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SUMMARY: 23 
This protocol describes an optimized workflow for nuclei isolation and super-resolution 24 
structured illumination microscopy to evaluate individual nucleoporins within the nucleoplasm 25 
and NPCs in induced pluripotent stem cell derived neurons and postmortem human tissues. 26 
 27 
ABSTRACT: 28 
The nuclear pore complex (NPC) is a complex macromolecular structure comprising multiple 29 
copies of ~30 different nucleoporin proteins (Nups). Collectively, these Nups function to regulate 30 
genome organization, gene expression, and nucleocytoplasmic transport (NCT). Recently, defects 31 
in NCT and alterations to specific Nups have been identified as early and prominent pathologies 32 
in multiple neurodegenerative diseases, including Amyotrophic Lateral Sclerosis (ALS), 33 
Alzheimer’s Disease (AD)/Frontotemporal Dementia (FTD), and Huntington’s Disease (HD). 34 
Advances in both light and electron microscopy allow for a thorough examination of sub-cellular 35 
structures, including the NPC and its Nup constituents, with increased precision and resolution. 36 
Of the commonly used techniques, super-resolution structured illumination microscopy (SIM) 37 
affords the unparalleled opportunity to study the localization and expression of individual Nups 38 
using conventional antibody-based labeling strategies. Isolation of nuclei prior to SIM enables the 39 
visualization of individual Nup proteins within the NPC and nucleoplasm in fully and accurately 40 
reconstructed 3D space. This protocol describes a procedure for nuclei isolation and SIM to 41 
evaluate Nup expression and distribution in human iPSC-derived CNS cells and postmortem 42 
tissues. 43 
 44 
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INTRODUCTION: 45 
The prevalence of age-related neurodegenerative diseases is increasing as the population ages1. 46 
While the genetic underpinnings and pathologic hallmarks are well characterized, the precise 47 
molecular events leading to neuronal injury remain poorly understood2–12. Recently, a G4C2 48 
hexanucleotide repeat expansion in the first intron of the C9orf72 gene was identified as the 49 
most common genetic cause of the related neurodegenerative diseases Amyotrophic Lateral 50 
Sclerosis (ALS) and Frontotemporal Dementia (FTD)13,14. Several studies now support a central 51 
role for disruptions in the nuclear transport machinery, including nuclear pore complexes (NPCs) 52 
and nuclear transport receptors (NTRs, karyopherins) as being causative of C9orf72 ALS15,16. In 53 
non-dividing cells within the rat brain, scaffold nucleoporins (Nups) are extremely long-lived. As 54 
a result, alterations in NPCs and NCT have been reported during aging17–20. Moreover, some 55 
nucleoporins or transportins, when mutated, are linked to specific neurological diseases21,22. For 56 
example, mutations in Nup62 have been linked to Infantile Bilateral Striatal Necrosis (IBSN), a 57 
neurological disorder affecting the caudate nucleus and putamen23; mutations in Gle1 have been 58 
implicated in the fetal motor neuron disease Human Lethal Congenital Contracture Syndrome-1 59 
(LCCS1)24; and mutations in Aladin are causative of Triple-A Syndrome25. Alterations in functional 60 
NCT are exacerbated in age-related neurodegenerative diseases such as ALS, Huntington’s 61 
Disease (HD), and Alzheimer’s Disease (AD)16,26–31. In addition, specific Nups and NTRs have been 62 
reported as modifiers of C9orf72 mediated toxicity in the Drosophila eye28 or biochemically 63 
modify the aggregation state of disease-linked proteins such as FUS and tau27,32–34. Collectively, 64 
these early studies suggest that altered NCT may be a primary and early pathological feature of 65 
ALS and FTD. Studies in overexpression-based model system have suggested that mislocalization 66 
of specific Nups and karyopherins may impact NCT16,35–38. However, these pathology studies do 67 
not actually link cytoplasmic accumulations of NPC proteins to defects in the structure or function 68 
of the NPC. For example, this pathology may simply reflect the dysregulation of cytoplasmic pools 69 
of Nup proteins with little impact on NPC composition and function. In contrast, a recent study 70 
employing super resolution structured illumination microscopy (SIM) demonstrates the 71 
emergence of a significant injury to the NPC itself characterized by reduction in specific Nup levels 72 
within the nucleoplasm and NPCs of human C9orf72 ALS/FTD neurons ultimately leading to 73 
altered NPC function as an early initiating event in pathogenic disease cascades15. 74 
 75 
The passage of macromolecules between the nucleus and cytoplasm is critically governed by the 76 
nuclear pore complex (NPC). The NPC is a large macromolecular complex embedded in the 77 
nuclear envelope comprising multiple copies of 30 nucleoporin proteins (Nups)39–41. Although 78 
Nup stoichiometry varies among cell types42–44, maintenance of overall NPC composition is 79 
critical for NCT, genome organization, and overall cellular viability39,41,45,46. As a result, altered 80 
NPC composition and subsequent defects in functional transport are likely to impact a myriad of 81 
downstream cellular functions. The Nup constituents of the NPC are highly organized into 82 
multiple subcomplexes, including the cytoplasmic ring and filaments, central channel, outer ring, 83 
inner ring, transmembrane ring, and nuclear basket. Collectively, scaffold Nups of the inner, 84 
outer, and transmembrane rings anchor NPCs within the nuclear envelope and provide anchor 85 
points for Nups of the cytoplasmic ring, central channel, and nuclear basket. While small 86 
molecules (<40–60 kD) can passively diffuse through the NPC, the active transport of larger 87 
cargoes is facilitated by interactions between nuclear transport receptors (NTRs, karyopherins) 88 



