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Abstract:

Oligodendrocyte precursor cells (OPCs) sculpt neural circuits through the
phagocytic engulfment of synapses during development and in adulthood. However,
precise techniques for analyzing synapse engulfment by OPCs are limited. Here, we
describe a two-pronged cell biological approach for quantifying synapse engulfment by
OPCs which merges low- and high-throughput methodologies. In the first method, an
adeno-associated virus encoding a pH-sensitive, fluorescently-tagged synaptic marker
is expressed in neurons in vivo. This construct allows for the differential labeling of
presynaptic inputs that are contained outside of and within acidic phagolysosomal
compartments. When followed by immunostaining for markers of OPCs and synapses in
lightly fixed tissue, this approach enables the quantification of synapses engulfed by
around 30-50 OPCs within a given experiment. In the second method, OPCs isolated
from dissociated brain tissue are fixed, incubated with fluorescent antibodies against
presynaptic proteins, and then analyzed by flow cytometry. This approach enables the
quantification of presynaptic material within tens of thousands of OPCs in less than one
week. These methods extend beyond the current imaging-based engulfment assays
designed to quantify synaptic phagocytosis by brain-resident immune cells, microglia.
Through the integration of these methods, the engulfment of synapses by OPCs can be
rigorously quantified at both the individual and populational levels. With minor
modifications, these approaches can be adapted to study synaptic phagocytosis by
numerous glial cell types in the brain.
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Introduction

The construction of neural circuits during brain development occurs in a stepwise
fashion, beginning with the establishment of an overabundance of nascent synaptic
connections in utero. This early phase of synapse formation is followed by the
strengthening and maintenance of a subset of synapses, coinciding with the large-scale
elimination of synapses that are transient or dispensable for mature brain function’-2.
The removal of synapses during development is essential for ensuring that the proper
number and organization of synaptic connections persist across the lifespan. Although
synapse elimination has predominantly been studied during development, this process
occurs in the mature brain as well, likely to facilitate the remodeling of established
circuits in response to extrinsic stimuli®®. Thus, synapse elimination is a fundamental
mechanism driving the development and plasticity of the brain.

Over the past ten years, the elimination of excess synapses has been shown to
involve the phagocytic engulfment and degradation of presynaptic inputs by glia, non-
neuronal cells of the brain. While prior studies have mainly focused on the engulfment
of synapses by microglia®2, we recently discovered a new role of oligodendrocyte
precursor cells (OPCs) in engulfing synapses both during postnatal development and in
the adult mouse brain®. Along with recent complementary studies''", this finding shed
light on the ability of OPCs to sculpt brain circuits and influence brain function beyond
the production of mature oligodendrocytes. Thus, OPCs are multi-functional brain cells
with key roles in circuit connectivity and function across the lifespan. These discoveries
have revealed a need for precise techniques tto investigate how OPCs perform their
non-canonical functions, including the engulfment of synapses.

Development of the Approach

The discovery that OPCs engulf synapses in the brain was facilitated by the
development of methods for visualizing and quantifying synaptic material within OPCs.
An important requirement for these experiments was the ability to identify synaptic
structures within OPCs with a high degree of confidence. Unlike other glia, OPCs
receive direct synaptic inputs from neurons. Therefore, differentiating between synaptic
contacts at the surface of OPCs from synaptic material that is internalized is particularly
important and may lead to unique challenges compared to other phagocytic glia'?'3. For
instance, one obstacle to accurately identifying internalized synapses within OPCs is
the limitation of spatial resolution inherent to confocal microscopy. Although the
enhanced resolution afforded by super-resolution microcopy techniques can help
identify engulfed synapses, these methods are typically neither as readily available nor
user-friendly as confocal microscopes. Furthermore, even with improved resolution,
these approaches tend to be low-throughput, which may miss phenomena only
quantifiable when observing a larger population of cells as a whole.

In the current protocol, we describe two complementary approaches: one that
utilizes standard confocal imaging and quantifies OPC engulfment of synaptic material
in a high-confidence but low-throughput manner, and a second approach that uses flow
cytometry to analyze synaptic engulfment by OPCs in a high-throughput manner (Figure

2
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90 1). The first method takes advantage of the fundamental observation that, when a cell

91 phagocytoses extracellular material, that material is shuttled into phagolysosomes (PLs)

92 where it is degraded. These organelles are highly acidic, allowing us to engage a

93 presynaptically anchored, pH-sensitive construct to identify whether OPC-ingested

94  synaptic material resides within a PL. These adeno-associated viral (AAV) sensors

95 include probe for synaptic digestion (pSynDig)® and ExPre?, both of which fuse the

96 presynaptic protein Synaptophysin to an mCherry (red) and an eGFP (green)

97 fluorophore. When synapses are intact and at physiological pH, pSynDig+ synapses

98 fluoresce in both red and green channels. However, when inputs reside within acidic

99 compartments, they lose green signal at a higher rate than the red signal due to eGFP's
100 limited pH resilience®. Thus, eGFP-negative inputs in OPCs are most likely inputs that
101  have been phagocytosed and are in the process of being degraded.
102 In approach 1, pSynDig is delivered to a brain region such that neurons in that
103  region project fluorescently labeled presynaptic inputs that terminate in the region on
104 interest. In this protocol we focus on the infection of neurons in the dorsal lateral
105 geniculate nucleus (dLGN) of the thalamus and the subsequent labeling of their inputs
106 in primary visual cortex. However, this approach can be adapted to a broad range of
107 circuits. To localize pSynDig+ axonal inputs within OPCs in visual cortex, about three
108  weeks after thalamic viral infection, the brain tissue is lightly perfusion-fixed, harvested,
109 and subjected to immunofluorescence staining with antibodies against (1) the OPC
110 marker NG2 and (2) markers for presynaptic inputs such as VGLUT2. The co-stained
111  tissue is then imaged, with three-dimensional Z-stacks acquired using either a standard
112  or Airyscan confocal microscope at Nyquist settings. Imaging at Nyquist settings
113  ensures that the sampling frequency of the image is at least twice the highest frequency
114 presentin the specimen. This results in a more accurate representation of the specimen
115  which improves the accuracy of the quantitative measurements. After image acquisition,
116 OPCs and synaptic inputs are reconstructed in the software package Imaris (Figure 2a).
117  Afiltering-based algorithm is applied to identify, with high confidence, synaptic inputs
118 that are localized within a given OPC. These inputs can be analyzed either by
119 quantifying the volume of synaptic signal within an OPC normalized to the OPC’s
120 volume (yielding an engulfment score), or by measuring the eGFP-to-mCherry signal
121  ratio within the cell (Figure 2b). These strategies allow for the rigorous quantification of
122 the amount of engulfed synaptic material within about 30 - 50 OPCs in each experiment.
123 Approach 1 describes an imaging-based method that more accurately quantifies
124  OPC engulfment of synapses than the current strategies used for other glia types.
125 However, this method is low-throughput, and transcriptomic and functional studies have
126 indicated that OPCs may have multiple cell states'*'7. Thus, low-throughput methods
127  are likely insufficient to fully understand the nature of OPCs engulfment of synaptic
128 material, including whether these cells engulf in a homogenous or heterogeneous
129 manner. Therefore, we have established a second approach to quantify the relative
130 expression of presynaptic markers within individual OPCs across a pool of tens of
131  thousands of OPCs using flow cytometry (Figure 3). In this approach, OPCs are first
132  dissociated from micro-dissected cortical tissue and then are isolated by density through
133 centrifugation together with other glial cells, particularly microglia. These cells then go
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134  through two rounds of staining, one that stains for extracellular markers specific for

135 OPCs and another that stains for presynaptic proteins located intracellularly (Figure 3a).
136  Post-staining, these cells are then analyzed by flow cytometry. This allows for the

137  quantification of the presynaptic protein content within OPCs at the populational level
138  (Figure 3b). Although this method does not allow for the direct visualization of the

139 intracellular content, it is a fast and reliable complement to imaging-based analyses with
140 the benefit of quantifying synaptic material within OPCs in a high- throughput manner’8.
141 Because the imaging-based and flow cytometry-based approaches are highly

142  complementary, their combination allowed us to define a heterogeneous function for
143  OPCs in engulfing synapses in the developing and mature brain®.

144
145 Comparison with other methods

146

147 Historically, synapse engulfment by glial cells has been quantified using an

148  imaging-based approach in fixed tissue simply termed the ‘engulfment assay’®. In this
149  assay, synaptic inputs are labeled with antibodies against presynaptic proteins (e.g.,
150 VGLUT2) while cell volumes are labeled with antibodies against microglia (e.g. IBA1,
151 P2ry12). Three-dimensional Z-stacks are then acquired on a confocal microscope, after
152  which the labeled elements are reconstructed using a specialized software program

153  called Imaris. Imaris uses a masking algorithm to quantify the volume of a cell in

154  question that is occupied by synaptic material. This value, which is normalized to cell
155 volume, serves as a read-out for the engulfment activity of a given cell.

156 While this approach was innovative and remains widely used, there are three
157  major limitations of this method. (1) The spatial resolution typically achieved on a

158 standard confocal microscope is often not fine enough to confidently discriminate

159  whether a synaptic input is within, in contact with, or just very close to a cell. (2) These
160 experiments are relatively low-throughput, making it difficult to determine whether the
161 cell type in question engulfs synapses in a heterogeneous or a homogeneous manner.
162 (3) The original engulfment assay was optimized for the detection of synaptic material
163  within microglia, rendering the protocol suboptimal for quantifying engulfment by OPCs,
164  which have different morphological structures and make bona fide synapses with

165 neurons.

166 Our protocol addresses these challenges through the use of ratiometric pH-

167 sensors expressed in vivo. These sensors can increase the confidence that a synaptic
168 input has been engulfed by an OPC. In addition, instead of the classically applied

169 masking-based approach for quantifying synapse engulfment in Imaris, we have

170 adopted a distance-filtering method based on the optical resolution of the acquisition
171  system. This new filtering-based method is a more rigorous and conservative strategy
172  for classifying synaptic material as engulfed by OPCs (Figure 4a-bii). We experimentally
173  validated this approach as being significantly more conservative in identifying engulfed
174  inputs than the masking-based approach used in the classical engulfment assay (Figure
175  4c). Furthermore, this protocol extends beyond imaging-based methods by including the
176  flow cytometric analysis of presynaptic proteins within tens of thousands of individual
177 OPCs in each experiment. While other groups have begun to utilize flow cytometry to
178  study synapse engulfment by microglia'®, the approach has not yet been widely used,
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179  standardized, or applied to OPCs (apart from our study®). Thus, our protocol provides
180 numerous advantages over other assays, including its specialization for the study of

181 synapse engulfment by OPCs, which have emerged as remarkably multi-functional cells
182 in the brain®11.19-21,

183

184 Expertise needed to implement the protocol

185

186 These approaches combine numerous methods that are relatively standard in

187 molecular and cellular biology laboratories. In particular, the surgical injections of viral
188  constructs should be conducted only by investigators trained to perform these

189 procedures according to institutional policies, and only investigators trained to handle
190 biohazardous agents like AAVs should perform the infections. In addition, flow

191 cytometry experiments require expertise in using fluorescent sorting machinery

192  effectively. The availability of a flow cytometry core facility with trained staff could

193  circumvent this requirement.

