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INTRODUCTION

Myelination is a fundamental molecular event within the vertebrate central nervous system (CNS) where oligodendrocytes wrap around axons to form a myelin sheath which allows rapid “saltatory” conduction of action potentials along the axons (Bercury and Macklin, 2015). Loss of myelin/demyelination leaves a naked axon with a compromised speed of signal conduction, susceptible to inflammatory attack by immune cells that eventually results in axonal degeneration (Simons and Nave, 2016). While demyelination and neurodegeneration are hallmark pathologies of many CNS diseases, including Multiple Sclerosis (MS), myelin thinning was not considered detrimental until recent years. For decades, the myelin sheath, including myelin thickness, was regarded as stable throughout adulthood. In recent years, evidence has been emerging regarding the pathological as well as activity-dependent plasticity in myelin structure, such as progressive myelin thinning in the absence of overt myelin loss or demyelination (Purger et al., 2016; Dutta et al., 2018). However, the molecular mechanisms underlying this process are unclear.

Accumulation of unfolded or misfolded proteins in the endoplasmic reticulum (ER) triggers the unfolded protein response (UPR), which aims or serves to maintain protein homeostasis by multiple mechanisms including attenuation of protein translation and the prevention of translocation of newly synthesized proteins from cytosol to ER (Stone and Lin, 2015). The UPR then leads to the activation of the ER associated degradation (ERAD) of proteins, and when this repair activity is exhausted due to an excess number of unfolded proteins, apoptosis of ER stressed cells occurs (Murao and Nishitoh, 2017). Thus, UPR and ERAD counterbalance each other and cooperate to maintain ER protein homeostasis. UPR plays crucial roles in the development of CNS by affecting neural stem cells, mature neurons and glial cells (Murao and Nishitoh, 2017) and the impairment of UPR has been linked to many CNS diseases including MS (Stone and Lin, 2015). Notably, within the CNS, UPR has differential effects on neurons and glial cells; specifically, oligodendrocytes are known to be more sensitive to disruption of ER homeostasis due to their need to produce large amount of proteins (Murao and Nishitoh, 2017). Therefore, detailed insight into the molecular mechanisms of the UPR specific to oligodendrocytes appears to be important in discovering a new therapeutic strategy for demyelinating diseases.



MYELIN THINNING IS MEDIATED BY SEL1L DEFICIENCY IN OLIGODENDROCYTES

In a recent study published in The Journal of Neuroscience, Wu et al. (2020) provided new evidence regarding how components of the UPR and ERAD work concertedly within oligodendrocytes to maintain myelin thickness in adult mice. This study rigorously analyzed in both male and female mice using multiple experimental approaches including immunohistochemistry, immunoprecipitation, western blot, motor behavior using rotarod and electron microscopy (Wu et al., 2020). Specifically, the authors demonstrated that deficiency of suppressor/Enhancer of Lin-12-like (Sel1L) a key element of ERAD activity, in oligodendrocytes caused ERAD impairment. In addition, activation of the pancreatic ER kinase (PERK) branch of the UPR leads to the inhibition of global myelin protein translation but activates stress-responsive genes [e.g., CCAAT-enhancer-binding protein homologous protein (CHOP)]. These changes resulted in late-onset, progressive myelin thinning in the CNS of Sel1L knockout mice. Subsequently, inactivation of the UPR responses (PERK inactivation) was demonstrated as a salvage pathway to restore myelin protein translation and so reversed the myelin thinning caused by Sel1L deficiency. Notably, there was no difference between male and female mice in the damage caused by Sel1L deficiency. Importantly, the myelin thinning reported by Wu et al. (2020) was attributed to the reduction in myelin protein translation, not as a consequence of remyelination or regeneration. Specifically, a myelin protein called proteolipid protein (PLP) was found to be vital in the process of myelin thinning. This was confirmed by showing an exacerbation of myelin thinning, tremoring phenotypes, and a shortened lifespan in Sel1L and PLP double knockout mice compared to Sel1L deficient mice. This confirmed that diminished myelin protein translation was responsible for myelin thinning. They also ruled out the possibility of myelin thinning resulting neither from remyelination, (no myelin loss or oligodendrocyte death), nor from regeneration, (no increase in oligodendrocyte precursor cells or oligodendrocyte proliferation). Importantly, PERK inactivation in oligodendrocytes (Sel1L and PERK double knockout) restored myelin protein translation, reversed myelin thinning, attenuated tremoring phenotypes, prolonged survival, and prevented oligodendrocyte death compared to Sel1L deficient mice. The joint role of UPR and ERAD in myelin thinning as mediated by oligodendrocyte specific deficiency of Sel1L is summarized in Figure 1.
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FIGURE 1. Schematic of the role of the unfolded protein response in myelin structure. Following an endoplasmic reticulum (ER) stress response in Sel1L deficit mice (Suppressor/Enhancer of Lin-12-like), an unfolded protein accumulation inside oligodendrocytes is observed. As a result, the unfolded protein response is activated [as demonstrated by pancreatic ER kinase (PERK) activation and other stress markers] that prevent myelin protein translation. This results in oligodendrocytes degeneration and myelin thinning (Wu et al., 2020). Normal myelin and oligodendrocytes from wild type mice are shown at the bottom.




