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Abstract
The mitotic spindle is a complex structure that coordinates the accurate segregation of chro-
mosomes during cell division. To understand how the mitotic spindle operates at the molecular
level, high resolution imaging is needed. Serial block face-scanning electron microscopy
(SBF-SEM) is a technique that can be used to visualize the ultrastructure of entire cells, in-
cluding components of the mitotic spindle such as microtubules, kinetochores, centrosomes,
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and chromosomes. Although transmission electron microscopy (TEM) has higher resolution,
the reconstruction of large volumes using TEM and tomography is labor intensive, whereas
SBF-SEM takes only days to process, image, and segment samples. SBF-SEM fills the reso-
lution gap between light microscopy (LM) and TEM. When combined with LM, SBF-SEM
provides a platform where dynamic cellular events can be selected and imaged at high reso-
lution. Here we outline methods to use correlation and SBF-SEM to study mitotic spindle
architecture in 3D with high resolution.

1 INTRODUCTION
The mitotic spindle is a complex subcellular machine that is essential for cell division
(Petry, 2016). Its components coordinate with one another to ensure the timely pro-
gression and accurate segregation of sister chromatids to two daughter cells. In order
to study the molecular detail and mechanisms of the mitotic spindle, we must be able
to visualize its dynamic behavior and underlying ultrastructure. Combining light with
electron microscopy, an approach known as CLEM, is one of the most powerful tech-
niques to do this, since we can capture live cell dynamics by fluorescence microscopy
and combine this with the nanometer resolution and cellular context made available
by electron microscopy.

There are two ways to do CLEM, differing in the precision of correlation between
each imaging modality (Ellisman, Deerinck, Shu, & Sosinsky, 2012). In correlative
light electron microscopy, the same sample is imaged by LM and EM. This type of
global correlation is useful for selecting a cell of interest, therefore ensuring that it
expresses a fluorescent protein, or that it is depleted of a protein, or is at a particular
stage of the cell cycle. In correlated light electron microscopy, a subcellular area
within that sample is tracked and imaged. This type of local correlation represents
a more precise approach and while it is more demanding technically, it allows unique
events within the cell of interest to be located and imaged by both modalities.

Traditionally, the study of mitotic spindle architecture at high resolution has been
performedusing serial section transmission electronmicroscopy (TEM) (Mastronarde,
McDonald, Ding, &McIntosh, 1993;McDonald, O’Toole,Mastronarde, &McIntosh,
1992; Redemann et al., 2017). However, few 3D reconstructions have been generated
in this way due to its technically demanding nature. Recent advances in imaging tech-
nology have given rise to much more user-friendly automated large volume EM
methods such as serial block face-scanning electron microscopy (SBF-SEM). SBF-
SEM can be combined with LM to visualize large volumes and subcellular structures
(Booth et al., 2016; Russell et al., 2017). However, these CLEM workflows are not
optimized to resolve fine structures such as the microtubules of the mitotic spindle.
We therefore developed methods to perform correlative and correlated LM-SBF-
SEM to generate datasets that can be segmented to build 3D reconstructions of all
features of the mitotic spindle machinery (Auckland, Clarke, Royle, & McAinsh,
2017; Nixon et al., 2017).
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2 CORRELATING LIGHT WITH SBF-SEM IN MITOTIC CELLS
The mitotic spindle is extremely crowded and complex. Furthermore, the highly
dynamic nature of mitosis means each stage takes only minutes to complete. It is
therefore essential that cells or regions of interest within cells are screened by
LM prior to EM acquisition. In order to visualize events by LM, fluorescent probes
are fused to the protein of interest. Live-cell fluorescent imaging data can then be
registered with cellular ultrastructure following high contrast en bloc heavy metal
staining of samples and SBF-SEM (Fig. 1).

2.1 CELL CULTURE AND TRANSFECTION
Timing: 4 days

1. HeLa cells are cultured in Dulbecco’s Modified Eagle’s medium
(DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin at 37°C, and 5% CO2. Most of our work has been
done with HeLa cells, although we have also used glioblastoma cells using
the protocol described here. We expect that our method is applicable to other
cell lines.

2. 24h prior to transfection, approximately 60,000 HeLa cells are seeded onto
MatTek gridded glass-bottom culture dishes (P35G-1.5-14-CGRD, MatTek
Corporation, Ashland, MA, USA). It is important to get the confluency of
cells correct. Too many and the photoetched grid will not be visible.
Too few, and there is a risk of not finding a nice cell, i.e., fluorescent cell
of interest at the correct stage of the cell cycle. The alphanumeric
photoetched grid provides reference for tracking the same cell throughout
the entire workflow.

If samples do not adhere firmly to the dish surface, coat the glass slip with
poly-L-lysine or conconavalin A to minimize the risk of mitotic cells washing
away during imaging and sample processing.

3. Transfection of HeLa cells is done using Genejuice (Novagen), although other
reagents will give similar results. 3μL of Genejuice is added to 100μL of
DMEMwithout additives and incubated at room temperature for 5min. A total of
1.5μg of purified plasmid DNA is added to the Genejuice–DMEM mixture
and incubated for a further 15min at room temperature. The DNA–Genejuice–
DMEM mixture is then added to the cells in the MatTek dish containing
full DMEM and left for 12–16h. Typically this results in around 50%–70%
transfection efficiency.

4. Transfection media is washed off the following morning and replaced with full
DMEM. Cells are then imaged by LM 48h later.

5. Optional: A cell is only at each stage of mitosis for a limited time. If transfection
is particularly poor, chemically synchronizing cells increases the likelihood of
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finding a cell of interest. Our current protocol uses a 2 mM thymidine block
for 16h, release for 6h and then incubation in 9μM RO-3306 for 16h. The drug
is then washed off 45min before imaging to allow cells to enter mitosis.
Typically, around 30% of cells are at metaphase. While this is convenient, it is
important to consider the potential impact of synchronization on mitotic
spindle structure.

