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SUMMARY: 
Here we present a method to prepare organotypic slice cultures from mouse cerebellum and myelin sheath staining by immunohistochemistry suitable for investigating mechanisms of myelination and remyelination in the central nervous system.

ABSTRACT: 
In the nervous system, myelin is a complex membrane structure generated by myelinating glial cells, which ensheathes axons and facilitates fast electrical conduction. Myelin alteration has been shown to occur in various neurological diseases, where it is associated with functional deficits. Here, we provide a detailed description of an ex vivo model consisting of mouse organotypic cerebellar slices, which can be maintained in culture for several weeks and further be labeled to visualize myelin. 

INTRODUCTION: 
Neurons are highly polarized cells, which comprise a somato-dendritic compartment that receives inputs from its environment and an axon that ensures the generation and propagation of electrical impulses to other cells. Rapid propagation and timely delivery of information is essential for the proper functioning of the nervous system. In vertebrates, it is facilitated by myelination, which allows increasing axonal conduction velocity1. Myelin is a specialized structure formed by compacted layers of plasma membrane generated by the myelinating glia, namely oligodendrocytes in the central nervous system (CNS) and Schwann cells in the peripheral nervous system (PNS). Both in the CNS and the PNS, axoglial interactions drive the formation of specialized axonal domains: the nodes of Ranvier and their surrounding domains, the paranodes, and juxtaparanodes2. The axonal segments insulated by myelin, or internodes, alternate with the nodes of Ranvier, which correspond to small unmyelinated domains enriched in voltage-gated sodium channels (Nav). The high concentration and rapid activation of Nav channels at the nodes of Ranvier allow the regeneration of action potentials, and together with the insulating properties of the myelin sheaths, ensure the efficient and fast saltatory conduction of the nerve impulse along the axon3. 

In addition to its role in accelerating the conduction velocity of the nerve impulse, myelinating glia provides metabolic support to the axon, preserving its long-term integrity and participating in its survival4,5. Furthermore, it has become clear in recent years that myelin is dynamically modulated throughout life, thus presumably participating in the regulation and plasticity of various nervous system functions. Adjustments of the distribution, number, length, and thickness of myelin sheaths along axons might thus represent a novel way to finely tune various networks6–8. Therefore, the evolutionary acquisition of myelin is a key process for sensory, motor and cognitive functions and the perturbation of the interaction between axons and glia is increasingly considered as contributing to the developmental or acquired neurological diseases9.

Myelin composition has been characterized, with the specific feature of a high proportion of lipids (70%) compared to proteins (30%) in contrast to other cellular membranes10. However, unlike myelin lipids, most of myelin proteins are specific to myelin, including myelin basic protein (MBP), proteolipid protein (PLP), 2',3'-cyclic nucleotide 3’-phosphodiesterase (CNP), myelin-associated glycoprotein (MAG), myelin-oligodendrocyte glycoprotein (MOG), PMP-22 and P010. Various histological methods to stain myelin exist based on its lipid composition, such as Luxol fast blue11, Sudan Black B12, Baker’s acid hematin method13, as well as silver staining14. Nevertheless, these approaches do not always allow for an adequate contrast and resolution to visualize individual fibers. An alternative approach to detect myelin is through immunohistochemistry directed against myelin proteins. Various antibodies target myelin-specific antigens with a high specificity and can be used routinely to detect myelinated structures. The antibody-antigen interaction can be further revealed using a secondary antibody coupled to a fluorophore directed against the primary antibody and visualized with adequate fluorescence microscopy. Here, we describe an immunochemical protocol to stain myelin on ex vivo cerebellar slices, a model which allows for a good preservation of the nervous tissue architecture. In addition, the organization and size of the Purkinje cells (the sole myelinated neuron of the cerebellum) make them a classical model for electrophysiological studies and they are similarly ideal to perform fixed or live-imaging studies.

The cerebellar slices are generated from P9-P10 mice, a time corresponding to the early onset of Purkinje cell myelination, a process that is mostly achieved by one week ex vivo (6-7 days in vitro, DIV)15. Furthermore, this model is adapted to investigate demyelinating disorders such as multiple sclerosis (MS), as an extensive demyelination can be induced in cerebellar slices using the myelinotoxic compound lysophosphatidylcholine (or lysolecithin, LPC), which is followed by a spontaneous remyelination16,17. Endogenous remyelination takes place from two days after LPC removal from the culture medium and is almost complete a week post treatment. 

