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  30 

SUMMARY:  31 

Here, we present a protocol to rapidly isolate high-quality nuclei from the fresh or frozen tissue 32 

for downstream massively parallel RNA sequencing. We include detergent-mechanical and 33 

hypotonic-mechanical tissue disruption and cell lysis options, both of which can be used for 34 

isolation of nuclei. 35 

 36 

ABSTRACT:  37 

Probing an individual cell’s gene expression enables the identification of cell type and cell state. 38 

Single-cell RNA sequencing has emerged as a powerful tool for studying transcriptional profiles 39 

of cells, particularly in heterogeneous tissues such as the central nervous system. However, 40 

dissociation methods required for single cell sequencing can lead to experimental changes in the 41 

gene expression and cell death. Furthermore, these methods are generally restricted to fresh 42 

tissue, thus limiting studies on archival and bio-bank material. Single nucleus RNA sequencing 43 

(snRNA-Seq) is an appealing alternative for transcriptional studies, given that it accurately 44 
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identifies cell types, permits the study of tissue that is frozen or difficult to dissociate, and reduces 45 

dissociation-induced transcription. Here, we present a high-throughput protocol for rapid 46 

isolation of nuclei for downstream snRNA-Seq. This method enables isolation of nuclei from fresh 47 

or frozen spinal cord samples and can be combined with two massively parallel droplet 48 

encapsulation platforms.  49 

 50 

INTRODUCTION:  51 

The nervous system is comprised of heterogenous groups of cells that display a diverse array of 52 

morphological, biochemical, and electrophysiological properties. While the bulk RNA sequencing 53 

has been useful for determining tissue-wide changes in the gene expression under different 54 

conditions, it precludes the detection of transcriptional changes at the single-cell level. Recent 55 

advances in the single-cell transcriptional analysis have enabled the classification of 56 

heterogenous cells into functional groups based on their molecular repertoire and can even be 57 

leveraged to detect sets of neurons that had been recently active.1-4 Over the last ten years, the 58 

development of single cell RNA sequencing (scRNA-Seq) has enabled the study of gene expression 59 

in individual cells, providing a view into cell-type diversity.5  60 

 61 

The emergence of scalable approaches such as massively parallel scRNA-Seq, has provided 62 

platforms to sequence heterogeneous tissues, including many regions of the central nervous 63 

system.6-15 However, single cell dissociation methods can lead to the cell death as well as 64 

experimental changes in gene expression.16 Recent work has adapted single cell sequencing 65 

methods to enable preservation of endogenous transcriptional profiles.1,3,4,17-19 These strategies 66 

have been particularly suitable for detecting immediate early gene (IEG) expression following 67 

sensory stimulus or behavior.3,4 In the future, this strategy could also be used to study dynamic 68 

changes in tissues in disease states or in response to stress. Of these methods, single nucleus 69 

RNA sequencing (snRNA-Seq) is a promising approach that does not involve stress-inducing cell 70 

dissociation and can be used on difficult to dissociate tissue (such as the spinal cord), as well as 71 

frozen tissue.4,17-19 Adapted from previous nuclei isolation methods,20-23,25 snRNA-Seq typically 72 

utilizes rapid tissue disruption and cell lysis under cold conditions, centrifugation, and separation 73 

of nuclei from cellular debris.4 Nuclei can be isolated for the downstream next-generation 74 

sequencing on multiple microfluidic droplet encapsulation platforms.4,7,24,25 This method allows 75 

for a snapshot of the transcriptional activity of thousands of cells at a moment in time.  76 

 77 

There are multiple strategies for releasing nuclei from cells before isolation and sequencing, each 78 

with their own advantages and disadvantages. Here, we describe and compare two protocols to 79 

enable isolation of nuclei from the adult spinal cord for the downstream massively parallel 80 

snRNA-Seq: detergent-mechanical lysis and hypotonic-mechanical lysis. Detergent-mechanical 81 

lysis provides complete tissue disruption and a higher final yield of nuclei. Hypotonic mechanical-82 

lysis includes a controllable degree of tissue disruption, providing an opportunity for selecting a 83 

balance between the quantity and purity of the final nuclear yield. These approaches provide 84 

comparable RNA yield, detected numbers of genes per nucleus, and cell-type profiling and also 85 

can both be used successfully for snRNA-Seq. 86 

 87 

PROTOCOL:  88 



   

   
 

 89 

All animal work was performed in accordance with a protocol approved by the National Institute 90 

of Neurological Disorders and Stroke Animal Care and Use Committee. Balanced samples of male 91 

and female ICR/CD-1 wild-type mice, between 8 and 12 weeks old, were used for all experiments. 92 