FIG. 1

Workflow to correlate LM with SBF-SEM. (A) Cells are grown in gridded glass culture dishes.
(B) Cells of interest are selected by light microscopy. A mitotic cell at metaphase and the
photoetched coordinate is highlighted. A higher magnification view of the same cell is shown
in (C). Note the image is rotated by 90 degrees. (D) Maximum intensity z-projection of the
same cell that is expressing a fluorescently labeled kinetochore protein (GFP-CENP-A).
The cell periphery is outlined. (E) Samples are fixed, stained en bloc, and embedded in resin.
(F) Cells can be imaged at this point by LM (different cell shown than in (B)–(D)). (G) Resin is
excised from the dish and cut with a hacksaw to create a small block. (H) The block is
trimmed using a glass knife around the grid of interest and thenmounted onto a cryopin ready
for SBF-SEM. The cell of interest is located, and initial sections are taken and imaged by
SBF-SEM. Note the gold/palladium coat in the bottom right corner of the image. (I) The
whole sample is imaged by SBF-SEM, creating an image stack. 3D views of the resulting
image stack are shown in (J–L).
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2.2 LIGHT MICROSCOPY
Timing: 1h

1. Cells are kept at 37°C in Leibovitz L-15 CO2-independent medium supplemented
with 10% FBS during imaging.

2. Mitotic cells of interest that are expressing fluorescently tagged proteins are
located. Brightfield images are taken at 20!magnification to record the position
of the cell relative to the grid coordinate for future reference. The same cell is
then relocated and live cell fluorescence microscopy is performed at 100!
magnification.

Correlative: As only the same cell is tracked throughout the whole workflow,
it is sufficient to take single fluorescent micrographs, simply to identify
transfected cells that will be processed for EM.

Correlated: To correlate exact regions, z-stacks containing the whole cell are
acquired over time. For accurate registration, it is essential you work within
the resolving power of the microscope and note that the axial (z) resolution is
worse than lateral (xy) resolution. When correlating LM images to TEM, higher-
precision registration is possible by preserving fluorescent proteins during
processing and directly imaging the EM section (Kukulski et al., 2011); however,
this method is not currently possible using SBF-SEM. For SBF-SEM, registration
and correlation are done offline using the two resulting image stacks.

3. Following fluorescence LM, cells are fixed in 3% glutaraldehyde, 0.5%
paraformaldehyde, 0.1% tannic acid in 0.05M phosphate buffer, pH 7.4 for 1h.
As microtubules are sensitive to temperature changes, fixation is performed at
37°C to achieve optimal preservation.

For correlated experiments, it is essential that fixation occurs immediately
after imaging to ensure accurate registration. We find flowing the fixative
straight into the media of the dish while the last frame is being acquired, while the
dish is still in the microscope, is the fastest way to achieve rapid fixation.
The media–fixative solution is then washed away and replaced with fresh
fixative. It is also possible to rapidly transfer the sample to a high-pressure freezer
for the optimum preservation of ultrastructure, although the downstream
processing is therefore altered.

2.3 SAMPLE PROCESSING
Timing: 4 days

1. All processing steps are performed in the MatTek dish used for imaging.
Reagents should always cover the cells to prevent them from drying out. As
mitotic cells adhere relatively weakly to their substrate, careful exchange of
solutions is essential to prevent detachment.

2. Following fixation, cells are washed 5! in phosphate-buffered saline for 3min
each, to remove residual aldehydes.
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3. Cells are then postfixed in 2% reduced osmium (equal volumes of 4% aqueous
OsO4 and 3% potassium ferrocyanide) for 1h.

During this incubation step prepare 1% thiocarbohydrazide (TCH) solution for use
later. This has to be made fresh for each experiment. Add 0.1g thiocarbohydrazide
(TAAB) to 10mL dH2O and incubate at 60°C for 1h. Gently swirl every 5–10min to
facilitate dissolving. Filter solution through a 0.22-μm syringe filter prior to use.

4. Cells are washed 5! in dH2O for 3min each, to remove all osmium.
5. Cells are then incubated in the TCH solution prepared earlier, for 20min at room

temperature. TCH acts as a mordant to facilitate the intensification of other
heavy metal stains.

6. TCH is removed using five washes in dH2O for 3min each.
7. Cells are then incubated in an aqueous 2% OsO4 solution (not reduced osmium)

for 30min at room temperature.
8. Osmium is removed using five washes in dH2O for 3min each.
9. Cells are then incubated in an aqueous 1% uranyl acetate solution (prepared

from a filtered 20% stock in methanol) at 4°C, overnight.
10. The following morning, Walton’s lead aspartate is freshly prepared. To make

10mL lead aspartate, 66mg lead nitrate (TAAB) is added to 9mL filtered
0.03M aspartic acid solution and the pH is changed to 4.5 with KOH. 0.03M
aspartic acid solution is added to a final volume of 10mL and the pH is
adjusted to 5.5. The lead aspartate is then incubated at 60°C for 30min in a glass
vial. If no precipitate is formed, the solution is ready to use later.

11. Uranyl acetate is removed using five washes in dH2O for 3min each.
12. Cells are incubated in Walton’s lead aspartate at 60°C for 30min.
13. Lead aspartate is removed using five washes in dH2O for 3min each.
14. Cells are then dehydrated in grade series ethanol (30%, 50%, 70%, 90%, and

100% for 5min each).
15. Following dehydration, cells are infiltrated in resin. A hard resin should be

used when embedding samples for SBF-SEM to minimize beam-induced
damage. We use EPON 812 hard premixed resin (TAAB). Cells are first
incubated in a 1:2 mixture of resin:ethanol for 30min. This is followed by a 2:1
mixture of resin:ethanol for 30min and then full resin for a further 30min.
Fresh full resin is then added to fill the MatTek dish (approximately 2mm).

16. Resin can then be polymerized to hardness by incubating at 60°C for 48h.
17. Once the resin has cooled to room temperature, the glass coverslip on the

MatTek dish is removed by briefly plunging it into liquid nitrogen and using
a razor blade to prize the edges of the glass coverslip away from the plastic
dish until it detaches, leaving the resin surface and imprinted grid coordinates
exposed. The cell of interest is then relocated using the previously acquired
brightfield images and its position is highlighted using a marker pen to aid
excision (Fig. 1).