The completion of this protocol takes approximatively 3 weeks, including half a day for cerebellar slice cultures preparation, a week to obtain fully myelinated slices, followed by 2 days to reach the peak of demyelination and another week for their full remyelination. In addition, immunohistochemistry can be completed in 2 days. The protocol described here is adapted to a standard litter of 6 mice pups and needs to be adapted regarding the number of animals used for the planned experiment.

PROTOCOL: 

All work involving animals complied with institutional policies and guidelines established by the UPMC, INSERM and the French and European Community Council Directive 86/609/EEC.

1. Preparation of culture medium and culture inserts (hands-on time ≈ 10-15 min)

NOTE: Perform this step in a flow culture hood under sterile conditions

1.1. Prepare 40 mL of culture medium, which consists of 50% BME, 25% Hank’s Balanced Salt Solution (1x), 25% heat-inactivated horse serum, supplemented with 2 mM glutamine derivative, 100 IU/mL penicillin-streptomycin and 4.5 mg/mL D-Glucose. Adjust the pH to 7.4. 

1.2. Filter-sterilize the medium through a 0.22 μm filter adapted on a 50 mL plastic syringe. 

NOTE: Culture medium can be stored at 4 °C for at least a week.

1.3. For a standard litter of 6 pups, use two sterile 6-well plates. For each plate, remove the cover and add 1 mL of culture medium per well.

1.4. Place one culture insert into each individual well by holding the plastic edge with sterile forceps. Put the cover back on the plate. 

NOTE: The cerebellar slices collected from one pup (6-8) can be dispatched on two membranes (3-4 cerebellar slices per membrane insert).

2. Preparation of dissection medium (hands-on time ≈ 5 min)

NOTE: Perform this step in a flow culture hood under sterile conditions

2.1.  Prepare 100 mL of dissection medium, which consists of Gey’s Balanced Salt Solution supplemented with 4.5 mg/mL D-Glucose and 1x penicillin–streptomycin (100 IU/mL each). 

2.2.  Filter-sterilize the medium through a 0.22 μm filter unit. 

NOTE: The dissection medium can be stored at 4 °C for at least a month.

2.3.  Add 5 mL of cold dissection medium into 60-mm cell culture dishes. Prepare one 60-mm cell culture dish for each pup to be dissected.

2.4.  Keep the dissection dishes on ice until use.

3. Preparation of dissection material (hands-on time ≈ 15 min)

3.1.  Clean the bench with 100% ethanol.

3.2.  Sterilize all dissection tools, a razor blade and the tissue chopper’s plastic platform with 100% ethanol. 

3.3.  Fix the razor blade and the plastic platform on the tissue chopper and adjust the cutting thickness to 300 µm. 

3.4.  Make sure all the ethanol has evaporated before starting the dissection.

4. Cerebellum dissection and sections preparation (hands-on time ≈ 15-20 min per animal)

4.1.  Place one of the 60-mm cell culture dishes containing the ice-cold dissection medium under the binocular microscope and remove the top plate.

4.2.  Swab the head fur with 70% ethanol (carefully avoiding touching the eyes of the animal) and decapitate the animal using large sharp scissors, according to the approved procedure.

NOTE: The cerebellar slices are generated from P9-P10 mice without any specific sex or strain bias.

4.3.  Use small scissors to cut the skin along the midline of the head starting from the neck and going up to the mouse muzzle.

4.4.  To hold the head and expose the skull, fold back the skin ventrally under the head, and pinch the two folds of skin between one’s fingers.

4.5. Insert the small scissors gently into the foramen magnum and cut the skull by making one lateral incision towards the side and then cut all around the head skull. Keep the tip of the scissors as parallel and close to the skull as possible while cutting, to avoid damaging the brain tissue.

4.6. Retrieve the dorsal part of the skull using fine-straight forceps. While carefully lifting the dorsal part of the skull, cut the adhering meninges (translucent irrigated membrane surrounding the brain tissue) if needed with small scissors to avoid damaging the brain tissue.

4.7. Carefully introduce fine-straight forceps (or alternatively use a spatula) between the ventral skull and the brain, gently flip out the brain and cut the optic and trigeminal nerves with small scissors.

4.8. Help the brain to drop by gravity into the 60-mm cell culture dish containing ice-cold dissection medium by turning the head upside down just above the dish and release the last adhesions with small scissors if needed.

4.9. Using fine forceps, orientate the brain with the dorsal side facing the researcher, and the ventral side lying on the bottom of the dish.

4.10. Under the binocular microscope, use the fine-straight forceps to immobilize the brain on the forebrain side and avoid touching the hindbrain, as it could get damaged. Separate the hindbrain from the rest of the brain (fore- and midbrain, see schematic on Figure 1Aa), using fine-straight forceps. To separate the cerebellum from the rest of the hindbrain, use the fine forceps to cut the cerebellar peduncles underneath the cerebellum (see schematic on Figure 1Aa’).