Mice should be handled in accordance with local Institutional Animal Care and Use Committee 93 

guidelines. 94 

 95 

1. Preparation of Materials and Buffers  96 

 97 

1.1 Prepare all buffers the day of use and pre-chill on ice (see Table 1).  98 

 99 

1.1.1. If using detergent-mechanical lysis, prepare the detergent lysis buffer (> 500 μL per 100 

sample), low sucrose buffer (> 6 mL per sample), sucrose density buffer (> 12.5 mL per sample), 101 

and the resuspension solution (> 1 mL).  102 

 103 

1.1.2. If using hypotonic-mechanical lysis, prepare the hypotonic lysis buffer (> 5 mL per 104 

sample), HEB medium (> 5 mL per sample), low sucrose buffer (> 3 mL per sample), sucrose 105 

density buffer (>12.5 mL per sample), and the resuspension solution (> 1 mL).   106 

 107 

1.1.3. Add 25 μL of dithiothreitol (DTT) to 25 mL of the low sucrose buffer and another 25 μL of 108 

DTT to 25 mL of the sucrose density gradient buffer just before starting the protocol.  109 

 110 

1.2 Cover the dissecting surface with aluminum-foil to minimize contamination of the sample 111 

with fibers from paper towels or bench protectors, which can clog microfluidic channels used for 112 

capturing single nuclei. 113 

 114 

1.3 Spray dissecting tools and bench space with an RNase decontamination solution. 115 

Additionally, spray the inside of the Dounce homogenizer tube (if using detergent-mechanical 116 

cell lysis) and Oak Ridge tube with an RNase decontamination solution. Rinse out the Dounce and 117 

Oak Ridge tube with ultrapure, RNase-free water.   118 

 119 

1.4 Pre-chill all collection tubes (50 mL conical, Oak Ridge) and Dounce homogenizer tubes 120 

on ice. 121 

 122 

1.5 Fire polish a series of Pasteur pipettes (if using hypotonic-mechanical cell lysis). 123 

  124 

2. Preparation of the Spinal Cord 125 

 126 

2.1 If using fresh tissue, euthanize the mouse by CO2 inhalation. Following euthanasia, spray 127 

the coat of the mouse with 70% ethanol to minimize hair contamination in the sample.  128 

 129 

2.2 Decapitate the mouse with sharp, RNase-free surgical scissors. Next, gently lifting the 130 

abdominal skin with forceps and make an incision along the length of the body to expose the 131 

inner organs.  132 



   

   
 

 133 

2.3 Eviscerate the mouse by pulling the inner organs from the body cavity using forceps. Do 134 

not use paper towels to clean the area or to remove organs as this may introduce contaminants. 135 

Using spring scissors, cut the vertebral column between the L2 and L3 spinal vertebrae. 136 

 137 

Note: With practice, this step can be achieved in less than 30 seconds. 138 

 139 

2.3.1 To eject the spinal cord, fit a 3 mL syringe containing ice-cold PBS with a 25 G ¼ inch 140 

needle. Place the tip of the needle into the sacral end of the vertebral column. Use two fingers 141 

to pinch the vertebrae to create a tight seal around the tip of the needle and press down on the 142 

plunger to eject the spinal cord rostrally. Place the spinal cord in a petri dish with ice-cold PBS.  143 

 144 

2.3.2 At this point, freeze the tissue and store at -80 C or use immediately for either detergent-145 

mechanical (Step 3) or hypotonic-mechanical (Step 4) lysis. 146 

 147 

2.4 If using frozen tissue, maintain the tissue on dry ice, proceed to detergent-mechanical 148 

(Step 3) or hypotonic-mechanical (Step 4) lysis. 149 

 150 

3. Detergent-Mechanical Cell Lysis  151 

 152 

3.1 Place the lumbar spinal cord in a pre-chilled Dounce homogenizer and add 500 L pre-153 

chilled detergent lysis buffer.  154 

 155 

Note: A mouse lumbar spinal cord is 325.5 mg ± 63.9 mg standard error of the mean (SEM, N = 156 

4). 50 mg – 1.5 g of tissue can be successfully used. 157 

 158 

3.2 Dounce with 5 strokes of pestle A (‘loose’ pestle), then 5-10 strokes of pestle B (‘tight’ 159 

pestle). Avoid lifting the homogenizer out of the lysis solution in between strokes and avoid 160 

introducing bubbles. 161 

 162 

3.3 Place a 40 m strainer over a pre-chilled 50 mL conical tube and prewet with 1 mL of low 163 

sucrose buffer. 164 

 165 

3.4 Add 1 mL of low sucrose buffer to the Dounce homogenizer containing the crude nuclei 166 

in the lysis buffer and mix gently by pipetting 2-3 times. 167 

 168 

3.5 Pass the crude nuclei prep over the 40 m strainer into the pre-chilled 50 mL conical tube. 169 

 170 

3.6 Pass an additional 1 mL low sucrose buffer over the 40 m strainer, bringing the final 171 

volume to 3 mL of the low sucrose buffer and 500 L of the lysis buffer. 172 

 173 

3.7 Repeat steps 3.1—3.6 if combining multiple cords, pooling in the same conical tube.  174 

 175 



   