 

  

and the FG Nups of the cytoplasmic filaments, central channel, and nuclear basket39–41,45. Also, a 89 
handful of Nups can additionally function outside of the NPC, within the nucleoplasm, to regulate 90 
gene expression46,47. 91 
 92 
Given that the lateral dimension of a single human NPC is approximately 100–120 nm40, standard 93 
widefield or confocal microscopy is insufficient to resolve individual NPCs48. Electron microscopy 94 
(EM) techniques such as TEM or SEM are often used to evaluate the overall structure of NPCs39,40. 95 
Despite the advantages of these techniques for resolving NPC ultrastructure, they are less 96 
commonly used to evaluate the presence of individual Nup proteins within the NPC. The technical 97 
limitations of combining antibody or tag-based labeling with these state-of-the-art technologies, 98 
TEM and SEM, do not always allow for an accurate and reliable assessment of individual Nups 99 
themselves within NPCs or the nucleoplasm. Further, these techniques can be technically 100 
challenging and are not yet widely accessible to all researchers. However, recent advances in light 101 
and fluorescence microscopy have increased the accessibility of super-resolution imaging 102 
technologies. Specifically, SIM affords the unparalleled opportunity to image individual Nups with 103 
a resolution that approaches the lateral dimensions of one human NPC40,48–51. In contrast to other 104 
super-resolution approaches such as stochastic optical reconstruction microscopy (STORM) and 105 
stimulated emission depletion (STED), SIM is compatible with conventional antibody-based 106 
immunostaining49. Thus, SIM allows for a comprehensive analysis of all Nups for which a specific 107 
anti-Nup antibody is available. The ability to sample and image multiple different Nups in the 108 
same preparation provides significant advantages to other imaging methods when surveying the 109 
many proteins that comprise the NPC. The following procedure details an optimized protocol for 110 
evaluating individual Nup components of the NPC using nuclei isolated from induced pluripotent 111 
stem cell (iPSC) derived neurons (iPSNs) and postmortem human central nervous system (CNS) 112 
tissues. 113 
 114 
PROTOCOL: 115 
 116 
All blood samples for iPSC generation and autopsied tissue collections are approved by Johns 117 
Hopkins IRB with Johns Hopkins ethics oversight. All patient information is HIPPA compliant. The 118 
following protocol adheres to all Johns Hopkins biosafety procedures. 119 
 120 
1. Preparation of slides for immunostaining and imaging 121 
 122 
1.1 Position a positively charged glass microscope slide in an empty cytofunnel and draw a circle 123 
with a hydrophobic barrier pen to outline an area to deposit the nuclei. 124 
 125 

1.2 Add 50 L of 1 mg/mL collagen solution (diluted in 1x PBS) to the center of the circle drawn 126 
in step 1.1 and incubate at room temperature for 5 min. 127 
 128 
1.3 Aspirate the collagen solution and let the slides air dry at room temperature for about 1 h. 129 
 130 
2. Preparation of lysis buffer and sucrose gradients 131 
 132 



 

  

2.1 Prepare the lysis buffer and sucrose gradient solutions according to the nuclei isolation kit 133 
protocol. 134 
 135 
2.1.1 For each sample, prepare a 50 mL conical tube of lysis buffer by combining 11 mL of the 136 

supplied lysis buffer, 110 L of the supplied 10% Triton X-100 solution, and 11 L of freshly 137 
prepared or thawed 1 M DTT (Dithiothreitol). 138 
 139 
2.1.2 For each sample, use a 50 mL conical tube to prepare a 1.85 M sucrose cushion solution by 140 
combining 27.75 mL of the supplied 2 M sucrose cushion solution, 2.25 mL of the supplied sucrose 141 