EFFECTS OF GENDER, AGE, AND DURATION OF PERK ACTIVATION IN MYELIN THINNING IN SEL1L DEFICIENT MICE

While Wu et al. (2020) found no difference between male and female mice regarding the effects of Sel1L deficiency on myelin structure, it is known that demyelinating diseases (e.g., MS and Neuromyelitis Optica) disproportionately affects more women than men (Asgari et al., 2011). This suggests an alternating mechanism differing in the male vs. female ratio in these demyelinating diseases. Notably, abnormalities in myelin structure and myelin protein translation were seen in adult mice, but no difference was observed in young mice, suggesting that young mice can compensate for the Sel1L deficiency. Moreover, it is known that both age-dependent differential gene expression and oligodendrocyte maturation play a role in age-related responses to myelination (Bergles and Richardson, 2015), which could partly explain the difference in myelin thinning between young and adult mice. Previous studies have reported both beneficial and detrimental effects of PERK activation on developmental myelination (Stone et al., 2020) via unknown mechanisms. The detrimental effects of PERK activation in adult Sel1L deficient mice reported in this study (Wu et al., 2020) argue against with a previous study that showed PERK activation in adult mice is protective against demyelination (Hussien et al., 2014). Therefore, Wu et al. (2020) hypothesized that short term PERK activation promotes oligodendrocyte survival and acute demyelination whereas long-term PERK activation suppresses myelin protein production and triggers myelin thinning; this needs to be confirmed in future studies.



MYELIN THINNING IN SEL1L DEFICIENT MICE OCCURRED WITHOUT AXONAL PATHOLOGY BUT INVOLVES MULTIPLE MYELIN PROTEINS

Similar to these findings (Wu et al., 2020), another study showed that myelin thinning and behavioral inflexibility (touch screen based learning tasks) occurred without changes in axon number and diameter, confirming that myelin pathology precedes axonal pathology in demyelinating diseases (Silva et al., 2019). Although the PLP and Sel1L double knockout worsened the detrimental effects on myelin, a reduction of myelin basic protein (MBP) was also observed from 10 weeks of age, resulting in myelin thinning (Wu et al., 2020). Likewise, a previous study reported that abnormal distribution of MBP (rather than total MBP protein levels) contributes to myelin thinning (Silva et al., 2019). This is because in immature oligodendrocytes, MBP is largely localized in the cell body, while in mature oligodendrocytes, MBP is distributed to membranous processes contributing to myelin formation (Silva et al., 2019). These observations (Silva et al., 2019; Wu et al., 2020) suggest that myelin thinning is not exclusive to the loss of a single class of myelin proteins (e.g., PLP), but rather the reduction of multiple myelin proteins (e.g., PLP, MBP) contribute to myelin thinning. Since PERK activation in oligodendrocytes has been reported in many demyelinating diseases (e.g., MS) of the CNS, it poses a challenge for researchers to distinguish between myelin thinning caused by PERK activation and thinner myelin generated by remyelination following demyelination.