   
 

3.8 Centrifuge the sample at 3200 x g for 10 min at 4 C. Once the centrifugation is complete, 176 

decant the supernatant. Proceed to Step 5. 177 

 178 

4. Hypotonic-Mechanical Cell Lysis  179 

 180 

4.1 Place the lumbar spinal cord in 5 mL of the hypotonic lysis buffer in a tissue culture dish. 181 

Use the blunt end of spring scissors to bisect the spinal cord, then use spring scissors to cut the 182 

cord into 3-4 mm pieces, but do not mince. 183 

 184 

Note: 50 mg – 1.5 g of tissue can be successfully used. 185 

 186 

4.2 Incubate on the ice for 15 min, swirling 2-3 times. 187 

 188 

4.3 Add 5 mL of HEB medium to dilute the hypotonic lysis buffer. 189 

 190 

4.4 Triturate the tissue 10 times with a 5 mL serological pipette, or until all of the pieces of 191 

the tissue move smoothly through the opening of the pipette. 192 

 193 

4.5 Triturate with a series of three fire-polished Pasteur pipettes with progressively narrower 194 

diameters (~900 – 600 m). 195 

  196 

4.5.1 For each pipette, triturate 5-15 times, allow tissue to settle, remove 1-2 mL of supernatant 197 

containing dissociated nuclei and pass over a 40 m strainer into a pre-chilled 50 mL conical tube.  198 

 199 

4.5.2 After trituration with the smallest-sized Pasteur pipette, ensure that the homogenate 200 

flows smoothly through the pipette tip. Pass the remaining solution over the 40 m strainer into 201 

the 50 mL conical tube. 202 

 203 

Note: The total number of triturations can be adjusted as desired. The meninges of the mouse 204 

spinal cord will remain, but it is important to triturate any visible chunks of spinal cord. Pass the 205 

remaining homogenate over the 40 m strainer. Avoid introducing bubbles during trituration. 206 

 207 

4.6 Centrifuge the filtered sample at 1000 x g for 10 min at 4 C. Once the centrifugation is 208 

complete, decant and discard the supernatant. Proceed to Step 5. 209 

 210 

5. Homogenization and Sucrose Density Gradient  211 

 212 

5.1 After either Step 3 or 4, resuspend the pellet using 3 mL of low sucrose buffer. Gently 213 

swirl to remove the pellet from the wall to facilitate the resuspension. Let the sample sit on ice 214 

for 2 min and transfer the suspension to an Oak Ridge tube. 215 

 216 

5.2 Using the homogenizer at setting 1, homogenize the nuclei in low sucrose buffer for 15-217 

30 s, keeping the sample on ice.  218 

 219 



   

   
 

Note: Use 15 s if using one lumbar spinal cord or 30 s if using pooled samples or a whole spinal 220 

cord. 221 

 222 

5.3 Using a serological pipette, layer 12.5 mL of density sucrose buffer underneath the low 223 

sucrose buffer homogenate, taking care not to create a bubble that disrupts the density layers.  224 

 225 

5.4 Centrifuge the tubes at 3200 x g for 20 min at 4 C. 226 

 227 

5.5 Once the centrifugation is complete, immediately decant the supernatant in a flicking 228 

motion.  229 

 230 

Note: A residual volume (less than 400 L) of sucrose buffer can be discarded if desired to 231 

produce a lower volume and cleaner final sample, but this residual volume does contain nuclei 232 

and can be preserved to maximize nuclei yield.  233 

 234 

5.6 Using 100 L - 1 mL of resuspension solution, resuspend the nuclei remaining on the wall. 235 

Avoid the myelin ‘frown’ that remains with the detergent-based preparation. 236 

 237 

5.7 Filter the nuclei through a 30-35 m pore-size strainer and collect in a pre-chilled tube.  238 

 239 

5.8 Determine the nuclei yield using a hemocytometer to count nuclei under a 10X objective.  240 

 241 

Note: Trypan blue can be added to visualize nuclei, which should appear blue. Note the amount 242 

of cellular debris. 243 

 244 

5.9 Proceed to either Step 6 or 7. 245 

 246 

6. Massively Parallel snRNA-Sequencing: Academic Platform7  247 

 248 

6.1 Perform the massively parallel snRNA sequencing (e.g., Drop-Seq) method as previously 249 

described7 with the following modifications:4  250 

 251 

6.1.1 Adjust nuclei to a final concentration of 225 nuclei per L. 252 

 253 

6.1.2 Prepare barcoded beads at a concentration of 250 beads per L. 254 

 255 

6.1.3 Prepare the lysis buffer with 0.7% sarkosyl. 256 

 257 

6.1.4 Adjust the flow rates to 35 L per min for beads, 35 L per min for nuclei, and 200 L per 258 

min for oil.     259 

 260 

7. Massively parallel snRNA-sequencing: Commercial Platform26  261 

 262 



   