194

195 Limitations of the approach

196

197 While the approaches that we describe here represent a series of advancements

198 compared to other methods (as described above), it is important to acknowledge the
199 limitations of these strategies. One limitation of this strategy is that each of these

200 approaches relies upon the use of antibodies to detect specific proteins. Given that

201 antibodies require rigorous validation and optimization and are subject to manufacturing
202  variability between lots, integrating new antibodies into the protocols can add more time
203 to the front-end of experiments for an investigator who wants to adapt the approach, for
204  example to quantify synapse engulfment by microglia rather than OPCs. Another

205 limitation is that our suggested distance filter-based engulfment analysis in Imaris

206 results in the loss of information in thinner regions of the cell, which can include distal
207  processes. Thus, our method focuses on larger regions, which primarily include OPC
208 somata and proximal processes. Regarding the flow cytometry strategy, it is important
209 to note that structural parameters, such as whether an input resides within the

210 processes or cell body of an OPC, are lost due to tissue homogenization. Finally,

211 another limitation is that these approaches are optimized for the rodent brain and

212 adapting them to other models would likely require substantial adjustments. Despite

213  these caveats, we expect the approaches described here to significantly increase the
214  rigor and reproducibility of experiments quantifying synapse engulfment by OPCs and
215 other glial cell types as well.

216

217 Experimental design

218

219 This protocol describes two complementary methodologies to analyze the

220 engulfment of synaptic material by OPCs. In the imaging-based approach, OPC

221  engulfment of thalamocortical synapses in primary visual cortex is described. However,
222  these protocols can be adapted for different brain regions and can be used to compare
223  OPC engulfment across conditions and in disease models. It is suggested that
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224  experimenters engage in robust validation of the methods when used in different

225 contexts. For example, we recommend validating new injection coordinates in the

226  mouse brain for investigators who are interested in quantifying engulfment in non-visual
227 regions. It is also important to optimize antibody staining in the different regions as well.
228 The experimental design for flow cytometry can be complex due to the large

229 number of controls that are required to prepare for cell-specific target protein analysis.
230  We designed the fluorophore panel using the FluoroFinder platform, however many
231  other manufacturer websites can help to accomplish this task. When choosing the

232 fluorophore, assign the brightest fluorophore to the lowest expressed protein and the
233  dimmest fluorophore to the highest expressed protein. Avoid fluorophores with

234  emissions that have high spectral overlap and always include the appropriate controls
235  for the experiment as follows. Every experiment should include an unstained control to
236  avoid autofluorescence, single color controls for compensation of spectral overlap,

237  viability control to discriminate live cells from dead cells and fluorescence minus one
238 (FMO) for a reliable gating strategy (Figure 5). CRITICAL In order to choose the correct
239  fluorophore to be used in the experiment, it is necessary to know which lasers and

240  optical filters are available on your system. In the present manuscript, three

241  experimental tubes and six control tubes were prepared, including two control tubes
242  containing cells (Unstained control and FMO-SYN1) and four control tubes containing
243  beads for single stained control (Figure 3a). CRITICAL To avoid systematic errors, label
244  the control and experimental tubes with different colors, and during the procedure,

245 separate the tubes that will be used for cells from the tubes that will be used for beads.

246 SECTION A - Imaging-based protocol

247

248  Materials

249

250 Animals

251 To encourage reproducibility, animals should be from the same background strain of
252  C57BI/6J. The approach will likely be adaptable to multiple mouse lines, but we have
253  not yet performed experiments in other strains. Animals used for immunofluorescent
254  staining were wild-type C57BI/6 mice (Jackson Laboratory strain code B57BL/6J).
255 A CAUTION All animal husbandry and experiments were conducted following the
256  policies established by the Institutional Animal Care and Use Committee (IACUC) at
257  Cold Spring Harbor Laboratory. All experiments were previously approved by the
258 IACUC.

259

260 Reagents

261 Reagents for animal perfusion and tissue fixation

262 e Gibco 1X phosphate-buffered saline (PBS), pH 7.4 (FisherScientific cat. no.
263 10010049)

264 o Paraformaldehyde 16% Aqueous Sol. EM Grade (Electron Microscopy Science
265 cat. no. 15710)

266 e D-(+)-Sucrose (VWR cat. no. BDH9308-500G)

267 e Dryice
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268

269 Reagents for immunofluorescence staining

270 e Gibco 1X phosphate-buffered saline (PBS), pH 7.4 (FisherScientific cat. no.
271 10010049)

272 e TRITON™ X-100 (VWR cat. no. 97063-864)

273 e Gibco™ Fetal Bovine Serum (Life Technologies cat. no. A3160501)

274 e Normal Goat Serum (Thermo Fisher cat. no. 31873)

275 e Normal Donkey Serum (Jackson ImmunoResearch cat. no. 017-000-121)
276 e Primary Antibodies (Table 1)

277

278 Reagents for surgery

279 e pAAV:hSYN-synaptophysin-mCherry-eGFP (pSynDig)

280 e Betadine (Amazon cat. no. BOO5R8580M)

281 e Metacam (Boehringer-Ingleheim cat. no. 136327)

282 e |soflurane (MWI Veterinary Supply cat. no. 502017)

283 e Buprenorphine HCI Inj. (Covetrus cat. no. 059122)

284 e Gibco 1X phosphate-buffered saline (PBS), pH 7.4 (FisherScientific cat. no.

285 10010049)
286 Flunixin Meglumine (Covetrus cat. No. 11695-4025-1)
287

288 Equipment
289 General equipment

290 e Watson Marlow 205CA4 Channel pump with Pump Pro MPL (Boston Laboratory
291 Equipment cat. no. BLE2000180) CRITICAL This system can be replaced with
292 other perfusion pumps.

293 e PVC Tubing (1/16 x 1/8 in) (Sigma-Aldrich cat. no. Z280348)

294 e 22-gauge needle with tip cut off (VWR cat. no. BD305156)

295 « Nalgene® desiccator (Sigma-Aldrich cat. no. D2672-1EA)

296 e Mini Dissecting Scissors, 8.5¢ (World Precision Instruments [WPI] cat. no.

297 503667)

298 e Operating Scissors straight 11.5 cm (WPI cat. no. 501753)

299 e Dumont Tweezers #5 (WPI cat. no. 501985)

300 e Dressing Forceps (WPI cat. no. 500363)

301 e Kimberly-Clark Professional™ Kimtech Science™ Kimwipes™ Delicate Task

302 Wipers (Fisher Scientific cat. no. 06-666A)

303 « Embedding molds (VWR cat. no. 15160-215)

304 e Tissue-Tek® O.C.T. Compound, Sakura® Finetek (VWR cat. no. 25608-930)
305 e Aluminum Foil (VWR cat. no. 89107-724)

306 e 15 mL Falcon® Centrifuge Tubes, Conical Bottom (VWR cat. no. 21008-918)
307 e 50 mL Falcon® Centrifuge Tubes, Conical Bottom (VWR cat. no. 21008-951)
308 e Corning® bottle-top vacuum filter system (Sigma Aldrich cat. no. CLS431205)
309 e Leica Microsystems 3P Glass Insert 70 mm Wide for Anti-Roll Systems (Fisher
310 Scientific cat. no. NC0470572)

311 e 30 mm Specimen Chuck--green O-ring (VWR cat no. 10756-204)

312 e 200 Proof KOPTEC Ethanol (VWR cat. no. 89125-186)
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313 e Fisherbrand™ Superfrost™ Plus Microscope Slides (Fisher Scientific cat. no. 12-
314 550-15)

315 e VWR® Microscope Slide Boxes for 100 Slides (VWR cat. no. 82003-406)

316 e Surgipath® Low-Profile 819 Disposable Sectioning Blades (VWR cat. no. 10015-
317 014)

318 e Razor blades (VWR cat. no. 55411-050)

319 e Paint brushes (Amazon cat. no. BO7TGH7WGC3)

320 e Gloves (Fisher Scientific cat. no. 19166096)

321 e NitroTAPE Cryogenic Tape (Thomas Scientific cat. no. 1184W61)

322 e HybEZ™ Il Hybridization System for Manual Assays (ACD cat. no. 321710-R)
323 e ImmEdge™ Hydrophobic Barrier Pen, Vector Laboratories (VWR cat. no.

324 101098-065)

325 e DAPI Fluoromount-G® (Southern Biotech cat. no. 0100-20)

326 e Fluoromount-G® (Southern Biotech cat. no. 0100-01)

327 o Fisherbrand™ Cover Glasses: Rectangles (Fisher Scientific cat. no. 1254418P)
328 e Cryostat Leica CM3050S

329 e Zeiss Confocal Laser Scanning Microscopy (LSM) 710 or LSM 780 microscope
330 with x20/0.8 NA (air) and x63/1.4 NA (oil) objectives

331

332  Surgery Equipment

333 e 69100 Rotational Digital Stereotaxic Frame for Mice and Rat (RWD cat. no.
334 69100)

335 o Stereotaxic Frame Nosecone Masks (RWD cat. no. 68601)

336 e Leica M50 Stereomicroscope with Leica M50 optics carrier (Leica cat. no.

337 10450154) AND SMS 25 Articulating Arm Stand with Focus Mount and 90

338 Degree Adapter (Leica cat. no. 8096629)

339 o Ear bars (Stoelting cat. no. 51649)

340 e Somnosuite (Kent Scientific cat. no. SS-01)

341 e Somnosuite starter kit (Kent Scientific cat. no. SOMNO-MSEKIT)

342 o Activated charcoal filters (Kent Scientific cat. no. 10-2001-8)

343 o Heating Pad (Amazon cat. no. BO18VQ72RI)

344 e Scalpel blades (Harvard Apparatus cat. no. 75-0088)

345 o VetBond (Amazon cat. no. BO79QJXK46)

346 e Scalpel Handle (Harvard Apparatus cat. no. 72-8686)

347 e Scalpel blades (Harvard Apparatus cat. no. 75-0093)

348 e Microdrill (RWD cat. no. 78001)

349 e 0.45 mm Dirill bits (Stoelting cat. no. 514551)

350 e Motorized injector (Stoelting cat. no. 53311)

351 e 34-gauge, Small Hub RN Needle (Hamilton; custom) (Hamilton Company cat. no.

352 207434)

353 e Neuro Syringe (Hamilton Company cat. no. 65460-03)

354 o Gelfoam (VWR cat. no. 10611-588)

355 e Dry bead sterilizer (Kent Scientific cat. no. INS700860)

356 « MAXI CARE™ Underpads, Covidien (VWR cat. no. 82004-836)
357 e Surgical Gloves (VWR cat. no. 89411-648)

358 o Sterilization trays (VWR cat. no. 100498-918)
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359 o Sterile cotton tip applicator 3" (VWR cat. no. 76407-736)

360 o Sterile cotton tip applicator 6" (VWR cat. no. 76407-738)

361 e VWR® Syringe Filters (VWR cat. no. 28145-501)

362 e Insulin syringes/Tuberculin syringes 1CC 26GX3 (Fisher Scientific cat. no. 14-
363 823-2E)

364 e Eye lubricant/ Genteal Tears Ophthalmic Gel (Covetrus cat. no. 72359)

365 e Nair Hair Remover Lotion Aloe & Lanolin 90z (Amazon cat. no. BO78YGW7Q3)
366

367 Data analysis software

368 « Fiji*2 (ImageJ2, v.1.51., https://fiji.sc/)

369 e Imaris (v.10.0., Andor)

370 e Imaris File Converter (v.10.0., Andor)

371 e GraphPad Prism (v.9.4. for Mac, GraphPad Software, San Diego, California
372 USA, www.graphpad.com)

373 e Microsoft Excel (v.16.70., Microsoft)

374 e Zen black 2012 SP5 (v.14.0. Zeiss) for acquisition from LSM710

375 e Zen black 2011 SP7 (v.14.0. Zeiss) for acquisition from LSM780

376

377 Reagent setup

378 4% (vol/vol) PFA

379 Dilute 16% PFA with 1X PBS to obtain 4% PFA. Solution can be stored for a few weeks
380 at4°C.

381 A CAUTION Toxic reagent. Always handle with gloves and avoid eye and skin contact.
382 Handle reagent in hood with high airflow. Only use with designated PFA tools.