4.11. Once the cerebellum is isolated, carefully tear away the meninges using fine-straight forceps (see schematic on Figure 1Aa’).

4.12. Hold the cerebellum gently with the fine curved forceps and place it with the dorsal side up onto the plastic platform perpendicularly to the chopper razor blade (see schematic on Figure 1Bb).

4.13. Aspirate any excess of dissection medium around the cerebellum using a sterile thin-end pipette tip adapted on a 1 mL pipette (see schematic on Figure 1Bb). 

4.14. Ensure that the cerebellum lays flat, but is not stretched, once placed onto the platform to get optimal sagittal slices during sectioning (see schematic on Figure 1Bb).

4.15. Slice 300 μm-thick sagittal sections of the cerebellum with the tissue chopper (see schematic on Figure 1Bb’). The force and speed of the blade have to be optimized on site.

4.16. Gently add a drop of dissection medium onto the sliced cerebellum. Using a wide-bore pipette tip placed onto a 1 mL pipette, slowly aspirate the sliced cerebellum and transfer it back into the 60-mm cell culture dish containing ice-cold dissection medium (see schematic on Figure 1Bb’’).

4.17. Clean the tissue chopper’s plastic platform with 100% ethanol between each cerebellum slicing. Let the ethanol evaporate before placing the next cerebellum onto the platform.

4.18. Use two fine-straight forceps (or alternatively titanium needles) to separate individual slices and select 6-8 slices from the vermis (see schematic on Figure 1Cc and 1Cc’).

4.19. Take a 6-well plate with culture inserts and transfer up to 4 selected slices onto one culture insert along with some dissection medium, using a wide-bore pipette tip adapted on a 1 mL pipette (see schematic on Figure 1Cc’).

4.20. Place the slices in the middle of the culture insert using the dissection medium or forceps to push and pull them gently into the right location, avoiding them to be in contact with each other (see schematic on Figure 1Cc’).

4.21. Remove any excess of dissection medium around the slices using a thin-end pipette tip. Ensure that the slices lay flat on the membrane (see schematic on Figure 1Cc’).

4.22. Place the 6-well plate into the incubator immediately after having added the slices on the membrane.

5. Slices culture and demyelination (hands-on time ≈ 15-20 min)

NOTE: Perform this step in a flow culture hood under sterile conditions

5.1.  Replace the culture medium with 1 mL per well of pre-warmed and buffered fresh culture medium every 3 days after slice preparation.

5.2. For demyelination, remove all culture medium below the culture inserts after 6 days in vitro (DIV) and replace it with 1 mL per well of pre-warmed fresh culture medium containing 0.5 mg/mL LPC. Incubate for 15-17 h at 37 °C, 5% CO2.

5.3. After incubation, wash the inserts by placing them in a 25-mm petri dish containing 1 mL of pre-warmed culture medium. 

NOTE: The inserts should be in contact with the medium, but not be covered by it.

5.4. Immediately transfer the culture inserts in a new 6-well plate containing fresh pre-warmed culture medium. 

5.5. Replace the culture medium with 1 mL of pre-warmed fresh culture medium every 2-3 days until slices fixation.

6. Immunohistochemistry (hands-on time ≈ 1:30 – 2 h) 

NOTE: Carry out the steps 6.1. to 6.3. under a fume hood. Avoid exposition to paraformaldehyde (PFA) and refer to the product safety datasheet for adequate manipulation and protection. 

6.1. Use forceps to lift each culture inserts by holding the plastic edge and remove the culture medium beneath the membrane inserts from each well.

6.2. Fix the cerebellar slices for 30 min by adding 2 mL of 4% PFA in 1x PBS pH 7.4 above the membrane inserts.

NOTE: The time point of fixation depends on the stage of myelination studied: 4 DIV corresponds to the onset of myelination, 7 DIV to fully myelinated slices. In case of LPC treatment, 9 DIV corresponds to the peak of demyelination, 11 DIV to the onset of remyelination and 14 DIV to fully remyelinated slices.

6.3. Wash the inserts with the slices three times with 2 mL 1x PBS for 10 min.

6.4. Separate the slices from the membrane inserts under the binocular microscope using a 25x to 30x magnification, by gently pushing them using a scalpel or a brush. Alternatively, to avoid the risk of damaging the slices while detaching them from the membrane, use a scalpel to cut the membrane with the slices still attached.