   
 

7.1 Perform massively parallel snRNA-sequencing using the commercial platform (e.g., 263 

Chromium Single Cell Gene Expression Solution) products according to the manufacturer’s 264 

instructions26 with the following modification:  265 

 266 

7.1.1 Following reverse-transcription, add an additional PCR cycle to the calculated number of 267 

cycles for cDNA amplification based on the targeted cell recovery to compensate for decreased 268 

cDNA from nuclei compared to cells.   269 

 270 

REPRESENTATIVE RESULTS:  271 

 272 

Here, we performed isolation of nuclei from the adult mouse lumbar spinal cord for downstream 273 

massively parallel RNA sequencing. The protocol involved three main components: tissue 274 

disruption and cellular lysis, homogenization, and sucrose density centrifugation (Figure 1). 275 

Within seconds, the detergent-mechanical lysis yielded a crude nuclei preparation with a large 276 

number of nuclei as well as cellular and tissue debris (Figure 2A, Table 2). After fifteen minutes, 277 

the hypotonic-mechanical lysis yielded a crude nuclei preparation that had less debris, but also 278 

fewer nuclei (Figure 2B, Table 2). Both preparations underwent homogenization (Figure 2C and 279 

D) and sucrose density gradient centrifugation before resuspension in PBS with 0.04% BSA (Figure 280 

2E and F). On an average, a mouse lumbar spinal cord (325.5 mg ± 63.9 mg standard error of the 281 

mean, SEM, N = 4) yielded 5.1 x 105 nuclei (± 6.3 x 104 SEM, N = 3) following the detergent-282 

mechanical lysis and 2.0 x 105 nuclei (± 5.9 x 104 SEM, N = 3) following the hypotonic-mechanical 283 

lysis. The number of nuclei in the lumbar spinal cord was estimated from the initial crude 284 

preparation after Dounce homogenization in the detergent-mechanical lysis protocol (2.6 x 106 285 

nuclei ± 4.0 x 105 SEM, N = 3, Table 2). The final sample from the detergent-mechanical lysis 286 

protocol consists of 20% of the initial nuclei (± 2% SEM, N = 3, Table 2). The crude nuclei 287 

preparation from the hypotonic-mechanical lysis following trituration contains 62% of the initial 288 

nuclei (± 2% SEM, N = 3, Table 2). The final hypotonic-mechanical lysis sample contains only 8% 289 

of initial nuclei (± 1% SEM, N = 3, Table 2). We did not detect any difference in the total RNA yield 290 

or the cDNA yield for a housekeeping gene (Gapdh) between the two preparation methods. Using 291 

qPCR, the detergent method yielded 463.7 ng (± 98.9 SEM, N= 6) of total RNA and an average 292 

detection threshold cycle of 25.2 (± 1.3 SEM) for Gapdh cDNA by qPCR and the hypotonic method 293 

yielded 419.2 ng (± 85.3 SEM, N = 6) of total RNA and an average detection threshold cycle 294 

of 26.1 for Gapdh cDNA (± 0.8 SEM). The two lysis options both isolate nuclei from difficult-to-295 

dissociate tissues and provide the high-quality material for the downstream single-nucleus RNA 296 

sequencing. 297 

 298 

Given the size of microfluidic channels for downstream massively parallel single nucleus 299 

sequencing platforms, it is critical to input a nuclei suspension free of large particles or cellular 300 

debris to prevent clogging. Following the protocol presented here, there were no instances of 301 

clogging on the platform adapted from Macosko et al. 2015 (N = 17) and one partial clog on the 302 

commercial platform (N = 16).  303 

 304 

The detergent-mechanical and hypotonic-mechanical procedures were used to isolate nuclei 305 

successfully for two massively parallel droplet encapsulation platforms and representative 306 



   

   
 

results are shown in Figure 3. Both of these approaches enabled transcriptional profiling of 307 

thousands of nuclei, and classification of cell types in the adult mouse lumbar spinal cord (Figure 308 

3).4 These approaches resulted in comparable genes per nucleus for each cell type (Figure 3C and 309 