18. The resin block containing the cell of interest is now excised using a hacksaw.
Excess resin around the grid coordinate is trimmed away using a glass knife on
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an ultramicrotome (EM UC7, Leica Microsystems), to produce a 200!200μm
block face. To aid in conductivity around the block face and reduce
charging from the electron beam, the block was first painted with silver
conductive paste (TAAB) and 10nm gold/palladium was subsequently
evaporated onto it (Quorum Technologies).

Finally, the block is mounted onto a cryo pin using silver dag (Agar Scientific).

2.4 SBF-SEM
Timing: 1 day

1. Our SBF-SEMwork uses a Gatan 3View system and digital micrograph software
(Gatan) and FEI Quanta 250 (FEI).

2. The pin containing the mounted resin block is loaded in to the SBF-SEM and
the cell of interest is located again using the previously acquired brightfield maps.
The diamond knife of the SBF-SEM is aligned so the resin block face is
central in the microtome and parallel with the knife-edge. Sections were allowed
to cut and image with 100nm z-slices to initially optimize the contrast and
magnification for the particular block. It also ensures conditions are stable prior
to completing an entire imaging run.

3. Conditions for imaging mitotic cells using SBF-SEM were optimized to
encompass the whole cell including all chromosomes and visualize microtubules,
kinetochores, and centrosomes at a resolution of approximately 5nm in x and y
and 60nm in z. The following imaging parameters were used: 4000!4000 frame
size, 12μs pixel dwell time, 2.3keV, 50Pa, and 9500! magnification. To
image an entire mitotic cell requires approximately 250 micrographs ("15μm).

2.5 REGISTRATION
With serial section TEM, the process of registering sequential images is challenging
and software tools like TrakEM2 in FIJI can assist greatly. For SBF-SEM, because
the images are acquired from the block in situ, all images are in register. However,
registration between LM and EM is still needed.

1. For correlated experiments, the goal is to locate exact regions within the cell and
assign fluorescent signals to ultrastructural features. To do this in 3D, manual
registration is done by matching landmarks between each imaging mode. The
mitotic spindle is particularly good for this, as its key features form specific
patterns that can be easily mapped and retraced. First, determine the orientation
of the sample relative to the coverslip for the LM and EM.

2. Using the previously acquired fluorescence micrograph z-stacks, regions or
events of interest are selected. Specific patterns of fluorescence can then be
matched with electron dense features in SBF-SEM micrographs to precisely
locate the event of interest. For example, chromosomes are easily identifiable
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landmarks that can be used (Booth et al., 2016). We have used this approach to
image congressing chromosome behavior and then correlate the individual
kinetochores from the last frame of the movie to the SBF-SEM dataset (Fig. 2).

3 VISUALIZATION OF MITOTIC SPINDLE ARCHITECTURE IN 3D
Following SBF-SEM, large datasets consisting of hundreds of electron micrographs
are produced. The next step is to model the cellular features in the image stack using
segmentation and subsequent 3D rendering or analysis. There are a number of soft-
ware tools available for segmentation, including IMOD, Amira, ImageJ/FIJI, micros-
copy image browser (MIB), and Vaa3D. We use Amira 6 (Visualization Sciences
Group, FEI) to reconstruct key features of mitotic spindle architecture, but note that
other packages can be used interchangeably (Fig. 3).

FIG. 2

Registration of LM and EM using kinetochores in mitotic cells. Light microscopy:
(i) Fluorescence micrograph of a HeLa cell stably expressing a fluorescently labeled
kinetochore protein (GFP-CENP-A). The image shown is a z-projection of a 1-μm substack,
rotated to be in register with the SBF-SEM dataset. (ii) Kinetochore pairs are pseudocolored
to visualize registration. SBF-SEM: Selected electron micrograph slices from the
corresponding SBF-SEM stack that have sister kinetochores present with each
pseudocolored pair matching the light microscopy data.
Figure was prepared for this chapter using CLEM data used in Ref. Auckland, P., Clarke, N. I., Royle, S. J., &

McAinsh, A. D. (2017). Congressing kinetochores progressively load Ska complexes to prevent force-dependent

detachment. The Journal of Cell Biology, 216(6):1623–1639, 2017. doi: 10.1083/jcb.201607096.
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FIG. 3

3D reconstruction of amitotic cell. (A) Important tabs within the segmentation editor of Amira.
(B) Screenshot to show the thresholding and segmentation of chromosomes using the magic
wand tool. (C) 3D rendered model of a mitotic cell at metaphase. Chromosomes (red),
microtubules (green), and kinetochores (various colors). Three orthoslices are shown
(xy, xz, yz) to visualize dataset. Model appears at a tilt in (C) and en face in (D).
(E) Zoomed region to show microtubules (green) attached to a kinetochore (orange) bound
to DNA (red).

Figure was prepared for this chapter using SBF-SEM data featured in Ref. Nixon, F. M., Honnor, T. R.,

Clarke, N. I., Starling, G. P., Beckett, A. J., Johansen, A. M., et al. (2017). Microtubule organization within

mitotic spindles revealed by serial block face scanning electron microscopy and image analysis. Journal of

Cell Science, 130(10):1845–1855. doi: 10.1242/jcs.203877.
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Timing: 1 day

1. Open Amira, start a blank project and import the entire SBF-SEM stack (.tif file).
2. In the image read parameter box enter the voxel size in nm for all three

dimensions. A green module will then appear in the project view with the
filename where the data set can be visualized.

3. Threshold the image stack by moving the colormap slider.
4. Go to the “Segmentation” tab and a labels data file is automatically generated

with two “Materials”: “Exterior” and “Inside.” To generate 3D models of the
major features of the mitotic spindle, we segment the data in various ways, which
have differing levels of automation.

3.1 MANUAL SEGMENTATION
We currently perform microtubule segmentation manually due to their low signal-
to-noise ratio, which makes it difficult for a computer to detect them automatically.
This process is very slow and relies on the user to decide on what represents a true
microtubule in each micrograph. For TEM images, where the contrast is better, au-
tomated segmentation methods work well for microtubules (Redemann et al., 2014).

