAM 224, Carl Zeiss, Germany) in both eyes in patients with PD. At least one reliable picture per eye was acquired for each patient. Images of ocular fundus vessels were extracted based on the U-Net model (github.com/orobix/retina-unet#retina-blood-vessel-segmentation-with-a-convolution-neural-network-u-net) (Liskowski and Krawiec, 2016) using a novel software (github.com/jellygrey/OVE/tree/master/bin). Vessel pictures were measured via the Angiotool software (version 0.6a) to obtain vessel-related data (Segarra et al., 2018).

We performed perivascular spaces (PVS) quantification in slices containing the maximum amount of PVS in the basal ganglia (BG) region using ITK-SNAP software (version 3.8; the University of Pennsylvania, the University of North Carolina at Chapel Hill) (Shen et al., 2021). Boundaries of all identified PVS were delineated manually. This software automatically provides the voxel number for identified PVS in each region. PVS volume was calculated as the sum of individual volumes of the identified PVS in each region per mm3. We then obtained PVS counts and volumes for each region.



Nomogram construction and validation

Multivariable logistic regression was applied according to sex, age, disease duration, VIPD-Q score, RNFL thickness, average vessel percentage, RBD status, hyposmia, and constipation. The “glmnet” package was used to conduct LASSO regression to screen meaningful variants, which were verified by bootstrap validation. A nomogram was generated via the “regplot” R package as a quantitative tool for predicting the risk of cognitive impairment. Consistency between model predictions and clinical outcomes was assessed using the concordance index (C-index). A calibration plot was generated to evaluate the accuracy of MoCA predictions. Decision curve analysis (DCA) was applied to evaluate nomogram performance using the “rmda” R package.



Statistical analysis

Statistical analyses were performed using the Prism software (version 8.0.1; San Diego, CA, USA), R (version 3.6.1), and RStudio (version 1.2.1335). Patients with PD were compared with controls using χ2-tests for categorical variables (education, sex, comorbidity, and visual impairment) and Mann-Whitney U-tests for nonparametric continuous variables (age, VIPD-Q score, score per domain, MoCA score, UPDRSIII score, and levodopa equivalent dose [LED]). To explore correlations, we fit linear models and calculated Spearman's r-value. Univariate logistic regression was used to evaluate the statistical significance (defined as p < 0.05) of associations between visual function parameters and motor and non-motor symptoms.




Results


Participant characteristics

A total of 405 participants completed the questionnaire: 205 patients with PD and 200 age-matched controls (1:1 ratio). Ophthalmologic symptoms were present in 57% of patients with PD (vs. 14% of the controls; χ2-test: p < 0.001). Baseline characteristics and prevalence of ophthalmologic symptoms are summarized in Table 1. The groups were well balanced for age and comorbidity.


TABLE 1 Participant characteristics and Prevalence of ophthalmologic symptoms.

[image: Table 1]



VIPD-Q correlated with UPDRSIII, and MoCA scores

The PD group experienced more ophthalmologic symptoms, reflected by median total VIPD-Q scores (Mann-Whitney U-test, p < 0.001; Figure 1A). Figure 1B shows the number of ophthalmologic symptoms per domain (PD vs. control, χ2-test: ocular surface, 51.7 vs. 13%; intraocular domain, 43.9 vs. 10%; oculomotor domain, 58.1 vs. 13%; optic nerve domain, 46.3 vs. 5%; p < 0.001).


[image: Figure 1]
FIGURE 1
 VIPD-Q scores for patients with PD in relation to MoCA and UPDRSIII scores. (A) Boxplot of the median total VIPD-Q score in the PD and control groups. (B) Number of ophthalmologic symptoms reported per domain (compared between patients with PD and controls). (C) The validation of sensitivity and specificity for the VIPD-Q via an ROC curve. (D,E) The VIPD-Q score was correlated with MoCA and UPDRSIII scores in PD.**p < 0.01 and ***p < 0.001. PD, Parkinson's disease; ROC, receiver operating characteristic; VIPD-Q, Visual Impairment in Parkinson's Disease Questionnaire; UPDRS III, Unified Parkinson's Disease Rating Scale Section III; MoCA, Montreal Cognitive Assessment.


Based on a previous study (Borm et al., 2019), we reran tests to identify the sensitivity and specificity of the VIPD-Q in the Chinese population. A receiver operating characteristic (ROC) curve indicated good sensitivity and specificity (AUC = 0.918, p < 0.001; Figure 1C); this result was verified using the Hosmer–Lemeshow test (p = 0.247). According to Youden's index, the optimal ROC cut-off value was 7 (sensitivity, 88.4%; specificity, 90.3%; Youden's index, 0.787). We divided the population into a low VIPD-Q group (score < 7; PD with normal visual function) and a high VIPD-Q group (score ≥ 7; PD with impaired visual function). The high VIPD-Q group showed higher UPDRSIII scores (Mann-Whitney U-test, p = 0.0013) and lower MoCA scores (Mann-Whitney U-test, p = 0.0004) than the low VIPD-Q group (Figure 1D). VIPD-Q scores were positively associated with UPDRSIII scores (Pearson r = 0.3675, p < 0.0001) and negatively associated with MoCA scores (Pearson r = −0.4342, p < 0.0001; Figure 1E).



STN-DBS and non-motor symptoms affected VIPD-Q scores

To determine factors influencing VIPD-Q scores in PD, we compared the LED between PD patients with and without visual impairment. No statistically significant differences were found (t-test, p = 0.2689; Figure 2A). As DBS is an option for PD treatment, we compared the improvement efficiency between the high- and low-VIPD-Q groups. The groups had similar DBS improvement (t-test, p = 0.7503; Figure 2B). However, at their 3-month follow-up, the post-DBS group showed a clear decrease in the VIPD-Q score as compared to the pre-DBS group (13.0 vs. 10.50, Mann-Whitney U-test, p < 0.001; Figure 2C). As low-frequency stimulation was reported to improve axial symptoms more effectively than high-frequency stimulation (Xie et al., 2017), we compared groups with different stimulation parameters via t-tests; no differences were found (Figure 2D).
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FIGURE 2
 DBS and non-motor symptoms affected VIPD-Q scores in PD. (A,B) Groups with different VIPD-Q score presented similar LED and DBS improvements (C). DBS improved VIPD-Q scores. (D) Stimulation parameter changing did not affect the VIPD-Q score. (E) PD patients with RBD or constipation had higher percentage of visual impairment (VIPD-Q>6). ns, no significant and ***p < 0.001. DBS, deep brain stimulation; RBD rapid eye movement (REM) sleep behavior disorder; VIPD-Q, Visual Impairment in Parkinson's Disease Questionnaire.


Other NMS were shown to affect VIDP-Q scores in our study. The RBD-positive group had a higher visual impairment percentage (score > 6; chi-square: p = 0.0139), especially in the constipation-positive group (p < 0.0001; Figure 2E). Hyposmia did not seem to affect visual function (chi-square, p = 0.0599), although the nerve fibers were anatomically close to each other.



Thinner RNFL was found in PD patients with visual impairment and cognitive dysfunction

Patients with PD were divided into a cognitively impaired group (MoCA <26) and a normal control group (MoCA≥26). OCT examination was conducted to determine the thickness of the RNFL (Figure 3A). The deviation map for RNFL is summarized in Figure 3B. Results indicate that the superior and inferior directions in the perifovea region presented a higher deviation in the visually impaired group compared to the Asian average RNFL thickness (Figure 3B). Thinner RNFL in the ocular fundus was found in the cognitively impaired group (t-test, p < 0.001; Figure 3C). We examined VIPD-Q scores according to RNFL thickness via Spearman correlation analysis (p < 0.001, Pearson r = −0.5302; Figure 3D). Correlations between RNFL, MoCA, and UPDRSIII were analyzed, with positive associations between RNFL thickness and MoCA score (p < 0.001, Pearson r = 0.5513; Figure 3D), and a negative correlation was found between UPDRSIII score and RNFL thickness (p < 0.001, Pearson r = −0.4996; Figure 3E).
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FIGURE 3
 Thinner RFNL in the ocular fundus was found in the cognitively impaired group. (A) Representative picture of a measured RNFL. (B) Deviation map of RNFL indicating thinner thickness. (C) PD patients with cognitive impairment had, on average, a thinner RNFL. (D) VIPD-Q was related to RNFL thickness. (E) RNFL was related to MoCA and UPDRSIII scores. **p < 0.01, ***p < 0.001, and r = Pearson r. RNFL, retinal nerve fiber layer; PD, Parkinson's disease; VIPD-Q, Visual Impairment in Parkinson's Disease Questionnaire; UPDRS III, Unified Parkinson's Disease Rating Scale Section III; MoCA, Montreal Cognitive Assessment.




Vessel density in ocular fundus correlated with MoCA score and PVS number in PD

The vessels in the ocular fundus were extracted and analyzed via software (Figure 4A). Data showed the vessel percentage area (VPA), which indicated that vessel density in the ocular fundus was obviously lower in the cognitively impaired group (t-test, p < 0.001; Figure 4B). We then evaluated the relation between VIPD-Q scores and VPA via Spearman correlation analysis (p = 0.001, Pearson r = −0.3485; Figure 4C). Correlations between VPA and MoCA were analyzed, with positive associations between VPA and MoCA scores (p < 0.001, Pearson r = 0.3338; Figure 4C). When retrospect the MRI images, PVS counts were likewise abnormal in the visually impaired group (Figure 4D). PVS counts were higher in the high VIPD-Q group than in the control group (t-test, p = 0.006; Figure 4E); PVS volume did not differ (t-test, p = 0.2679; Figure 4E). We found negative correlations between VPA and PVS count (p = 0.0278, Pearson r = −0.2009; Figure 4F). Thus, eye examination may open a window for observing the process of intracranial disease noninvasively.
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FIGURE 4
 Vascular density in ocular density predicted PVS number and cognitive status in PD. (A) Typical procedure for calculating vascular density in groups with or without cognitive impairment. (B) A table of vascular-related parameters in ocular fundus analyzed by angiotool. (C) The vessel percentage area was correlated with VIPD-Q and MoCA scores. (D) Representative MRI images for VIPD-Q high and low groups. (E) PVS count showed a discrepancy between VIPD-Q groups. (F) The vessel percentage area was correlated with PVS counts. **p < 0.01, ***p < 0.001, and r = Pearson r. MRI, magnetic resonance imaging; PD, Parkinson's disease; PVS, perivascular spaces; VIPD-Q, Visual Impairment in Parkinson's Disease Questionnaire; MoCA, Montreal Cognitive Assessment.




Nomogram based on ophthalmic parameters for predicting cognitive impairment risk

To evaluate the prognostic effect of ophthalmologic factors on cognitive impairment, numerous events (age, disease duration, sex, VIPD-Q score, RNFL thickness, vessel percentage area, etc.) were analyzed using multivariate logistic and LASSO regression (Figure 5A). Age, VIPD-Q score, RNFL thickness, and VPA were screened and verified via a bootstrap validation (Figure 5B). A nomogram was constructed based on these events (Figure 5C). The point scale in the nomogram was utilized to generate points for these variables; the risk of cognitive impairment (MoCA score < 26) was determined by accumulating the total points for all variables. The C-index of this nomogram was good, reaching 0.8373 (95% CI: 0.766–0.908). Consistency between predicted and observed clinical outcomes for patients with PD was confirmed via the calibration plot (Figure 5D). DCA showed a higher overall net benefit by applying the nomogram than either the “treat all” or the “treat none” approach within a range of threshold probabilities >10% (Figure 5E). These findings demonstrate that the ophthalmic event-based nomogram is an optimal model for predicting cognitive impairment in patients with PD in clinical management.
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FIGURE 5
 Nomogram of ophthalmic parameters predicting the risk of cognitive impairment in PD. (A) LASSO regression analysis was conducted to screen out MoCA score-related parameters. (B) Bootstrap validation was performed to verify the screened event. (C) A nomogram predicting the risk of cognitive impairment in PD was constructed based on ophthalmic parameters. (D) A calibration curve was drawn to decrease the bias of the nomogram. (E) A DCA curve showed that the nomogram would benefit patients with PD by accurately predicting the risk of cognitive impairment. DCA, decision curve analysis; PD, Parkinson's disease; MoCA, Montreal Cognitive Assessment.