cushion buffer, and 30 L of freshly prepared or thawed 1 M DTT. 142 
 143 
NOTE: A 1.85 M sucrose cushion solution is optimal for iPSNs and postmortem human CNS tissue, 144 
but adjust it for other cell types or tissue samples. Additional details for HEK293 cells, iPSC-145 
derived astrocytes, and enrichment of oligodendrocyte nuclei from postmortem CNS tissues have 146 
recently been published15. 147 
 148 
2.2 Gently mix lysis buffer and sucrose cushion solutions by inverting conical tubes and store it 149 
on ice. 150 
 151 
3. Lysis of iPSNs and postmortem human CNS tissue 152 
 153 
3.1 Before proceeding with the lysis, place the ultracentrifuge rotor (without sample holders) in 154 
the ultracentrifuge and allow it to pre-cool to 4 °C. 155 
 156 
3.2 Lysis of iPSNs. 157 
 158 
NOTE: Lysis protocols differ for iPSNs and postmortem human CNS tissue. Follow the protocol for 159 
the sample type specified below (step 3.2: iPSNs, step 3.3: postmortem human CNS tissue). 160 
 161 
3.2.1 Remove the iPSNs from the incubator and aspirate the media. Rinse briefly with 1x PBS and 162 
add the lysis buffer directly to the well or plate. 163 
 164 
NOTE: Take care to adequately rinse iPSNs with a sufficient quantity of 1x PBS to remove debris 165 
and dead cells. The volume of lysis buffer to be added to iPSN plates will vary. Please refer to 166 
Table 1. Ensure that the starting material is >2.5 million iPSNs. 167 
 168 
3.2.2 Scrape the iPSNs with a cell scraper and transfer them to the remaining lysis buffer in the 169 
50 mL conical tube. 170 
 171 
3.2.3 Cap each conical tube and vortex the samples for 20 s to facilitate iPSN lysis. 172 
 173 
3.2.4 Let the samples sit on ice for 1–2 min before proceeding. 174 
 175 
3.3 Lysis of postmortem human CNS tissues. 176 



 

  

 177 
3.3.1 Weigh out ~100 mg of frozen postmortem human CNS tissue by cutting with a razor blade 178 
in a Petri dish placed on a bed of dry ice. Be sure to work on a surface surrounded by disposable 179 
pads to avoid local tissue contamination. Pay attention to specific gray matter versus white 180 
matter dissections (e.g., cortical mantel versus underlying white matter) visible at the time of 181 
tissue dissection. 182 
 183 
NOTE: Wear the appropriate PPE, including eye protective wear and gloves when handling frozen 184 
postmortem human tissue samples. This step can also be completed ahead of time and tissue 185 
aliquots stored at -80 °C. 50 mg is a sufficient quantity for nuclei isolation. However, more than 186 
100 mg tissue often yields incomplete isolation of nuclei, as evidenced by the presence of intact 187 
cytoplasm surrounding some nuclei. 188 
 189 
3.3.2 Prepare the Dounce homogenizer by cleaning and thoroughly rinsing with distilled water. 190 
Chill the homogenizer by placing it on ice. 191 
 192 
3.3.3 Add 100 mg of tissue to freshly cleaned, rinsed, and chilled (on ice) Dounce homogenizer 193 
containing 2 mL of the prepared lysis buffer. 194 
 195 
3.3.4 Homogenize in Dounce homogenizer using the standard procedure on ice. 196 
 197 
NOTE: Typically, 10–20 strokes per pestle is sufficient to move through the sample without 198 
resistance. 199 
 200 
3.3.5 Transfer 2 mL of postmortem human brain homogenate to the remaining 9 mL of lysis buffer 201 
in conical tubes. 202 
 203 
3.3.6 Vortex vigorously for 30 s and let it sit on ice for 5 min to facilitate lysis. 204 
 205 
4. Isolation of nuclei from iPSNs and postmortem human CNS tissue 206 
 207 
4.1 Layer 10 mL of 1.85 M sucrose cushion solution (made in step 2.1.2) at the bottom of an 208 
ultracentrifuge tube and add 18 mL of 1.85 M sucrose cushion solution to each lysate. 209 
 210 
4.2 Gently mix the lysate/sucrose cushion solution (combined in step 4.1) by inverting the 50 mL 211 
conical tube. 212 
 213 
4.3 Slowly add 28 mL of lysate/sucrose cushion solution mix to the top of the 10 mL of 1.85 M 214 
sucrose cushion solution in the ultracentrifuge tube (from step 4.1). 215 
 216 
NOTE: There is a total of 29 mL lysate/sucrose cushion solution mix in the 50 mL conical tube 217 
(steps 4.1–4.2). Leave 1 mL of this lysate/sucrose cushion solution mix in the 50 mL conical tube. 218 
This ensures accurate and consistent pipetting among all samples due to the viscosity of the 219 
sucrose cushion solution. 220 



 

  

 221 
4.4 Place the ultracentrifuge tubes in the holders and add an additional 1.85 M sucrose cushion 222 
solution (made in step 2.1.2) as needed to balance the samples. 223 
 224 
4.5 Place the sample holders in the rotor in the chilled ultracentrifuge and spin at 30,000 x g, 4 225 
°C for 45 min. 226 
 227 
4.6 Remove the ultracentrifuge tubes from the sample holders and discard the supernatants. 228 
Nuclei will be visible as pellets on the bottom sides of the ultracentrifuge tube. 229 
 230 
4.7 Resuspend the nuclei pellets in 1 mL of the supplied nuclei storage buffer by vortexing and 231 
transfer to a microcentrifuge tube. 232 
 233 
4.8 Centrifuge the microcentrifuge tubes at 2,500 x g, 4 °C for 5 min. 234 
 235 
4.9 Remove the supernatant and resuspend the nuclei by vortexing in fresh 1 mL of the supplied 236 
nuclei storage buffer. 237 
 238 
4.10 Proceed with immunostaining or store the nuclei at -80 °C. 239 
 240 
NOTE: Nuclei can be stored at -80 °C for up to 6 months and be subjected to two freeze/thaw 241 
cycles before structural integrity is compromised. 242 
 243 
5. Immunostaining of the isolated nuclei 244 
 245 