6.5. Transfer the floating slices into the wells of a 4-well plate containing 1x PBS, using a brush.

6.6.  Aspirate the PBS from each well and incubate the slices in pre-cooled 100% ethanol at -20 °C for 15 to 20 min. This step facilitates antibody penetration in myelinated fibers.

6.7.  Aspirate the 100% ethanol and wash once briefly with 1x PBS, then twice in 1x PBS for 10 min at room temperature.

6.8.  Aspirate the PBS and incubate the slices for 30 to 45 min with a solution containing 1x PBS, 5% NGS, 0.3% non-ionic detergent at room temperature to block non-specific antibody fixation sites.

6.9.  Aspirate the blocking solution. No washing is necessary.

6.10. Incubate the slices overnight with the primary antibodies diluted in blocking solution at 4 °C. To visualize the myelin on cerebellar organotypic slices, use MBP (Chicken, 1/150 or Mouse IGg2b, Smi99, 1/200) or PLP (Rat, hybridoma, 1/5 to 1/10) antibodies.

NOTE: To reveal the expression of more than one antigen in the same slice, perform a double- or triple staining procedure (see Figure 1 as an example). To perform the incubation simultaneously, ensure primary antibodies are produced in different species. Then, use their corresponding secondary antibodies coupled to different fluorophores (see Table of Materials for nodal and paranodal marker18 antibodies).

6.11. On the second day, wash the slices three times in 1x PBS for 10 min. 

6.12. Incubate for 3h with the secondary antibodies diluted in blocking solution (1/500 dilution) in the dark at room temperature.

NOTE: Optimization of antibody dilution and incubation time might be required when using other antibodies than the ones described here.

6.13. Wash the slices three times in 1x PBS for 10 min in the dark.  

6.14. Under a binocular microscope, mount the slices onto a glass slide. Place 100 µL of 1x PBS on the slide and transfer the slices into the PBS using a brush. Unfold the slices if needed and flatten them on the slide. Remove any excess of PBS. In case the immunolabeling is performed with the slices still attached to membranes, mount with the slices facing the coverslip, with the membrane on the glass slide.

6.15. Place a drop of mounting medium directly onto the glass coverslip and gently cover the slices. Mounted slides can be stored for several months at 4 °C in the dark.

REPRESENTATIVE RESULTS: 
Examples of representative myelin immunostainings in organotypic cerebellar slices obtained from P9-P10 C57black6 wild-type (WT) (Figure 2A), as well as PLP-GFP transgenic mice (Figure 2B), together with Purkinje cells staining. Cerebellar slices myelinate from the white matter tracks region of the slices towards the periphery of the folia and myelination of the Purkinje cells is mostly achieved after 6 to 7 DIV. At 7 DIV, the induction of a full demyelination is possible through LPC treatment (Figure 2Ci-ii). Following demyelination, the slices spontaneously remyelinate and are fully remyelinated 6-7 days after the peak of demyelination (Figure 2Ciii). 

Figure 1: Illustration of cerebellum slices generation. The dissection is divided in three main steps. (A) The cerebellum is isolated and the meninges removed (steps 4.10 and 4.11). (B) The cerebellum is then transferred to the chopper platform and sliced (steps 4.12 to 4.16). (C) Lastly, the slices are isolated from the vermis and placed on a membrane insert. The dissection medium transferred with the slices is removed and the 6-well plate is placed into the incubator (steps 4.18 and 4.22).

Figure 2: Example of myelinated cerebellar slices cultured ex vivo. Image stacks (with orthogonal projection) were obtained using an upright confocal microscope following free floating immunolabeling and flat mounting as described in the protocol. The slices are robustly myelinated at 11 DIV (A, PLP; B, GFP in green) and the axonal domains are assembled as observed in vivo with nodes of Ranvier enriched in voltage-gated sodium channels (Nav, in red) flanked by the paranodal axoglial junction domain (Caspr, in white) in C57black6 WT (A) as well as PLP-GFP (B) transgenic mice slices. (C) The cerebellar cortex architecture is preserved in the cultured slices, as observed on cerebellar slices from PLP-GFP mice. (i) Purkinje cells axon (Calbindin, Calb, in blue) are robustly myelinated (GFP, in green) after one week in culture. (ii) LPC treatment fully demyelinates the slices, which remyelinate spontaneously and are fully remyelinated 6 days post demyelination (iii, 14 DIV). Scale bars, A, B: 20 μm; C: 100 μm.