Discussion

In this study, we demonstrated that the VIPD-Q could be applied to the Chinese population. Results revealed that patients with PD have a higher prevalence of ophthalmologic symptoms, as reflected by a high VIPD-Q score, suggesting that PD itself or its treatment has an effect on an ophthalmologic function beyond the normal aging process. These results are in agreement with a previous European study (Borm et al., 2020).

To verify the sensitivity and specificity of the VIPD-Q, we plotted the ROC curve and calculated the cut-off value. We were thus able to screen PD patients with visual impairment in a large population. To our knowledge, the ideal cut-off value has not been reported previously and may provide a reference for similar studies.

An earlier study reported that visual impairment is a sensitive marker for PD (Weil et al., 2016); one study showed better discriminatory power for the early diagnosis of PD than any other NMS (Diederich et al., 2010). Our results demonstrated the predictive value of VIPD-Q for MoCA and UPDRSIII scores, echoing earlier findings that visuospatial motion perception and RNFL thickness correlate with movement disorders in PD (Beylergil et al., 2021; Murueta-Goyena et al., 2021).

The VIPD-Q scores indicated that PD or its treatment influence visual function. Studies report that oral levodopa rescues retinal morphology and improves visual function in amblyopia (Lee et al., 2019; Wang et al., 2020). We assumed that PD patients without ophthalmologic symptoms would benefit from a higher levodopa dose. However, our results conflict with this hypothesis, as different VIPD-Q score groups shared similar levodopa equivalents. DBS is another widespread treatment for PD (Weil et al., 2016), and an attractive yet less explored area is whether DBS could help patients with PD avoid visual deficits. Studies report that DBS improves saccades, smooth eye movements, and visual scanning (Murueta-Goyena et al., 2019). Others showed contradictory results (a little effect was observed after stimulation) (Kwapong et al., 2018). We evaluated the effects of DBS on ophthalmologic symptoms using the VIPD-Q. At a 3-month follow-up, we found that the VIPD-Q score declined in the post-DBS group. As oculomotor parameters were associated with axial symptoms and low frequency was reported to have a stronger effect on axial symptoms (Sidiropoulos et al., 2013; Xie et al., 2018), we compared groups with different stimulation parameters (voltage, pulse, frequency), which did not seem to influence the VIPD-Q score.

The role of NMS in PD progression has been discussed in many articles (Takeda et al., 2014; Hughes et al., 2018; Postuma et al., 2019; Cryan et al., 2020). However, few studies have focused on associations between NMS. We presumed that hyposmia would relate to visual dysfunction, as the olfactory and optic nerves are anatomically close. Strikingly, the hyposmia group in our study did not show a higher percentage of visual impairment than the control group. In contrast, the RBD-positive group showed a higher risk of visual impairment, consistent with a recently published study (Yang et al., 2016). Another vital finding in our investigation is that constipation was strongly correlated with visual impairment (percentage of visual impairment, 89 vs. 19%, p < 0.001). Thus, visual dysfunction in PD may originate peripherally.

Total VIPD-Q scores correlated with MoCA scores in our study, consistent with the well-established knowledge that visual dysfunction is associated with cognitive impairment. For example, thinner RNFL has predictive value as a biomarker of cognitive decline in PD (Murueta-Goyena et al., 2021). As VIPD-Q is negatively related to RNFL thickness, we consider that retinal neurodegeneration, neuronal loss, and anomalous α-synuclein deposits within the inner retinal layers may mediate this association. This hypothesis was supported by another study (Veys et al., 2019). Interestingly, the bias of thickness mainly occurred in the superior and inferior quadrants, as was observed in other Lewy body studies (Garcia-Martin et al., 2014; Murueta-Goyena et al., 2019, 2021).

Previous studies have reported that ocular microvascular patterns differ in patients with PD compared to healthy controls (Rascunà et al., 2020; Tsokolas et al., 2020; Robbins et al., 2021). We developed a software to extract the vessel from ocular fundus photography and analyze its morphology. The software was developed based on the U-Net model and uploaded to GitHub for free use. Our results showed that vessel density declined in the cognitively impaired group. This may be another explanation for the correlation between VIPD-Q scores and cognitive impairment. We also found that the PVS count in the higher VIPD-Q group exceeded that in the control group. Recent studies have indicated that PVS plays a disease-predicting role in PD, affecting cognitive status (Shibata et al., 2019; Rascunà et al., 2020; Shen et al., 2021) and motor prognosis (Chung et al., 2021). Our study demonstrated a relationship between vessel density and PVS count in PD, which, to our knowledge, has not been reported previously.

Our study was strengthened by a relatively large sample size and extensive sequencing data. This study provides powerful evidence for the positive effects of DBS on visual function. We propose a novel hypothesis that dysbiotic gut microbiota correlates with visual dysfunction in PD. Further investigation is needed to determine whether probiotics or antibiotics may help patients with PD avoid visual impairment. PVS was associated with vessel density in the ocular fundus. This work has clinical implications, as our data suggest that ophthalmic parameters are tightly correlated with cognitive status in patients with PD. Clinicians can potentially predict the risk of cognitive impairment in PD precisely and conveniently using a nomogram.

The hypothesis that visual impairment in PD originates from dysbiosis of microbiota should be investigated further through cell-based functional studies. In addition, the follow-up time was up to 3 months, and patients with PD receiving STN-DBS may reduce their levodopa dose after this time point. As levodopa was reported to rescue retinal morphology and visual function in a murine model of human albinism (Lee et al., 2019; Vagge et al., 2020), further investigation is needed to determine whether the reduction of levodopa after DBS aggravates visual impairment. Another limitation is that 50% of the PD participants were recruited by the neurosurgery department while waiting to undergo a DBS operation. This may create selection bias regarding indications for DBS, including disease duration over 3 years and sensitivity to the levodopa challenge test. Finally, the nomogram model would benefit from external validation in a separate PD population.

In conclusion, our study demonstrated that VIPD-Q can be applied to the Chinese population and is a useful tool for screening visual impairment among patients with PD. DBS showed a positive effect on PD patients' visual function, and visual impairment was linked with cognitive decline. Thinner RNFL and lower vessel density in the ocular fundus may explain this correlation. Our study indicated that visual impairment in patients with PD may originate from the dysbiotic gut microbiota. This conclusion strongly supports the presence of interactions between gut–eye and gut–brain axes.
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The protein p53 is the main human tumor suppressor. Since its discovery, extensive research has been conducted, which led to the general assumption that the purview of p53 is also essential for additional functions, apart from the prevention of carcinogenesis. In response to cellular stress and DNA damages, p53 constitutes the key point for the induction of various regulatory processes, determining whether the cell induces cell cycle arrest and DNA repair mechanisms or otherwise cell death. As an implication, aberrations from its normal functioning can lead to pathogeneses. To this day, neurodegenerative diseases are considered difficult to treat, which arises from the fact that in general the underlying pathological mechanisms are not well understood. Current research on brain and retina-related neurodegenerative disorders suggests that p53 plays an essential role in the progression of these conditions as well. In this review, we therefore compare the role and similarities of the tumor suppressor protein p53 in the pathogenesis of Alzheimer’s (AD) and Parkinson’s disease (PD), two of the most prevalent neurological diseases, to the age-related macular degeneration (AMD) which is among the most common forms of retinal degeneration.
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Introduction

Neurodegeneration describes pathological processes leading to the malfunctioning and destruction of nerve cells. With life expectancies steadily increasing, neurodegenerative diseases are a growing concern for public health (Deuschl et al., 2020). While some of the most frequent diseases concerning the brain are Alzheimer’s (AD) and Parkinson disease (PD), also retinal-related degenerative diseases such as the age-related macular degeneration (AMD) are increasingly prevalent (Checkoway et al., 2011; Li et al., 2020). The retina is an anatomical extension of the brain where certain parallels can be drawn since it is as well derived from the neuroectoderm and part of the central nervous system (CNS). Therefore, neurodegenerative diseases of the brain and the retina share characteristic damages to nerve tissue, which causes a significant loss in the self-reliance and quality of life for patients. As the diseases progress, patients can lose important functions of the nervous system or in the case of the retina, their eyesight. Although the causes of neurodegenerative diseases in general are multifactorial, some diseases are known to have a strong hereditary component (Armstrong, 2020). For instance, the early onset familial Alzheimer’s disease (EOFAD) represents a subgroup of AD, whereby mutations in certain loci promote pathogenetic pathways leading to an early onset, additional neurological symptoms as well as a more severe course of disease (Wu et al., 2012). To date, the therapeutic possibilities in neurodegenerative diseases are insufficient. While PD is often progressive during treatment, the symptoms of diseases like AD can only be slightly alleviated by therapy and some forms of AMD even offer no medical therapy option at all. The therapeutic challenge results from different circumstances like pharmacokinetic problems related to the blood brain- and blood retinal-barrier, as well as diverse disease trigger factors and the poorly understood complexity of the pathogeneses (Modi et al., 2010; Duraes et al., 2018). The goal for all neurodegenerative diseases is to find novel therapeutical approaches that can prevent or decelerate the progression of these conditions. Understanding the underlying molecular and pathological mechanisms is essential for the development of such treatments. The tumor suppressor protein p53 has been shown to constitute a key point in the emergence of carcinosis (Lane, 1994). Lately, p53 has also been linked to the pathogenesis of non-cancerous diseases, which is why this review focuses on the influence of p53 in the pathogenesis of neurodegenerative diseases (Szybinska and Lesniak, 2017). Thus, in the following, the function of p53 in AD, PD and AMD is outlined and a comprehensive overview of the current state of research is offered.



The tumor suppressor protein p53

p53 was first discovered in 1979 and was named after its molecular mass of 53 kilodaltons (kDa) (Levine and Oren, 2009; Soussi, 2010). p53 acts as a transcriptional factor and is composed of the N-terminal Domain (NTD), the folded DNA-binding Domain (DBD) and tetramerization Domain (TD), as well as the regulatory Domain (RD), all together contributing to its functioning (Ho et al., 2006). The NTD thereby interacts with and activates enzymes of the transcription machinery. The DBD facilitates the process of DNA binding, together with the TD which is responsible for the tetrameric quaternary structure formation of p53 (Chene, 2001). The RD further stabilizes the tetrameric formation and is involved in the regulation of other proteins, whereby not all functions are completely resolved yet (Ho et al., 2006; Romer et al., 2006; Retzlaff et al., 2013). The correct conformation of p53 is crucial. Therefore, changes in the confirmation can lead to structural aberrations and possibly p53-unfolding accompanied by alterations of its functioning. Besides different conformational states, 12 different p53 protein-isoforms exist, which originate from alternative processes of splicing, initiation of translation or promoter activation (Khoury and Bourdon, 2011).