POTENTIAL INVOLVEMENT OF MICROGLIA AND ASTROCYTES IN THE MYELIN THINNING PROCESS CAUSED BY SEL1L DEFICIENCY

In contrast to MS and other demyelinating diseases (Luo et al., 2017), the myelin thinning reported here (started at 6 weeks) was independent of microglial activation (seen only at 24 weeks) as there was no myelin breakdown/myelin loss until the later age (Wu et al., 2020). Future studies should address if Sel1L deficiency can also trigger astrocyte activation since it has been shown that astrocytes recruit microglia at the site of demyelination for myelin debris clearance (Skripuletz et al., 2013). However, astrocytes are believed to be less sensitive to UPR disruption (Murao and Nishitoh, 2017), although a recent study showed that the vesicular release of thrombin protease inhibitor from perinodal astrocytes is involved in myelin thinning (by preventing the attachment of myelin to axons) and in reduced conduction speed in optic nerves of mice (Dutta et al., 2018). Whether astrocytes were involved in microglia recruitment in this study (Wu et al., 2020) remains untested. However, the UPR is not unique to MS; rather it is a pathological hallmark of Alzheimer's, Parkinson's, and Prion diseases (García-González et al., 2018), suggesting that these neurodegenerative diseases share similar pathological pathways. In addition, Wu et al. (2020) observed oligodendrocyte degeneration and demyelination without the involvement of adaptive immune cells, as seen in the cuprizone model of demyelination (Sen et al., 2020a). Interestingly, Caprariello et al. (2018) and Almuslehi et al. (2020) showed that oligodendrocyte degeneration and microglial activation recruit adaptive immune cells (pan CD3 T-cells and CD8 T-cells) and trigger subsequent demyelination in cuprizone-fed mice once the blood-brain barrier is compromised (using pertussis toxin injection). Whether oligodendrocytes apoptosis and microglial activation (as shown in this study; Wu et al., 2020) attract adaptive immune cells (e.g., T-cells) into the CNS to facilitate subsequent adaptive immune cell-mediated oligodendrocyte degeneration (Stys et al., 2012; Sen et al., 2020b; as in 'inside-out' theory of MS) remains unexplored.



COULD THE PI3K-AKT-MTORC SIGNALING AXIS REGULATE INFLAMMATION AND NEURODEGENERATION IN SEL1L DEFICIENT MICE?

In addition to the association of PERK activation in myelin thinning in Sel1L deficient mice (Wu et al., 2020), the disruption of PI3K-AKT-mTORC signaling (which is the downstream of the PERK-eIF2α pathway and also involved in protein translation) in oligodendrocyte function and myelination has been demonstrated in many studies (Zhang et al., 2003; Sherman et al., 2012; Lebrun-Julien et al., 2014; Jiang et al., 2016). The kinase Akt (a serine/threonine kinase) expression in oligodendrocytes leads to enhanced myelination in the CNS and this process is linked with the mammalian target of the rapamycin (mTOR) pathway–a mediator of phosphatidylinositol-3 kinase (PI3K)/Akt signaling (Flores et al., 2008). However, the underlying mechanism of the association of mTOR in myelination was unclear until Lebrun-Julien et al. (2014) investigated the effect of functionally relevant subunits (raptor and rictor) of mTOR (mTORC1 and mTORC2) in myelination. They found that conditional deletion of the mTORC1 (but not the mTORC2) gene in the oligodendrocyte progenitor cells prevented their differentiation and maturation, which resulted in reduced production of myelin proteins (MBP, myelin oligodendrocyte glycoprotein, myelin-associated glycoprotein) and thinner myelin (increased g-ratio) in the CNS (Lebrun-Julien et al., 2014). The role of mTOR in preserving myelin structure (prevention from myelin thinness) in this work (Lebrun-Julien et al., 2014) is similar to the role of Sel1L in maintaining myelin thinning as demonstrated by Wu et al. (2020). This suggests that PERK activation in Sel1L deficient mice could also activate downstream mTOR signaling. However, Lebrun-Julien et al. (2014) also showed that tuberous sclerosis 1 (TSC1) ablation-induced over-activation of mTORC1 also caused hypomyelination, suggesting that mTORC1 activity must be balanced and regulated to achieve effective myelination in the CNS. Moreover, the loss of mTOR signaling has also been associated with thinner myelin in the peripheral nerves in mice (Sherman et al., 2012; Figlia et al., 2017). Finally, the dysregulation of the PI3K-AKT-mTORC signaling pathway has been shown in the animal models of MS (EAE and cuprizone) as well as Alzheimer's and Parkinson's (Heras-Sandoval et al., 2014; Giacoppo et al., 2017; Liu et al., 2020). This suggests the involvement of PI3K-AKT-mTORC in neuroinflammation, demyelination and neurodegeneration. Thus, PERK-eIF2α activation in Sel1L deficient mice potentially activates the PI3K-AKT-mTORC pathway downstream to PERK-eIF2α to regulate neuroinflammation, demyelination and neurodegeneration, which should be investigated in future studies in Sel1L deficient mice.