D). The rates of recovery of input nuclei between the two platforms differ. The platform adapted 310 

from Macosko et al. 2015 with modifications from Sathyamurthy et al. 2018 recovered an 311 

estimated 0.59% of nuclei (± 0.05% SEM, N = 17), while the commercial platform recovered an 312 

estimated 53.7% nuclei (N = 2).  313 

 314 

This protocol slightly enriches for neuronal nuclei in the final preparation. In lumbar spinal cord 315 

tissue sections, we found that 27% of nuclei were positive for the neuronal marker NeuN (N = 316 

7,368 nuclei from 2 animals), while detergent-mechanical nuclei preparation of the lumbar spinal 317 

cord resulted in 31.9% of total nuclei expressing NeuN, as determined by fluorescence-activated 318 

cell sorting (FACS, ± 2.0% SEM, N = 13 independent nuclei preparations using pooled samples 319 

from multiple animals in each preparation, Figure 4). This is similar to what has been observed 320 

previously for the percent of NeuN-positive nuclei in the entire spinal cord (20% to 24% 321 

depending on age),27 including the cervical and thoracic regions that have more white matter and 322 

oligodendrocytes.  Of note, NeuN/Rbfox3 is not expressed in all neurons and, accordingly, these 323 

numbers are likely modest underestimates. It is possible that smaller non-neuronal cells are 324 

slightly depleted during the sucrose gradient purification. In addition, downstream filtering and 325 

analysis parameters following sequencing may alter the final cell-type distribution because 326 

neurons have more genes per nucleus (Figure 3C and D) and, therefore, are less likely to be 327 

removed during the filtering process. 328 

  329 

There are several key steps in this protocol that require care. First, excessive douncing or 330 

trituration (in steps 3 or 4, respectively) can lead to an increase in cellular debris and particle 331 

formation. Although filtration and sucrose density centrifugation can separate large particles, 332 

once small particles are generated during cellular lysis, they are difficult to remove. Secondly, 333 

during homogenization, do not place the homogenizer directly onto the bottom of the Oak Ridge 334 

tube. Instead, submerge the end of the homogenizer into the low sucrose solution containing 335 

resuspended nuclei, without touching the bottom of the tube. Homogenization improves nuclear 336 

isolation by removing cellular debris and reducing clumps and multiplets (Figure 5). Following 337 

sucrose density centrifugation, it is critical to immediately remove the Oak Ridge tube from the 338 

centrifuge, and quickly decant the supernatant in a rapid ‘flicking’ motion. When resuspending 339 

nuclei from the wall of the Oak Ridge tube, resuspend the ‘salty’ pellet from halfway between 340 

the myelin band and the bottom of the tube. Note that the pellet may not be visible. 341 

Resuspending nuclei higher along the tube may result in myelin contamination in the nuclei 342 

preparation. The cellular lysis and sucrose density centrifugation steps are the most critical to 343 

reducing particulates that may clog microfluidic channels for downstream application. 344 

 345 

FIGURE AND TABLE LEGENDS:  346 

 347 

Table 1: Table of Solutions. 348 

 349 



   

   
 

Table 2: Yield of nuclei at each step in the protocol. The number of nuclei in the initial crude 350 

preparation after dounce homogenization in the detergent-mechanical lysis protocol was used 351 

to estimate the number of nuclei in the lumbar spinal cord. The initial nuclei yield (2.6 x 106 nuclei 352 

± 4.0 x 105 SEM, N = 3) was used to calculate the nuclei yield at each downstream step for both 353 

detergent- and hypotonic-mechanical lysis protocols. The number of nuclei isolated by the 354 

hypotonic-mechanical preparation was normalized to the estimated initial nuclei. Values in the 355 

table are mean ± SEM, N = 3. 356 

 357 

Figure 1: Schematic of nuclear isolation. Nuclei from the adult spinal cord can be isolated using 358 

detergent-mechanical or hypotonic-mechanical cell lysis, followed by homogenization, and 359 

sucrose density gradient centrifugation. 360 

 361 

Figure 2: Representative brightfield and DAPI-stained nuclei at key steps in the protocol. A&B. 362 

Crude nuclei following detergent-mechanical or hypotonic-mechanical lysis. C&D. Nuclei 363 

following homogenization. E&F. Nuclei resuspended in PBS with 0.04% BSA following sucrose 364 

density centrifugation. Nuclei were fixed with 2% paraformaldehyde and subsequently stained 365 

using Trypan Blue or DAPI. Images were taken at 10X (scale bar 100 µm) using brightfield and epi-366 

fluorescence.  367 

 368 

Figure 3: Representative tSNE plot of sequenced nuclei: using detergent-mechanical and 369 

hypotonic-mechanical lysis. A. Results obtained from sequencing over 17,000 nuclei from the 370 

dissected adult mouse lumbar spinal cord following detergent-mechanical lysis and according to 371 