In more than 50% of all human cancer diseases, p53 is found to be mutated, which points out its importance in the prevention of tumor genesis (Joerger and Fersht, 2008). Besides that, ongoing research has discovered its relevance for the regulation of numerous processes in the cell. In response to cellular damages, post-translational-modifications (PTM) of p53 take place, which lead to a decreased binding affinity to the inhibitory MDM2 protein as well as an increased target gene expression. In the case of mild stress, p53 activates pathways resulting in cell cycle arrest and DNA-repair mechanisms, whereas following irreparable damages, apoptosis or senescence is initiated (Figure 1; Kastenhuber and Lowe, 2017). Senescence has been linked to both physiological and pathological conditions, the latter including ageing, cancer, and other age-related disorders (Munoz-Espin and Serrano, 2014). Furthermore, it has also been shown that p53 and the levels of its downstream targets are tissue specific (Burns et al., 2001; Tanikawa et al., 2017). Through different alterations such as mutations or following excessive amounts of oxidative stress, p53 mediated responses can also lead to the emergence of diseases.
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FIGURE 1
Overview of p53-activation, target gene induction and its corresponding functioning. Active oncogenes or the accumulation of cellular damages and stressors lead to the phosphorylation, acetylation, ubiquitation or sumoylation of p53 via the activation of kinases and transcriptional factors. Following its activation, p53 binds to its corresponding DNA-promoter-regions, through which cell cycle arrest, DNA repair mechanisms, apoptosis, senescence, anti-angiogenic, autophagic or antioxidant metabolism mechanisms are induced. The corresponding target genes are listed below the according function. The “*” marked genes represent neurodegenerative p53-influenced downstream targets, discussed in this review (Created with BioRender.com).




p53 activation and target gene induction

To prevent possible toxic consequences under normal conditions, the basal concentration of p53 is low and regulated by the negative feedback loop of the ubiquitin ligase MDM2, which is the cellular antagonist of p53 and contributes to the critical step in mediating p53 degradation by nuclear and cytoplasmic proteasomes (Moll and Petrenko, 2003). The activation of oncogenes like the Ras oncogene as well as the accumulation of cell and DNA damages, which further lead to the induction of different kinases and transcriptional factors like P300/CB or PCAF, initiate modifications of p53 via phosphorylation and acetylation (Steegenga et al., 1996; Prives and Manley, 2001; Reed and Quelle, 2014). These changes lead to an increase in the DNA-binding capacity, through its DBD, as well as a reduced binding of MDM2 (Shieh et al., 1997; Kastenhuber and Lowe, 2017). Furthermore, the half-life value as well as its transcriptional activity can also be influenced by other chemical reactions like ubiquitation or sumoylation, which thereby lead to modifications of certain lysine residues in the TD and RD (Romer et al., 2006). The two reactions are again in response to cellular stress and are facilitated by the ubiquitination-proteasome system as well as proteins of the small ubiquitin-like modifier family (SUMO) (Seeler and Dejean, 2003; Li et al., 2022). Besides the four named PTMs, numerous other protein modifications exist which again lead to changes of p53-functioning (Clark et al., 2022).

Once p53 is activated, it binds via its DBD to the consecutive DNA-Promotor sequences of its target genes. Through the binding of one DBD dimer, consisting of two DBD monomers, the tetrameric p53-DNA-complex is formed (Romer et al., 2006). Depending on which promoter sequence p53 has bound to, different downstream genes are expressed. Thereby again, depending on various factors, the p53 mediated signal-transduction can either lead to the survival of the cell via cell cycle arrest and consecutive DNA repair mechanisms, the permanent cell cycle arrest via senescence or the lethal cell death via apoptosis (Mijit et al., 2020). Besides these functions, p53 can also induce anti-angiogenic, autophagic or antioxidant metabolism processes (Figure 1; Shu et al., 2007; Riley et al., 2008). Additional functions of p53 are also investigated, such as an influence in cell fate determination, as well as an impact in the regulation of the necrotic cell death (Crighton et al., 2006; Rozan and El-Deiry, 2007; Ying and Padanilam, 2016). Due to the large size of the protein, it is likely that even more unknown functions are also regulated by p53.



p53-mediated apoptosis regulation

The most common p53-mediated apoptosis mechanisms are the intrinsic and the extrinsic apoptosis pathway which are mainly responsible for cell death in mammalian cells (Wang et al., 2015; Aubrey et al., 2018). In the intrinsic pathway, increased levels of p53 lead to the upregulation of the pro-apoptotic BH3-only proteins and the inhibition of anti-apoptotic proteins of the BCL-2-family. This causes increased BAX and BAK levels and further initiates the mitochondrial membrane permeabilization, Apoptosome formation and Caspase activation as part of the mitochondrial apoptotic pathway (Aubrey et al., 2018; Xu et al., 2019).

In regards to the extrinsic pathway, the activation of p53 can induce an upregulation of the death receptor density in the cell membrane (Carneiro and El-Deiry, 2020). The binding of certain ligands on these receptors, like the Fas-ligand, marks the induction of the extrinsic apoptosis pathway. Both pathways eventually lead to the activation of Caspases 3 and 7, initiating irreversible cell death. Moreover, the BH3 interacting domain death agonist (BID) is a protein that connects the extrinsic to the intrinsic apoptosis pathway which demonstrates that interferences between the two pathways can also occur (Aubrey et al., 2018; Figure 2).
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FIGURE 2
Overview on the intrinsic and extrinsic apoptosis pathway. As part of the intrinsic pathway, the activation of p53 leads to the increased expression of the BH3-only proteins, which is followed by BAX and BAK. Simultaneously the BH3-only proteins also inhibit the anti-apoptotic proteins BCL-2, BCL-X, and MCL1. This then leads to the permeabilization of the outer mitochondrial membrane (MOMP) of the mitochondria with the consequence of cytochrome c release, apoptosome formation and caspase 9-activation. Contrary, the same anti-apoptotic proteins BCL-2, BCL-X and MCL1 inhibit the BH3-only proteins under physiological conditions in order to prevent apoptosis induction. In the extrinsic pathway, p53 can upregulate so called “death receptors” in the cell membrane. Following the binding of the respective ligand, the death signal is triggered and transmitted into the cell. This then leads to the activation of caspase 8 and 10. Both pathways finally lead to the induction of caspases 3 and 7, through which the apoptosis is irreversible induced. In addition, the extrinsic and intrinsic apoptosis pathways are also connected by the BH3 interacting domain death agonist (BID), allowing a secondary activation of the intrinsic pathway (Created with BioRender.com).




p53 and neurodegeneration

In general, symptoms of brain-related neurodegenerative disease, like AD or PD, emerge through the decline of neuronal cells. Elevated levels of p53, cohering with neurodegeneration, have previously been observed, implying a key role of p53 in the pathogeneses of brain-related neurodegeneration (Chang et al., 2012). As a response to specific events such as DNA damage, metabolic compromises or increased oxidative stress, p53 can trigger apoptosis in neuronal cells. Thereby, depending on its stimulus, p53 induces the cell death either through the induction of the classical extrinsic and intrinsic apoptosis pathway, or through a synapses-specific cell death mechanism, whereby the apoptosis is directly triggered at the mitochondrial level, without an upstream transcriptional activity (Culmsee and Mattson, 2005).



Influence of p53 on Alzheimer’s disease

Alzheimer’s disease is a progressive disease affecting the cortex cerebri and hippocampus and is leading to neuronal cell loss and cerebral atrophy. As the disease progresses, cognitive impairments such as dementia, behavioral changes and disorientation symptoms occur. The pathogenesis of the accompanying neurodegeneration has been extensively studied and is associated with several events leading to β-amyloid (Aβ) plaque formation and deposition, as well as the accumulation of hyperphosphorylated Tau (p-tau) and further neurofibrillary tangle formation (Figure 3; Chang et al., 2012; Dos Santos Picanco et al., 2018).
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FIGURE 3
Neuropathological features of Parkinson’s disease (PD) and Alzheimer’s disease (AD). The two diseases exhibit similar neuropathological features. (A) The emergence of abnormal protein depositions can thereby be observed during the initial phases of both diseases. In regard to AD, β-amyloid plaques and Tau protein accumulations can be found, whereas in PD α-synuclein aggregates. (B) The abnormal accumulation then leads to the induction of apoptosis and the decline of the according neuronal cells. Regarding AD, primarily neurons in the area of the cortex and the hippocampus are affected. In PD, mainly dopaminergic neurons in the substantia nigra are affected (C) Alongside the progressive neuronal cell decline, neuroinflammation and the disruption of the blood-brain barrier can be observed, which is accompanied by their pathognomonic symptoms (Created with BioRender.com).


As investigated in multiple studies, patients affected by AD exhibit elevated levels of p53 in several sections of their brain (de la Monte et al., 1997; Kitamura et al., 1997; Szybinska and Lesniak, 2017). One of the assumed factors leading to a p53-dependent apoptosis induction in neuronal cells is the accumulation of Aβ (Troy et al., 2000). In presence of Aβ, increased levels of the pro-apoptotic BAX, as well as decreased levels of anti-apoptotic BCL-2 proteins have been observed in vitro, as well as in post mortem brain analysis of AD affected patients (Paradis et al., 1996; Su et al., 1997; Chang et al., 2012). Moreover, a link between Aβ and an increase in the p53 upregulated modulator apoptosis protein (PUMA), which is another BH3-only protein that inhibits anti-apoptotic BCL-2 proteins, has been observed (Feng et al., 2015). Fogarty et al. detected that the treatment of cortical neurons with Aβ leads to the phosphorylation of p53 at serine 15, which is a well-known PTM of p53, leading to its activation and an increased transcriptional activity (Fogarty et al., 2010; Loughery et al., 2014). In the same study, an alternative cell death mechanism, operated by the process of lysosomal membrane permeabilization was observed. Thereby, the association of phosphorylated p53 with the lysosomal membrane leads to changes in its integrity and further the leakage of hydrolases into the cytosol. Subsequently, cell death is initiated, either through direct cell death, via the digestion of vital proteins, or indirectly via a caspase cascade (Boya and Kroemer, 2008; Fogarty et al., 2010).

Another nouveau theory about the role of p53 in AD pathogenesis is about the unfolded p53 modification. Uberti et al. (2002, 2008) discovered conformational changes of p53 in fibroblasts of AD affected patients (Abate et al., 2020). The thereby observed and later named “unfolded p53” protein comprises structural aberrations which can be induced through various influences. In the review of Clark et al., different factors, like reactive oxygen species (ROS), reactive nitrogen species (RNS), Aβ-amyloid or metallothionein are listed which lead to the unfolded p53 modification in context of AD pathogenesis (Clark et al., 2022). Since under its normal composition, p53 controls many processes in the cell in order to avoid cellular damages, the emergence of unfolded p53 subsequently initiates abnormal regulations like the inhibition of the SOD and GAP-43 pathway or the promotion of the CD44 and mTOR pathway, overall leading to neuronal dysfunction and the promotion of neurodegeneration (Abate et al., 2020).

One more recent finding in AD pathogenesis is the formation of p53 oligomers and fibrils followed by its colocalization with the Tau protein, which was shown in AD affected brains (Farmer et al., 2020). It is assumed that these aggregative changes of p53 lead to an endogenous p53 seeding in neurons. Furthermore, a subsequently altered p53 function, referable to the mislocalization of phosphorylated p53 outside of the nucleus is thereby also hypothesized, to be responsible for the progressive neurodegeneration in AD pathogenesis (Farmer et al., 2020).



Influence of p53 on Parkinson’s disease

The loss of dopamine secreting neurons, as well as the accumulation of Lewy bodies, which constitute of misfolded α-synuclein, are the main events characterizing the pathogenesis of PD (Figure 3; Balestrino and Schapira, 2020). Patients affected by the disease experience hyperkinesia, which is accompanied with akinesis, rigor, tremor, as well as postural instability. In the further course of the disease, it can also lead to cognitive impairments and dementia (Beitz, 2014).

Different cellular stress factors such as mitochondrial dysfunction, oxidative stress or an abnormal protein aggregation have been associated with the pathogenesis of PD (Naoi and Maruyama, 1999; Luo et al., 2022). Since p53-induced cell death occurs also in response to cellular stress and p53 is able to induce cell death in dopaminergic neurons, it thus seem likely that it is involved in the pathogenesis of PD (Shu et al., 2007; Lu et al., 2017). Mogi et al. observed elevated levels of p53 as well as an increase of apoptosis-related proteins like BAX in examined parkinsonian brains (Mogi et al., 2007; Liu et al., 2019). Furthermore, phosphorylated p53 modifications have also been detected in tissue of the substantia nigra in PD affected patients (Martire et al., 2015). Research on proteins of the BCL-2 family suggest a central role in the embryological development of dopaminergic neurons as well as its loss in disease like PD. Thereby, as part of the embryological related cell death, apoptotic processes such as the caspase 3 induced DNA fragmentation, were observed in mice-models (Jackson-Lewis et al., 2000). Additionally, the overexpression of anti-apoptotic BCL-2 proteins preserves dopaminergic neurons from toxin-induced apoptosis and leads to an increased number of dopaminergic cells postnatally (Jackson-Lewis et al., 2000; Liu et al., 2019).