PERSPECTIVES FOR FUTURE STUDIES

Since demyelination leads to slowed axonal conduction, electrophysiological recordings in the future can address to what extent myelin thinning in Sel1L knockout mice reduces the speed of conduction in the CNS axons (Mu et al., 2019), which can lead to impaired sensory-motor and/or cognitive functions. Moreover, the lack of motor deficits in young mice (Wu et al., 2020) might be due to a lack of sensitivity in the rotarod test, which reportedly failed to detect subtle motor deficits in some situations, while other tests such as the walking ladder or beam tests were able to detect early motor incoordination (Sen et al., 2020a). Furthermore, proteomic investigation (using a bottom-up approach) of oligodendrocyte progenitor cells from different age groups from Sprague Dawley rats revealed that myelin-associated proteins and proteins associated with inflammatory responses increased with age, while cholesterol-biosynthesis and cell cycle proteins decreased (de la Fuente et al., 2020). Importantly, Wu et al. (2020) suggested that non-myelin proteins might also contribute to the myelin thinning process. Therefore, whether late-onset oligodendrocyte degeneration and myelin thinning depends upon the differential proteome profile in Sel1L knockout mice is worthy of future investigation.



CONCLUSION

Taken altogether, this opinion article discussed the landmark work (Wu et al., 2020) that has challenged the long-existed dogma about myelin stability in adulthood, demonstrating that there is room for plasticity in myelin structure. This study reaffirmed the view that oligodendrocytes are more sensitive to ER stress and disruption to UPR than other glial cells. Importantly, this work showed, for the first time, that UPR and ERAD activity join forces in oligodendrocytes to maintain myelin protein translation and myelin thickness. The nature of the late onset, slow progressive myelin thinning following impaired ERAD/UPR is reminiscent of well-known neurodegenerative disease pathologies, including MS. Moreover, this study opens up new approaches to target components of UPR and ERAD activity within the oligodendrocytes as a potential therapeutic strategy for demyelinating diseases.



AUTHOR CONTRIBUTIONS

MKS and MJH designed the scope, wrote and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

MJH was a recipient of Scientia Ph.D. Scholarship from UNSW Sydney.



ACKNOWLEDGMENTS

We thank Associate Prof. Peter J. Shortland (Western Sydney University) and Dr. Gayathri Sundaram (St. Vincent's Center for Applied Medical Research) for their insightful discussions and revisions.



REFERENCES

 Almuslehi, M. S. M., Sen, M. K., Shortland, P. J., Mahns, D. A., and Coorssen, J. R. (2020). CD8 T-cell recruitment into the central nervous system of cuprizone-fed mice: relevance to modeling the etiology of multiple sclerosis. Front. Cell. Neurosci. 14:43. doi: 10.3389/fncel.2020.00043

 Asgari, N., Lillevang, S. T., Skejoe, H. P., Falah, M., E., Stenager, and Kyvik, K. O. (2011). A population-based study of neuromyelitis optica in caucasians. Neurology 76, 1589–1595. doi: 10.1212/WNL.0b013e3182190f74

 Bercury, K. K., and Macklin, W. B. (2015). Dynamics and mechanisms of CNS myelination. Dev. Cell 32, 447–458. doi: 10.1016/j.devcel.2015.01.016

 Bergles, D. E., and Richardson, W. D. (2015). Oligodendrocyte development and plasticity. Cold Spring Harbor Perspec. Biol. 8:a020453. doi: 10.1101/cshperspect.a020453

 Caprariello, A. V., Rogers, J. A., Morgan, M. L., Hoghooghi, V., Plemel, J. R., Koebel, A., et al. (2018). Biochemically altered myelin triggers autoimmune demyelination. Proc. Natl. Acad. Sci. U.S.A. 115, 5528–5533. doi: 10.1073/pnas.1721115115

 de la Fuente, A. G., Queiroz, R. M. L., Ghosh, T., McMurran, C. E., Cubillos, J. F., Bergles, D. E., et al. (2020). Changes in the oligodendrocyte progenitor cell proteome with ageing. Mol. Cell Proteomics 19, 1281–1302. doi: 10.1074/mcp.RA120.002102