DISCUSSION: 
Here, we detail a protocol to generate an ex vivo model corresponding to the mouse cerebellar organotypic slice cultures, adapted from previously published methods15,16,19 and the subsequent myelin immunostaining of these preparations. This strategy offers the possibility to visualize myelin components with a high-resolution in both healthy and pathological states. 

Cerebellar organotypic slice cultures taken from 10-day-old mice are a well-established experimental model to investigate molecular and cellular mechanisms underlying myelination and remyelination processes, as it allows to reproduce most anatomical and functional features of the corresponding tissue in vivo including not only the preservation of a well-defined cellular architecture but also the maturation timeline17. Furthermore, cerebellar slices have a preserved architectural organization after two weeks in vitro (Figure 1C). The transgenic PLP-GFP strain is an alternative, allowing, in particular, to observe the myelination status under a fluorescent binocular microscope on live slices, which is particularly convenient for demyelination-remyelination studies (Figure 1C).
[bookmark: _GoBack]
These preparations are of particular interest as a fast approach to assess myelination rate with the developed automated quantification, including western-blot analysis20, CNPase assay16 or quantification of PLP/Calbindin (or MBP/Calbindin) staining17,21, thus representing a high-throughput system allowing for the testing of pharmacological drugs in demyelinating disorders22,23. 

One of the main critical issues when performing these experiments might be related to the quality of the cerebellar slices. Firstly, the age of mice is of importance for cerebellar organotypic slice cultures. The survival of Purkinje cells, the only myelinated neuron in cerebellar cultures, is compromised if cultures are prepared from P2 to P7 rodents or with donors older than P1317.  More generally, organotypic brain slice cultures are difficult to obtain from adults animals. Secondly, the duration of tissue processing during dissection is critical, as a dissection step of more than 15-20 minutes per animal leads to a decline in the survival rate of the slices. Furthermore, when selecting the slices to be cultured, it is best to avoid using the ones from either end of the cerebellum due to the poor survival of neurons and resultant scarcity of myelinated fibers. 


Other parameters such as the stability of temperature and CO2 concentration while in culture are determining factors to ensure slice health. Lastly, the quality of the slices is influenced by the composition of the horse serum, which cannot be controlled by the users. Therefore, testing several batches of serum is highly recommended. 

To obtain an adequate labeling, tissue fixation is a key step. In order to facilitate the penetration of the antibodies to reach myelin antigens, as myelin is a very compact structure, slices pre-treatment with absolute ethanol is advised following fixation. A similar protocol of staining can further be applied to in vivo fixed tissues, though Triton concentration may need to be adapted to the thickness of vibratome or cryostat generated in vivo sections. The availability of non-commercial antibodies should also be considered. Preparing slices from transgenic mice such as PLP-GFP24 or CNP-GFP25 thus represents an alternative to visualize myelin and oligodendrocytes processes. 

In addition to the immunochemical methods described in this protocol, other approaches are commonly used to study myelin architecture. Complementary techniques also exist to investigate myelin ultrastructure, with electron microscopy being the gold standard26. Other techniques exist, such as label-free approaches including optical coherence tomography27,28, Raman scattering28,29, third-harmonic generation30 or spectral confocal reflectance microscopy31; these approaches have the additional advantage of enabling the observation of dynamic cellular processes. However, some of these techniques are complex and further require state-of-the-art microscopy set-ups. For these reasons, myelin study by immunofluorescence labeling remains a standard approach to investigate myelination and its defects in various developmental or acquired diseases and their models, as well as to assess the potential of future therapeutic treatments. It can further be used to study myelination in multiple contexts, such as learning and plasticity, as well as aging, depression, or autism in which myelin is known to be altered32.

ACKNOWLEDGMENTS: 
We thank Dr. Sean Freeman, Dr. Nathalie Sol-Foulon and Dr. Thomas Roux for valuable comments on the manuscript. This work was funded by INSERM, ICM, ARSEP Grants R13123DD, ANR R17127DD (to A.D.) and FRM fellowship, SPF20110421435 (to A.D.), FDT20170437332 (to M.T.).

DISCLOSURES: 
None of the authors have competing interests or conflicting interests.