Macosko et al. 2015 with modifications from Sathyamurthy et al. 2018. This figure has been 372 

modified with permission from Sathyamurthy et al. 2018.4 B. Results obtained from sequencing 373 

5,000 nuclei from the ejected adult lumbar spinal cord following hypotonic-mechanical lysis and 374 

a commercial microfluidic single cell encapsulation platform.26 C&D. Average genes per nucleus 375 

results following clustering of major cell types in the adult mouse spinal cord ± SEM. Of note, the 376 

detergent-mechanical lysis procedure followed by the Macosko et al. 2015 platform was 377 

performed using dissected lumbar spinal cord, while the hypotonic-mechanical lysis followed by 378 

the commercial platform was performed using ejected lumbar spinal cord (as described in this 379 

protocol). Given that ejecting the cord removes the dura and dorsal root ganglia, the 380 

meningeal/Schwann cell cluster is absent from Figure 3B and D.  381 

 382 

Figure 4: FACS plot of NeuN+ nuclei following detergent-mechanical lysis. FACS plot showing 383 

fixed nuclei stained for NeuN (average 31.9% of total nuclei ± 2.0% SEM, N = 13), isolated using 384 

the detergent-mechanical lysis protocol. For the immediate fixation, nuclei for FACS validation, a 385 

crude nuclei preparation was obtained by dounce homogenization of spinal cords using the 386 

detergent-mechanical preparation, followed by immediate fixation with 1% PFA with a 5-min 387 

incubation period. Fixation was quenched with 250 mM glycine, and nuclei were collected. 388 

Staining with anti-NeuN antibody was performed in solution. FACS was performed on fixed, NeuN 389 

stained nuclei using a cell sorter. 390 

 391 

Figure 5: Nuclei preparation without homogenization. Nuclei were resuspended prior to sucrose 392 

density centrifugation following A detergent-mechanical or B hypotonic-mechanical lysis, 393 



   

   
 

without homogenization. * Denotes cellular debris attached to nuclei (A) and a multiplet of nuclei 394 

attached by cellular debris (B). Nuclei resuspended in PBS with 0.04% BSA following sucrose 395 

density centrifugation. Nuclei were fixed with 2% paraformaldehyde and subsequently stained 396 

using Trypan Blue or DAPI. Images were taken at 10X (scale bar 100 µm) using brightfield and epi-397 

fluorescence.  398 

 399 

DISCUSSION:  400 

 401 

The ultimate goal of this protocol is to isolate nuclei containing high-quality RNA for downstream 402 

transcriptional analysis. We adapted snRNA-Seq methods in order to profile all of the cell types 403 

in the spinal cord. Initially, we found that typical cell dissociation methods were ineffective for 404 

single cell RNA sequencing, as spinal cord neurons are particularly vulnerable to cell death. 405 

Furthermore, cell dissociation methods induce expression of various activity- and stress-response 406 

genes by up to several hundred-fold.3,4,16 Given the drawbacks associated with single cell 407 

preparations, we and others have used nuclei as an alternative.16-18,24 This method can also be 408 

used on human tissue, including frozen spinal cord tissue.4,19,24 Here, we will describe the 409 

strengths and limitations of this approach. 410 

 411 

Strengths of this method include the avoidance of experimentally-induced IEGs as well as the 412 

ability to use both fresh and frozen tissue.4 Thus, this approach can be useful for probing 413 

endogenous IEGs following a behavior or stimulus.1,3,4 One of the benefits of this method is that 414 

it does not require specialized devices for utilization of nuclei for massively parallel single nucleus 415 

sequencing, but can use the platform developed by Macosko et al. 2015, with minor adjustments 416 

of lysis buffer and flow rate, or use commercially available systems. Moreover, single nucleus 417 

sequencing is proven to be a comparable method to that of single cell sequencing for the 418 

identification of cell types, lending to the strength of this approach.28,29 However, there are 419 

several important limitations of this approach. Nuclei contain approximately 20-50% of cellular 420 

mRNA,29 and this is reflected in a lower number of transcripts per nucleus compared to single cell 421 

sequencing.18,29 Including intronic reads from snRNA-Seq is one approach to increase the number 422 

of detected genes.  423 

 424 

There are several available protocols that enable isolation of nuclei from tissue.2,16-18,24,30 In 425 

comparison with most other methods, the protocols presented here do not require myelin 426 

removal, ultracentrifugation, or many centrifugation steps or washes that can lead to lower final 427 

numbers of nuclei. Furthermore, this protocol takes 45 minutes (detergent-mechanical) or 1 hour 428 