383

384 15% and 30% (wt/vol) sucrose solution

385  Weigh out the appropriate grammage of sucrose and dissolve in 1X PBS to obtain a
386 15% and/or 30% (wt/vol) sucrose solution. Filter this solution through a bottle-top
387 vacuum 0.22 um filter system and store long-term at 4°C.

388

389  10% TritonX-100

390 Dilute TritonX-100 with 1X PBS until a 10% TritonX-100 solution is achieved. Cover in
391 aluminum foil and place on a rocker at RT until dissolved. Store at 4°C long-term

392 covered in aluminum foil.

393

394 Blocking Solution

395 Use the 10% TritonX-100 solution to create a solution with a final concentration of 0.3%
396  TritonX-100 in 1X PBS. To this same solution, add an appropriate volume of Normal
397 Goat Serum (NGS), Fetal Bovine Serum (FBS), or Normal Donkey Serum (NDS) to

398 reach a final concentration of 5% NGS/FBS/NDS. The type of serum used should be
399 optimized according to the desired secondary antibodies (e.g., if secondary antibodies
400 with a Donkey host are used, use a NDS-based blocking solution).

401
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402  Probing Solution

403  Use the 10% TritonX-100 solution to create a solution with a final concentration of 0.1%
404  TritonX-100 in 1X PBS. To this same solution, add an appropriate volume of NGS, FBS,
405 or NDS to reach a final concentration of 5% NGS/FBS/NDS. The probing solution

406  should contain the same serum as the blocking solution for a given experiment.

407

408 TritonX-100 in PBS (PBST)

409 Use the 10% TritonX-100 solution to create a solution with a final concentration of 0.1%
410 TritonX-100 in 1X PBS.

411

412 70% (vollvol) Ethanol

413  Dilute 200 Proof (100%) Ethanol with MilliQ water until a 70% Ethanol solution is
414  achieved. Store at room temperature for long-term storage.

415 A CAUTION Flammable reagent. Keep in appropriate storage with other flammable
416 reagents and keep away from open flames.

417

418  Flunixin meglumine (0.5 pg/mL)

419 Dilute stock Flunixin meglumine in sterile saline solution (0.9%). Store at room
420 temperature until the expiration date.

421

422 Equipment setup

423 SURGERY SETUP

424  We assembled the surgical set up, including stereotaxic apparatus with Somnosuite
425 isoflurane delivery and stereomicroscope, based off the manufacturers’ guidelines.
426

427  Procedure

428 General pre-surgery preparation

429 Note: All surgical tools should be sterilized via autoclave prior to surgery.

430 A CAUTION Surgical procedures should be conducted in accordance with the

431 suggested procedures set by the institution. Steps 1-25 should be adapted based on
432  institutional guidelines.

433 A CAUTION This surgery involves usage of an adeno-associated virus (AAV) and all
434  procedures should comply with Institutional Biosafety Committee (IBC) guidelines and
435 policies regarding usage of AAVs.

436 1. Put on surgical gloves, mask, and appropriate personal protective equipment.
437 2. Pre-warm heating pad mounted on the stereotaxic frame stage to 37°C.

438 3. Place a sterile surgical drape over the heating pad to create a sterile field. Place
439 autoclaved and sterile surgical tools in sterilizer tray when not in use.

440 a. Use the hot bead sterilizer to sterilize any tools that touch nonsterile

441 areas.

442 4. Weigh animals and calculate in advance the volumes of drugs which will be

443 administered in later stages of the surgery.

444 5. Provide mice with an S.Q. injection to Meloxicam [10 mg/kg] at least 3 hours prior
445 to the surgery.
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446 6. Insert the weight of the mouse into the Somnosuite for appropriate isoflurane
447 delivery.

448 7. Anesthetize the mouse by placing it into the induction chamber infused with

449 vaporized isoflurane at an initial flow rate of 3-4%. Ensure the isoflurane lines
450 are directed to the induction chamber and not the nose cone on the stereotaxic
451 apparatus.

452 8. Once the mouse is deeply anesthetized, place the mouse onto the pre-warmed
453 surgical set-up/stereotaxic frame.

454 9. Adjust the flow rate to 1.5-2% to maintain the deep anesthetization and redirect
455 the flow of isoflurane to the stereotaxic apparatus. Slide the mouse into the

456 nosecone and fasten the nosecone into place. TROUBLESHOOTING

457 10.CRITICAL STEP Conduct toe/tail pinch test to confirm anesthetic depth and look
458 for decreased respiratory rate. If the mouse fails the toe/tail pinch or has a

459 decreased respiratory rate, adjust the flow rate of isoflurane. DO NOT EXCEED
460 2% flow rate. Ensure that respiration is steady and controlled and if respiration
461 includes lurching decrease isoflurane flow rate. DO NOT GO BELOW 1.5%.

462 11.Place mouse into ear bars and lock mouse in place.

463 12.CRITICAL STEP Apply a liberal amount of eye lube onto a sterile cotton swab
464 and roll the lubricant onto the mouse’s eyes to prevent them from drying out.

465 13.Remove hair from the surgical site by applying Nair using a cotton swap onto the
466 scalp of the mouse in circular motions. Leave the Nair on for about 30 seconds
467 and remove excess with a cotton swab saturated in de-ionized water or 1X PBS.
468 Repeat this process until the intended surgical site is cleared of hair.

469 CRITICAL STEP Do not leave Nair on for longer than 30 seconds as you will
470 increase the chance of chemical burns, which are highly irritating to the mouse.
471 Make sure all Nair is removed prior to proceeding.

472 14. Apply an antiseptic, bactericide Betadine soap (Betadine scrub, containing

473 povidone iodine) to the surgical site using a sterile cotton swab. Start at the

474 incision site and work outwards. Clean with a cotton swab saturated with 70%
475 ethanol following the same motions. Repeat this betadine-ethanol application a
476 total of three times.

477

478  Stereotaxic Injection

479 15. Apply topical bupivacaine (.75%) to the surgical site.

480 b. Corticosteroids (dexamethasone 0.5 mg/kg IP or methylprednisolone
481 30 mg/kg) may also be administered through IP injections at this time to
482 minimize both intraoperative brain swelling and post-operative

483 inflammation and gliosis around the injection site.

484 16. Prior to starting, again check the respiration rate and anesthetic depth of the

485 mouse and adjust the isoflurane flow rate as needed. Do not exceed the range of
486 1.5-2% flow rate.

487 17.Using a new, sterile scalpel blade make an anterior to posterior incision along the
488 scalp of the mouse. Retract the skin and expose the surface of the skull.

489 18.Use a sterile cotton swab applicator to push back and clear the area of the

490 periosteum. Resolve any bleeding at the surface immediately with sterile cotton
491 swab.
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492 19. Attach a sterilized, clean Hamilton syringe to the microinjector onto the swinging
493 arm of the stereotaxic apparatus.

494 c. Gently lower the needle into an aliquot of pSynDig virus and aspirate 1.2 —
495 2X the volume of virus intended to be injected. Ensure there are no clogs
496 by infusing a small amount of virus back into the aliquot.

497 A CAUTION Handling of AAVs should be conducted in accordance with
498 institutional policies and be handled in a BS2 approved facility.

499 d. Lock the swinging arm of the stereotaxic apparatus into place such that
500 the arm is set to 0 degrees in relation to the base of the apparatus.

501 20.Using the adjustment knobs on the stereotaxic frame, adjust the mouse skull so
502 Bregma and Lambda are within 0.05 mm in X, Y and Z coordinates (relative to
503 Bregma’s position). Further adjust the roll of the mouse's skull to ensure that the
504 skull is flat and within an error of 0.05 mm.

505 21.0nce level, use Bregma to identify the location of the insertion site for needle
506 (adult coordinates for the dLGN are X: £2.15, Y: -2.15 according to Bregma) on
507 one or both sides of the brain.

508 e. Use a sterilized microdrill with a 0.45 mm drill tip to drill a small entry hole
509 (approximately the size of the drill bit) into the skull of the mouse at the
510 injection site. Make sure not to go deep enough to injure the mouse brain.
511 f. Use gel foam soaked in filtered, sterile 1X PBS to resolve any bleeding
512 that occurs.

513 22.Conduct stereotaxic injection of pAAV:hSYN-synaptophysin-mCherry-eGFP

514 (pSynDig) into dLGN of the thalamus.

515 g. Lower the needle until you reach the brain tissue and zero the Z position.
516 SLOWLY enter the brain tissue at a rate of ~0.01 mm/3 seconds.

517 h. Go 0.05 mm lower than the Z coordinate and pause for 3 minutes. Raise
518 the needle to the correct Z coordinate (adult dLGN Z-coordinate: -2.9).
519 i. Setthe volume and rate of injection to 50 nL/minute. Hit ‘Start’ on the

520 motorized injector to begin the injection.

521 i. Inject 250 nL of each virus (5x10' titer) into each dLGN.

522 j- After the injection finishes, wait for 10 minutes. After the wait, SLOWLY
523 remove needle at a similar rate to when entering the brain.

524 23.Repeat steps 21-22, if desired, with the contralateral hemisphere.

525 24.Place a few drops of sterile 1X PBS onto the incision site to help loosen skin.
526 Bring skin together and seal with small quantity of vetbond (use minimally to

527 avoid irritation).

528 25. Inject the mouse with Flunixin meglumine [2.5 mg/kg; i.p.]. Place the animal in a
529 separate cage on a heating pad apart from the others to let it recover before

530 placing it back with other animals. Make sure the mouse always has access to
531 food and water (hydrogel). CRITICAL STEP Wait for the mouse to become active
532 again (~15-45 minutes) before placing back into colony. Fill out appropriate post-
533 surgery documentation required by the animal services at your institution.

534

535 Post-surgery

536 26.Check and monitor the mouse’s condition twice daily and follow all institutional
537 policies for post-surgical animal welfare.
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538 k. Apply topical bupivicaine (0.75%) as needed after surgery not to exceed
539 one application every 24 hours.

540 [.  Administer Meloxicam once daily on the day of surgery (see pre-surgical
541 prep) and then as needed.

542 27.PAUSE POINT Wait at minimum 2-3 weeks after surgery to permit the virus to
543 adequately express. After this period, proceed onto Animal sacrifice and

544 perfusion.