5.1 Take a 10 L aliquot of the nuclei suspension and count using a hemacytometer or an 246 
automated cell counter. 247 
 248 
5.2 Assemble the prepared slides (from step 1.3) into the cytofunnels. 249 
 250 

5.3 To each cytofunnel, layer 200 L of fresh nuclei storage buffer and ~100,000 nuclei. 251 
 252 
5.4 Gently spin the nuclei onto the slides by placing the cytofunnels into a cytospin and 253 
centrifuging for 3 min at 100 x g. 254 
 255 

5.5 Unclip the cytofunnels and immediately add ~100 L of 4% PFA (paraformaldehyde) to the 256 
slides and incubate for 15 min at room temperature. 257 
 258 
NOTE: Nuclei can also be fixed with methanol. Use fixation method appropriate for each 259 
antibody. If using methanol, skip the permeabilization step (5.7). Cytofunnels are single-use; 260 
discard them at this point. 261 
 262 
5.6 Wash the nuclei 3x for 5 min with 1x PBS. 263 
 264 



 

  

5.7 Permeabilize the nuclei with 0.1% Triton X-100 in 1x PBS for 10 min at room temperature. 265 
 266 
5.8 Block the nuclei in block solution (10% goat or donkey serum in 1x PBS) for 30 min at room 267 
temperature. 268 
 269 
5.9 Incubate the nuclei with primary antibodies diluted in block solution overnight at 4 °C. 270 
 271 
5.10 Wash the nuclei 3x for 5 min with 1x PBS. 272 
 273 
5.11 Incubate the nuclei with secondary antibodies diluted in block solution for 1 h at room 274 
temperature. 275 
 276 
NOTE: Alexa Fluor 488, 568, and 647 secondary antibodies are preferred. 277 
 278 
5.12 Wash the nuclei 3x for 5 min with 1x PBS. 279 
 280 
5.13 OPTIONAL: Incubate the nuclei for 5 min with DAPI or Hoechst followed by two additional 5 281 
min washes with 1x PBS. 282 
 283 
5.14 Hold a lint-free wipe at the edge of the circle containing nuclei to remove the last PBS wash 284 
completely. 285 
 286 

5.15 Add 1 drop (~10 L) of a hard mount antifade mounting media (without DAPI) to each slide 287 
and gently place high tolerance 18 mm x 18 mm square coverslips on each slide. 288 
 289 
NOTE: When using a hard-mount media, slide sealing is not necessary if slides are imaged within 290 
an appropriate time frame. Nup immunoreactivity has typically remained stable on unsealed 291 
slides stored at 4 °C for ~6 months. However, the edges of the coverslip can be sealed with a thin 292 
layer of nail polish if a wet-mount media is used or for prolonged storage. 293 
 294 
5.16 Keep the slides protected from light and let them cure overnight at room temperature. 295 
 296 
5.17 Image the nuclei can by super-resolution structured illumination microscopy (SIM). 297 
 298 
NOTE: Zeiss, Nikon, and GE Healthcare all manufacture SIM microscopes. Follow the system-299 
specific protocols for image acquisition and processing. Use imaging parameters (laser power, 300 
filter sets, exposure time) appropriate for each Nup and fluorophore. When imaging, avoid edges 301 
of the circle (from step 1.1) as these nuclei are typically flattened and spread out as a result of 302 
the centrifugation step (5.4). Fully deconvolved and processed images can be subjected to a 303 
number of analyses, including spot detection and volume measurements using standard 3D 304 
analysis modules in FIJI or Imaris image analytics software. Additional details on analysis methods 305 
have been recently published15. 306 
 307 
REPRESENTATIVE RESULTS: 308 



 

  