Unfolded p53 protein has not been observed in PD affected patients (Abate et al., 2020). Nevertheless, a different modification of p53 has been detected in the pathogenesis of PD: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) induces the cell death of dopaminergic neurons in the substantia nigra of mice which has ever since been used as model for the investigation of PD pathogenesis (Nicotra and Parvez, 2002). Mandir et al. (2002) observed that following the MPTP treatment, p53 was poly(ADP-ribosy)lated by the Poly(ADP-ribose)-Polymerase 1 (PARP). These changes thereby lead to the stabilization of p53 as well as an increase in its levels (Martire et al., 2015). During the initial phase of extensive p53-ribosylation, it was further observed that the DNA binding of p53 was inhibited. Therefore, only after the following deribosylation of p53, the binding of the according DNA target gene regions is enabled again, which finally leads to the apoptosis-induction of dopaminergic neurons (Mandir et al., 2002).



Influence of p53 in the age-related macular degeneration

AMD is a degenerative, progressive disease leading to photoreceptor degeneration in the area of the macula lutea and constitutes the leading cause for vision loss in elderly people from industrialized countries (Loss et al., 2018). In the development of AMD, there is a causal relationship between oxidative stress and the pathogenesis of the disease (Yildirim et al., 2011; Schnichels et al., 2021). In early disease stages, lipid deposits also called lipofuscin and drusen accumulate in the area of Bruch’s membrane and RPE cells (Figure 4; Bowes Rickman et al., 2013). Subsequently, the accumulation leads to the functional impairment of RPE cells and thus their cell death (Mitchell et al., 2018). One of the main functions of RPE cells is the support of photoreceptor cells, hence its loss secondarily leads to photoreceptor degeneration, which is accompanied by vision impairment (Strauss, 2005; Mitchell et al., 2018). While patients affected by early forms of AMD, are mostly asymptomatic or experience slight visual function impairments reading in the dark, advanced disease stages can lead to severe vision loss (McLeod et al., 2009; Bowes Rickman et al., 2013). The later stages of AMD can further be sub-classified into the “dry” and the “wet” form. Whereas dry AMD is also referred to as atrophic AMD and accounts for 90% of all cases of AMD, the wet form is associated with neovascularization processes and coheres with rapid vision loss (Bowes Rickman et al., 2013; Akyol and Lotery, 2020). Since the RPE cell loss and consequent photoreceptor degeneration are the crucial hallmarks of AMD pathogenesis, the cell death of both cell types has been extensively investigated.
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FIGURE 4
Pathological hallmarks of AMD pathogenesis. (A) As a consequence of genetic predispositions, environmental factors, as well as aging, oxidative stress accumulates. (B,C) Lipofuscin, which is composed of lipid- and protein residues, forms under increased oxidative stress levels and further accumulates in RPE cells. Alongside the lipofuscin, Drusen depositions, consisting of extracellular material, form in the area of Bruch’s membrane. (D) Through the progredient accumulation of these depositions, the RPE cell death is subsequently triggered. (E) Secondary this then leads to photoreceptor degeneration and occurrence of visual impairments (Created with BioRender.com).


The expression of p53 in various ocular tissues, including multiple retinal layers in transgenic mice and rats, have previously been observed suggesting an overall function of p53 in the eye (Shin et al., 1999; Vuong et al., 2012). p53 is associated with retinal responses to radiation and oxidative stress. Miller et al. investigated photoreceptor cell death mechanisms by treating cells of the 661W-photoreceptor cell line with the oxidative stressor CI-1010. Elevated levels of the p53-induced caspases 3 and 8 were thereby detected without an increase of cytochrome c, suggesting a p53 dependent, non-mitochondrial cell death mechanism in photoreceptors (Miller et al., 2006). Contrary, in vivo studies from Lansel et al. and Marti et al. documented increased apoptosis induction in mice from extensive light exposure, independent of a p53 prevalence. In both studies, p53-wild-type mice and p53 null-mice were treated with bright light exposure treatments, following electroretinogram (ERG) and morphological analyses. Subsequently after the exposure, both mice types showed similar ERG-, as well as histochemical- and biochemical- results, suggesting that the light induced apoptosis in photoreceptors is not p53-dependent (Lansel et al., 1998; Marti et al., 1998; Vuong et al., 2012). However, increased p53-dependent apoptosis rates were observed in bright light exposed human ARPE-19 cells. The apoptosis rate was further only increased under the premise that components of the RPE lipofuscin pigment were present, which again is a concomitant factor in AMD pathogeneses (Westlund et al., 2009; Vuong et al., 2012). Furthermore, Bhattacharya et al. observed an increased basal rate of the p53-dependent apoptosis in aged human RPE cells, which could be contiguous with the progressive cell death in AMD pathogenesis. The increased p53 activity was attributed to the acetylation and phosphorylation of p53, which again leads to the loss of the negative feedback loop function of MDM2 (Bhattacharya et al., 2012). As mentioned earlier, these two modifications of p53 constitute two of the most common PTMs increasing the p53 activity levels (Aubrey et al., 2018). In conjunction with the increased p53 activity, a reduction of the anti-apoptotic BCL-2 proteins was thereby measured as well, supporting the thesis of a p53 dependent cell death (Bhattacharya et al., 2012).



Discussion

Alzheimer’s disease is the most common form of dementia and has many parallels with the pathogenesis of AMD. Thereby, both diseases primarily have an onset in elderly people and exhibit similar pathogenetic risk factors, such as smoking tobacco, hypertension or hypercholesterolemia (Armstrong, 2019; Heesterbeek et al., 2020). The cardinal features of AD include the extracellular accumulation of Aβ as well as the intracellular deposition of p-tau. Neuroinflammation and brain iron dyshomeostasis accompany Aβ and p-tau depositions and together lead to progressive neuronal cell death and dementia. In AMD patients, inflammatory processes as well as the accumulation of Aβ in drusen has also been observed, suggesting an overlapping pathology (Anderson et al., 2004). On the other hand, the pathogenesis of PD also shares several similarities with AMD. For both diseases, an increased incidence in elderly people, inflammatory processes and oxidative stress seem to play a major role (Chen et al., 2021). In a study that was conducted by Choi et al., the association of AMD with AD and PD was investigated. They show that patients affected by AMD exhibit an increased risk for also developing AD or PD, providing evidence for a linkage between retinal- and brain-related neurodegenerative diseases (Choi et al., 2020).

The before mentioned findings on p53 in AD, PD and AMD strongly suggest that the protein is critical for the pathogeneses of the three diseases (Figure 5). Whereas to date, the exact role of p53 in AMD pathogenesis is still unclear, much more is known about its pathogenesis in AD and PD.


[image: image]

FIGURE 5
Overview over the role of p53 in Alzheimer’s disease (AD), Parkinson’s disease (PD) and the age-related macular degeneration (AMD). (A) In AD, different pathogenic factors like e.g., reactive oxygen species (ROS) and reactive nitrogen species (RNS), Aβ or p-tau, promotes the formation of unfolded p53, phosphorlyated-p53 (p-p53) as well as the colocalization of the tau protein and p-p53. Through these changes, the apoptosis of neurons is induced. (B) In AMD, the lipofuscin accumulation and drusen formation as well as oxidative stressors like e.g., the blue light induced ROS formation, initiate phosphorylated and acetylated p53, which further leads to the cell death of RPE cells. (C) In PD, mitochondrial dysfunction, ROS production and the accumulation of pathogenic proteins like α-synuclein and Lewy-bodies influence p53. Together with PARP-1 these factors promote the ribosylation and phosphorylation of p53, which is responsible for the cell death of dopaminergic neurons.


In AD and PD, the direct observation of elevated p53 levels, together with the increase in pro-apoptotic BCL-2 proteins are coherent with the occurring cell death. Vice versa, increased protein levels of anti-apoptotic BCL-2 proteins seem to promote survival of the cells, which again supports the thesis of a p53-dependency. In summary, it seems likely that in AD and PD the mitochondria-dependent apoptosis is one of the assumed forms of cell death, leading to neurodegeneration. Yet, it is to expect that cell death is also initiated through further p53-dependent and independent mechanisms, like the previously described p53 dependent lysosomal membrane permeabilization (Fogarty et al., 2010). Furthermore, different PTMs have been observed for both diseases (Figure 5). The observation of unfolded p53, which is initiated by a variety of factors was only observed in AD patients, suggesting that the according structural changes are AD-specific (Abate et al., 2020). Otherwise, PARP-1 appears to be one of the main factors in PD, being responsible for p53-ribosylation and altering its functioning in the context of PD. One similar observation was the detection of phosphorylated p53, which was observed in both pathogeneses.

In the pathogenesis of AMD, the previously described in vivo and in vitro studies by Lansel et al. (1998); Marti et al. (1998); Miller et al. (2006) analyzing the associated photoreceptor degeneration, show contradictory results concerning the role of a p53-related photoreceptor cell death. One reason for the opposing results could be related to the fact that in the compared studies different cellular stressors were used, with the possibility of not every stressor leading to a p53-dependent apoptosis. Another cause could be the 661W cone photoreceptor cell line, which was used by Miller et al. and does not represent the actual in vivo situation (Miller et al., 2006). In terms of the RPE cell death findings, a p53-dependent cell death seems more likely. The described study by Bhattacharya et al., evidencing an increase in the p53 dependent apoptosis in human RPE cells, outlines a first indication of a p53-dependent cell death (Bhattacharya et al., 2012). Therefore, it is possible that in the AMD pathogenesis only the RPE cell death is p53 dependent. As with AD and PD, phosphorylated-p53 levels were found, whereas besides acetylated-p53, which constitutes a similar p53 modification, other PTMs have not yet been identified in AMD pathogenesis (Figure 5).

Nevertheless, the overall current state of research about the p53 dependent neurodegeneration of the retina is insufficient and further research needs to be done. For instance, the less investigated Müller cells, which have been shown to be essential for the survival of photoreceptors as well, potentially also undergo a p53-dependent apoptosis and could strengthen the link of a p53-dependent AMD pathogenesis (Dubois-Dauphin et al., 2000). If this link is further validated, new therapeutic treatment approaches could benefit from such findings. For example, a novel therapy approach could be the modulation of the p53-related pro- and anti-apoptotic BCL-2 family proteins, which is already investigated in the treatment of cancerous diseases (Thomas et al., 2013; Perini et al., 2018; Wei et al., 2020). A similar projection for the future treatment of neurodegenerative diseases has previously been described by Shacka and Roth (2005).



Conclusion

Even though p53 was discovered over 40 years ago, research about its functioning is conducted to this day. With the ongoing exploration and the growing number of p53-disease-associations outside of cancerous affections, the protein p53 is more important than ever. Altogether, the current literature strongly suggests connections between brain and retinal related neurodegenerative diseases. Besides the occurrence of the phosphorylated p53 modification, which has been detected in all three diseases, further specific modifications in AD and PD have been observed. Especially the unfolded p53 was thereby specific to AD and could potentially function as a biomarker in the future. In contrast, less is known about the role of p53 in the pathogenesis of AMD, with the current findings suggesting only a p53 dependent cell death in RPE cells and not in photoreceptor cells. More research is needed to further proof a function of p53 in the pathogenesis of AMD.
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The brain and the retina share many physiological similarities, which allows the retina to serve as a model of CNS disease and disorder. In instances of trauma, the eye can even indicate damage to the brain via abnormalities observed such as irregularities in pupillary reflexes in suspected traumatic brain injury (TBI) patients. Elevation of reactive oxygen species (ROS) has been observed in neurodegenerative disorders and in both traumatic optic neuropathy (TON) and in TBI. In a healthy system, ROS play a pivotal role in cellular communication, but in neurodegenerative diseases and post-trauma instances, ROS elevation can exacerbate neurodegeneration in both the brain and the retina. Increased ROS can overwhelm the inherent antioxidant systems which are regulated via mitochondrial processes. The overabundance of ROS can lead to protein, DNA, and other forms of cellular damage which ultimately result in apoptosis. Even though elevated ROS have been observed to be a major cause in the neurodegeneration observed after TON and TBI, many antioxidants therapeutic strategies fail. In order to understand why these therapeutic approaches fail further research into the direct injury cascades must be conducted. Additional therapeutic approaches such as therapeutics capable of anti-inflammatory properties and suppression of other neurodegenerative processes may be needed for the treatment of TON, TBI, and neurodegenerative diseases.
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1. Introduction