(hypotonic-mechanical) to complete. Commercial protocols supported on microfluidic platforms 429 

are more than double the time, and require many more centrifugation steps, increasing the risk 430 

of losing nuclei. In contrast with nuclei isolation protocols that involve only lysis and filtering, the 431 

methods presented here include a sucrose gradient to increase the purity of the final nuclei. This 432 

step is required for adult spinal cord tissue due to the large percentage of white matter and the 433 

resulting myelin debris. 434 

 435 

The detergent-mechanical lysis protocol can be used for the complete tissue dissociation and 436 

lysis, and the hypotonic-mechanical lysis protocol can be used to control the amount of tissue 437 



   

   
 

dissociation and cellular debris allowed in the downstream application. These protocols can be 438 

used for bio-bank material, difficult to dissociate tissues and for the investigation of activity-439 

dependent transcriptional changes through the isolation of nuclei for downstream massively 440 

parallel snRNA-Seq. In addition to massively parallel single nucleus RNA sequencing, this protocol 441 

may be used to isolate nuclei for alternative applications, including immunofluorescence and 442 

FACS and epigenetic analysis such as DNA methylation studies and ChIP-Seq (Figure 4).23 443 
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Reviewers' comments: 
 
We thank the reviewers very much for their thoughtful comments and believe that our 
responses have greatly strengthened the clarity and utility of this work. In general, we have 
added experimental evidence and quantification for several of the points that we previously 
made and have included new data using a commercially available microfluidic platform. 
 
Reviewer #1: 
Manuscript Summary: 
The manuscript by Levine et al. details a protocol for nuclei isolation from mouse spinal cord 
that could be adapted to multiple tissue types. The protocol is well written and easy to follow. I 
have a few minor comments and questions listed below. 
 
Major Concerns: 
No major concerns. 
 
Minor Concerns: 
1. If cells are already lysed either by detergent mechanical disruption or hypotonic lysis to 
liberate nuclei, what does the additional homogenization step in low sucrose buffer do? Is it 
necessary? Does it result in any loss of nuclei? 
We found that homogenization aids in isolation of nuclei from cellular debris and reduces the 
occurrence of multiplets and clumps. We now include a figure showing a representative 
image of nuclei from the detergent-lysis preparation or the hypotonic-lysis preparation 
without homogenization (Figure 5). 
 
2. Does the density gradient centrifugation result in any damage to or loss of nuclei? How many 
nuclei are recovered after centrifugation - i.e. what is the input to output ratio? 
We now include a table with a summary of the input nuclei (Table 1), compared to the 
number of nuclei at each step. This was normalized to the number of nuclei isolated in the 
crude detergent-mechanical lysis. 
 
3. The authors state that nuclei isolation allows for unbiased examination of cell types, but it is 
unclear if they have fully examined whether their prep methods introduce any bias into the 
recovery of different cell types. For example, with the hypotonic lysis, given that the yield is 
lower, perhaps some cells are less efficiently lysed which could bias the cell types recovered? 
We found that this protocol slightly enriches neuronal nuclei in the final preparation and 
have documented this in the results section. Unfortunately, there is no “gold standard” for 
the cell type composition of the spinal cord with which to compare each cell type that we 
observed so we focused our analysis on neurons. Previous work (for instance, Fu et al., 2013) 
observed that 20-24% of all spinal cord nuclei (from cervical, thoracic, and lumbar regions) 
expressed the NeuN neuronal marker. Similarly, in tissue sections of the lumbar spinal cord, 
we found that 27% of nuclei were positive for the neuronal marker NeuN, while detergent-
mechanical nuclei preparation of the lumbar cord resulted in 31% of total nuclei expressing 
NeuN, as determined by FACS (Figure 4). It is possible that smaller non-neuronal cells are 

Rebuttal Letter Click here to download Rebuttal Letter Response to
Reviewers_FINAL.docx
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slightly depleted during the sucrose gradient purification. In addition, downstream filtering 
and analysis parameters may alter the final cell-type distribution because neurons have 
relatively higher genes per nucleus (Figure 3C and D). 
 
4. After the density gradient, nuclei can be pelleted and resuspended in PBS with 0.02% BSA. 
This is quite a low concentration of BSA given that nuclei are known to be prone to clumping. 
Do you find any aggregation or clumping of nuclei with this low BSA concentration? 
With a concentration of 0.02% BSA in PBS, we do not see clumping. However, we now 
recommend using 1X PBS with 0.04% BSA. This concentration is comparable with those used 
successfully in DroNc-Seq and other protocols (Habib et al., 2017, Hu et al., 2018) and is the 
recommended resuspension buffer for cells and nuclei prior to loading the Chromium 10X 
Controller. 
 