To examine the NPC and nucleoplasmic distribution and expression of POM121 in human 309 
neuronal nuclei control, and C9orf72 iPSNs were differentiated as previously described15. 310 
Postmortem human motor cortex and day 32 iPSNs were lysed and subjected to nuclei isolation 311 
and immunostaining as described above. NeuN positive isolated nuclei were imaged by super-312 
resolution structured illumination microscopy (SIM) using a super-resolution structured 313 
illumination microscope (Zeiss) and processed using default structured illumination 314 
deconvolution parameters as previously described15 (see also Figure 1 for workflow). Images 315 
were acquired using a 63x oil immersion objective, 1x magnification, an HR Diode 448 laser at 1% 316 
power, exposure time of 100 ms, BP495–550/LP750 emission filter, 110 nm thick z sections, and 317 
5 grid rotations. As shown in 3D maximum intensity projections in Figure 2, individual POM121 318 
spots were resolved in both iPSN and postmortem neuronal nuclei. These images were 319 
subsequently subjected to spot detection using the 3D suite plugin in FIJI or Imaris as previously 320 
described15. Consistent with prior analyses15, this methodology was sufficient to detect a 321 
substantial decrease in the number of POM121 spots in C9orf72 iPSN and postmortem motor 322 
cortex nuclei compared to controls (Figure 2). 323 
 324 
FIGURE AND TABLE LEGENDS: 325 
Figure 1: Schematic representation of nuclei isolation, immunofluorescent staining, super-326 
resolution imaging, and analysis workflow. 327 
 328 
Figure 2: Representative structured illumination microscopy (SIM) images and quantification. 329 
(A–B) Maximum intensity projection SIM images and quantification of POM121 spots in NeuN+ 330 
nuclei isolated from control and C9orf72 iPSNs. n = 3 control and 3 C9orf72 iPSC lines, 50 nuclei 331 
per line. Student’s t-test was used to calculate statistical significance. **** p < 0.0001. (C–D) 332 
Maximum intensity projection SIM images and quantification of POM121 spots in NeuN+ nuclei 333 
isolated from control and C9orf72 postmortem motor cortex tissue. n = 3 control and 3 C9orf72 334 
patient cases, 50 nuclei per case. Student’s t-test was used to calculate statistical significance. 335 

**** p < 0.0001. Scale bar = 5 m. Statistical analyses were performed whereby the average 336 
number of spots from 50 nuclei per iPSC line were used to calculate statistical significance as 337 
previously described 15. 338 
 339 
Table 1: Lysis buffer volumes. The table contains the information of lysis buffer volume to be 340 
used for lysis of iPSNs or cultured cells grown in different culture vessels. 341 
 342 
DISCUSSION: 343 
Given the recent identification of NCT deficits as an early and prominent phenomenon in multiple 344 
neurodegenerative diseases16,27,28,30,31 there exists a critical need to thoroughly examine the 345 
mechanism by which this pathology occurs. As the NPC and its individual Nup proteins critically 346 
control functional NCT39,41, an investigation of NPC composition in neurodegenerative disease 347 
models is essential. However, standard widefield and confocal microscopy techniques are 348 
insufficient to resolve individual NPCs40,48,49,51. Thus, to date, analysis of Nups at the resolution of 349 
a single NPC has not been adopted as a routine experimental approach. 350 
 351 
In recent years, super-resolution imaging technologies such as SIM have become more 352 



 

  

accessible. These methodologies couple conventional immunofluorescence staining with 353 
advanced image processing and deconvolution to provide increased resolution sufficient to 354 
resolve an individual NPC40,48,49,51. Although compatible with standard immunostaining protocol, 355 
thereby affording researchers the ability to detect any Nup for which a specific anti-Nup antibody 356 
is available at high resolution48–50, SIM does not come without its technical challenges or 357 
limitations as outlined below. 358 
 359 
The success of any super-resolution imaging experiment is highly dependent upon sample 360 
quality. Specifically, for SIM, incomplete nuclei isolation or over lysis of samples can lead to 361 
retention of cytoplasm and cell membranes or fragmented or collapsed and shriveled nuclei, 362 
respectively. The lysis time should be adjusted, accordingly, to overcome this issue. While the 363 
protocol detailed above has been optimized for iPSNs and postmortem human CNS tissue, it is 364 
easily amended to produce high-quality nuclei from a variety of cell types and tissues. This is 365 
accomplished by adjusting the concentration of the sucrose gradient and/or sample lysis time 366 
and method. Additional details regarding sucrose gradient adjustments for HEK293 cells, iPSC-367 
derived astrocytes, and enrichment of oligodendrocyte nuclei from postmortem human CNS 368 
tissue have been recently published15. 369 
 370 
The process of nuclei isolation itself may disrupt the association of less stably attached Nups or 371 
nuclear transport receptors that transiently associate with the NPC. As a result, to verify the 372 
results obtained from SIM imaging of isolated nuclei, researchers should consider employing 373 
additional techniques such as immunostaining and confocal imaging of intact cells or tissues as 374 
has been previously described15. However, it is noted that routine confocal imaging of Nups does 375 
not provide the resolution to resolve individual NPC spots48 and thus can only provide semi-376 
quantitative information regarding overall Nup intensity. For Nups, which are also normally 377 
present within cytoplasmic pools52–55, western blot analyses from whole cell lysates are not 378 
recommended as a validation method for NPC composition due to contamination from Nups that 379 
may be localized to the cytoplasm. However, western blot analyses from isolated nuclei samples 380 
have been employed to validate data obtained from imaging technologies15. 381 
 382 
The resolution of SIM images can vary among fluorophores depending on the individual point 383 
spread functions of the specific imaging system51. This should be experimentally tested by the 384 
user for each sample type before proceeding. SIM imaging is not ideal for samples with a 385 

thickness greater than 10–15 m48,51. As a result, nuclei isolation enables imaging of the full 386 
thickness of human nuclei and therefore provides for the most accurate 3D reconstruction and 387 
quantification of Nup spots and volume. However, in instances where nucleus thickness remains 388 