5. In the “Materials” tab add a new feature, select its desired color and call it
“Microtubules.” Select the brush tool in the “Selection” properties window and
choose a brush size of five (a circle with a three pixel diameter).

6. Beginning with the first slice of the stack, trace over any density attributable to
microtubules. We use a stylus and responsive pad to do this. After tracing each
microtubule it will appear red. Save each trace into the newly created
“Microtubules” material by pressing the “Plus” in the “Selection” tab. Saved
traces will then appear outlined in green. Repeat this process for all microtubules
throughout the entire z-stack.

7. Once allmicrotubules have been traced, go back the “Project” tab. Select the green
“Labels.am” file that has been generated and create a red “Generate Surface”
module. In the “Smoothing” drop downmenu, select “None.” Press “Apply” and a
new green “.surf” module is created, which includes the 3D rendered version of
segmented material. Click on the green “.surf” module and attach a red “Smooth
surface” module. Use between 15 and 20 iterations being careful not to
“oversmooth” and lose surface features, and press “Apply.” This will create a
green “.smooth” module. To visualize the segmentation, select the “.smooth” file
and create a yellow “SurfaceView” module.

3.2 SEMIAUTOMATED SEGMENTATION
Semiautomated segmentation of features such as chromosomes, kinetochores, and
centrosomes can be done using thresholding and the magic wand tool on each
micrograph. The material to be segmented must have sufficient contrast to be
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sharply thresholded. This method is faster than manual segmentation and is also
less prone to human error.

8. In the “Materials” tab add a new feature, select a new color and give it a name.
Make sure to add a new material for each distinct feature to be segmented.
This might be necessary later if, for example, different smoothing parameters
are needed for each separate feature.

9. Select the magic wand tool in the “Selection” properties window and check
enable in “Display and Masking.” This will turn the image blue, indicating
the whole image is within the current threshold range.

10. Choose an area that you wish to segment in the image stack. Move the threshold
slider until the voxels whose grayscale value falls within the desired range
remain highlighted in blue. Using the magic wand, click over the thresholded
area and then add the area to a material. If 3D is selected, the wand will
iteratively select density that is connected to density in the slices above and
below. Repeat this process for each newmaterial. Once a new material has been
completed, return to the “Project” tab and generate a surface as before.

3.3 FURTHER ANALYSIS: SPATIAL STATISTICS
The segmentation information can be used for further analysis. In the case of Amira,
the labels.am file contains a numeric matrix that can be read by other software as a 3D
point set for analysis. Models from IMOD or other software can be similarly parsed
and processed. We wrote software packages for IGOR Pro 7 (Wavemetrics, OR) that
automates the analysis ofmitoticmicrotubules (Nixon et al., 2017). This code is avail-
able at https://github.com/quantixed/VolumeFinder. The repository also contains a
version written for R and a detailed walkthrough guide. The major steps to analyze
microtubules are outlined below.

11. Microtubule segmentation information is first converted to “skeletons” in FIJI
using am2skel.ijm. It is these skeletons that are read by Igor.

12. The first function is to find the volume of microtubules in the SBF-SEM stack.
Because the amount of spindle that is captured is variable, the volume of
microtubules that were segmented is expressed as a fraction of the volume of the
spindle. The VolumeFinder() function will convert skeletons to microtubule-
sized objects and sum them to find the total volume of microtubules. The
spindle volume is then found by fitting a 3D convex hull around all of the
segmented microtubules.

13. The second program examines the spatial organization of microtubules in the
mitotic spindle. The aim is to compare the real data with a perfect spindle in
which all microtubules are aligned according to an ellipsoid model. The
deviation between real and perfect data is then a readout of microtubule
disorganization in the spindle (Nixon et al., 2017). The skeletons are read and
converted to vectors by fitting a line to the data. The midpoint of this line
relative to the spindle axis is used to calculate the perfect spindle.
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14. The coordinates of the spindle axis are important. The program allows for
coordinates to be read in and then perfected using a simple GUI, CheckAxis().
Following correct placement of these coordinates the program is run again and
will now produce a summary of all spindles that were fed in. This summary
contains a 2D projection of all microtubules in the spindle and histograms to
summarize the deviation of angles from the model.

4 DISCUSSION
The methods described here allow a comparatively high-throughput and user-
friendly approach to correlate LM with SBF-SEM, to visualize large cellular vol-
umes at high resolution. Sample processing has been optimized to clearly visualize
all the key features of mitotic spindles. The resulting datasets can then be segmented
to build 3D models of microtubules, chromosomes, kinetochores, and centrosomes.
We have successfully used this approach for both correlative and correlated light-
electron microscopy to study microtubule organization in mitotic spindles (Nixon
et al., 2017) and to track congressing sister kinetochore pairs that were oriented
and breathing (Auckland et al., 2017).

SBF-SEM fills the resolution gap between LM and TEM.And while its resolution
is lower than TEM, the power of SBF-SEM is the democratization of 3D EM imag-
ing. Only a handful of highly specialized labs in the world can do 3D reconstruction
on this scale by TEM, whereas nonspecialist cell biologists can easily generate SBF-
SEM datasets. Specialism aside, the throughput is greater using SBF-SEM such that
it is possible to generate enough data to analyze spindles from different experimental
conditions in a meaningful way. The trade-off to these advantages is the resolution.
Although we work at the resolution limit of the instrument, we can only in some
areas distinguish single microtubules. In the main body of the spindle, microtubule
densities that likely represent microtubule bundles are observed. We currently detect
around six microtubules terminating at each kinetochore in HeLa cells, whereas it is
known there are 12–24 (Booth, Hood, Prior, & Royle, 2011; Wendell, Wilson, &
Jordan, 1993).