545

546  Animal sacrifice and perfusion for immunofluorescence staining

547 28.Euthanize the animal with a method appropriate for perfusion. We suggest using
548 isoflurane by placing the mouse into a Nalgene desiccator containing a Kimwipe
549 saturated with about 200 pL of isoflurane. Wait until the mouse is no longer

550 responsive and remove from chamber. Maintain isoflurane anesthesia and

551 conduct strong toe and tail pinches to ensure animal is deeply anesthetized prior
552 to proceeding.

553

554 Processing samples for anti-NG2 antibody staining to label OPCs

555 29.Connect a 22-gauge needle to a Watson Marlow 205CA4 Channel pump with
556 Pump Pro MPL pump through a line of PVC tubing and insert needle into the left
557 ventricle of the heart. Set the pump rate to 30 rpm and perfuse approximately 10
558 mL of ice cold 1X PBS or until the liver clears.

559 30. After perfusion, extract the brain from the mouse and place into 10 mL of cold 4%
560 PFA in 1X PBS in a labeled 15 mL falcon tube. As soon as the mouse brain

561 touches PFA start a 2-hour timer.

562 CRITICAL STEP Drop-fix the brain for 2 hours at 4°C. If brain is fixed for longer,
563 NG2 staining will not work well.

564 31.Wash the brain 3X in cold 1X PBS.

565 32.Place the washed brain into a 30% sucrose solution and allow the brain to sink
566 overnight.

567

568 Embedding, freezing, and storing samples

569 33.Embed brain in OCT using embedding molds. Make sure brain is straight, level,
570 and completely submerged in OCT. Place onto flat plane of a dry ice slab and
571 cover with aluminum foil until frozen.

572 a. PAUSE POINT Store at -20°C temporarily prior to sectioning and move to
573 -80° C for long term storage.

574

575 Cryosectioning

576 34.0Obtain embedded, frozen brain from -20°C storage. Place the following items into
577 the -20°C cryostat chamber to permit objects to come to temperature (brain,

578 chuck, anti-roll plate, 819 blade, razor blade and paint brushes).

579 35. Set Objective temperature to -17°C and chamber temperature to -21/20°C, move
580 objective all the way back and adjust the stage base angle to 5°, and adjust

581 section thickness to 25 ym.
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582 36. Attach the embedded section to the chuck using OCT. Freeze the brain to the
583 chuck with anterior side of the brain facing the chuck. Section from the posterior
584 side of the brain to reach the visual cortex sooner.

585 37.Place the chuck-mounted section into the microtome specimen holder and begin
586 trimming the excess OCT in 50-100 um intervals until the brain is exposed. Make
587 sure to adjust the angle of the specimen using the adjustment lock to obtain

588 symmetric brain sections. Continue trimming and discarding trimmed sections
589 until desired brain region is approached (in this case, visual cortex).

590 38. Turn off trimming function to start obtaining 25 um sections. Place the anti-roll
591 plate down onto the stage and begin collecting sections. Mount sections directly
592 onto the slide. Collect 2-4 sections onto each slide until the visual cortex has

593 been sectioned completely.

594 39.PAUSE POINT Store slides with brain sections in a slide box at -20°C for a few
595 months prior to immunostaining. Move to -80°C for long term storage.

596

597 Immunofluorescence staining
598 Day 1: Primary Antibody staining

599 40.Create a dark-humidity chamber by placing damp paper towels in a box (e.g.,
600 Slide box) and place sections inside, lying flat.

601 41.Wash sections in 1X PBS for 5-10 minutes to remove OCT. Gently dry the slide
602 with a kimwipe and make sure all the OCT and PBS is removed.

603 42.0Optional but recommended: Bake slides for 15-30 mins at 60°C using a

604 HybEZ™ |l Hybridization System or another bench-top oven. This will help

605 prevent the tissue from lifting throughout the staining process.

606 43.Place dried slides back into the staining chamber and wash sections in 200 uL
607 per section of PBST (0.1% TritonX-100) for 5-10 minutes.

608 44.Draw 2-3 concentric hydrophobic barriers around each section with the

609 ImmEdge™ Hydrophobic Barrier Pen. Allow the barriers to dry for 10 min or until
610 visibly dry.

611 45.Block the samples with 100 pL of blocking solution (see Reagents setup) for 1
612 hour at room temperature in the dark. This volume may need to be adjusted to
613 ensure that a sufficient volume of blocking solution is submerging the entirety of
614 the tissue sample.

615 46.Prepare 100 pL per sample of primary antibody in the probing solution (see

616 Reagents setup) by adding the appropriate primary antibodies into the solution at
617 desired concentrations (Table 1).

618 CRITICAL STEP The antibody concentrations in Table 1 have been optimized
619 through antibody titration trials. These concentrations may need to be further
620 optimized for independent experiments conducted in other laboratories.

621 a. Remove the blocking solution and replace it with the primary antibody

622 solution. Incubate sections in primary antibody solution either overnight at
623 4°C or at room temperature for 1 hour.

624

625 Day 2: Secondary Antibody

626 47.Remove the primary antibody solution from sections and wash 3X in PBST for 10
627 minutes. TROUBLESHOOTING
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628 48.Prepare the secondary antibody solution in the same probing solution as for the
629 primary antibody. Incubate in secondary antibody solution for 1 hour at room
630 temperature.

631 49.Wash 3X with 100 pyL per sample 1X PBS for 10 minutes.

632 50.Add 20 uL of Fluoromount-G with or without DAPI (depending on staining

633 scheme) per sample and coverslip.

634 51.PAUSE POINT Store at 4°C protected from light.

635

636 Confocal Image Acquisition

637 52. Acquire confocal images using a LSM 710 or LSM 780 (Zeiss) microscope with
638 either a x40/1.3 NA (oil) or x63/1.4 NA (oil) objective. Use the 63X objective to
639 acquire images containing 1-3 OPCs. TROUBLESHOOTING

640 CRITICAL STEP Image at Nyquist settings for optimal data acquisition.

641 53. These settings are retained throughout the imaging of the entire experiment
642 across all conditions to increase reproducibility. Volumetric Z-stacks were

643 acquired to capture the majority of the OPC somata within layer 4 of visual

644 cortex. PAUSE POINT Store data for later analysis.

645

646 Imaris Analysis
647 File Conversion

648 54.The LSM 710 or LSM 780 confocal scopes save files as .czi files. Open the
649 Imaris File Converter application and drag .czi files into the console and select
650 ‘Start All' and choose appropriate place to save converted files.

651 55.Files will be converted into .ims files and can then be opened using Imaris

652 software. Open .ims files and organize files according to experiment.

653

654 Image Processing

655 56.From the Arena, open an image. Navigate to Image Processing by selecting
656 ‘Image Proc’ on the Ribbon (Figure 6a, teal box). Apply the following functions
657 (Figure 6ai) in the given order for the channels of both the OPC and the

658 marker(s):

659 a. Select ‘Gaussian Blur’ from the drop-down menu then select ‘Ok’.

660 b. Select ‘Background Subtraction’ from the drop-down menu and select
661 ‘OK’. Use default settings for both.

662 57.During Step 3, make sure to confirm that all images have at least one NG2 cell
663 within layer 4 of V1. If not, remove the image from the Arena and do not analyze.
664 58. Calculate the mean intensity of each of the relevant channels in Fiji.

665 a. Install the Fiji (ImageJ) plugin in Imaris.

666 b. Navigate to Fiji through the Imaris Application Taskbar by selecting ‘Fiji’ 2>
667 ‘Image to Fiji’ (Figure 6av).

668 i. Once your image is opened in Fiji, apply a Maximum Intensity
669 Projection by selecting ‘Image’ - ‘Stacks’ - ‘Z-project’ (max
670 intensity) for all channels.

671 ii. Inanew window with the Maximum projections of the relevant
672 channels, measure the mean intensity of said channels. Set the
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measurements by going to ‘Analyze’ > ‘Set Measurements’ and
checking the box next to ‘Mean gray value.’” Hit ‘OK’ to apply.
1. View each channel of the Maximum projections and hit
“‘Command + M” or navigate ‘Analyze’ - ‘Measure.’
2. Repeat for each channel and assign these values to the
following variables depending on the channel the value was
taken from:

a. Xmaxz opPc
b. Xmaxz pSynDig—mCherry

Whereby OPC is the channel with NG2 or the reporter line
and pSynDig-mCherry is the mCherry fluorophore from the
pSynDig construct.

3. Save these values in an Excel file.

59.Based upon these variables, calculate the threshold values (T) that will be used
to create surfaces for the cell and pSynDig markers in Imaris using the
following formulas:

a.
b.

Torc = Ximaxz orc * (@) a=1.25"
. -_— — *
Tpsynbig-mCherry =Xmaxz pSynDig—mCherry * (B) p =0.75

NOTE: Both « and £ are arbitrary values that can be adjusted by the
investigator during the initial data analysis and should be based off the
relative signal to noise of the experiment. Once set, these values should
be kept consistent throughout the rest of the data analysis.

*The values stated above are EXAMPLES and should not be used
blindly. CRITICAL STEP At the beginning of the dataset, optimization of a
and p is suggested. Optimize a by identifying a clearly defined NG2 cell
stain and a less defined NG2 cell stain, and trying different a values to
optimize the variable to be effective for both cases. Optimize £ by doing
the same but for the pSynDig-mCherry signal.

Imaris pSynDig Analysis — OPC Surface Creation
60. Navigate back to Imaris and toggle off all the channels except for the channel
representing the OPC (NG2).
61.Select the Surface icon (Figure 6b, teal box) to open the Creation Wizard (Figure
6b, teal arrow). When prompted, choose the OPC channel and select “Absolute
Value” as the threshold (Figure 6bi)

a.

b.

Use the calculated threshold value for OPCs (Topc) to set the lower
threshold.

Click through the rest of the wizard, deleting any suggested filters. Finish
the surface creation and rename the surface to be ‘All OPCs.’
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716 c. OPTIONAL: Save Parameters for ‘All OPCs’ surface creation by

717 navigating to the ‘Creation’ tab (wand) and select ‘Store Parameters for
718 Batch’ and save.

719 62.Use the Orthogonal slicer (Figure 6bi, dashed teal box) and selection tool to
720 choose the surfaces that represent a single cell of interest. Hold down

721 command/control while selecting the disconnected OPC surfaces and use the
722 arrow keys to move the orthogonal slicer through the Z-stack. Confirm that the
723 elements reconstructed in the surface are representative of the OPC by

724 comparing the reconstruction to the NG2 fluorescence channel.

725 TROUBLESHOOTING

726 a. Select ‘Edit’ (pencil icon) and click on ‘Duplicate’ to duplicate the surface
727 (Figure 6bii). Rename this surface to “OPC 1”.

728 b. Use the selection tool to select all parts of the OPC 1 surface and go to
729 ‘Edit’ and click ‘Unify’ to unify the individual parts of the surface into one.
730 63. Repeat step 8 for all cells in the image within Layer 4 of V1. Each cell should
731 have its own individual surface.

732 64.Repeat this entire process (Steps 60-63) for all images. For step 61, you may
733 select your saved ‘All OPCs’ creation parameters under the ‘Favorite Creation
734 Parameters’ dropdown menu.

735 CRITICAL STEP Make sure that you change the Torc to the appropriately

736 calculated threshold for each image.