>15 m, Airy Scan imaging can be used as an alternative. Although the resolution is decreased, 389 
Airy Scan imaging is not limited by sample thickness56. 390 
 391 
It should also be taken into consideration that the images presented in Figure 2 represent 392 
maximum intensity projections following 3D reconstruction of individual nuclei imaged by SIM. 393 
Therefore, in such an image, it is difficult to accurately distinguish between spots truly associated 394 
with the NPC as opposed to those within the nucleoplasm. As a result, when analyzing 3D images, 395 
it is critical to analyze and segment each z section or small series of z sections independently to 396 



 

  

distinguish between spots associated with the nuclear envelope as opposed to the nucleoplasm. 397 
The quantifications presented in Figure 2 represent only those spots detected along the outside 398 
faces of the analyzed nuclei. In other words, the representative quantitation indicates the 399 
number of POM121 spots associated with the nuclear envelope. 400 
 401 
Lastly, given nuclear heterogeneity and variability15,42, it is important to image and evaluate a 402 
large number of nuclei per sample regardless of the super-resolution imaging method employed. 403 
 404 
In contrast to bulk proteomics and western blot assays, imaging methodologies provide the 405 
unparalleled opportunity to examine the distribution and expression of Nups within subsets of 406 
human CNS cells identified by specific cell types or nuclear markers (e.g., NeuN, Olig2). SIM is one 407 
of many super-resolution imaging techniques that can be employed to study the NPC and its 408 
individual Nup components50,57,58. Each methodology (SIM, STORM, EM) will yield its own insights 409 
into NPC structure and composition. While SIM is capable of evaluating each Nup for which an 410 
anti-Nup antibody is available at the resolution of a single NPC, STORM is capable of resolving 411 
the octet structure of individual NPCs, and EM techniques provide a detailed view of the overall 412 
NPC structure at high resolution50. STORM and Immuno EM approaches to evaluate individual 413 
Nups within NPCs are technically challenging. Specifically, STORM often requires the use of 414 
endogenous fluorescent tags to overcome steric hinderance provided by conventional antibody-415 
based staining. To date, only a handful of Nups in non-neuronal cell lines have been imaged by 416 
this technology. Furthermore, conventionally STORM images NPCs on a single surface of nuclei, 417 
thus eliminating the opportunity for full 3D reconstruction of an entire nucleus to evaluate the 418 
spatial distribution and NPC heterogeneity50. As a result, SIM is the preferred light microscopy 419 
methodology for robustly evaluating Nups within NPCs and the nucleoplasm at high resolution. 420 
A recent study used both SEM and SIM technologies to conclude that the overall NPC structure 421 
was intact, but specific Nups were reduced from the NPC and nucleoplasm of C9orf72 ALS/FTD 422 
neuronal nuclei15. This work highlights the critical importance of combining multiple high-423 
resolution imaging approaches to yield novel insights into both NPC composition and structure 424 
as well as the strength of SIM for examining 23 individual human Nups. 425 
 426 
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Culture Vessel Volume of Lysis Buffer

12 well plate 0.5 mL per well

6 well plate 1 mL per well

10 cm dish 3 mL

T25 flask 2 mL
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Editorial comments: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 
no spelling or grammar issues. 
 
We have thoroughly read and edited the manuscript to remove any remaining spelling and 
grammar issues.  
 
2. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.). 
 
Use of personal pronouns has been removed.  
 
3. JoVE cannot publish manuscripts containing commercial language. This includes trademark 
symbols (™), registered symbols (®), and company names before an instrument or reagent. 
Please remove all commercial language from your manuscript and use generic terms instead. 
All commercial products should be sufficiently referenced in the Table of Materials. 
For example: Nuclei PURE Prep Nuclei Isolation Kit, Beckman SW 32 Ti roto, Prolong Gold 
Antifade Reagent, Zeiss ELYRA S1 
 
Company names have been removed when mentioned before an instrument or reagent. 
Commercial language has been removed when referencing all reagents. Reagents have been 
properly identified in the table of materials.   
 
4. Please include an ethics statement before the numbered protocol steps, indicating that the 
protocol follows the guidelines of your institution’s human research ethics committee. 
 
This statement has been added accordingly.  
 
5. Please remove the embedded Table from the manuscript. All tables should be uploaded 
separately to your Editorial Manager account in the form of an .xls or .xlsx file. Each table must 
be accompanied by a title and a description after the Representative Results of the manuscript 
text. 
 
The table has now been removed and provided as a separate excel file. Further, all tables are 
now accompanied by a title and description after the representative results section.  
 
6. Line 254: Please specify the parameters used for imaging (objective, magnification, filters, 
etc.). 
 
We have now included this information for our representative results. However, as noted in the 
protocol, these parameters will vary depending on the imaging system and antibodies used.  
 
7. Please ensure that the highlighted steps form a cohesive narrative with a logical flow from 
one highlighted step to the next. Please highlight complete sentences (not parts of sentences). 
Please ensure that the highlighted part of the step includes at least one action that is written in 
the imperative tense. 
 