Furthermore, fine structures such as intermicrotubule mesh and MT linkages
are not visible (Booth et al., 2011; Kamasaki et al., 2013; McIntosh et al.,
2008; Nixon, Gutierrez-Caballero, Hood, & Booth, 2015). The method nonethe-
less visualizes a large fraction of spindle microtubules, enough for spatial analysis.
Future developmentswill be to overcome these limitations by improving our current
protocol. First, possible improvements to heavy-metal staining processing would
further increase sample contrast and should make features of interest more easily
distinguishable. Second, the use of high-pressure freezing as a fixation method will
better preserve cellular ultrastructure, potentially improving the capability of dis-
cerning single microtubules in dense regions (McDonald, Morphew, Verkade, &
Muller-Reichert, 2007). Third, improved detectors on the instrument itself should
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improve resolution further. Finally, switching to focused ion beam SEM will min-
imize our z-sectioning depth. Currently we take around 60nm sections which leads
to some loss of information.

A useful enhancement to our protocol would be to incorporate imaging proteins
with dual fluorescent and electron dense tags (de Boer, Hoogenboom, & Giepmans,
2015). This would allow proteins to be imaged at high resolution in the ultrastructural
context of the whole cell volume (Ariotti et al., 2015). It would also have a practical
benefit of correlating LM and SBF-SEM datasets. Recently developed genetically
encoded probes allow visualization without disrupting ultrastructure. These probes
use either DAB-based precipitation (Martell et al., 2012; Shu et al., 2011) or engi-
neered metal-binding proteins (Clarke & Royle, 2016; Risco et al., 2012; Wang,
Mercogliano, & Lowe, 2011) to form an electron dense marker. These probes will
be particularly useful for the study of spindle proteins due to the complex and
crowded environment of mitotic cells.

ACKNOWLEDGMENTS
Wewould like to thank Alison Beckett and Ian Prior (Liverpool Biomedical EMUnit) for their
help in carrying out SBF-SEM. We also thank Faye Nixon who pioneered SBF-SEM in our
lab, and Phil Auckland who carried out correlated imaging with N.I.C. The work described
here was funded by a Senior Cancer Research UK Fellowship (C25425/A15182) to S.J.R.
and a Cancer Research UK Studentship (C25425/A16141) supported N.I.C.

REFERENCES
Ariotti, N., Hall, T. E., Rae, J., Ferguson, C., McMahon, K. A., Martel, N., et al. (2015). Mod-

ular detection of gfp-labeled proteins for rapid screening by electron microscopy in cells
and organisms. Developmental Cell, 35(4), 513–525. https://doi.org/10.1016/j.devcel.
2015. 10.016.

Auckland, P., Clarke, N. I., Royle, S. J., & McAinsh, A. D. (2017). Congressing kinetochores
progressively load Ska complexes to prevent force-dependent detachment. The Journal of
Cell Biology, 216(6), 1623–1639. https://doi.org/10.1083/jcb.201607096.

Booth, D. G., Beckett, A. J., Molina, O., Samejima, I., Masumoto, H., Kouprina, N., et al.
(2016). 3d-clem reveals that a major portion of mitotic chromosomes is not chromatin.
Molecular Cell, 64(4), 790–802. https://doi.org/10.1016/j.molcel.2016.10.009.

Booth, D. G., Hood, F. E., Prior, I. A., & Royle, S. J. (2011). A tacc3/ch-tog/clathrin complex
stabilises kinetochore fibres by inter-microtubule bridging. The EMBO Journal, 30(5),
906–919. https://doi.org/10.1038/emboj. 2011.15.

Clarke, N. I., & Royle, S. J. (2016). Ferritag: A genetically-encoded inducible tag for correl-
ative light-electron microscopy. bioRxiv. https://doi.org/10.1101/095208.

de Boer, P., Hoogenboom, J. P., & Giepmans, B. N. (2015). Correlated light and electron
microscopy: Ultrastructure lights up! Nature Methods, 12(6), 503–513. https://doi.org/
10.1038/nmeth.3400.

41References

https://doi.org/10.1083/jcb.201607096
https://doi.org/10.1016/j.molcel.2016.10.009
https://doi.org/10.1101/095208
https://doi.org/10.1038/nmeth.3400
https://doi.org/10.1038/nmeth.3400


Ellisman, M. H., Deerinck, T. J., Shu, X., & Sosinsky, G. E. (2012). Picking faces out of a
crowd: Genetic labels for identification of proteins in correlated light and electron micros-
copy imaging. Methods in Cell Biology, 111, 139–155. https://doi.org/10.1016/B978-0-
12-416026-2.00008-X.

Kamasaki, T., O’Toole, E., Kita, S., Osumi, M., Usukura, J., McIntosh, J. R., et al. (2013).
Augmin-dependent microtubule nucleation at microtubule walls in the spindle. The Jour-
nal of Cell Biology, 202(1), 25–33. https://doi.org/10.1083/jcb.201304031.

Kukulski, W., Schorb, M., Welsch, S., Picco, A., Kaksonen, M., & Briggs, J. A. (2011).
Correlated fluorescence and 3d electron microscopy with high sensitivity and spatial
precision. The Journal of Cell Biology, 192(1), 111–119. https://doi.org/10.1083/
jcb.201009037.

Martell, J. D., Deerinck, T. J., Sancak, Y., Poulos, T. L., Mootha, V. K., Sosinsky, G. E., et al.
(2012). Engineered ascorbate peroxidase as a genetically encoded reporter for electron
microscopy. Nature Biotechnology, 30(11), 1143–1148. https://doi.org/10.1038/nbt.2375.

Mastronarde, D. N., McDonald, K. L., Ding, R., & McIntosh, J. R. (1993). Interpolar spindle
microtubules in ptk cells. The Journal of Cell Biology, 123(6 Pt. 1), 1475–1489.

McDonald, K. L., Morphew, M., Verkade, P., & Muller-Reichert, T. (2007). Recent advances
in high-pressure freezing: Equipment- and specimen-loading methods.Methods in Molec-
ular Biology, 369, 143–173. https://doi.org/10.1007/978-1-59745-294-6.

McDonald, K. L., O’Toole, E. T., Mastronarde, D. N., & McIntosh, J. R. (1992). Kinetochore
microtubules in ptk cells. The Journal of Cell Biology, 118(2), 369–383.