737

738 Imaris pSynDig Analysis — pSynDig Surface Creation

739 65. Select the Surface icon (Figure 6b, teal box) from the Imaris Surface Object
740 Menu to open the Wizard for surface creation. When prompted, choose the
741 mCherry channel to create the new surface (Figure 6bi).

742 CRITICAL STEP When setting the threshold of the surface, make sure ‘local
743 background subtraction’ is selected.

744 a. Set ‘Diameter of largest Sphere which fits into the Object:’ to 1.00 pm.
745 b. Use the calculated threshold value for the marker (Tpsynpig-mcherry) to set
746 the lower threshold.

747 c. Click through the rest of the wizard, deleting any suggested filters. Finish
748 the surface creation.

749 d. Rename surface to represent the marker of interest.

750 e. OPTIONAL: Save Parameters for ‘All mCherry’ surface creation by

751 navigating to the ‘Creation’ tab (wand) and select ‘Store Parameters for
752 Batch’ and save.

753 66. Apply a filter to the marker surfaces to retain only the marker surfaces that are
754 completely within the cell surface of interest.

755 a. Navigate using the Object Menu Bar to ‘Edit’ (pencil)> ‘Image

756 Properties’ > ‘Geometry (Figure 6aiii) and look under the ‘Coordinates
757 [um]’ section to see image dimension parameters (Figure 6aiv).

758 i. Dxy = voxel size of X and Y (should be the same)

759 b. Calculate the filter threshold:

760 | Tfilter = '1 * (Dx,y * 2)

761 ii. Note: The units of Trer should be some unit of length (nm or um)
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762 c. With your pSynDig-mCherry surface selected, go to the Object Menu Bar
763 (Figure 6biii) and select ‘Filter’ (funnel icon). Add a new filter by clicking on
764 the ‘+’ icon. From the drop box menu, select the ‘Distance from nearest
765 surface; surface = name of OPC surface.’

766 d. Use the calculated filter threshold (Triter) to set the upper threshold of the
767 distance filter. Toggle off the lower threshold.

768 e. Rename surface to represent the marker of interest (i.e., pSynDig-

769 mCherry within OPC 1)

770 67.Select all the pSynDig-mCherry surfaces created from this approach (within

771 OPCs) and go to ‘Edit’ = ‘Unify’ (Figure 6bii). TROUBLESHOOTING

772 68. Repeat this entire process (Steps 1-2) for all images. For step 1, you may select
773 your saved ‘ALL mCherry’ creation parameters under the ‘Favorite Creation

774 Parameters’ dropdown menu.

775 CRITICAL STEP Make sure that you change the Topc and Tpsynpig-mcherry tO the
776 appropriately calculated thresholds for that image.

777

778 Imaris pSynDig OPC Quantification

779 69. Save progress and navigate to the Arena via the Arena and Batch Menu (Figure
780 6a, purple arrow)

781 70. Select the images that have been analyzed.

782 71.Select ‘Vantage’ from the Arena and Batch Menu (Figure 6c¢).

783 72.Under ‘Surpass Objects and Labels’ select the boxes representing the pSynDig-
784 mCherry surfaces (if an image contains multiple cells, each cell should contain
785 an individual pSynDig-mCherry surface that is uniquely named) (Figure 6c¢i).

786 73.Select ‘2D View’ from the Arena and Batch Menu (Figure 6c¢).

787 74.Under ‘Plot Type’ choose ‘Sum Intensity mCherry’ and ‘Sum Intensity eGFP’
788 (Figure 6cii). CRITICAL STEP Make sure to note beforehand which channel

789 represent mCherry and eGFP prior to this step to avoid confusion.

790 75.Navigate to ‘Plot Numbers Area’ - ‘Detailed.’ This will display the Sum

791 Intensities of mCherry and eGFP within the pSynDig-mCherry surfaces. Select
792 the save icon and save the data as an excel sheet. (Figure 6ciii).

793 TROUBLESHOOTING

794 76.0pen the spreadsheet of the Sum intensities data in Excel.

795 77.Normalize the eGFP and the mCherry signals of an individual cell to the average
796 mCherry signal of the dataset.

797 78.Copy and paste these normalized eGFP and mCherry intensities into GraphPad
798 Prism (or a similar program) for statistical analysis.

799 79.Conduct paired parametric tests for Gaussian datasets and nonparametric tests
800 for datasets in which a parametric analysis is inappropriate. Before unblinding
801 and finalizing analyses, remove outliers using the ‘Identify Outliers’ function in
802 GraphPad (using the robust regression and outlier removal (ROUT) method with
803 Q (maximum desired false discovery rate) = 1%).

804 a. Conduct a paired test to compare the eGFP signal within an OPC to its
805 respective mCherry signal from that same cell.

806 CRITICAL STEP Choosing the correct statistical test is non-trivial and
807 consultation with a biostatistician or with online guides (i.e., GraphPad
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808 guides) is vital to conducting appropriate statistical tests on biological
809 datasets.
810

811 Imaris OPC Engulfment Quantification

812  Note: An engulfment score can be obtained through the mCherry surfaces as they are
813 representative of the VGLUT2+ inputs from the dLGN (Figure 6biv). Validation of

814  pSynDig expression and proper dLGN transduction through co-staining with VGLUT2 is
815 recommended prior to quantification.

816 80.Follow steps 69-72 as stated above.

817 81.Select ‘1D View’ From the Arena and Batch Menu.

818 82.Under ‘Plot Type’ choose ‘Volume.” And navigate to ‘Plot Numbers Area’ >

819 ‘Detailed’ to see the Volumes of the pSynDig-mCherry surfaces. There should be
820 one volume for all the pSynDig-mCherry surfaces in a single OPC. Select the
821 save icon and save the data as an excel sheet. TROUBLESHOOTING

822 OPTIONAL: This analysis can also be done without pSynDig but with just

823 staining tissue sections for NG2 and VGLUT2 (Table 1).

824 83.Repeat steps 81-82 but instead select the boxes under “Surpass Objects and
825 Labels’ representing the OPC surfaces to obtain the individual OPC volumes.
826 84.Normalize each pSynDig-mCherry volume to its respective OPC volume to obtain
827 an engulfment score for that individual OPC. Copy these scores into GraphPad
828 Prism.

829 85.When comparing the engulfment scores for two different conditions, follow the
830 logic described in step 79 but conduct a non-paired statistical test.

831

832 Timing SECTION A

833  Steps 1-14, General Pre-surgery preparation: 30 minutes.

834  Steps 15-25, Stereotaxic Injection: 1-2 hours

835  Steps 26-27, Post-surgery: 2-3 weeks

836 Steps 28-33, Animal sacrifice and perfusion for immunofluorescence staining: 2-3 days.
837  Steps 34-39, Cryosectioning: 3-5 hours.

838  Steps 40-51, Immunofluorescence staining: 2 days.

839 Steps 52-53, Confocal Image Acquisition: 3 to 9 hours.

840 Steps 54-85, Imaris Analysis: 6 hours - 4 days.

841 SECTION B - Flow cytometry protocol

842

843  Materials

844  Animals

845  Only mice with C57BI/6 backgrounds have been validated for this protocol, but other
846  stains most likely can be used as well. A CAUTION Any experiments using animals
847  must comply with National Institutes of Health (NIH) guidelines on animal care. All

848 protocols were approved by the Institutional Animal Care and Use Committee (IACUC)
849 at CSHL.

850
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851 Reagents

852 Flow cytometry reagents
853 CRITICAL The reagents and antibody panel (Table 1) used here are specific for OPC

854  staining.

855

856 e ArcReactive Amine beads (LIVE/DEAD) (Thermo Fisher, cat. no. A10628)

857 e UltraComp beads (antibodies) (Thermo Fisher, cat. no. 01-2222-41) CRITICAL In
858 this protocol, we are using Compensation beads for the single stained control
859 due to the limited availability of cellular material. However, the beads can be
860 replaced by cells for generating the single stained control in case the cell

861 population is abundant.

862 e 1X HBSS /10X HBSS (Thermo Fisher, cat. no. 14175095 / 14185052)

863 e PBS 1X, pH 7.4 (Thermo Fisher, cat. no. 10010049)

864 e Percoll (Sigma-Aldrich, cat. no. GE17-0891-02)

865 e LIVE/DEAD aqua staining for viability (Thermo Fisher, cat. no. L34957)

866 e D-(+)-Glucose powder (Sigma-Aldrich, cat. no. G8270)

867 e Molecular Biology Grade Water, DEPC Treated, 1 L (Ricca, cat. no. R9145000)
868 e BSA AlbuMAX II Lipid Rich BSA powder (Thermo Fisher, cat. no. 11021029)
869 e EDTA 0.5M pH8.0 (Sigma-Aldrich, cat. no. 03690-100ML)

870 e HEPES 1M (Sigma-Aldrich, cat. no. 15630080)

871 e Accumax (Thermo Fisher, cat. no. SCR006)

872 e eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set (Thermo Fisher,
873 cat. no. 00-5523-00)

874 e 16% (vol/vol) Paraformaldehyde solution (electron microscopy grade; Thermo
875 Fisher/Electron Microscopy Sciences, cat. no. 15710)

876

877 Equipment
878 General equipment

879 e Watson Marlow 205CA4 Channel pump with Pump Pro MPL (Boston Laboratory
880 Equipment cat. no. BLE2000180) CRITICAL This system can be replaced with
881 other perfusion pumps

882 e PVC Tubing (1/16 x 1/8 in) (Sigma-Aldrich cat. no. Z280348)

883 e 22-gauge needle with tip cut off (VWR cat. no. BD305156)

884 e Mini Dissecting Scissors, 8.5 ¢ (World Precision Instruments (WPI) cat. no.

885 503667)

886 e Operating Scissors straight 11.5 cm (WPI cat. no. 501753)

887 e Dumont Tweezers #5 (WPI cat. no. 501985)

888 e Dressing Forceps (WPI cat. no. 500363)

889 e Round end spatula

890 ¢ In-house vacuum line or vacuum pump

891 e Liquid aspirator setup

892 e Polypropylene FACS tubes 12 x 75 mm — 5 mL (VWR, cat. no. 60818-576)
893 e Falcon® tubes — 15 mL (VWR, cat. no. 21008-918)

894 e Falcon® tubes — 50 mL (VWR, cat. no. 21008-951)
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895 e Sterile Falcon® Cell Strainers 70 ym (VWR, cat. no. 21008-952)

896 e Corning® tube/bottle top vacuum filtration system (Sigma Aldrich, cat. no.

897 CLS430320-12EA/CLS431205-12EA)

898 e Benchmark Scientific Roto-Mini Plus Tube Rotator (Stellar Scientific, cat. no. BS-
899 RTMNI-2)

900 e Swinging-bucket centrifuge (Beckman coulter, model no. B99517 or equivalent)
901 e Mini Vortex mixer (VWR, cat. no. 10153-838)

902 e Flow cytometer (BD Biosciences, model no. BD LSR DualFortessa) or similar
903

904 Data analysis software

905 e Analysis tools: CytoExploreR?? (v. 1.1.0, Dillon Hammill)

906 (https://dillonhammill.github.io/CytoExploreR/index.html) or FlowJo™ Software
907 (v. 10.8.1 for Mac, BD Life Sciences) (https://www.flowjo.com/solutions/flowjo) for
908 flow cytometry data analysis.