We have ensures that highlighted steps all contain at least one action and form a cohesive 
narrative. 
 
8. As we are a methods journal, please revise the Discussion to explicitly cover the following in 
detail in 3-6 paragraphs with citations: 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Response to
Reviewer Comments May 28.docx
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a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 
c) Any limitations of the technique 
d) The significance with respect to existing methods 
e) Any future applications of the technique 
9. Please do not use the &-sign or the word “and” when listing authors in the references.  
 
The discussion covers critical steps within the protocol, modifications and troubleshooting of the 
technique, and limitations, significance, and applications of the technique.  
 
Authors should be listed as last name author 1, initials author 1, last name author 2, initials 
author 2, etc. Title case and italicize journal titles and book titles. Do not use any abbreviations. 
Article titles should start with a capital letter and end with a period and should appear exactly as 
they were published in the original work, without any abbreviations or truncations. 
 
References have been exported using the Jove Endnote style. 
 
10. Figure 2: Please include scale bars in all the images of the panel. 
 
Scale bars have been added to all images.  
 
Reviewers' comments: 
Reviewer #1: 
Coyne and Rothstein report a protocol for isolating nuclei from neuron-differentiated induced 
pluripotent stem cells (iPSNs) and post-mortem human tissue for the purpose of 
immunostaining followed by imaging with super-resolution structured illumination microscopy 
(SIM). 
 
The described protocol is of interest to the general nucleocytoplasmic transport community and 
wider because it enables for the resolution of individual nuclear pores on a purified nucleus by 
straightforward immunostaining of any nucleoporin. 
 
Overall, the protocol is generally intelligible to a trained cell biologist or biochemist and suitable 
for publication. 
 
However, there are a few instances where the authors make vague claims and a few instances 
where the authors use imprecise or incorrect language, which could be confusing to the reader. 
In line with the previous work from his lab, the senior author should ensure that the text is 
entirely precise and scientifically correct. 
 
We thank the reviewer for their helpful comments to improve the clarity of our manuscript.  
 
The authors should address the following points: 
-- In the "SUMMARY", it should say "stem cell derived" instead of "stem cell derive". 
 
We thank the reviewer for pointing out this spelling error.  
 
-- Line 70: TEM, SEM, CryoEM are not mutually exclusive categories as CryoEM can be any 
EM technique that is performed under cryogenic conditions (most commonly transmission EM, 
TEM). 
 



We appreciate the suggestion to provide clarification. Although TEM, SEM, and CryoEM are 
often discussed as separate methodologies, we agree with the reviewer that CryoEM is not 
necessarily a separate technique. We have therefore revised the text to just state TEM and 
SEM for simplicity.  
 
-- Line 70: The authors state that "While electron microscopy (EM) techniques (TEM, SEM, 
CryoEM) are often used to evaluate the overall structure of NPCs, these methodologies do not 
allow for an accurate and reliable assessment of individual Nups themselves within NPCs or the 
nucleoplasm." How so? What do the authors mean by "reliable" and "accurate"? This is a vague 
and unscientific statement. The authors should precisely explain the advantages that SMI 
imaging affords over e.g. state of the art in situ cryoelectron-tomography. 
 
We thank the reviewer for this suggestion and have now expanded our discussion on the 
comparison of EM vs fluorescence imaging (specifically SIM) for evaluating overall NPC 
ultrastructure vs individual Nup proteins within NPCs.  
 
-- Line 75: "with a resolution that of approximately one human NPC" should be stated more 
precisely as "with a resolution that approaches the dimensions of a single human NPC". 
 
We thank the reviewer for this suggestion.  
 
-- The use of "sucrose gradient" to indicate the "sucrose gradient solution" throughout the 
protocol could be confusing, as "sucrose gradient", strictly speaking, indicates an actual 
gradient of sucrose concentrations. More broadly, the authors are performing a "sucrose 
cushion centrifugation" to isolate nuclei, so the use of the term "gradient" should be altogether 
avoided to prevent confusion with "sucrose gradient centrifugation" technique. 
 
We thank the reviewer for pointing out the confusion that may be caused by the terminology. 
Sucrose gradient was the original terminology supplied by the manufacturer. However, this 
appears to have been updated in recently acquired kits. We agree that this might be confusing 
to those familiar with conventional sucrose gradients. As such, we have amended this 
accordingly and now use the term “sucrose cushion solution”.  
 
-- The process of isolating nuclei can result in washing out of the less stably attached 
nucleoporins from the NPC. The authors should discuss how this phenomenon may affect 
conclusions about NPC composition, as well as how this might affect reproducibility. It would be 
useful if the authors described any quality control steps that should be taken to ensure sample 
integrity (e.g. western-blot monitoring of nucleoporin levels at various steps). 
 
We thank the reviewer for this suggestion as we have previously employed multiple “validation” 
strategies in our work (See Coyne et al (2020), Neuron). We have now added an expanded 
discussion of advantages and disadvantages of these quality control/validation techniques to 
our revised manuscript.   
 