The eye and the brain are closely connected and thus share many similarities. Many researchers have focused on studying ocular phenomena via examination of the retina since the eye is much more accessible and yet shares many of the same physiological, anatomical, and developmental characteristics as the brain (Cheung et al., 2017; Bernardo-Colón et al., 2018). The eye allows for close observation of the central nervous system (CNS) as both the neurons and blood vessels can be directly monitored (Nguyen et al., 2021). As Ptito et al. (2021) state, “no other part of the central nervous system is amenable to direct observation” (2021, p. 7). This unique relationship between the eye and the brain allows the eye to serve as a model for CNS disease. Also, many neurodegenerative diseases such as Alzheimer’s Disease (AD), Parkinson’s Disease (PD), and Multiple Sclerosis (MS) present with changes in ocular physiology (Blanks et al., 1989; Archibald et al., 2009; Green et al., 2010; Lee et al., 2020; Nguyen et al., 2021). The eye is often referred to as an extension of the brain, and this can be exemplified through the optic nerve developmental process. By examining how the retina develops one can see how interlinked the brain and the retina are. Figure 1 depicts the retinal layers with the RGC axons joining to form the optic nerve. During development, the retinal ganglion cell (RGC) axons begin to extend through the optic nerve and toward the brain (Nickells, 1996). Once the RGC axons reach the brain they then form synaptic connections with their respective target sites before uptaking brain-derived neurotrophic factor (BDNF), which is produced by neuronal cells (Nickells, 1996; Brooks et al., 1999). Before this point, developing RGCs did not need BDNF to survive, but once the first synaptic connection is made between the brain and the retina, BDNF is transported to the retina (Nickells, 1996; Brooks et al., 1999). From this developmental point onward RGCs will need BDNF in order to survive (Nickells, 1996; Brooks et al., 1999). The brain and retina also share high concentrations of the same forms of neurotransmitters, such as glutamate (Nickells, 1996; Wu and Maple, 1998). Both the brain and retina have high physiological energy requirements, which require many mitochondria in order to produce the necessary energy requirements (Rango and Bresolin, 2018; Eells, 2019; Singh et al., 2019; Nascimento-dos-Santos et al., 2020). As well as providing energy, mitochondria also help to regulate other essential cellular functions such as apoptosis, reactive oxygen species (ROS) production, antioxidant regulation via the mitochondrial thioredoxin system, intracellular calcium regulation, and many other roles (Forred et al., 2017; Angelova and Abramov, 2018; Robicsek et al., 2018). Mitochondria serve a crucial role in maintaining homeostatic conditions in cells, and thus, when they function irregularly, disastrous consequences arise. Dysfunctions in mitochondria have been linked to several neurodegenerative diseases in both the brain and the retina, which can lead to over production of ROS (Angelova and Abramov, 2018; Singh et al., 2019; Nascimento-dos-Santos et al., 2020).


[image: image]

FIGURE 1
The retinal layers. The path of light as it travels through the retina to the photoreceptors is indicated. The retinal ganglion cell axons combine to form the optic nerve.


The means in which trauma presents to the brain can also be translated to the eye. Traumatic brain injury (TBI) develops after direct or indirect trauma to the brain and can present as changes in consciousness, impaired cognitive ability, memory deficits, changes in vision, and even death (Rodgers et al., 2012; Mohan et al., 2013; Ohta et al., 2013; Brooks et al., 2014; Rubiano et al., 2015; Galgano et al., 2017; Gupta et al., 2019). Traumatic optic neuropathy (TON) is an irreversible vision-loss condition that is often developed after TBI (Sarkies, 2004; Sherwood et al., 2014). Similar to TBI, TON can develop after either direct or indirect injury. Direct TON (dTON) develops when the optic nerve is directly impacted (e.g., optic nerve crush or severing), while indirect TON (iTON) develops as a result of blunt force injury and the neuroinflammatory process that arises afterward (Sarkies, 2004; DeJulius et al., 2021).

The eye can be used to glean information about the brain. For example, the eye has been used screen for potential TBIs by medical professionals for years through the observation of pupillary reflexes (Adoni and McNett, 2007). One of the first tests done to a suspected TBI patient is to shine a light into their eyes and note if there are any abnormalities in the way their pupils respond to the light. An abnormal pupillary response is linked to TBI (Adoni and McNett, 2007).

The brain and retina also share a similar mechanism in order to protect themselves known as the blood-brain and blood-retina barrier (BBB and BRB) (Streit et al., 2004; Bond and Rex, 2014). As such, these barriers keep unwanted cells and other pathogens out of the CNS, but if these barriers are disrupted, as is the case in injury, then immune cells can migrate into both the brain and retina (Streit et al., 2004; Bond and Rex, 2014; DeJulius et al., 2021). Macroglia, such as astrocytes, are important glial cells responsible for maintenance of the BBB (Cabezas et al., 2014). The mature brain and retina both contain astrocytes and microglial cells (Kolb, 2001; Purves et al., 2001). One form of macroglia that is unique to the brain is the oligodendrocytes, which serve to build myelin around certain axons (Purves et al., 2001). The retina also has a unique macroglia, which is known as the Müller glia and is depicted in Figure 1 (Kolb, 2001). The Müller glial cells are the main glial cell of the retina and help to maintain homeostasis while providing environmental protection (Kolb, 2001).

The damage mechanisms in TBI and traumatic optic neuropathy (TON) are not fully understood; however, it is known that their neuroinflammatory processes tend to occur secondary to initial injury (Rodgers et al., 2012; Zhou et al., 2021; Priester et al., 2022). It has also been concluded that ROS play a major role in the observed neurodegeneration after TON and TBI (Bernardo-Colón et al., 2018; DeJulius et al., 2021; Priester et al., 2022). The specific pathways in which traumatic injury initiates neurodegeneration and how increased levels of ROS are produced are not fully understood. In addition, the means to treat neurodegeneration after TBI and TON remain elusive with many attempts at antioxidant therapeutics ultimately failing at the clinical level (Angelova and Abramov, 2018; Priester et al., 2022). In order to determine efficacious therapeutics, we must first determine the means in which neurodegeneration progresses after injury.



2. The role of ROS in the healthy brain and retina

Reactive oxygen species are a group of unstable molecules which are produced under normal physiologic conditions through the partial reduction of molecular oxygen (Hsieh et al., 2014; Nita and Grzybowski, 2016; Sies and Jones, 2020; Yang and Lian, 2020). Such molecules include hydroxyl radical (OH), superoxide (O2–), hydrogen peroxide (H2O2), and singlet oxygen (1O2) (Hsieh et al., 2014; Sies and Jones, 2020; Yang and Lian, 2020). Reactive nitrogen species (RNS) also play a role as signaling molecules and in unbalanced systems can result in disease states (Hsieh et al., 2014). Common examples of RNS include nitric oxide (NO), peroxynitrite (OONO–), and nitrogen dioxide (NO2–) (Hsieh et al., 2014). Under normal physiological conditions NO can be produced via shear stress and plays an important role in the regulation of vasculature (Metea and Newman, 2006; Attwell et al., 2010; Mishra and Newman, 2010; Hsieh et al., 2014; Someya et al., 2019). ROS in small concentrations are beneficial and highly necessary for daily functioning in cells (Dröge, 2002) as signaling molecules and are involved in feedback inhibition loops, which help to maintain redox balance within cells (Angelova and Abramov, 2018). In neuronal cells ROS play a vital role in neuronal differentiation through neuronal growth factor (NGF) induced differentiation (Suzukawa et al., 2000). The functionality of ROS as a beneficial signaling agent at low concentrations and damaging oxidative stressor at high concentrations appears to be present systemically, and certainly can be found within the brain and retina. One study investigating diabetic retinopathy concluded that ROS generation in retinal cells is regulated by glucose concentration in a concentration dependent manner (Zhang et al., 2019). Low levels of glucose led to retinal pigment epithelium mitophagy, which could have potentially protective effects, with no impact to cell proliferation or apoptosis, while high levels of glucose inhibited cell proliferation, induced apoptosis, and initiated ROS mediated gene inactivation (Zhang et al., 2019).

Healthy mitochondria play an important role in helping to maintain redox homeostasis balance in cells via the mitochondrial thioredoxin system and are usually protected by this system (Forred et al., 2017; Angelova and Abramov, 2018). The mitochondria is a large producer of ROS as it is a by-product of ATP synthase (Yang and Lian, 2020). Scortegagna et al. (2003) examined the relationship between hypoxia inducible factor-2 alpha (HIF-2α), antioxidant enzymes, and ROS concentrations. Their results suggest ROS regulation in the mitochondria may be partially controlled by HIF-2α (Scortegagna et al., 2003). Other enzymes and antioxidants for downregulation of ROS include vitamins E and C, superoxide dismutase 2 (SOD2), and glutathione peroxidase 1 (GPx1) (Bernardo-Colón et al., 2018; Yang and Lian, 2020). If these antioxidants fail at maintaining homeostatic concentrations of ROS, then deleterious effects can be observed. While the mitochondria is a large producer of ROS, it can also become the target of ROS damage (Angelova and Abramov, 2018). One group observed that an increase in mitochondrial ROS was triggered by excess levels of tumor necrosis factor (TNF) (Roca and Ramakrishnan, 2013). The mitochondria can also experience ROS-induced ROS release (Hiebert et al., 2015). Under normal conditions, the mitochondria can maintain ROS concentrations through the regulation of mitochondrial permeability transition pore (mPTP) openings (Hiebert et al., 2015). However, when ROS levels become too high for the mPTP openings to sufficiently regulate the levels, and the antioxidant enzymes become overwhelmed, the mitochondria can then release a burst of ROS (Hiebert et al., 2015). This excessive release of ROS damages the mitochondria, and potentially neighboring mitochondria, and leads to a decrease in ATP synthesis and increase in apoptotic processes (Hiebert et al., 2015). In a rodent TBI model, it was observed that mitochondrial bioenergetics in the form of respiration are significantly decreased after injury as compared to sham control animals (Pandya et al., 2014). Sullivan et al. (2004) described how the change in ATP production after TBI may arise. They summarize that after TBI calcium levels rise, followed by mitochondrial channel openings increasing to allow an increased flux of calcium into the mitochondrion (Sullivan et al., 2004). This then destabilizes the electron transport chain which is followed by a decrease in ATP production, mitochondrial membrane potential, and increased levels of ROS (Sullivan et al., 2004). During this process, the mitochondria swell, which results in the release of proapoptotic proteins. In summary, when the mitochondria become the site of ROS-induced damage, it fails to function properly, which can cause unwanted affects to the mitochondria’s role of energy production.

Nitric oxide can also be beneficial or detrimental depending on concentration. While low levels of NO are necessary for signaling, higher concentrations can be harmful to neurons (Singh et al., 2019; Mueller-Buehl et al., 2021). In the retina, small concentrations of NO are utilized for light adaptation, visual processing, and amplification of visual responses in various retinal cell types (Vielma et al., 2012; Mueller-Buehl et al., 2021). NO can be produced by peroxisomes as well as other sources and is an indispensable messenger molecule responsible for regulating vascular tone, blood clotting, inflammation, and serving as a cardiovascular protectant (Naseem, 2005). Both the brain and the retina utilize NO signaling pathways to regulate vascular dilation and constriction (Metea and Newman, 2006; Someya et al., 2019). Someya et al. (2019) determined stimulated retinal neuronal cells release NO which then act as an important messenger to activate glial cell secretion of vasodilatory metabolites. Similar to Someya et al. (2019), Attwell et al. (2010) determined active neurons stimulate an increase in blood flow into their locations. They observed this phenomenon, which is termed hyperemia, and observed secreted glutamate triggers NMDA receptors which results in increased flux of calcium into neurons (Attwell et al., 2010). This increase of intracellular calcium then activates neuronal nitric oxide synthase (nNOS), which results in a higher concentration of NO which then leads to vasodilation (Attwell et al., 2010). NO can also regulate vasoconstriction as detailed by Metea and Newman (2006). They observed increased levels of NO resulted in greater vasoconstriction and decreased levels resulted in vasodilation (Metea and Newman, 2006). The authors do note that in general NO is considered a vasodilating agent; however, their results indicated NO promoted vasoconstriction in the retina (Metea and Newman, 2006). Mishra and Newman (2010) also determined that glial cell and light stimulation can induce vasoconstrictions through elevated NO.