909 e Flow cytometry panel design tool such as FluoroFinder (https:/fluorofinder.com).
910 e BD FACSDiva (v. 6.0, BD Biosciences)

911

912 Reagent setup

913 FACS tubes with 0.5X Accumax enzyme

914  Perefill the propylene FACS tubes with 1:1 of HB and 1X Accumax (500 uL of each)
915 before starting the experiment. If working with 4 samples, prepare 4 FACS tubes filled
916  with 0.5X Accumax. Store the tubes in the 4°C until use.

917

918 PBS pH 7.4 or Saline 0.9%

919 Place the PBS pH 7.4 or Saline 0.9% in the fridge a day before the experiment. If using
920 saline, mix 9 g of NaCl in 1 L of water. Prepare fresh and keep the reagents ice-cold.
921

922 Homogenization buffer (HB)

923  Mix 1.5 mL of 1M HEPES (150 mM final concentration), 10 mL of 10X HBSS (1X final
924  concentration), 5 g of Glucose (5 % final concentration), 1 g of BSA (1% final

925 concentration), 400 uL of 0.5 M EDTA pH 8.0 (2 mM final concentration) and fill up to
926 100 mL with DEPC water and filter using 0.22 um top vacuum filtration system. Prepare
927 fresh and keep the homogenization buffer ice-cold.

928

929 40% Isotonic percoll

930 Prepare 20 mL of isotonic percoll by mixing 18 mL of percoll with 2 mL of 10X HBSS.
931 Next, mix 15.5 mL of isotonic percoll with 19.5 mL of room temperature (RT) 1X HBSS.
932 Prepare fresh and keep the Isotonic percoll solution at RT until use.

933

934 Blocking solution

935 Prepare blocking solution at a 1:50 dilution. If starting with 4 whole cortices (4 mice),
936 250 uL of blocking solution will be needed. Prepare an eppendorf tube with 250 yL 1X
937 HBSS + 5 L of anti-CD16/32. Prepare fresh right before use.

938
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939 Extracellular Antibody and Viability dye solution (Pre-fixation/permeabilization)
940 Prepare the extracellular antibody solution at a 1:50 dilution and the viability dye at a
941  1:500 dilution. 250 uL of extracellular antibody solution is needed for 4 whole cortices
942  worth of cells. Prepare a tube with 250 uyL 1X HBSS + 5 uL of each antibody + 0.5 L of
943  viability dye according with the list below:

944

945 a. 5 L of anti-CD140a-Pe-Cy7
946 b. 5 uL of anti-A2B5-AF488
947 c. 0.5 L of LIVE/DEAD Aqua.
948

949  Prepare fresh, right before use. CRITICAL The same volume of blocking and

950 extracellular antibody/viability dye solution will be combined after the blocking step,
951 making the final antibody concentration 1:100 for the extracellular antibodies and

952  1:1000 for the viability dye.

953

954 Intracellular Antibody solution (Post-fixation/permeabilization)

955 Prepare the intracellular antibody solution at a 1:100 dilution. 500 uL of intracellular
956 antibody solution is needed for 4 whole cortices worth of cells. Prepare an eppendorf
957  tube with 500 pL HB + 5 pL of each antibody according to the list below:

958

959 a. 5 L of anti-SYNAPSIN1-AF647

960

961 Prepare the solution fresh, right before to use.
962

963 1% (vollvol) PFA

964  Prepare the solution according to the number of samples you are running (0.5 mL/
965 sample). Mix 1 part 16% PFA with 15 parts 1X HBSS. For 4 samples, use 156 yL of
966 16% PFA and 2344 L of 1XHBSS. A CAUTION Toxic reagent. Always handle with
967 gloves and avoid eye and skin contact. Handle reagent in hood with high airflow. Only
968 use with designated PFA tools.

969

970 Fix/Perm staining buffer (eBioscience™ Foxp3 / Transcription Factor Staining
971 Buffer Set)

972  Prepare fresh Fix/Perm buffer according to the manufacturer’s instructions. Briefly, mix
973 1 part of Fix/Perm buffer with 3 parts of Permeabilization Diluent right before use. For 4
974  whole cortices worth of cells, use 625 pL of Fix/Perm buffer and 1875 uL of

975 Permeabilization Diluent.

976

977 Equipment setup

978 Swinging-bucket centrifuge

979  Cool down the centrifuge to 4°C before use.

980

981 Flow cytometer

982  Set up the machine according to the flow cytometry facility or manufacturer’s

983 instructions.

984
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985 Procedure
986 Preparation of reagents and perfusions

987 1 Set up bench and materials for dissection and collection (this can be prepared
988 the day before). Wash the tools and keep the materials ice-cold until use.
989 Prepare 2 ice buckets: one for dissection and collection of the material and
990 another for the staining protocol.
991 2 Prepare the FACS tubes prefilled with 0.5X Accumax (see REAGENT SETUP).
992
993 Tissue collection
994 3 Anesthetize mice with a method suitable for perfusion. We recommend
995 anesthetization with isoflurane followed by transcardial perfusion with ice-cold 1X
996 PBS while maintaining anesthesia. Collect the brains and dissect the cortices in
997 PBS onice.
998
999 Enzyme digestion
1000 4 Transfer the cortices to a FACS tube prefilled with 1 mL of 0.5X Accumax
1001 enzyme. Collect one whole cortex/tube or, if working with pooled material, use a
1002 maximum of 4 whole cortices/tube and increase the volume of 0.5X Accumax to
1003 1.5 mL.
1004 5 Using a round end spatula, slowly chop the cortices to obtain a suspension of
1005 cortical pieces of about 2-3 mm in size.
1006 6 Wrap the lid with parafilm and incubate overnight at 4°C in a rotating mixer.
1007

1008 Homogenization

1009 CRITICAL STEP For each sample, prepare a set of P1000 tips and P200 tips cut about
1010 1 and 0.5 cm short, respectively.

1011  CRITICAL STEP The homogenization step should not take longer than 5 min per tube
1012  (about 1 min per tip).

1013

1014 7 After overnight incubation, with the tissue still in the FACS tube, homogenize the
1015 sample using a P1000 pipette with 1 cm short-cut tip. Gently pipette the

1016 homogenate up and down until the suspension moves freely in the tip.

1017 TROUBLESHOOTING

1018 8 Repeat step 7 using a P1000 pipette with 0.5 cm short-cut tip.

1019 9 Repeat step 7 using a P1000 pipette with an uncut tip.

1020 10 When all tissue is homogenized using a P1000 uncut tip, spin down tubes for just
1021 a quick spin at 300 g for 20 sec, 4°C to bring remaining chunks to the bottom.
1022 11 Transfer the supernatants of each to a clean 15 mL conical tube, leaving about
1023 400 L in the original tube.

1024 12 Homogenize the remaining tissue fragments in the original tubes using a P200
1025 similarly to steps 7-9.

1026 13 Transfer the remaining supernatant to the 15 mL conical tube. Wash the original
1027 tubes with 2 mL of HB and combine with the suspension in the 15 mL conical
1028 tubes.

1029 14 Spin down the samples at 300 g for 5 min, 4°C and gently discard the

1030 supernatant using the vacuum aspirator.
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1031 15 During the centrifugation, prepare the 40% isotonic percoll solution. (See
1032 REAGENT SETUP). About 50 mL is needed for a total of 4 samples (8
1033 mL/cortex).

1034 16 Discard the supernatant and proceed to the percoll separation step.

1035

1036 Percoll separation

1037 CRITICAL STEP The isotonic percoll and 1X HBSS solutions should be at RT.
1038 CRITICAL STEP Set the centrifuge to room temperature at this step. After
1039 centrifugation, set it back to 4°C for the following steps.

1040

1041 17 Gently resuspend each sample pellet in 1 mL of 40% Isotonic percoll using a
1042 P1000 pipette.

1043 18 Add another 7 mL of 40% Isotonic percoll to each sample and slowly mix by
1044 inversion.

1045 19 Centrifuge at 600 g for 25-30 min, 20°C. Make sure to set up the centrifuge for
1046 minimal brake (Acc. 5 and Decel. 1). CRITICAL STEP After centrifugation, it is
1047 expected to observe cellular debris and myelin in the upper layer of the

1048 supernatant, and OPCs, along with other cells of similar density, clustered at the
1049 bottom of the tube. TROUBLESHOOTING

1050 20 Using a vacuum aspirator, carefully remove the myelin and supernatant leaving
1051 about 300 pL in the tube.

1052 21 Gently resuspend the pellet in 1 mL of HB with a P1000 and transfer to a new 15
1053 mL conical tube.

1054 22 Fill the tubes with about 5 mL HB and spin down at 300 g for 5 min, 4°C, max
1055 Acceleration and max Deceleration.

1056 23 Gently remove the supernatant and resuspend the pellet in 1 mL of cold 1X
1057 HBSS to remove proteins. Split one of the sample tubes into 2 new 15 mL

1058 conical tubes to obtain the Unstained and FMO-SYN1 controls, respectively. Spin
1059 as in step 22.

1060

1061 Cell surface staining

1062 CRITICAL STEP In order to perform LIVE/DEAD staining, cell pellets should be washed
1063 in 1X HBSS to avoid any interference from proteins.

1064 CRITICAL STEP Most of the fluorophores are susceptible to photo bleaching resulting
1065 in aloss of fluorescence signal. Avoid over-exposure of the stained samples to light
1066  sources.

1067

1068 24 Resuspend each tube with 50 ul of the blocking solution (see REAGENTS

1069 SETUP) and incubate for 10 min on ice.

1070 25 After the incubation step with the blocking solution, add 50 pl of the antibody
1071 solution (see REAGENTS SETUP) to each tube, with exception of the unstained
1072 control which should have 50 pl HB added. In this step you should have a final
1073 volume of 100 pL/tube. Incubate 20-30 min on ice protected from the light.

1074 26 During the antibody incubation, prepare the beads for compensation according to
1075 the manufacturer’s instructions.
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1076 27 Wash the tubes with 5 mL of cold 1XHBSS and spin as in step 22. During the
1077 centrifugation, prepare 1% PFA solution (See REAGENT SETUP) and keep it at
1078 RT.

1079

1080 Fixation and Permeabilization

1081 CRITICAL STEP Setup the centrifuge to spin at 1000 g before the fixation and
1082 permeabilization step. Running the samples at a lower speed might cause cell loss.
1083

1084 28 Resuspend the pellets in 500 uL of 1% PFA and incubate at RT in the dark for 10
1085 min.

1086 29 Wash the cells by adding 5 mL of 1X HBSS buffer per tube. Spin down the

1087 samples at 1000 g for 5 min at RT. During the centrifugation, prepare the

1088 fix/perm buffer (See REAGENT SETUP). TROUBLESHOOTING

1089 30 Resuspend the pellet in 500 pL of diluted fix/perm buffer and incubate at RT in
1090 the dark for 30 min.

1091 31 Wash the cells by adding 5 mL of HB per tube. Spin down the cells at 1000g for 5
1092 min, 4°C.

1093

1094 Intracellular staining

1095 32 Resuspend the pellet of each sample in 100 pL of intracellular antibody (See
1096 REAGENT SETUP), except for the control, unstained, and FMO-SYN1 samples,
1097 to which 100 pL of HB should be added before incubating all samples for 30 min
1098 on ice protected from light.