REFERENCES: 
1.	Monje, M. Myelin Plasticity and Nervous System Function. Annual Review Neuroscience. 41, 61–76 (2018).
2.	Desmazières, A., Sol-Foulon, N. & Lubetzki, C. Changes at the nodal and perinodal axonal domains: a basis for multiple sclerosis pathology? Multiple Sclerosis Houndmills Basingstoke England. 18, 133–137 (2012).
3.	Waxman, S. G. & Ritchie, J. M. Molecular dissection of the myelinated axon. Annals of Neurology. 33, 121–136 (1993).
4.	Fünfschilling, U. et al. Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity. Nature. 485, 517–521 (2012).
5.	Lee, Y. et al. Oligodendroglia metabolically support axons and contribute to neurodegeneration. Nature. 487, 443–448 (2012).
6.	Chang, K.-J., Redmond, S. A. & Chan, J. R. Remodeling myelination: implications for mechanisms of neural plasticity. Nature Neurosciences. 19, 190–197 (2016).
7.	Fields, R. D. A new mechanism of nervous system plasticity: activity-dependent myelination. Nature Reviews Neuroscience. 16, 756–767 (2015).
8.	Nave, K.-A. & Werner, H. B. Myelination of the nervous system: mechanisms and functions. Annual Review of Cell and Developmental Biology. 30, 503–533 (2014).
9.	Nave, K.-A. Myelination and support of axonal integrity by glia. Nature. 468, 244–252 (2010).
10.	Baumann, N. & Pham-Dinh, D. Biology of oligodendrocyte and myelin in the mammalian central nervous system. Physiological Reviews. 81, 871–927 (2001).
11.	Kluver, H. & Barrera, E. A method for the combined staining of cells and fibers in the nervous system. Journal of Neuropathology and Experimental Neurology. 12, 400–403 (1953).
12.	Meier, C. Some observations on early myelination in the human spinal cord. Light and electron microscope study. Brain Research. 104, 21–32 (1976).
13.	Hori, S. H. A SIMPLIFIED ACID HEMATEIN TEST FOR PHOSPHOLIPIDS. Stain Technology. 38, 221–225 (1963).
14.	Gallyas, F. Silver staining of myelin by means of physical development. Neurological Research. 1, 203–209 (1979).
15.	Dusart, I., Airaksinen, M. S. & Sotelo, C. Purkinje cell survival and axonal regeneration are age dependent: an in vitro study. Journal of Neuroscience An Official Journal of the Society of Neuroscience. 17, 3710–3726 (1997).
16.	Birgbauer, E., Rao, T. S. & Webb, M. Lysolecithin induces demyelination in vitro in a cerebellar slice culture system. Journal of Neuroscience Research. 78, 157–166 (2004).
17.	Zhang, H., Jarjour, A. A., Boyd, A. & Williams, A. Central nervous system remyelination in culture--a tool for multiple sclerosis research. Experimental Neurology. 230, 138–148 (2011).
18.	Rasband, M. N. & Peles, E. The Nodes of Ranvier: Molecular Assembly and Maintenance. Cold Spring Harbor Perspectives in Biology. 8, a020495 (2015).
19.	Stoppini, L., Buchs, P. A. & Muller, D. A simple method for organotypic cultures of nervous tissue. Journal of Neurosciences Methods. 37, 173–182 (1991).
20.	Hussain, R. et al. Progesterone and Nestorone facilitate axon remyelination: a role for progesterone receptors. Endocrinology. 152, 3820–3831 (2011).
21.	Wioland, L. et al. Epsilon toxin from Clostridium perfringens acts on oligodendrocytes without forming pores, and causes demyelination. Cellular Microbiology. 17, 369–388 (2015).
22.	Pampaloni, F., Reynaud, E. G. & Stelzer, E. H. K. The third dimension bridges the gap between cell culture and live tissue. Nature Reviews Molecular Cell Biology. 8, 839–845 (2007).
23.	Medina-Rodríguez, E. M. et al. Promoting in vivo remyelination with small molecules: a neuroreparative pharmacological treatment for Multiple Sclerosis. Science Reports. 7, (2017).
24.	Spassky, N. et al. The early steps of oligodendrogenesis: insights from the study of the plp lineage in the brain of chicks and rodents. Developmental Neurosciences. 23, 318–326 (2001).
25.	Yuan, X. et al. Expression of the green fluorescent protein in the oligodendrocyte lineage: a transgenic mouse for developmental and physiological studies. Journal of Neuroscience Research. 70, 529–545 (2002).
26.	Gibson, E. M. et al. Neuronal activity promotes oligodendrogenesis and adaptive myelination in the mammalian brain. Science. 344, 1252304 (2014).
27.	Tomassy, G. S. et al. Distinct profiles of myelin distribution along single axons of pyramidal neurons in the neocortex. Science. 344, 319–324 (2014).
28.	Wang, H. et al. Polarization sensitive optical coherence microscopy for brain imaging. Optics Letters. 41, 2213–2216 (2016).
29.	Freudiger, C. W. et al. Label-free biomedical imaging with high sensitivity by stimulated Raman scattering microscopy. Science. 322, 1857–1861 (2008).
30.	Lim, H. et al. Label-free imaging of Schwann cell myelination by third harmonic generation microscopy. Proceedings of the National Academy of Sciences U. S. A. 111, 18025–18030 (2014).
31.	Schain, A. J., Hill, R. A. & Grutzendler, J. Label-free in vivo imaging of myelinated axons in health and disease with spectral confocal reflectance microscopy. Nature Medicine. 20, 443–449 (2014).
32.	Arancibia-Carcamo, I. L. & Attwell, D. The node of Ranvier in CNS pathology. Acta Neuropathologia. (Berlin.) 128, 161–175 (2014).