McIntosh, J. R., Grishchuk, E. L., Morphew, M. K., Efremov, A. K., Zhudenkov, K.,
Volkov,V.A., et al. (2008). Fibrils connectmicrotubule tipswithkinetochores:Amechanism
to couple tubulin dynamics to chromosome motion. Cell, 135(2), 322–333. https://doi.org/
10.1016/j.cell.2008.08.038.

Nixon, F. M., Gutierrez-Caballero, C., Hood, F. E., Booth, D. G., Prior, I. A., & Royle, S. J.
(2015). The mesh is a network of microtubule connectors that stabilizes individual kineto-
chore fibers of the mitotic spindle. eLife, 4, e07635. https://doi.org/10.7554/eLife.07635.

Nixon, F. M., Honnor, T. R., Clarke, N. I., Starling, G. P., Beckett, A. J., Johansen, A. M., et al.
(2017). Microtubule organization within mitotic spindles revealed by serial block face
scanning electron microscopy and image analysis. Journal of Cell Science, 130(10),
1845–1855. https://doi.org/10.1242/jcs.203877.

Petry, S. (2016). Mechanisms of mitotic spindle assembly. Annual Review of Biochemistry, 85,
659–683. https://doi.org/10.1146/annurev-biochem-060815-014528.

Redemann, S., Baumgart, J., Lindow, N., Shelley, M., Nazockdast, E., Kratz, A., et al. (2017).
C. elegans chromosomes connect to centrosomes by anchoring into the spindle network.
Nature Communications, 8, 15288. https://doi.org/10.1038/ncomms15288.

Redemann, S., Weber, B., Moller, M., Verbavatz, J. M., Hyman, A. A., Baum, D., et al. (2014).
The segmentation of microtubules in electron tomograms using Amira. Methods in
Molecular Biology, 1136, 261–278. https://doi.org/10.1007/978-1-4939-0329-0_12.

Risco, C., Sanmartin-Conesa, E., Tzeng, W. P., Frey, T. K., Seybold, V., & de Groot, R. J.
(2012). Specific, sensitive, high-resolution detection of protein molecules in eukaryotic
cells using metal-tagging transmission electron microscopy. Structure, 20(5), 759–766.
https://doi.org/10.1016/j.str.2012.04.001.

Russell, M. R., Lerner, T. R., Burden, J. J., Nkwe, D. O., Pelchen-Matthews, A.,
Domart, M. C., et al. (2017). 3d correlative light and electron microscopy of cultured cells
using serial blockface scanning electron microscopy. Journal of Cell Science, 130(1),
278–291. https://doi.org/10.1242/jcs.188433.

42 CHAPTER 2 Spindle CLEM

https://doi.org/10.1016/B978-0-12-416026-2.00008-X
https://doi.org/10.1016/B978-0-12-416026-2.00008-X
https://doi.org/10.1083/jcb.201304031
https://doi.org/10.1083/jcb.201009037
https://doi.org/10.1083/jcb.201009037
https://doi.org/10.1038/nbt.2375
http://refhub.elsevier.com/S0091-679X(18)30010-4/rf0060
http://refhub.elsevier.com/S0091-679X(18)30010-4/rf0060
https://doi.org/10.1007/978-1-59745-294-6
http://refhub.elsevier.com/S0091-679X(18)30010-4/rf0070
http://refhub.elsevier.com/S0091-679X(18)30010-4/rf0070
https://doi.org/10.1016/j.cell.2008.08.038
https://doi.org/10.1016/j.cell.2008.08.038
https://doi.org/10.7554/eLife.07635
https://doi.org/10.1242/jcs.203877
https://doi.org/10.1146/annurev-biochem-060815-014528
https://doi.org/10.1038/ncomms15288
https://doi.org/10.1007/978-1-4939-0329-0_12
https://doi.org/10.1016/j.str.2012.04.001
https://doi.org/10.1242/jcs.188433


Shu, X., Lev-Ram, V., Deerinck, T. J., Qi, Y., Ramko, E. B., Davidson, M. W., et al. (2011).
A genetically encoded tag for correlated light and electron microscopy of intact cells, tis-
sues, and organisms. PLoS Biology, 9(4), e1001041. https://doi.org/10.1371/journal.pbio.
1001041.

Wang, Q., Mercogliano, C. P., & Lowe, J. (2011). A ferritin-based label for cellular electron
cryotomography. Structure, 19(2), 147–154. https://doi.org/10.1016/j.str.2010.12.002.

Wendell, K. L., Wilson, L., & Jordan, M. A. (1993). Mitotic block in hela cells by vinblastine:
Ultrastructural changes in kinetochore-microtubule attachment and in centrosomes.
Journal of Cell Science, 104(Pt. 2), 261–274.

43References

https://doi.org/10.1371/journal.pbio.1001041
https://doi.org/10.1371/journal.pbio.1001041
https://doi.org/10.1016/j.str.2010.12.002
http://refhub.elsevier.com/S0091-679X(18)30010-4/rf0120
http://refhub.elsevier.com/S0091-679X(18)30010-4/rf0120
http://refhub.elsevier.com/S0091-679X(18)30010-4/rf0120

	Front Cover
	Mitosis and Meiosis Part B
	Copyright
	Contents
	Contributors
	Preface
	Chapter 1: Mitotic live-cell imaging at different timescales
	1. Introduction
	2. Automated High-Resolution Kinetochore Tracking
	2.1. Equipment and Materials
	2.2. Experimental Design
	2.3. Analysis: Kinetochore Tracking (KiT) Software
	2.4. Advanced Analysis
	2.5. Data sharing

	3. Monitoring Chromosome Segregation and Spindle Organization Over Several Hours
	3.1. Equipment and Materials
	3.2. Experimental Design
	3.3. Analysis
	3.4. Troubleshooting

	4. Monitoring Mitotic Cell Fate Over Several Days
	4.1. Equipment and Materials
	4.2. Experimental Design
	4.3. Analysis
	4.4. Troubleshooting