1099 33 Wash the cells by adding 3 mL of HB per tube and spin down the cells at 1000 g
1100 for 5 min, 4°C. PAUSE POINT Either proceed to flow cytometry acquisition or
1101 optionally store at 4°C in the dark for a maximum an overnight. CRITICAL STEP
1102 If using tandem dye conjugated antibodies proceed immediately.

1103

1104 Flow cytometry data acquisition

1105 34 Resuspend each pellet in 1 mL of HB and filter through a 35 pm cell strainer in a
1106 polypropylene FACS tube. Make two additional washings with 1 mL of HB each
1107 to collect as many cells as possible when transferring to the FACS tubes.

1108 35 Spin down the cells at 1000 g for 5 min at 4°C. Remove supernatant leaving
1109 about 150 pL, resuspend the pellet in 350 uL HB and bring the samples to the
1110 flow cytometry facility for the data acquisition.

1111 36 Run the experimental and control tubes in a flow cytometer and acquire the .FCS
1112 files using flow cytometry software for further analyses. CRITICAL STEP Manual
1113 and automated compensation can be generated and linked to the .FCS files
1114 during acquisition. Alternatively, the compensation .FCS files can be acquired
1115 separately, and the samples can be compensated after acquisition. CRITICAL
1116 STEP ArcReactive Amine and UltraComp beads have different sizes. Ensure to
1117 adjust the side and forward scatter lasers in order to have all the beads and cells
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in the same plot. If not possible, prioritize the alignment of the cells.
TROUBLESHOOTING

Data analysis

37 Import all .FCS files from step 36 into the flow cytometry analysis software of
choice and transform the cytometry data using Logicle or Bioex transformation.
CRITICAL STEP The transformation of flow cytometry data is essential for proper
visualization of the cytometry data. The most commonly used transformations are
Logicle and Bioex transformations?#, as they offer good visualization of both
discrete negative and positive values. It should be noted that each parameter is
dependent on the data obtained at the time, and the transformations should be
optimized by the user for better visualization.

38 Start by gating the cells of interest using side and forward scatter lasers (SSC-A
versus FSC-A). Only exclude those events that you are sure to not be of interest
(Figure 5a).

39 Subsequently, gate on Singlets 1 (diagonal of FSC-H versus FSC-A) and
Singlets 2 (SSC-W versus SSC-A) (Figure 5a).

40 Next, gate the negative events by using the LIVE/DEAD Aqua laser for the
exclusion of dead cells (Figure 5a). CRITICAL STEP The use of viability dye is
essential for a clear interpretation of the results since dead cells can bind non-
specifically to the antibody.

41 Identify the OPC population by gating the positive events for both A2B5 AF488
and CD140a PE-Cy7 lasers.

42 At this point, it is useful to apply backgating to analyze the effectiveness of the
gating strategy (Figure 5b). This technique will reveal whether all cells of interest,
OPCs in this case, have been correctly grouped for downstream analysis.

43 Once the OPCs are isolated from the rest of the cellular events, analyze the
target protein using the A2B5 AF488 versus SYNAPSIN1 AF647 lasers.

44 Create an overlay plot of the FMO-SYN1 control over the experimental samples
to define correctly the positive events for SYNAPSIN AF647 laser to be gated
and the different populations. CRITICAL STEP The FMO-SYN1 control was used
here to identify all the positive events for SYN1. To discriminate for other
populations, one can explore contour or densities plots to better depict a
population.

45 Generate the figures and export all the data (counts, mean fluorescence
intensity, population percentage, etc.) regarding the experimental and control
samples as .CSV files for future statistical analyses. TROUBLESHOOTING

Timing SECTION B

Steps 1-3, Preparation of the reagents, perfusion, and tissue collection: 1 h 30 min.
Steps 4-6, Enzyme digestion: 16 h or ON.

Steps 7-16, Homogenization: 45 min.

Steps 17-23, OPCs isolation: 40 min.
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1161  Steps 24-33, Cell surface staining, Fixation/permeabilization and Intracellular staining:
1162 2 h 15 min.

1163  Steps 34-36, Flow cytometry data acquisition: 1-3h.

1164  Steps 37-45, Data analysis: 1h.

1165

1166  Anticipated results

1167

1168 Recent studies have revealed OPCs to be highly dynamic cells with crucial

1169 functions in development, homeostasis, and disease?®. One important role that OPCs
1170 play in the brain is to eliminate synapses through phagocytic engulfment. Here, we
1171  detail two methods for quantifying synapse engulfment by OPCs highlighted in a

1172  previous publication®. The first method employs a viral fluorescent sensor of synaptic
1173  digestion (pSynDig) yielding two quantitative outputs reflecting the amount of synaptic
1174  material engulfed by OPCs. The first output is a ratiometric measurement of the sum
1175 intensities of the mCherry and eGFP signals found within OPCs. pSynDig-expressing
1176  inputs that are in the process of degradation lack eGFP fluorescence while inputs that
1177 remain intact are labeled with both mCherry and eGFP. Thus, if a given OPC is in the
1178 process of degrading synaptic inputs labeled with the pSynDig construct, the normalized
1179 eGFP signal within that cell is anticipated to be significantly lower than the respective
1180 mCherry signal. As reported previously, co-staining the tissue for markers of mature
1181 phagosomes, such as LAMP2, can be employed to validate that inputs lacking e GFP
1182 fluorescence reside within acidic intracellular compartments®. Overall, if OPCs are

1183 engaged in engulfing synaptic material, the synapses inside OPCs are expected to have
1184 alower eGFP:mCherry ratio than synapses outside OPCs.

1185 The second measurement derived from the pSynDig analysis is an engulfment
1186  score which is obtained through the quantification of synaptic material within OPCs as
1187 analyzed in Imaris. The engulfment score represents the volume of engulfed synaptic
1188 material present within an OPC, as measured by a distance filtering-based method,
1189 normalized to the volume of the reconstructed OPC. OPC engulfment scores across
1190 different conditions can be compared to determine differences in the engulfment

1191 capacity of OPCs across numerous contexts.

1192 The second method described here is a simple and efficient flow cytometry

1193  protocol for high-throughput analysis of synaptic engulfment by OPCs. In this approach,
1194  the detection of positive events for SYN1 is expected, indicating the presence of

1195 synaptic material within OPCs. A majority of OPCs are expected to contain moderate
1196 levels of SYN1, while a smaller subset of OPCs exhibits high levels of SYN1 and a third
1197 set of OPCs do not contain SYN1 beyond FMO control levels (Figure 5c and 5d).

1198 Metadata information (population frequencies, counts, MFI, etc.) should be used to
1199 understand the frequency of these populations, infer the amount of SYN1 inside of the
1200 cells and to identify possible alterations in engulfment occurring across different stages
1201  of development or under pathological conditions. It is also important to mention that
1202  non-cortical brain regions may have different cellular dynamics, requiring additional
1203  validations prior to data interpretation.

1204
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1205 Adaptations and improvements

1206

1207 We predict that the approaches described here will continue to undergo evolution
1208 and refinement as more investigators adopt the strategies. To this end, we have

1209 identified some potential aspects of the protocols that may be optimized or improved
1210 over time. For example, in the imaging-based assay, the NG2 antibody used to label
1211  OPCs works best under conditions of light fixation which are often not optimal for other
1212  antibodies?®?’. In the future, better results could be achieved through the use of

1213  antibodies against a second OPC marker, PDGFRa, or by using a transgenic line that
1214  labels OPCs with a cell-filling fluorophore. We have had good success with a goat anti-
1215 PDGFRA antibody (R&D Systems, cat. no. AF1062) and a mouse line derived from a
1216  cross between B6.Cg-Tg(Cspg4-cre/Esr1*)BAkik/J (Jackson Laboratory strain code
1217 008538) and the tdTomato fluorescent reporter line ROSA-CAG-LsL-tdTomato (Jackson
1218 Laboratory strain code 007914). A second adaptation which could be possible in the
1219 future is the use of the pSynDig construct, and similar constructs with improved pH-
1220 sensitivity, to analyze synapse engulfment by OPCs in vivo. This approach would

1221  require the development of OPC markers that fall outside of the red/green range. Also,
1222  in Imaris, OPC cell reconstruction could be improved by using a Fiji plugin called Labkit,
1223  a machine-learning pixel classifier. Experienced investigators can train this function to
1224  identify and reconstruct the entirety of the OPC (including un-stained intracellular

1225 compartments and thinner processes) as a whole. Consultation with the Imaris support
1226  desk is suggested for implementing these improvements.

1227 For the flow cytometry-based approach, it is worth noting that we have limited
1228 this manuscript to the analysis of synaptic material by detecting the presynaptic protein
1229  SYNH1, but this protocol can be adapted for the analysis of different synaptic proteins
1230  such as VGLUT1, VGLUT2, and SNAP25°. Furthermore, the methodology used here for
1231 the isolation of OPCs allows for the joint analysis of different cell types. To this point, it
1232  is useful to include microglial cells in the analysis of the data, as it is possible to

1233  evaluate the phagocytic efficiency of OPCs when directly compared to cells that also
1234  play a fundamental role in synaptic refinement and modulation of neuronal connections
1235 through phagocytosis. Overall, we expect the approaches described here to provide
1236  significant new insights into the roles of OPCs in the developing and mature brain.

1237
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1338 Tables
1339 Table 1: Overview of the antibodies used in these protocols
Antibody H.OSt Marker Cat # Usage | Dilution
animal
VGLUT2 | 9uinea Thalamocortical AB2251-| IF | 1:1000
pig excitatory projections '
NG2 rat OPC MA5-24247 IF 1:250
MBP L _
rat Myelin/oligodendrocytes AB7349 IF 1:1000
Sox10 rabbit OL lineage AB227680 IF 1:100
Lamp?2 rat Lysosome AB13524 IF 1:200
PDGFRA goat OPC AF1062 IF 1:500
F285 Flexa | mouse OPC FAB1416G | FC | 1:100
R OPC 135012 | FC | 1:100
y7
SYNAPSIN-1
Alexa Fluor rabbit Synaptic material 111275 FC 1:100
647
CD16/CD32 rat blocking antibody 14-0161-82 FC 1:1000
1340
1341
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Table 2: Troubleshooting Steps

Potential cause of

pSynDig signal)