								
		


 


 


 


 


 


 


 


 


 


 


TITLE:


 


 


1


 


Preparation 


and Immunostaining of Myelinating Organotypic Cerebellar Slice Cultures


 


2


 


 


3


 


AUTHORS


 


AND


 


AFFILIATIONS:


 


 


4


 


Melina


 


Thetiot


1


,


 


Rémi


 


Ronzano


1


,


 


Marie


-


Stéphane


 


Aigrot


1


,


 


Catherine


 


Lubetzki


1


,


 


Anne


 


5


 


Desmazières


1


 


6


 


 


7


 


1


 


Sorbonne


 


Université,


 


Inserm,


 


CNRS,


 


Institut


 


du


 


Cerveau


 


et


 


de


 


la


 


Moelle


 


épinière,


 


ICM


-


GH


 


8


 


Pitié


-


Salpé


trière,


 


F


-


75013,


 


Paris,


 


France.


 


9


 


 


10


 


Corresponding


 


Author


:


 


11


 


Anne


 


Desmazières


 


 


 


(anne.desmazieres@upmc.fr)


 


12


 


 


13


 


Email


 


Addresses


 


of


 


Co


-


Authors:


 


14


 


Melina


 


Thetiot


 


 


 


(melina.thetiot@etu.upmc.fr)


 


15


 


Rémi


 


Ronzano


 


 


 


(remi.ronzano@icm


-


institute.org)


 


16


 


Marie


-


Stéphane


 


Aigrot


 


 


(marie


-


stephane.aigrot@upmc.fr)


 


17


 


Catherine


 


Lubetzki


 


 


 


(catherine.lubetzki@psl.aphp.fr)


 


18


 


 


19


 


KEYWORDS:


 


 


20


 


Organotypic cultures, immunostaining, myelin, 


central nervous system, cerebellum, repair


 


21


 


 


22


 


SUMMARY:


 


 


23


 


Here


 


we


 


present


 


a


 


method


 


to


 


prepare


 


organotypic


 


slice


 


cultures


 


from


 


mouse


 


cerebellum


 


and


 


24


 


myelin


 


sheath


 


staining


 


by


 


immunohistochemistry


 


suitable


 


for


 


investigat


ing


 


mechanisms


 


of


 


25


 


myelination


 


and


 


remyelination


 


in


 


the


 


central


 


nervous


 


system.


 


26


 


 


27


 


ABSTRACT:


 


 


28


 


In


 


the


 


nervous


 


system,


 


myelin


 


is


 


a


 


complex


 


membrane


 


structure


 


gener


ated


 


by


 


myelinating


 


glial


 


29


 


cells,


 


which


 


ensheath


es


 


axons


 


and


 


facilitate


s


 


fast


 


electrical


 


conduction.


 


M


yelin


 


alteration


 


has


 


30


 


been


 


shown


 


to


 


occur


 


in


 


various


 


neurological


 


diseases,


 


where


 


it


 


is


 


associated


 


with


 


functional


 


31


 


deficits.


 


Here,


 


we


 


provide


 


a


 


detailed


 


description


 


of


 


an


 


ex


 


vivo


 


model


 


consisting


 


of


 


mouse


 


32


 


organotypic


 


cerebellar


 


slices,


 


which


 


can


 


be


 


maintain


ed


 


in


 


culture


 


for


 


several


 


weeks


 


and


 


further


 


33


 


be


 


labeled


 


to


 


visuali


z


e


 


myelin.


 


 


34


 


 


35


 


INTRODUCTION:


 


 


36


 


Neurons


 


are


 


highly


 


polarized


 


cells,


 


which


 


comprise


 


a


 


somato


-


dendritic


 


compartment


 


that


 


37


 


receives


 


inputs


 


from


 


its


 


environment


 


and


 


an


 


axon


 


that


 


ensures


 


the


 


generation


 


and


 


propagation


 


38


 


of


 


electrical


 


impulses


 


to


 


other


 


cells.