5. Have the authors tried to sort the nuclei isolated using their methods by FACS? This is 
another way to clean up debris and enrich for cell populations of interest and it might be useful 
for readers to know whether these nuclei prep methods are compatible with downstream FACS 
applications. 
Yes, we have successfully used this method to isolate nuclei for FACS (N = 13). We thank the 
reviewer for this suggestion and have included a figure from FACS of the nuclei isolated using 
the detergent-mechanical lysis stained with NeuN (Figure 4). 
 
 
Reviewer #2: 
Manuscript Summary: 
The authors provide a very concise summary of two protocols for nuclei isolation for single-
nuclei sequencing using microfluidic platforms. 
 
Major Concerns: 
Although the authors have published with one of these protocols, it is unclear whether any of 
their perturbations are necessary/sufficient/superior to the published protocols for nuclei 
preparation. The major limitation is a lack of validatory data for the final endpoint outside of 
their already published dataset showing that it can be done. 
We offer several new points of validation including utility of particular steps, quantification 
and comparison of the total RNA yield, detectable quantity of mRNA for a housekeeping 
gene, total nuclei yield, genes per nucleus obtained following snRNA-Seq and cell-types 
observed following snRNA-Seq. In addition, we discuss the relative simplicity and duration of 
our protocol compared to previously published methods.  
 
The authors also present two separate protocols for use downstream, but it is unclear whether 
either is better or worse for a specific microfluidic platforms, say which is better suited for say 
Chromium vs Dropseq. I am unclear whether both protocols were used in microfluidic single-
nuclei seq experiments or just one, so I cannot validate the efficacy of both of them. 
We now include data from a hypotonic-mechanical lysis, processed on the Chromium 10X 
System, and have also used the detergent-mechanical lysis method successfully on Chromium 



10X and the hypotonic-mechanical lysis on Drop-Seq (Figure 3). We provide a summary of the 
relative advantages and disadvantages of each method. 
 
Although this could be more novel and interesting to folks not as engaged in the field, 10x now 
has published protocols for single-nuclei preparation of various tissues on their platform and 
other groups have published excellent protocols for their nuclei preparation for single-nuclei 
sequencing of the cord.  
The protocol available for 10X takes a user 2 and a half hours to complete. Our protocol only 
requires 45 minutes for the detergent-mechanical lysis and 1 hour for the hypotonic-
mechanical lysis. In addition to a shorter protocol that helps to preserve RNA quality, our 
protocol has many fewer centrifugation steps, each of which would result in a loss of total 
nuclei. The other detailed protocol that is available (Habib et al., 2017) does not include a 
density gradient and has not been validated for the 10X platform. We found that, using spinal 
cord tissue, a density gradient is necessary to remove medium-sized debris that could clog 
microfluidic channels (Figure 2). Thus, this manuscript complements existing step-by-step 
protocols. 
 
This work would be much stronger if they had validated the performance metrics for say yield 
of nuclei per milligram of tissue, degree of clumping, integrity of the nuclear envelope, rate of 
Dropseq clogging, mitochondrial/cytoplasmic/spiked RNA contamination, and had some data 
showing the desired final readout the protocol users would care most about: single-nuclei 
sequencing metrics. I assume these are already data that you have from the optimization work 
done prior to publishing the parent manuscript, but it would be great to have the data to look 
at rather than just discussing anecdotal reports. 
We have now included the yield of nuclei (and note the quantity of tissue) for three different 
stages of both protocols, the rate of microfluidic channel clogging, the genes per nucleus 
detected by single nuclei sequencing, and the identified cell types. In addition, we did not 
observe nuclei clumping (Figure 2) and found that mitochondrial contamination was 1.5-4%. 
 
Minor Concerns: 
Photographic still images would be very helpful but I assume that the video protocols will be 
helpful for visualizing the salty pellet and myelin frown. It would be very helpful to discuss some 
of the problems commonly seen and their troubleshooting, such as low yield, clumping, poor 
amplification, etc. 
We agree that the video will provide an important supplement that enhances this protocol. In 
addition, we now include a paragraph at the end of the results section in which we discuss 
several key steps in the protocol that may need troubleshooting. This includes notes 
regarding douncing or trituration, homogenization and sucrose density gradient.  
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licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
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must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.
Authors can share their accepted author manuscript:

immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

http://www.sciencedirect.com/science/journal/xxxxx
http://www.elsevier.com/
http://www.elsevier.com/
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After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
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Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.
CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:

http://www.elsevier.com/about/open-access/open-access-policies/oa-license-policy
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by-nc-sa/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
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