Reactive oxygen species found in peroxisomes assist animal cells with the critical function of fatty acid oxidation which allows for metabolic energy release. Peroxisomes also utilize ROS during the synthesis of lipids such as cholesterol (Cooper, 2000). Peroxisomes, originally thought to be merely a sink for excess cellular hydrogen peroxide, are now known to be involved in many complex metabolic pathways and are an essential source of reactive nitrogen species (RNS) including NO. Oversaturation of ROS and RNS can lead to chemical stress, but low concentrations such as those found in healthy peroxisomes are essential for cellular signaling. One study found that peroxisomes can sense and respond to environmental cues from ROS and redox changes and play a key role in maintaining redox homeostasis (Sandalio and Romero-Puertas, 2015). The study demonstrated that signaling pathways involving peroxisomes both sensed ROS change in the environment and responded by manipulating target genes involved in the cellular response to oxidative stress. Peroxisomes were also found to be involved in hormone production (Sandalio and Romero-Puertas, 2015). Another study found that peroxisomes are present and active within the murine retina (Das et al., 2019). Significantly, different retinal cells expressed different levels of peroxisome activity suggesting that peroxisomes may have unique roles within different retinal tissues (Das et al., 2019).

Another organelle which utilizes ROS is the lysosome. Lysosomes are required for cellular digestive processes, waste removal, and molecular scavenging from damaged or outdated cellular matter. Similarly, to the peroxisome, lysosomes are involved in metabolic signaling and require a low concentration of ROS to perform their cellular function (Lim and Zoncu, 2016). High levels of ROS, however, have been shown to inhibit lysosomal activity, reduce lysosomal motility, and prevent lysosomal fusion with target molecules (Saffi et al., 2021). Lysosomes are also active in the retina and assist with regulation of autophagy. Autophagy is known to decrease with age which can result in accumulation of waste or a decrease to cellular organization. This age associated reduction to beneficial autophagy, essentially acting as cellular cleaning, may be linked to development of disease such as age associated macular degeneration (Sinha et al., 2016). Lysosomal activity and autophagy with associated ROS is also linked with synaptic pruning in the brain (Song et al., 2008).

Peroxisomes and lysosomes are present in both the retinal cells and brain cells. In the brain, peroxisomes have been detected in all neural cell types and specifically measured in neurons, oligodendrocytes, astrocytes, microglia, and endothelial cells (Berger et al., 2016). Within the brain peroxisomes appear as single membrane-bound organelles and are smaller than peroxisomes found in other tissues (Berger et al., 2016). Peroxisomes contribute to lipid metabolism, and are membrane associated in neural cells, so healthy peroxisomal function is crucial for proper development and health of myelin sheaths in the brain white matter (Kassmann, 2014). Lysosomes are also found within neurons including pyramidal cell, mitral cell, hippocampal granule, and olfactory bulb neurons (Roberts and Gorenstein, 1987). Lysosomal distribution within the neuron; clustering within the dendrites, axon, or cell body; was shown to fluctuate across the lifespan of an organism as well (Roberts and Gorenstein, 1987; Ferguson, 2019). Lysosomes are present in glial cells and assist with glial functions such as molecular secretion, uptake, and degradation in astrocytes, oligodendrocytes, and microglia (Kreher et al., 2021). Peroxisomes have been detected within every retinal cell layer, although their distribution is not uniform (Das et al., 2019). Lysosomes have been studied within retinal pigmented epithelial cells (Sinha et al., 2016), linked to photoreceptor cell homeostasis (Santo and Conte, 2021), and lysosomal localization in the retinal pigmented epithelia linked to downstream photoreceptor health (el-Hifnawi et al., 1994). Within the retina, lysosomes appear to be most concentrated in the retinal pigmented epithelia, and are found within photoreceptors (Strauss, 2005). Lysosomal function within the retinal pigmented epithelia can have downstream effects on the neuronal retina and photoreceptor cells (Strauss, 2005).

It is evident that ROS are ubiquitous throughout the body and hold critical roles in cellular signaling, metabolism, digestion, organization, and energy economics. ROS are found in the healthy retina and brain carrying out similar functions as they do throughout the body. There also appears to be a nearly universal trend exhibited by ROS in the body in which their effects on cellular function switch from supportive to harmful as ROS concentration increases. These species are necessary in low concentrations for healthy tissue function, but in large doses can induce oxidative stress or damage tissues. The homeostatic balance of ROS is vital to proper cellular function. When focusing on ROS accumulation with age, it may seem at first that elimination of ROS and their damaging properties entirely would be desired. Under further scrutiny, however, it is apparent that the functionality of ROS at low concentrations is conductive to proper cell health.



3. Role of ROS in TBI, TON, and other neurodegenerative diseases


3.1. Traumatic brain injury (TBI)

Traumatic brain injury is one of the leading forms of death as a result of trauma related injury (Rubiano et al., 2015; Priester et al., 2022). About 69 million people worldwide develop a TBI each year with children and young adults making up the majority of cases (Galgano et al., 2017; Dewan et al., 2018; Priester et al., 2022). TBI can result in death, changes in vision, impaired cognitive attention, issues with function, memory deficits, and changes in behavior (Rodgers et al., 2012; Mohan et al., 2013; Ohta et al., 2013; Brooks et al., 2014; Rubiano et al., 2015; Gupta et al., 2019). TBI has two parts: primary and secondary injury (Galgano et al., 2017; Tan et al., 2018; Priester et al., 2022). Primary injury occurs due to direct physical forces impacting the brain (Galgano et al., 2017; Tan et al., 2018; Priester et al., 2022). Secondary injury can occur several minutes to weeks after primary injury and encompasses cortical edema, BBB breakdown, ROS release, calcium imbalances, inflammatory cascades, and other cellular and molecular changes (Galgano et al., 2017; Priester et al., 2022). Post-TBI brains can develop swollen neurons, vacuolar changes, uncentered nuclei, and the loss of both white and gray matter (Sen, 2017; Tan et al., 2018). Tissue degeneration can be tracked through silver staining in brains (Deng et al., 2007). Deng et al. (2007) observed a significantly increased volume of silver staining with a maximal peak occurring at 48 h after injury. They observed the silver staining and subsequent neurodegeneration continued even at 7 days post injury (Deng et al., 2007). This is one example of how secondary TBI can exacerbate neurodegeneration even days after primary injury. After TBI, changes in ocular tissues can be observed as well. Models of TBI have reported changes in retinal nerve fiber layer (RNFL) thickness along with a decrease in oligodendrocyte precursor cells (OPCs) and subsequent reduction in myelination (Gupta et al., 2019). Currently there are no effective neuroprotective pharmaceutical therapeutics (Galgano et al., 2017; Priester et al., 2022).



3.2. Traumatic optic neuropathy (TON)

Eye related injuries encompass ∼2.5 million emergency department visits per year in the US alone, and account for 13% of battlefield injuries (Sherwood et al., 2014). TON is an irreversible vision-threatening complication of blunt force trauma, often affiliated with a TBI (Sarkies, 2004; Sherwood et al., 2014). TON is divided into two main categories: direct and indirect. Direct TON (dTON) occurs when the eye has been penetrated and encompasses injuries such as foreign bodies piercing the optic nerve, or orbital fractures crushing and/or severing the optic nerve (Sarkies, 2004). Indirect TON (iTON) is the more common form; however, it may not be detected as quickly (Sarkies, 2004). iTON is the result of blunt force trauma of the head, or TBI (Sarkies, 2004; DeJulius et al., 2021). About 0.5–5% of closed head TBIs result in TON (Sarkies, 2004). Currently, intervention relies on corticosteroids and/or surgical decompression (Sarkies, 2004). However, both have limited success and more importantly there is a growing concern of utilizing corticosteroids in the presence of TBI (Roberts et al., 2004; Sarkies, 2004; Steinsapir and Goldberg, 2011). In addition, translational animal models remain limited. TON is correlated with a deficit of RGCs and axon degeneration, but the exact disease progression and cell death pathways are not fully understood (Tse et al., 2018; Khan et al., 2021). ROS have been observed to increase while antioxidant enzymes, such as SOD, decrease after injury (Bernardo-Colón et al., 2018). Bernardo-Colón et al. (2018) also observed blast induced TON, caused vacuolization and hyper-myelination in optic nerves. Myelin injury, decreases in retinal nerve fiber layer thickness, and overall changes in retinal thickness have also been noted in TON models (Brooks et al., 2014; Jones et al., 2016; Evanson et al., 2018). It has also been noted that ROS plays a major effect in the degeneration of axons and subsequent vision loss after iTON (Bernardo-Colón et al., 2018; DeJulius et al., 2021).



3.3. ROS and the disease progression in TON and TBI

Like TBI, the vision loss associated with iTON is usually a secondary injury event (Tandon and Maapatra, 2017; Zhou et al., 2021). Li et al. (2020) conducted a study in which they modeled different blunt force head injuries to determine how iTON may be induced. From their study they determined a blunt force impact to the center of the forehead (0°) and a blunt force impact to the right frontal region of the forehead (45°) resulted in injury to the optic nerve via a shearing form of injury (Li et al., 2020). They determined blunt force impact to the head can result in stress wave propagation through the orbital rim to the optic canal (Li et al., 2020). In their model they observed the translation of impact energy propagated along the orbital ceiling to the top rim of the optic canal, which lead to optic canal diameter reduction (Li et al., 2020). This reduction may also play a role in facilitating secondary injury events, especially in the intracanalicular optic nerve as this area normally has limited space, and further reduction mixed with the start of neuroinflammatory responses could facilitate further compression of the optic nerve (Sarkies, 2004; Li et al., 2020). After the primary injury, secondary neurodegeneration occurs as neuroinflammation and ROS species accumulate near the site of injury (Figure 2) (Dröge, 2002; Bond and Rex, 2014). Before injury, the CNS and eye lack systemic macrophages due to their strict BBB/BRB, but they have microglia which act as immune cells and work to maintain the neurological tissue (Dröge, 2002; Bond and Rex, 2014; Tao et al., 2017; Thompson and Tsirka, 2017; McMenamin et al., 2019; DeJulius et al., 2021). After injury, the BBB/BRB can break down and allow for infiltration of peripheral immune cells such as macrophages, neutrophils, and leukocytes (Bond and Rex, 2014; Brooks et al., 2014; Galgano et al., 2017; McMenamin et al., 2019; DeJulius et al., 2021). As a result, ROS levels can become increasingly elevated as activated macrophages and other immune cells release large amounts of ROS when in inflammatory environments (Dröge, 2002). In TON it may be that RGC and axonal degeneration progress due to the breakdown of the BRB and subsequent infiltration of systemic immune cells which then produce large quantities of ROS. Once macrophages infiltrate the damaged CNS, they take on an active microglial morphology and begin to produce pro-inflammatory cytokines alongside the native active microglial cells (Bond and Rex, 2014; DeJulius et al., 2021). Elevated ROS may be too much for the mitochondria to combat via their redox homeostasis system, leading to mitochondrial damage and genetic alterations (Deng et al., 2007; Gupta et al., 2019).


[image: image]

FIGURE 2
The potential flow of injury mechanisms and steps involved after traumatic brain injury (TBI)/traumatic optic neuropathy (TON) which eventually lead to cell death.


Injury may cause mitochondrial dysfunction, which alters the mitochondrial redox homeostasis system, with respect to overproduction of ROS, and alterations of ROS-mediated gene expression (Dröge, 2002; Angelova and Abramov, 2018). When ROS is being overproduced by the mitochondria it can cause lipid peroxidation to start and in turn activate microglia (Angelova and Abramov, 2018). The dysfunction in the mitochondria limits the cells’ ability to combat the rising ROS with natural antioxidants, which then can lead to neurological degeneration and subsequent cell death (Angelova and Abramov, 2018). One study even observed irregularities in the shape of mitochondria after TBI (Tan et al., 2018). In this study, mitochondria in cortical neurons were observed to be swollen and misshaped with alterations and disruptions present in their cristae (Tan et al., 2018). Mueller-Buehl et al. (2021) also observed swollen mitochondria in their H2O2 induced retinal degeneration model. In addition, Tan et al. (2018) also examined endoplasmic reticulum (ER) stress and dysfunction in the context of TBI.