 Dutta, D. J., Woo, D. H., Lee, P. R., Pajevic, S., Bukalo, O., Huffman, W. C., et al. (2018). Regulation of myelin structure and conduction velocity by perinodal astrocytes. Proc. Natl. Acad. Sci. U.S.A. 115, 11832–11837. doi: 10.1073/pnas.1811013115

 Figlia, G., Norrmén, C., Pereira, J. A., Gerber, D., and Suter, U. (2017). Dual function of the PI3K-Akt-mTORC1 axis in myelination of the peripheral nervous system. Elife 6:e29241. doi: 10.7554/eLife.29241

 Flores, A. I., Narayanan, S. P., Morse, E. N., Shick, H. E., Yin, X., Kidd, G., et al. (2008). Constitutively active Akt induces enhanced myelination in the CNS. J. Neurosci. 28, 7174–7183. doi: 10.1523/JNEUROSCI.0150-08.2008

 García-González, P., Cabral-Miranda, F., Hetz, C., and Osorio, F. (2018). Interplay between the unfolded protein response and immune function in the development of neurodegenerative diseases. Front. Immunol. 9:2541. doi: 10.3389/fimmu.2018.02541

 Giacoppo, S., Pollastro, F., Grassi, G., Bramanti, P., and Mazzon, E. (2017). Target regulation of PI3K/Akt/mTOR pathway by cannabidiol in treatment of experimental multiple sclerosis. Fitoterapia 116, 77–84. doi: 10.1016/j.fitote.2016.11.010

 Heras-Sandoval, D., Pérez-Rojas, J. M., Hernández-Damián, J., and Pedraza-Chaverri, J. (2014). The role of PI3K/AKT/mTOR pathway in the modulation of autophagy and the clearance of protein aggregates in neurodegeneration. Cell Signal. 26, 2694–2701. doi: 10.1016/j.cellsig.2014.08.019

 Hussien, Y., Cavener, D. R., and Popko, B. (2014). Genetic inactivation of PERK signaling in mouse oligodendrocytes: normal developmental myelination with increased susceptibility to inflammatory demyelination. Glia 62, 680–691. doi: 10.1002/glia.22634

 Jiang, M., Liu, L., He, X., Wang, H., Lin, W., Wang, H., et al. (2016). Regulation of PERK–eIF2α signalling by tuberous sclerosis complex-1 controls homoeostasis and survival of myelinating oligodendrocytes. Nat. Commun. 7:12185. doi: 10.1038/ncomms12185

 Lebrun-Julien, F., Bachmann, L., Norrmén, C., Trötzmüller, M., Köfeler, H., Rüegg, M. A., et al. (2014). Balanced mTORC1 activity in oligodendrocytes is required for accurate CNS myelination. J. Neurosci. 34, 8432–8448. doi: 10.1523/JNEUROSCI.1105-14.2014

 Liu, C., Zhang, N., Zhang, R., Jin, L., Petridis, A. K., Loers, G., et al. (2020). Cuprizone-induced demyelination in mouse hippocampus is alleviated by ketogenic diet. J. Agricul. Food Chem. 68, 11215–11228. doi: 10.1021/acs.jafc.0c04604

 Luo, C., Jian, C., Liao, Y., Huang, Q., Wu, Y., Liu, X., et al. (2017). The role of microglia in multiple sclerosis. Neuropsychiat. Dis. Treat. 13, 1661–1667. doi: 10.2147/NDT.S140634

 Mu, H. F., Gao, X. G., Li, S. C., Wei, P. J., Zhao, Y. F., Zhang, W. T., et al. (2019). Distinctive functional deficiencies in axonal conduction associated with two forms of cerebral white matter injury. CNS Neurosci. Therap. 25, 1018–1029. doi: 10.1111/cns.13155

 Murao, N., and Nishitoh, H. (2017). Role of the unfolded protein response in the development of central nervous system. J. Biochem. 162, 155–162. doi: 10.1093/jb/mvx047

 Purger, D., Gibson, E. M., and Monje, M. (2016). Myelin plasticity in the central nervous system. Neuropharmacology 110, 563–573. doi: 10.1016/j.neuropharm.2015.08.001