 


Rapid


 


propagation


 


and


 


timely


 


delivery


 


of


 


information


 


is


 


39


 


essential


 


for


 


the


 


proper


 


functioning


 


of


 


the


 


nervous


 


system.


 


In


 


vertebrates,


 


it


 


is


 


facilitated


 


by


 


40


 


myelination,


 


which


 


allows


 


increas


ing


 


axonal


 


con


duction


 


velocity


1


.


 


Myelin


 


is


 


a


 


specialized


 


41


 


structure


 


formed


 


by


 


compacted


 


layers


 


of


 


plasma


 


membrane


 


generated


 


by


 


the


 


myelinating


 


glia,


 


42


 


namely


 


oligodendrocytes


 


in


 


the


 


central


 


nervous


 


system


 


(CNS)


 


and


 


Schwann


 


cells


 


in


 


the


 


peripheral


 


43


 


nervous


 


system


 


(PNS).


 


Both


 


in


 


the


 


C


NS


 


and


 


t


he


 


P


NS,


 


axoglial


 


interactions


 


drive


 


the


 


formation


 


of


 


44


 




                    TITLE:    

1

  Preparation  and Immunostaining of Myelinating Organotypic Cerebellar Slice Cultures  

2

   

3

  AUTHORS   AND   AFFILIATIONS:    

4

  Melina   Thetiot 1 ,   Rémi   Ronzano 1 ,   Marie - Stéphane   Aigrot 1 ,   Catherine   Lubetzki 1 ,   Anne  

5

  Desmazières 1  

6

   

7

  1   Sorbonne   Université,   Inserm,   CNRS,   Institut   du   Cerveau   et   de   la   Moelle   épinière,   ICM - GH  

8

  Pitié - Salpé trière,   F - 75013,   Paris,   France.  

9

   

10

  Corresponding   Author :  

11

  Anne   Desmazières       (anne.desmazieres@upmc.fr)  

12

   

13

  Email   Addresses   of   Co - Authors:  

14

  Melina   Thetiot       (melina.thetiot@etu.upmc.fr)  

15

  Rémi   Ronzano       (remi.ronzano@icm - institute.org)  

16

  Marie - Stéphane   Aigrot     (marie - stephane.aigrot@upmc.fr)  

17

  Catherine   Lubetzki       (catherine.lubetzki@psl.aphp.fr)  

18

   

19

  KEYWORDS:    

20

  Organotypic cultures, immunostaining, myelin,  central nervous system, cerebellum, repair  

21

   

22

  SUMMARY:    

23

  Here   we   present   a   method   to   prepare   organotypic   slice   cultures   from   mouse   cerebellum   and  

24

  myelin   sheath   staining   by   immunohistochemistry   suitable   for   investigat ing   mechanisms   of  

25

  myelination   and   remyelination   in   the   central   nervous   system.  

26

   

27

  ABSTRACT:    

28

  In   the   nervous   system,   myelin   is   a   complex   membrane   structure   gener ated   by   myelinating   glial  

29

  cells,   which   ensheath es   axons   and   facilitate s   fast   electrical   conduction.   M yelin   alteration   has  

30

  been   shown   to   occur   in   various   neurological   diseases,   where   it   is   associated   with   functional  

31

  deficits.   Here,   we   provide   a   detailed   description   of   an   ex   vivo   model   consisting   of   mouse  

32

  organotypic   cerebellar   slices,   which   can   be   maintain ed   in   culture   for   several   weeks   and   further  

33

  be   labeled   to   visuali z e   myelin.    

34

   

35

  INTRODUCTION:    

36

  Neurons   are   highly   polarized   cells,   which   comprise   a   somato - dendritic   compartment   that  

37

  receives   inputs   from   its   environment   and   an   axon   that   ensures   the   generation   and   propagation  

38

  of   electrical   impulses   to   other   cells.   Rapid   propagation   and   timely   delivery   of   information   is  

39

  essential   for   the   proper   functioning   of   the   nervous   system.   In   vertebrates,   it   is   facilitated   by  

40

  myelination,   which   allows   increas ing   axonal   con duction   velocity 1 .   Myelin   is   a   specialized  

41

  structure   formed   by   compacted   layers   of   plasma   membrane   generated   by   the   myelinating   glia,  

42

  namely   oligodendrocytes   in   the   central   nervous   system   (CNS)   and   Schwann   cells   in   the   peripheral  

43

  nervous   system   (PNS).   Both   in   the   C NS   and   t he   P NS,   axoglial   interactions   drive   the   formation   of  

44

 