The ER is a large organelle in the cell and is responsible for several key functions including protein synthesis and transport, lipid synthesis, protein folding, steroid synthesis, and calcium storage (Schwarz and Blower, 2016). ER stress occurs when there is an accumulation of unfolded or misfolded proteins and as a result the unfolded protein response (UPR) is initiated to return the ER to normal function (Nakka et al., 2016; Schwarz and Blower, 2016; Tan et al., 2018). Activation of ER stress pathways have been observed to promote the formation of ROS through inducible nitric oxide synthase (iNOS)- dependent and -independent pathways (Hsieh et al., 2007). If function cannot be restored, then cell death and apoptosis occur (Schwarz and Blower, 2016). ER stress has also been observed in neurological cells after TBI (Deng et al., 2007; Logsdon et al., 2014, 2016; Hylin et al., 2018; Tan et al., 2018). Tan et al. (2018, p. 832) noted proteins related to ER stress were activated immediately after TBI and peaked 3 h after the injury. A separate study found ER stress related markers were increased 24 h after blast induced TBI (Logsdon et al., 2014). Similarly, Dash et al. (2015) observed significantly increased levels of eIF2α, a known marker of ER stress, at 24 h after injury in their rodent TBI model. Both Lucke-Wold et al. (2016) and Logsdon et al. (2016) noted an elevation in C/EBP homologous protein (CHOP) expression 24 h after their rodent blast injury model, indicating ER stress was induced. Lucke-Wold et al. (2016) also observed increased levels in human brain samples of patients inflicted with chronic traumatic encephalopathy (CTE), which further promotes ER stress’s role in neurodegeneration after neurotrauma (Lucke-Wold et al., 2016). Interestingly, Hylin et al. (2018) observed an increase in CHOP and binding immunoglobulin protein (BiP), another marker of ER stress, were significantly increased as early as 4 h after TBI in their juvenile rodent TBI model. Tan et al. (2018, p. 833) found that ER were abnormally shaped and swollen in cortical neurons after TBI. This same study observed the apoptotic ER stress pathway was maximally activated 6 h after injury followed by activation of the mitochondrial apoptotic pathway, which occurred 6 h after TBI (Tan et al., 2018). Tan et al. (2018, p. 835) determined that inhibition of ER stress via the ER stress modulator salubrinal (Sal) could stop apoptosis and restore normal function to dysfunctional mitochondria. Logsdon et al. (2014) also investigated administration of Sal for the treatment of TBI and the associated neuropsychiatric symptoms. Logsdon et al. (2014, p. 12) also concluded that ER stress regulation via Sal was capable of reducing apoptosis while also limiting impulse-like behavior in rats afflicted with TBI.

Glial cell activation remains a common factor in secondary neurodegeneration following the initial injury in both TBI and TON (Rodgers et al., 2012; Bond and Rex, 2014; Choi et al., 2014; Tao et al., 2017; Evanson et al., 2018; DeJulius et al., 2021; Hetzer et al., 2021; Zhou et al., 2021; Priester et al., 2022). As previously stated, after injury the BBB/BRB can break down, allowing for systemic macrophages to invade the CNS and take on an active microglial morphology (Bond and Rex, 2014; Brooks et al., 2014; McMenamin et al., 2019; DeJulius et al., 2021). Injury also activates the resting microglia cells, which then activate the neuroinflammatory response (Bond and Rex, 2014; DeJulius et al., 2021; Zhou et al., 2021; Priester et al., 2022). Activated glial cells will release proinflammatory cytokines and phagocytose cells; however, they do this while releasing large amounts of ROS (Dröge, 2002; Bond and Rex, 2014; DeJulius et al., 2021). In an overall healthy environment, this neuroinflammatory response serves to heal tissue, but when the level of ROS begins to outcompete the cells’ ability to produce antioxidants this chain of events can lead to neural degeneration (Bond and Rex, 2014; Priester et al., 2022). One study determined the BBB was disrupted as early as 30 min after blast-induced TBI (Logsdon et al., 2014). They also observed astrocyte activation after an increase in ER stress and subsequent upregulation of UPR (Logsdon et al., 2014). Logsdon et al. (2014, p. 7) noted the activation of astrocytes is characteristic of neuroinflammation and cell death. Studies examining astrocyte activation tend to utilize glial fibrillary acidic protein (GFAP) (Choi et al., 2014; Evanson et al., 2018). GFAP immunoreactivity was increased after TBI in both Choi et al. (2014), Evanson et al. (2018). Interestingly Evanson et al. (2018) observed an increase in size of microglial cells 24 h after injury in the optic track only, but at 24 h after injury they did not observe increased GFAP immunoreactivity (Evanson et al., 2018). This would indicate a shape change in microglia occur prior to increased astrocyte activation. At 7 days post injury the microglial cells were still increased in size, but only in the optic tract, while GFAP immunoreactivity was found to be increased at this timepoint in the optic tract, LGN, and SC (Evanson et al., 2018). A separate study determined GFAP immunoreactivity was increased in both the retina and optic nerve after single and repeated blast overpressure induced trauma (Choi et al., 2014). It may be that glial cell activation plays an important role in the accumulation of ROS and subsequent neurodegeneration observed in both the brain and retina following traumatic injury. The infiltration of systemic macrophages, upon the disruption of the BBB/BRB, in addition to the native CNS activated glial cells may overwhelm the antioxidant systems in place for normal glial cell response (Zhou et al., 2021). This may ultimately lead to neurodegeneration after injury.




4. Current therapeutic approaches

There are many different therapeutic studies being conducted targeting not only antioxidant mechanisms, but also other elements in the injury and neurodegenerative cascade. One such promising therapeutic is tauroursodeoxycholic acid (TUDCA). TUDCA is comprised of taurine, which is a common amino acid in the retina that retinal cells need to uptake for cellular function (Daruich et al., 2019). TUDCA has been shown to have anti-inflammatory, anti-apoptotic, antioxidant, and neuroprotective effects (Elia et al., 2015; Gómez-Vicente et al., 2015; Daruich et al., 2019). TUDCA was observed to promote RGC survival after optic nerve crush in rats and has also been utilized in several studies for the treatment of neurodegenerative disorders such as ALS, PD, AD, and HD (Vang et al., 2014; Elia et al., 2015; Daruich et al., 2019; Kitamura et al., 2019). TUDCA has been observed to reduce ROS, limit microglial cell activation, reduce ER stress, and suppress inflammatory processes (Vang et al., 2014; Gómez-Vicente et al., 2015; Daruich et al., 2019). It has also been reported that TUDCA can preserve the BRB (Daruich et al., 2019).

Another promising therapeutic is ibudilast, which is a cAMP phosphodiesterase (PDE) inhibitor (Cueva Vargas et al., 2016). Ibudilast works to attenuate ROS production by inhibiting phosphodiesterase which in turn increases cAMP levels (Tahvilian et al., 2019). The increase of cAMP suppresses the expression of sigma (σ) receptors, which can be responsible for increasing ROS (Ostenfeld et al., 2005; Tahvilian et al., 2019). In addition, ibudilast reduces glial cell activation and subsequently reduces pro-inflammatory cytokines (Lee et al., 2012; Cueva Vargas et al., 2016). Ibudilast is known to suppress the proinflammatory protein macrophage migration inhibitory factor (MIF), while also increasing the concentration of anti-inflammatory cytokines and neurotrophic factors (Cho et al., 2010; Lee et al., 2012). Like TUDCA, ibudilast has been investigated in neurodegenerative diseases such as MS and ALS (Fox et al., 2018; Oskarsson et al., 2021). Rodgers et al. (2012) examined the connection between post-injury neuroinflammation and post-traumatic anxiety in a TBI rat model. In this study they utilized OX-42 to determine microglia activation and GFAP to determine astrocyte activation (Rodgers et al., 2012). They observed increased labeling for both microglia and astrocytes after injury (Rodgers et al., 2012). Rodgers et al. (2012) utilized ibudilast and determined ibudilast was capable of reducing reactive gliosis while also attenuating anxiety behaviors in post-TBI rats (Rodgers et al., 2012). Based on these studies, ibudilast may be a promising therapeutic toward the reduction of microglial and astrocyte activation and subsequent reduction of ROS production.

Erythropoietin (EPO) is another potential therapeutic that may be able to reduce elevated ROS in neurodegenerative cells (Bond and Rex, 2014). EPO can limit the immune cell response and migration, and thus may be beneficial in attenuating the elevation of ROS and proinflammatory cytokines through this process (Bond and Rex, 2014). EPO has been utilized in a TON model to reduce ROS (DeJulius et al., 2021). In this study, they determined sustained release of EPO via poly(propylene sulfide) (PPS) and poly(lactic-co-glycolic acid) (PLGA) microspheres resulted in neuroprotective properties after iTON (DeJulius et al., 2021). EPO has also been examined for neuroprotective effects in a mouse model of Parkinson’s Disease (Dhanushkodi et al., 2012). In this study they determined EPO may result in increased axonal sprouting and neuroprotective effects in PD (Dhanushkodi et al., 2012).

Researchers have begun analyzing whether attenuation of pro-inflammatory cytokines such as tumor necrosis factor (TNF) can result in neuroprotective effects. TNF concentrations are elevated after traumatic injury and in several neurodegenerative diseases such as AD, MS, and PD (Fontaine et al., 2002). TNF is one of the most important proinflammatory cytokines that is upregulated after TON (Tse et al., 2018). TNF helps to regulate immune cell function and plays a pivotal role in the pathogenesis of almost all neurodegenerative diseases (Tse et al., 2018; Chen et al., 2022). TNF-α has been observed to increase ROS through the activation of cyclin-dependent kinase 5 (Cdk5) (Sandoval et al., 2018). TNF’s ability to increase ROS may be why it is found to play a role in so many neurodegenerative diseases. Fontaine et al. (2002) analyzed whether the upregulation of the molecule TNF was causing the degeneration or whether which TNF receptor the molecule bound to was causing the degeneration. They determined TNF Receptor 2 (TNF-R2) may promote neuroprotection while TNF Receptor 1 (TNF-R1) may promote neurodegeneration (Fontaine et al., 2002). In a healthy environment, the rate of activity between the two receptors should be relatively balanced, but if TNF-R2 were to become overactive then neurodegeneration could occur (Fontaine et al., 2002). Fontaine et al. (2002) tried blocking the TNF molecule itself but observed no significant difference in cell death or survival. When they created a TNF-R2 deficit they observed an increase in retinal cell death via TNF; however, when they created a deficit in TNF-R1 they observed a neuroprotective response from TNF (Fontaine et al., 2002). Since TNF is upregulated in many ocular disorders and neurodegenerative diseases, it may be beneficial to attenuate TNF levels and TNF-R1 activity as a means to promote neuroprotection.

Other researchers have focused on replacing the abnormal mitochondria. As previously explained, mitochondria are a major source of ROS production and a site for ROS damage. In a rodent model one group was able to transfer isolated and normally functioning mitochondria into neuronal schizophrenia cells (Robicsek et al., 2018). The addition of normal mitochondria reduced the neurological deficits associated with schizophrenia in their rodent model (Robicsek et al., 2018). This technique has also been applied to the ocular environment by Nascimento-dos-Santos et al. (2020) in their optic nerve injury model. In this study, liver mitochondria were transplanted into the retina and were successful in regulating the oxidative metabolism of these cells (Nascimento-dos-Santos et al., 2020). They observed successful protection of RGCs and an increase amount of optic nerve axons with the transplanted mitochondria (Nascimento-dos-Santos et al., 2020).