Section Step Problem Troubleshooting
problem steps
SECTION A
(1) set mouse
General Pre- . aside to allow
Mouse is under- Incorrect mouse i
surgery 9-10 ) . recovery; (2) re-
" or over-induced weight .
preparation weigh mouse and
set in Somnosuite
Immunofluoresc .
ence staining: Insufflqlent .
o Breakage of the | hydrophobic barrier
Day 2: , Re-start IF
47 hydrophobic placed down or too
Secondary . . protocol
. barrier much solution
Antibody
I added
staining
(1) Re-do NG2
primary staining
Inefficient/ non- for a longer period
Confocal Image | 52- ) . - of time(e.g., 15-16
Acquisiion | 53 OpSt'tr;ﬁ'i':Gz Antibody binding | 7\ ) | At RT) (2)
9 Try a different
antibody marker
such as PDGFRa
(1) Validate if
antibody is
working in
normally fixed
- . N tissue (2)
Confocal Image | 52- Inefﬁment/ nhon- Light fixation MaY | Transition to using
L optimalsynaptic not be compatible :
Acquisition 53 .. o normally fixed
marker staining for all antibodies ) .
tissue with a
fixative
compatible OPC
marker (e.g.,
PDGFRa)
(1) section dLGN
and image to see
. if viral
gps)ggg,'i%gn?: transduction in
Confocal Image | 52- Layer 4 (layer 4 V|_raI injection dLGN was .
. . missed target successful (2a) if
Acquisition 53 should be visibly . .
) region partial
enriched for

transduction, stain
for VGLUTZ2 and
conduct analysis

using VGLUT2+
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surfaces to obtain
mCherry and

eGFP signal (2b)
re-do injection

Imaris Analysis

NG2 is membrane
bound, so the

(1) Try adjusting
the threshold (will
need to do this for

all images). (2)

to homogenize

Inefficient enzyme

- OPC Surface 62 Holes in cell body . T a Fii
Creation reconstructloq may ry using Fij
have holes in it plugin Labkit for
OPC surface
reconstruction.
. . The filter Object-Object Navigate to ‘Edit
Imaris pSynDig . o for each surface
. Distance from Statistics are not . .
Analysis — face: ; in question and
SynDig 67 nearest surface; turned on for the make sure the
P surface = name of OPC and/or g
Surface OPC surface’ SynDig-mCher box for ‘Object-
Creation Poyntig Y Object Statistics'
does not appear surfaces .
is checked
There are multiple Follow step. 14
. . ey from Imaris
Imaris pSynDig statistical SvnDig Analvsis
OPC readouts (e.g., P y_ Sg ADi Y
Quantification | | 75| volumes) for an Surfaces were not poyntig
. L ” Surface Creation
Imaris OPC 82 individual surface unified
. or step 9b from
Engulfment (e.g., pSynDig- ) .
e Imaris pSynDig
Quantification mCherry surface Analvsis — OPC
in a single OPC) nalysis — v
Surface Creation
Anv other issue Imaris update can | Contact the Imaris
: , 54- \ny ot ) change solutions Support.US
Imaris Analysis with using Imaris . :
85 and issues that Support Bitplane
Software. ) .
may arrive. for assistance.
SECTION B
Ensure to chop
the tissue in
The tissue chunks | pieces of 2-3mm
are too big for better
enzymatic
Homogenization | 7-12 The tissue is hard efficiency

Depending on the
tissue or enzyme
being used, you
might need to
adjust enzyme
concentration
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Static incubation

Use a rotation
mixer to ensure
that all the tissue
is in contact with

Percoll
separation

19

the enzyme
Not enough Use pooled
material material

Wrong percoll
concentration

Ensure the use of
isotonic percoll
during the
procedure

No or small pellet
at the bottom

The deceleration
speed is high

The deceleration
speed may vary
according to the
centrifuge model.
Optimize speed

settings according
to the centrifuge

model.

Harsh
homogenization
technique

Be gentle during
the procedure.
OPCs are highly
branched cells
and can be easily
damaged.

The pellet has a
reddish color

Inefficient perfusion

Optimize the
perfusion
technique to avoid
cells that are not
of interest in the
final preparation
of the sample.

Fixation and
permeabilization

29

No pellet after
fixation/permeabili
zation steps

Centrifugation step
in lower speed

The fixation step
can change the
cell properties.

Set centrifuge to a
high speed to
avoid cell loss

Flow cytomerty
data acquisition

36

Aggregation of the
beads

Inefficient mixing

Vortex the
solution
containing beads
for at least 30 s to
ensure
disaggregation

Cell events with

high fluorescent

Fluorescent

aggregates

Ensure mixing
and centrifugation
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intensity out of the of the antibodies

1343
1344

grid

to prevent
fluorochrome
aggregation

The laser

parameter is set too

Reduce the laser
parameter set to
avoid events out

Lower population
percentage due
high number of

debris events

high of the grid
Include one more
The sample washing step in

preparation is not

clean

the end of the
procedure to
avoid debris

The threshold

parameter is set too

low

If the OPCs are
clearly separated
from the debris, it
is useful to set a
higher threshold

parameter to
avoid debris
events as part of
the cytometry
data

Data analysis

37-
45

Inconsistent
results between
different software

Different data
transformation
technique

Use the same
data
transformation if
using more than
one software for
the analysis
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Figure 1. Overview of the experimental design.
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Figure 1. Overview of the experimental design. The two-pronged approach to
quantify synapse engulfment by oligodendrocyte precursor cells (OPCs) in the mouse
brain involves an imaging-based strategy to analyze a relatively limited number of OPCs
at a high level of confidence (top) and a flow cytometry-based approach to profile
synapses within OPCs at a populational level (bottom).
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Figure 2. Low-throughput imaging-based engulfment assay.
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Figure 2. Low-throughput imaging-based engulfment assay. (a) Schematic
illustrating the imaging-based approach for quantifying synapses within OPCs. First,
pSynDig is injected into the dorsal lateral geniculate nucleus (dLGN) of the thalamus of
a mouse to label presynaptic inputs in visual cortex. After three weeks, the brain is
harvested, sectioned, and immuno-stained for markers of OPCs (e.g., NG2). Markers of
synapses (e.g., VGLUT?2) can also be stained for at this point. Finally, volumetric 3D
images of immuno-stained visual cortex are taken on a confocal microscope and
imported into Imaris. (b) In Imaris, OPCs (cyan) and pSynDig (intact synapses
containing eGFP and mCherry, white; digested synapses not containing eGFP,
magenta) are reconstructed. Yellow arrow, intact synapse. White arrow, digesting
synapse. The filtering-based approach is then applied to quantify the volume of synaptic
material within OPCs at a high level of confidence. Scale bar, 4 um.
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Figure 3. High-throughput flow cytometric assay. (a) Schematic depicting the
experimental workflow for analyzing presynaptic protein content in OPCs. Following
euthanasia, brain tissue is collected, and cortical dissection is performed. The tissues
are then incubated with enzyme and subjected to manual tissue dissociation and
homogenization. The resulting homogenate is centrifuged in isotonic percoll to remove
myelin and debris, and OPCs are stained for extra- and intracellular protein targets.
Flow cytometry data is acquired and analyzed using cytoexploreR or FlowJo software.
(b) Flow cytometry plot showing the presence of the presynaptic marker SYN1 within
OPCs. The fluorescence minus one (FMO) control sample is included for reliable gating
strategy. Data points are colored based on the median fluorescence intensity of SYN1
marker within the OPCs (gray, FMO control; green, OPCs incubated with SYN1;
magenta, OPCs containing a particularly large amount of synaptic material). (c)
Experimental design for a single flow cytometry run.
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Figure 4. Comparison between engulfment assays performed in Imaris: the traditional
masking method versus distance-based filtering method.
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Figure 4. Comparison between engulfment assays performed in Imaris: the
traditional masking method versus distance-based filtering method. (a) Confocal
images are imported into Imaris in which an OPC surface is reconstructed (grey). (b)
The soma of the OPC is visualized along with VGLUT2 signal (magenta) representing
presynaptic inputs. (bi) In the traditional method, the OPC surface (teal, dashed line) is
used to the mask the VGLUT2 signal, and this masked signal is used to reconstruct the
VGLUT2 surfaces (magenta). The volume of the synaptic surfaces contained within the
OPC is normalized to the OPC volume to obtain an engulfment score. (bii) Our
distance-based filtering approach first creates VGLUT2 surfaces (magenta). Then the
optical resolution of the image is used to set an upper threshold for a distance filter
(purple dotted line), which defines what is considered ‘inside’ the OPC. Imaris then
calculates the distance between the VGLUT2 surfaces and the OPC, and then filters out
any VGLUT2 surface not within a certain distance of the OPC surface. The resulting
surfaces are used to calculate an engulfment score as described above. (c) The
engulfment scores from a single dataset of OPCs (n=12) were calculated using the two
different approaches. The distance-based filtering method (purple) resulted in
significantly smaller engulfment scores compared to the traditional masking approach
(teal), indicating that the distance-based filtering method is more conservative than the
masking method. Paired t-test, p = 0.0026.
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Figure 5. Gating strategy for identifying oligodendrocyte precursor cells (OPCs) and

measuring the intracellular content of SYN1.
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Figure 5. Gating strategy for identifying oligodendrocyte precursor cells (OPCs)
and measuring the intracellular content of SYN1. (a) First, cells of interest are
identified based on size and granularity using a side scatter (SSC-A) vs. a forward
scatter (FSC-A) plot. Doublet events are excluded by plotting FSC-H versus FSC-A
(Singlets 1) followed by SSC-W versus SSC-A (Singlets 2). Dead cells and debris are
then removed using a LIVE/DEAD aqua stain. The OPC population is defined based on
the specific markers A2B5 and CD140a (PDGFRA). (b) Back-gating is applied to ensure
the correct gating strategy for OPC identification between different samples. (c)
Representative flow cytometry plots show the variable intracellular content of SYN1 in
OPC populations (green, OPCs containing a moderate amount of SYN1; magenta,
OPCs containing a large amount of SYN1). A fluorescence minus one (FMO) control
(grey) is used to set the gate for the negative and positive populations. (d) A bar plot
showing the mean fluorescence intensity (MFI) of SYN1 in the different OPC
populations. The highest MFI in the OPC population is used to set the gate for the
heaviest engulfers (magenta in [c]). SYN1 neg, OPCs not containing synaptic material,
SYN1 mod, OPCs containing a moderate amount of synaptic material; SYN1 high,
OPCs containing a large amount of synaptic material. Statistical analysis: Pairwise t-test
followed by Bonferroni multiple test correction. SYN1 mod vs SYN1 neg, p = 2.0e-07;
SYN1 high vs SYN1 neg, p = 1.3e-10; SYN1 high vs SYN1 mod, p = 1.0e-09.
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Figure 6. Imaris software workflow. (a) Initial navigation between the Arena and the
Surpass View can be done using the respective icons on the ribbon (purple arrows). (ai)
Process the images by applying a Gaussian Blur and Background subtraction (teal box
and arrow) on relevant channels like NG2, mCherry, and eGFP. (aii) Go to the Imaris
Application Taskbar (pink hashed box and arrow) to navigate to (aiii) image properties
and record information about (aiv) image resolution which is necessary to calculate
threshold values. Mean intensity values can be obtained from (av) the Fiji plug-in. (b)
Imaris Creation Menu and Surface Object Menu. Create surfaces by clicking the
Surface Icon (teal box). (bi) Following the Creation Wizard as displayed. It is useful to
utilize the Orthogonal Slice (teal hashed box) during this process. After surfaces are
created, (bii) Unify surfaces under the ‘Edit’ tab (purple arrow), (biii) filter synapse
surfaces using the distance filter (black arrow), and (biv) extract volumetric information if
desired (pink arrow). (c) pSynDig sum intensity data extraction. Select desired images
and navigate to Vantage and 2D View. (ci) Only select surfaces of interest and (cii) set
the X and Y axes to obtain the desired Intensity Sum from the eGFP and mCherry
channels. (ciii) Navigate to the Plot Numbers Area to check sum intensity data and
export using the Save icon. All Imaris Software images were obtained and used with
explicit permission from Andor.
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