 Sen, M. K., Almuslehi, M. S. M., Coorssen, J. R., Mahns, D. A., and Shortland, P. J. (2020a). Behavioural and histological changes in cuprizone-fed mice. Brain Behav. Immun. 87, 508–523. doi: 10.1016/j.bbi.2020.01.021

 Sen, M. K., Almuslehi, M. S. M., Shortland, P. J., Coorssen, J. R., and Mahns, D. A. (2020b). Revisiting the pathoetiology of multiple sclerosis: has the tail been wagging the mouse? Front. Immunol. 11:572186. doi: 10.3389/fimmu.2020.572186

 Sherman, D. L., Krols, M., Wu, L. M., Grove, M., Nave, K. A., Gangloff, Y. G., et al. (2012). Arrest of myelination and reduced axon growth when Schwann cells lack mTOR. J. Neurosci. 32, 1817–1825. doi: 10.1523/JNEUROSCI.4814-11.2012

 Silva, A. I., Haddon, J. E., Ahmed Syed, Y., Trent, S., Lin, T. E., Patel, Y., et al. (2019). Cyfip1 haploinsufficient rats show white matter changes, myelin thinning, abnormal oligodendrocytes and behavioural inflexibility. Nat. Commun. 10:3455. doi: 10.1038/s41467-019-11119-7

 Simons, M., and Nave, K. A. (2016). Oligodendrocytes: myelination and axonal support. Cold Spring Harbor Perspec. Biol. 8:a020479. doi: 10.1101/cshperspect.a020479

 Skripuletz, T., Hackstette, D., Bauer, K., Gudi, V., Pul, R., Voss, E., et al. (2013). Astrocytes regulate myelin clearance through recruitment of microglia during cuprizone-induced demyelination. Brain 136, 147–167. doi: 10.1093/brain/aws262

 Stone, S., and Lin, W. (2015). The unfolded protein response in multiple sclerosis. Front. Neurosci. 9:264. doi: 10.3389/fnins.2015.00264

 Stone, S., Wu, S., Nave, K. A., and Lin, W. (2020). The UPR preserves mature oligodendrocyte viability and function in adults by regulating autophagy of PLP. JCI Insight. 5:e132364. doi: 10.1172/jci.insight.132364

 Stys, P. K., Zamponi, G. W., van Minnen, J., and Geurts, J. J. (2012). Will the real multiple sclerosis please stand up? Nat. Rev. Neurosci. 13, 507–514. doi: 10.1038/nrn3275

 Wu, S., Stone, S., Nave, K.-A., and Lin, W. (2020). The integrated UPR and ERAD in oligodendrocytes maintains myelin thickness in adults by regulating myelin protein translation. J. Neurosci. 40, 8214–8232. doi: 10.1523/JNEUROSCI.0604-20.2020

 Zhang, H., Cicchetti, G., Onda, H., Koon, H. B., Asrican, K., Bajraszewski, N., et al. (2003). Loss of Tsc1/Tsc2 activates mTOR and disrupts PI3K-Akt signaling through downregulation of PDGFR. J. Clin. Invest. 112, 1223–1233. doi: 10.1172/JCI200317222

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Sen and Hossain. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Oligodendrocyte-Specific Mechanisms of Myelin Thinning: Implications for Neurodegenerative Diseases



		Introduction



		Myelin Thinning is Mediated by Sel1L Deficiency in Oligodendrocytes



		Effects of Gender, Age, and Duration of Perk Activation in Myelin Thinning in SEL1L Deficient Mice



		Myelin Thinning in SEL1L Deficient Mice Occurred Without Axonal Pathology But Involves Multiple Myelin Proteins



		Potential Involvement of Microglia and Astrocytes in the Myelin Thinning Process Caused By SEL1L Deficiency



		Could the PI3K-AKT-MTORC Signaling Axis Regulate Inflammation and Neurodegeneration in SEL1L Deficient Mice?



		Perspectives for Future Studies



		Conclusion



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
' frontiers
in Neuroscience

Oligodendrocyte-Specific
Mechanisms of Myelin Thinning:
Implications for Neurodegenerative
Diseases





OPS/images/fnins-15-663053-g001.gif
v

son et
b
S
- A
PERK aciivation—» | p_l

e inacivaton

Protein ransition
#suess markers

‘Appoptosis of cigodondrocye
Reductonof nrm heknoss

[ ——

21e¢

—— o

TETTT

Nomsal ofigodondrocyte









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Neuroscience