5. Discussion

The brain and retina are uniquely connected, which allows for the ocular environment to serve as a model for CNS degeneration and disease. In addition, traumatic brain injury can often result in disturbances or total loss to the visual system (Sarkies, 2004; DeJulius et al., 2021). Trauma nurses are even tasked with checking a patient’s pupillary reflex when TBI is suspected (Adoni and McNett, 2007). The unique relationship between the retina and the brain allows us to glean neurodegenerative processes in an accessible environment (Cheung et al., 2017; Bernardo-Colón et al., 2018). As described in this paper, much can be learned about the cellular response to traumatic brain injury through examination of the retina after injury. Both TBI and TON experience secondary injury via neuroinflammatory responses that can occur several hours to days after injury. Treatment protocols must be determined to suppress harmful over production of ROS, and up regulation of glial cells, proinflammatory cytokines, and other cellular elements responsible for increased neurodegeneration in the unbalanced system. Current treatment options are limited and have had minimal success. Determination of why these treatments fail will allow researchers to determine not only the maximal therapeutic intervention but will also allow researchers to better understand the disease progression.


5.1. Why might antioxidant treatments fail?

It is clear that ROS plays a pivotal role in neurodegeneration in both the brain and retina. Thus, it would make sense to limit the concentration of ROS via antioxidants for preservation of the neurological system from degeneration. Many have tried this approach, but unfortunately most antioxidant therapeutics tend to fail during clinical trials (Priester et al., 2022). The question then becomes why do antioxidant therapeutics fail if ROS play such a major role in neurodegeneration? Dröge (2002) states that utilizing large concentrations of antioxidants to combat ROS may actually be damaging as the body does need some small concentrations of ROS to continue normal cellular functions and processes. It may be excessive use of antioxidants end up resulting in no change to neurodegeneration because they are over limiting ROS, and the homeostatic balance has shifted in the opposite direction. Grotegut et al. (2020) examined minocycline’s ability to reduce inflammation in a retinal degeneration model. Minocycline acts as a microglial inhibitor, which can lower ROS by suppressing the amount of active microglia (Grotegut et al., 2020). In their study they concluded that the low dose of minocycline resulted in better neuroprotection and suppression of inflammatory and apoptotic processes than the higher dosage (Grotegut et al., 2020). On the other hand, Schnichels et al. (2021) examined cyclosporine A’s ability to protect RGCs after hypoxia. In this study, they did not observe a significant protective effect for RGCs when a 6 μg/mL dosage was utilized (Schnichels et al., 2021). They did observe a significant protective effect when the higher dosage, 9 μg/mL, was utilized (Schnichels et al., 2021). To achieve proper neuroprotection from ROS via antioxidant therapeutics it is necessary to fully understand the degenerative processes occurring during trauma and disease mediated neurodegeneration. The means in which we can treat these disorders depends on the ways ROS interacts with the cellular environment to exacerbate damage. In some instances, it may be necessary to utilize lower doses rather than flood the CNS with antioxidant therapeutics. The means in which each therapeutic acts upon the CNS must also be established in order to determine the dosage required to obtain neuroprotective properties.

Determining the dosage dependent manner of antioxidant therapeutics is only one piece of the puzzle. Neurodegeneration through ROS is multifaceted and includes elements such as BBB/BRB breakdown, infiltration of systemic macrophages, activation of glial cells, mitochondrial dysfunction, and redox imbalance. The struggle of treating neurodegeneration after injury is determining which section of the injury process needs attention. In order to answer this question, it may depend on the timing of therapeutic intervention. Tao et al. (2017) determined ROS elevation started to rise around 30 min after sonication-induced TON. Logsdon et al. (2014) reported BBB breakdown around 30 min after TBI and then increased mRNA stress response genes at 3 h after injury. They also noted DNA damage-inducible protein 34 (GADD34) was upregulated at 24 h after injury with astrocyte activation occurring afterward (Logsdon et al., 2014). Deng et al. (2007) also noted an increase in oxidative stress markers around 30 min after TBI with these levels remaining elevated for 3–6 h before returning to control levels. It may be that in order for antioxidant therapeutics to work, they need to be administered as close to the injury event as possible. If therapeutic intervention is delayed, the ROS elevation event may have already created substantial damage and the body may have moved toward activation of other cellular cascades that result in further neurodegeneration, such as activation of astrocytes. From the research presented, it appears ROS elevation and oxidative stress is one of the first mechanisms to occur after the injury event; however, due to polytrauma and the fact that noticeable vision loss does not always occur immediately after injury, patients with TON/TBI may not seek treatment until well after this crucial window of time. Therefore, the therapeutic intervention utilized must take into account the injury timeline and how the secondary neurodegenerative cascade has progressed. In some instances, ROS reductive treatments may be ineffective if the injury process has moved downstream; therefore, targeting other cellular cascades in addition to the ROS reductive therapeutics in a mixed approach may be the best course of action when treatment after injury has been delayed.

Further research is needed to determine the best approach to mitigate neurodegenerative processes in the CNS. In traumatic injury the BBB/BRB has been observed to breakdown, this breakdown may actually help facilitate the delivery of therapeutic intervention methods such as antioxidants as some antioxidant therapeutics cannot cross the BBB/BRB under normal physiological conditions (Singh et al., 2019). In other neurodegenerative disorders, this breakdown may not occur, or may occur at a different time points after the beginning of neurodegeneration. Additional research is also warranted to further determine the pathophysiological time course of both traumatic and genetic forms of neurodegeneration. The determination of this time course may allow researchers to develop efficacious treatment protocols for individuals afflicted with neurodegenerative processes in both the brain and retina.
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3.1won’t go out alone in the evening or at night because my night vision is insufficient.

4. When I drive at night, the oncoming headlights cause more glare than before.
‘Oculomotor

1. Quick movements are hard to follow with my eyes.

2.1 have double vision.

3.1.can read better with one eye closed.

4. T have trouble with depth perception. I find it hard to say which one of 2 objects is closer.

Optic nerve
1. Colors seem to be paler than before.

2.1 can’t read phain text on a colored or gray background.
3.0 ru

0 objects or people or feel that parts of my visual field are missing.
4.1 have problems with rapid changes of ight intensity.

5. see things that other people do not see (hallucinations).

PD (1 =205)

108, (53)

63 (12) [21-82)
8(5) [2-30]
562 (375) [0-2,000]
45,(22)

16, (8)

44, (22)

72, (35)

70, (34)

20, (10)

93, (45)
24,(12)
22,(11)
31,(15)

24,(12)
26,(13)
21, (10)
64,(31)

112, (55)
118, (58)
16, (8)
18, (9)

18, (9)
54, (26)
14,(7)
60, (29)
60, (29)

Con (n =200)

106, (53)
64(10) [20-74]
NA
NA
36, (18)
14,(7)
44,(22)
24,(12)
14,(7)
4.2)

68, (34)
16, (8)
16, (8)
34,17)

16, (8)
6.0
10, (5)
38,(19)

32,(16)
40, (20)
20,(10)
8,(4)

16, (8)
22,(11)
8, (@)
10, (5)
12,(6)

P-value

NS
Ns
NA
NA
NS
NS
Ns
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
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FS Parameter Mdn L V] Mdn L U Mdn L V] cva Ava Avc

0.602 b wave amplitude 27.9 25.3 30.4 33.4 325 35.0 40.1 37.3 441 2,565 <1071 1.9e=10
a20 Energy 14.8 137 16.0 15.0 13.9 15.8 19.4 16.2 22.4 0.74 0.005 7.3e74
a40 Energy 17.2 15.7 18.6 19.6 19.0 20.5 23.4 21.0 27.8 9.7¢7° 2.5 0.11
20 Energy 63.7 60.5 68.6 65.2 63.1 68.9 95.3 89.3 100.3 0.15 <1071 <1016
b40 Energy 66.3 62.2 69.5 72.7 70.5 75.1 104.0 99.3 118.0 0.004 <10-16 <10-16
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0p160 Energy 13.5 12.6 14.3 16.8 16.1 17.3 19.4 18.1 21.7 1.2¢7° 32715 2487
%OPs 60.4 50.6 61.2 61.6 61.2 62.0 60.7 59.6 61.6 003 0.80 0.1

1.204 b wave amplitude 23.5 21.7 25.7 29.3 28.4 30.3 36.9 33.3 411 1.3¢76 1.4 12 6.36—6
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b40 Energy 55.5 52.3 60.9 62.8 61.0 65.6 93.1 87.0 101.6 0.008 <1071 <1016
0p80 Energy 20.2 19.0 21.4 23.6 23.1 24.2 30.8 28.7 35.9 1.5e~5 <1071 4.9e~12
op160 Energy 10.8 9.9 1.7 13.6 13.1 13.9 17.9 16.6 18.9 2.7e~7 9.0e~ 13 1.4e~7
%OPs 54.3 53.7 55.2 57.1 56.4 57.5 55.3 53.8 55.5 2.4e7° 0.85 40e*

Results of non-parametric multiple comparisons between groups at each flash strength in each of the ERG-related measures at p < 0.005. ¢, control; a, ASD; A, ADHD.
The b-wave amplitude (WV) (b_amp) and the DWT solutions for b20, b40, op80, op160 (wV.s), and %OPs (no units).
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Fazekas 0.089
MTA —0.010
The AD groups

MMSE 0.303
MoCA 0.414
Fazekas 0.053
MTA 0.346
The SIVD groups

MMSE 0.314
MoCA 0.228
Fazekas 0.001
MTA 0.197

Adjusted for age, sex, and education.
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Characteristics

Age, Mean =+ SD (year)
Male, N (%)
Education, median (Q25, Q75) (year)
TC, Mean =+ SD (mmol/L)
TG, median (Q25, Q75) (mmol/L)
LDL, median (Q25, Q75) (mmol/L)
HDL, Mean =+ SD (mmol/L)
Hypertension, N (%)
Diabetes, N (%)
Hyperlipidemia, N (%)
MMSE, Mean =+ SD (score)
MoCA, Mean =+ SD (score)
Fazekas WMSA burden, N (%)
High (3-6 scores)
Low (0-2 scores)
MTA, N (%)
None to mild (0-1 scores)

Moderate to severe (2—4 scores)

Data are shown as mean =+ SD and N (%).

AD (n=26)

66.65 +9.53
11(42.3)
12.00 (9.00, 15.00)
4.50 4+ 1.09
1.20 (1.01, 1.74)
2.55(1.92, 3.22)
1.32+0.38
11 (42.3)
6(23.1)
3(11.5)
19.12 + 5.69%
13.60 + 4.87%

1(38)*
25(96.2)

8(30.8)
18 (69.2)

SIVD (n=27)

6537 £9.93
18 (66.7)
12.00 (9.00, 13.00)
4.07 £ 1.46
1.34 (1.03, 1.72)
1.77 (135, 3.18)
1.20 4 0.43
17 (63.0)

7 (25.9)
5(18.5)
21.09 + 8.32*
16.27 £7.32%

23 (85.7)
4(14.3)

14 (52.2)
13 (47.8)

*Compared with the subcortical ischemic vascular dementia (SIVD) group, the difference was significant (p < 0.05).

#Compared with the NC group, the difference was significant (p < 0.05).

NC (n=27)

65.04 +6.12
10 (37.0)
12.00 (9.00, 12.00)
406 +0.87
1.02 (0.79, 1.38)
2.52 (1.83, 2.95)
1254038
20 (74.1)
9(33.3)
9(33.3)
2763 +1.28
25.07 % 1.04

NA
NA

NA
NA

0.708
0.068
0.163
0.262
0.060
0.414
0.537
0.057
0.687
0.139
<0.001
<0.001
<0.001

0.128
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Characteristics AD (n=26) SIVD (n=27) NC (n=27) H P

SLRP1, median (Q25, Q75) (ng/ml) 2409.65 (1544.57, 3732.41) 2896.88% (2353.69, 4694.35) 2639.14 (2042.29, 3564.04) 3.817 0.148
CyPA, median (Q25, Q75) (ng/ml) 18.95*% (10.46, 35.05) 36,57 (17.51, 73.32) 30.78 (21.00, 49.15) 8.302 0.016
MMP9, median (Q25, Q75) (pg/ml) 15076.43¢ (9873.41,20403.41) 17076.83 (10679.13, 26947.31) 10699.70*¢ (8450.16, 20368.37) 3.778 0.151

Data are shown as medians (IQR).
*Compared with the subcortical ischemic vascular dementia (SIVD) group, the difference was significant (p < 0.05); *Delete 2 Outliers; *Delete 3 Outliers; “Delete 5 Outliers. *p < 0.05.
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