	5. Conclusion
	Acknowledgments
	References

	Chapter 2: Correlating light microscopy with serial block face scanning electron microscopy to study mitotic spindle arch ...
	1. Introduction
	2. Correlating Light With SBF-SEM in Mitotic Cells
	2.1. Cell Culture and Transfection
	2.2. Light Microscopy
	2.3. Sample Processing
	2.4. SBF-SEM
	2.5. Registration

	3. Visualization of Mitotic Spindle Architecture in 3D
	3.1. Manual Segmentation
	3.2. Semiautomated Segmentation
	3.3. Further Analysis: Spatial Statistics

	4. Discussion
	Acknowledgments
	References

	Chapter 3: Quantification of three-dimensional spindle architecture
	1. Introduction
	2. Rationale
	3. Methods
	3.1. Preprocessing
	3.1.1. Data preparation
	3.1.2. Error analysis

	3.2. Definition of Microtubule Classes, Geometry Definition
	3.3. Orientation of Microtubules
	3.3.1. Orientation to a centrosome
	3.3.2. Orientation to spindle axis

	3.4. Length Distribution of Microtubules
	3.5. Spatial Interactions of Microtubules
	3.5.1. Distances between microtubules in 2D
	3.5.2. Distances between microtubules in 3D
	3.5.3. Parallelism
	3.5.4. Interactions
	3.5.5. Network analysis

	3.6. Classification of Microtubule Ends
	3.7. Analysis of Chromosome Shape
	3.8. Lateral and End-On Attachment of Microtubules to the Chromosomes

	4. Instrumentation
	5. Discussion and Outlook
	Acknowledgments
	References

	Chapter 4: Quantitative live and super-resolution microscopy of mitotic chromosomes
	1. Introduction
	2. FCS-Calibrated Confocal Imaging of mEGFP-Tagged Proteins on Mitotic Chromosomes in Living Cells
	2.1. Sample Preparation for FCS-Calibrated Imaging
	2.2. FCS-Calibrated Confocal Imaging
	2.3. Data Processing and Analysis: Extraction of Protein Concentrations and Numbers on Mitotic Chromosomes

	3. STED Microscopy of Fixed and Immunostained mEGFP-Tagged Proteins on Mitotic Chromosomes
	3.1. Sample Preparation for STED Imaging of Fixed Mitotic Chromosomes
	3.2. STED Microscopy of Mitotic Chromosomes

	4. Materials and Instrumentation
	4.1. FCS-Calibrated Confocal Imaging of mEGFP-Tagged Proteins on Mitotic Chromosomes in Living Cells
	4.2. STED Microscopy of Fixed and Immunostained mEGFP-Tagged Proteins on Mitotic Chromosomes

	5. Conclusion and Outlook
	Acknowledgments
	References

	Chapter 5: Live imaging of cell division in 3D stem-cell organoid cultures
	1. Introduction
	1.1. Infecting Organoids With Lentivirus
	1.1.1. Virus production and concentration
	1.1.2. Organoid culture prior to infection
	1.1.3. Organoid infection

	1.2. Seeding Organoids for Live Imaging
	1.3. Live Imaging of Organoid Cultures
	1.4. Image Analysis of Segregation Errors in Anaphase and Mitotic Time/Exit
	1.5. Materials
	1.5.1. Lentiviral infection of organoids
	1.5.2. Seeding the organoids
	1.5.3. Live imaging of organoid cultures


	2. Conclusion
	Acknowledgments
	References

	Chapter 6: Choosing the right microscope to image mitosis in zebrafish embryos: A practical guide
	1. Introduction
	2. Overview of Three Microscope Systems Well Suited for Imaging Mitosis During Zebrafish Development
	2.1. Laser-Scanning Confocal Microscope
	2.2. Spinning Disk Confocal Microscope
	2.3. Light-Sheet Fluorescence Microscope

	3. Determining the Mitotic Index in Zebrafish Tissues Using an LSCM
	3.1. Visualization for Fixed Samples: Whole Mount Immunostaining of Zebrafish Embryos
	3.2. Mounting of Samples
	3.3. Tips for Imaging Zebrafish With the LSCM
	3.4. Image Analysis

	4. Imaging Intracellular Components During Mitosis in Zebrafish Tissues With High Temporal Resolution Using SDCM
	4.1. Visualization for Live Imaging: Microinjection
	4.2. Preparation of Sample and Microscope
	4.3. Tips for Imaging Mitosis With the SDCM
	4.4. Image Analysis

	5. Tracking Cells Over Several Cell Cycles for Lineage Tracing Using a LSFM
	5.1. Preparation of Sample and Microscope
	5.2. Practical Tips for Handling the Generated Data

	6. Conclusion
	Acknowledgments
	References

	Chapter 7: Advanced microscopy methods for bioimaging of mitotic microtubules in plants
	1. Introduction
	2. Preparation of Molecular Markers for the Visualization of Mitotic Microtubule Arrays
	3. Use of Arabidopsis Mutants to Dissect Mitotic Progression in Plants
	4. Materials
	4.1. Plant Transformation and Crossing to Introduce Microtubule Markers
	4.2. Preparation of Plant Material for Light-Sheet Imaging of Root Cell Mitotic Progress
	4.2.1. A. thaliana seedlings
	4.2.2. M. sativa seedlings
	4.2.3. Light-sheet fluorescence imaging

	4.3. Preparation of Plant Material for High-Speed Spinning Disk Recording of the Mitotic Progress
	4.4. Imaging of Plant Mitotic Microtubule Arrays With the Point-Scanning Confocal Airyscan System With Improved Resolution
	4.5. High-Resolution Imaging of the Plant Mitotic Apparatus

	5. Conclusions
	Acknowledgments
	References

	Chapter 8: Microsurgery and microinjection techniques in mitosis research
	1. Introduction
	2. Cell Culture
	3. Imaging/Manipulation Chambers
	4. Manipulation/Injection Microscope Setup
	5. Manipulator and Injector
	6. Needles
	7. Imaging Microscope
	8. Microinjection Protocol
	9. Micromanipulation Protocol
	Acknowledgments
	References