 
Reviewer #2: 
Manuscript Summary: 
The manuscript by Coyne and Rothstein describes a method for using SIM on isolated nuclei 
from in vitro derived neurons and human tissue to assess levels and distribution of nuclear pore 
complex (NPC) components (Nups). Overall, this is a well-written and clear description of a 
method that is very useful for the field. Nuclear pore alterations have been implicated in multiple 



neurodegenerative pathologies, as well as in other human diseases and physiological states, 
and this method represents a high-resolution assay to accurately determine NPC and Nup 
distribution, levels, and integrity. Applying it would provide an initial characterization of possible 
NPC defects, and would shed light on mechanisms of a number of pathological states. I have a 
few relatively minor suggestions on improving clarity and impact of this protocol manuscript. 
 
We thank the reviewer for their evaluation of our manuscript. 
 
Major comments: 
1. In the introduction, it would be helpful to mention/describe findings that linked actual NPC 
components or NPC integrity to neurodegenerative disease, either genetically or biochemically. 
It would underscore the need to accurately assess NPC components in the contest of neuronal 
function. 
 
We thank the reviewer for this suggestion and have amended our introduction accordingly.  
 
2. Representative results: The authors could consider adding an example of quantification or 
analysis of images shown in Figure 2, to strengthen their message that their presented method 
accurately detects NPCs or individual Nups. Perhaps a plot of nuclear pore density obtained 
from single spots in such images and also a reference to a known density of NPCs? 
And/or alternatively, is it possible to show an example of this imaging in a neuron with a 
neurodegenerative phenotype, next to the shown WT nuclei? Since the title of the protocol is 
"Nuclei isolation and super resolution structured illumination microscopy for examining 
nucleoporin alterations in human neurodegeneration", it would be compelling to show such a 
"nucleoporin alterations in human neurodegeneration" and show that the method is able to 
distinguish it. 
 
We thank the reviewer for this suggestion and have updated Figure 2 with an evaluation of 
POM121 spots in control and C9orf72 iPSNs and postmortem motor cortex. In agreement with 
our recent publication (Coyne et al (2020), Neuron) we show that this method can be used to 
reproducibly detect a reduction of POM121 from human neuronal NPCs in C9orf72 ALS/FTD.  
 
Minor Concerns: 
3. Abstract/Line 36: "Isolation of nuclei prior to SIM enables the visualization of individual Nup 
spots of the NPC…" -"Nup spots of the NPC" seems confusing. Unclear on what is meant by 
spots - signal from individual pores or individual proteins? 
 
We appreciate the reviewer for pointing out the confusion generated by this statement. This has 
now been amended to “individual Nup proteins within the NPC”. 
 

4. Protocol: Line 91/Step1.2 "Add 50 L of 1 mg/mL collagen solution (diluted in 1X PBS) to the 
center of the circle" - please define circle, I am assuming it is the area that was outlined in the 
previous step? 
 
We thank the reviewer for their suggestion and have added additional definition to these steps.  
 
5. Line 180/Step 4.3 "Slowly add ~28 mL of lysate/sucrose gradient mix to the top of the 
sucrose gradient in the ultracentrifuge tube (from step 4.1)." - shouldn't it be 29 mL of 
lysate/sucrose gradient? 11 mL of prepared lysis buffer plus 18 mL of sucrose gradient. Steps 
4.1-4.3 are a bit confusing so the exact number helps in referring to previous steps. 
 



We agree with the reviewer that this is confusing. Indeed, it is 28 mL of lysate/sucrose gradient 
solution and not the full 29 mL. This is largely due to the viscosity of the sucrose gradient 
solution. As a result, the protocol is to add 28 mL of the full 29 mL for consistency across 
samples. This has now been noted and explained within the revised manuscript.  
 

6. Line 249/Step 5.15 "Add 1 drop (~10 L) of Prolong Gold Antifade Reagent (without DAPI) to 
each slide and gently place high tolerance 18 mm x 18 mm square coverslips on each slide." - is 
there a sealing step after this? Are the coverslips in any way sealed to the slide? 
 
We do not use a sealing step for our experiments. This has now been noted within the revised 
manuscript. It has also been noted that sealing can be done in certain situations (wet-mount 
media, prolonged storage).  
 
7. Discussion: The authors could add a comment that the presented max projections in Figure 2 
would not distinguish between NPC location vs. nucleoplasm location, and that alternative 
analysis of these SIM images would need to be used to look at specifically nuclear envelope-
embedded NPCs. Furthermore, it would be beneficial to add a brief discussion of the types of 
specific Nup disruptions that have been reported in the context of neurodegenerative disease 
and that can be detected by this method. 
 
We thank the reviewer for their helpful suggestion and have now edited the discussion 
accordingly. While the reviewer is correct that the images presented do represent maximum 
intensity projections of 3D reconstructed nuclei, we note that analysis is run on z stacks 
whereby individual z sections (or small stacks of z sections) are segmented independently in 
order to distinguish between spots associated with the nuclear envelope vs nucleoplasm.  
 