	Chapter 9: Analyzing the micromechanics of the cell division apparatus
	1. Introduction
	2. Optical Trap-Based ``Mini-Spindle” Assay
	2.1. Assay Design
	2.1.1. Microscope
	2.1.2. Surface chemistry
	2.1.3. Bead-microtubule linkage

	2.2. Buffers, Reagents, and Equipment
	2.3. Methods
	2.3.1. Preparation of microtubules
	2.3.2. Passivation of coverslips
	2.3.3. Preparation of microbeads
	2.3.4. ``Mini-spindle” force assay


	3. Microneedle-Based ``Whole-Spindle” Assay
	3.1. Assay Design
	3.1.1. Micromanipulation
	3.1.2. Imaging

	3.2. Buffers, Reagents, and Equipment
	3.3. Methods
	3.3.1. Preparation of extracts
	3.3.2. Fabrication and calibration of microneedles
	3.3.3. Preparation of agarose-coated coverslips
	3.3.4. ``Whole-spindle” force assay


	Acknowledgments
	References

	Chapter 10: Optogenetic reversible knocksideways, laser ablation, and photoactivation on the mitotic spindle in human cells
	1. Introduction
	2. Optogenetic Reversible Knocksideways
	3. Construction of Plasmids for Optogenetic Experiments
	4. Sample Preparation
	4.1. Cell Lines
	4.2. Cell Culture

	5. Imaging
	5.1. Microscopy Equipment for Optogenetic Experiments, Ablation, and Photoactivation
	5.2. Image Acquisition

	6. Optogenetic Reversible Knocksideways of TACC3 in Metaphase
	6.1. Dynamics of TACC3 Reversible Removal From the Mitotic Spindle

	7. Optogenetic Reversible Knocksideways of KIF18A in Metaphase
	8. Combination of Different Optical Approaches for Studying Mitotic Spindle Dynamics
	8.1. Laser Ablation of the Outer Kinetochore Fibers During Optogenetic Knocksideways of TACC3 Protein
	8.1.1. Dynamics of the ablated outer kinetochore fiber during optogenetic knocksideways of TACC3 protein

	8.2. Laser Ablation and Photoactivation of Kinetochore Fiber in Metaphase
	8.2.1. Measuring of kinetochore and spindle dynamics after ablation and photoactivation of outer kinetochore fibers in me ...


	9. Conclusion
	Acknowledgments
	References

	Chapter 11: Live imaging of C. elegans oocytes and early embryos
	1. Introduction
	2. In Utero Imaging of Oocyte Meiotic Divisions
	2.1. Materials and Solutions
	2.2. Setting Up the Filming Chamber
	2.3. Anesthesia of Gravid Adult Hermaphrodites for In Utero Filming
	2.4. Mounting Immobilized Adults for Live Imaging
	2.5. Imaging Oocyte Meiotic Divisions in Immobilized Worms

	3. Ex Utero Imaging of Oocyte Meiotic Divisions and Early Embryo Mitosis
	3.1. Materials and Solutions
	3.2. Setting Up the Filming Chamber: (See Fig. 3B-D)
	3.3. Dissection of Gravid Adult Hermaphrodites for Ex Utero Filming of Female Meiosis and Early Embryo Mitosis: (See Fig. ...
	3.4. Staging Oocytes and Embryos
	3.5. Live Imaging of Oocyte Meiotic Divisions and Embryo Mitosis

	4. Conclusions
	Acknowledgments
	References

	Chapter 12: Combining microscopy and biochemistry to study meiotic spindle assembly in Drosophila oocytes
	1. Introduction
	2. Methods
	2.1. Staining the Meiotic Spindle in Fixed Oocytes
	2.1.1. Immunostaining of fixed oocyte
	2.1.2. Microtubule regrowth assay
	2.1.3. In situ hybridization

	2.2. Live Imaging of the Spindle in Oocytes
	2.2.1. Imaging the bipolar spindle and FRAP analysis
	2.2.2. From nuclear envelope breakdown to spindle bipolarity establishment and maintenance

	2.3. Biochemistry in Ovaries
	2.3.1. Western blot on ovaries and oocytes
	2.3.2. Immunoprecipitation to detect protein-protein interaction


	References

	Chapter 13: Methods to study meiosis in insect spermatocytes
	1. Introduction
	2. Methods for the Study of Meiosis in Populations of Spermatocytes
	2.1. Preparation of Air-Dried Smears
	2.2. Giemsa Staining of Air-Dried Spermatocyte Smears

	3. Methods for Preparing Spermatocytes for Live-Cell Imaging
	3.1. Method for Cleaning Glass Coverslips
	3.2. Method for Making ``Sandwich” Preparations
	3.3. Method for Flattening Cells by Aspiration
	3.4. Method for Making Well-Slide Preparations

	4. Method for Ionophoretic Microinjection of Charged Molecules Into the Cytoplasm of Living Cells
	4.1. The Injection/Imaging Setup (Fig. 5)
	4.2. Method for Preparing FL-Tubulin for Microinjection
	4.3. Method for Loading Injection Micropipette (Glass Filament Capillaries as Described Earlier)
	4.4. Ionophoretic Microinjection

	5. Method for Pressure Microinjection of Cell-Permeable Probes Into Interstitial Space Surrounding Spermatocytes In Vitro
	5.1. Method for Preparing TT as Directed in Instructions Supplied by Molecular Probes in Their Tubulin Tracker Kit (Produ ...
	5.2. Method for Injecting Cell Permeable Probes
	5.3. A Cautionary Note Concerning Results Obtained With TT

	References

	Chapter 14: Live-cell microscopy of meiosis in spermatocytes
	1. Introduction
	2. Materials
	2.1. Plasmid Preparation for Electroporation
	2.2. Mouse Anesthesia
	2.3. DNA Injection and Electroporation
	2.4. Spermatocyte Sample Preparation for IF
	2.5. Spermatocyte Sample Preparation for Live Imaging

	3. Methods
	3.1. Plasmid Preparation
	3.2. Mouse Anesthesia
	3.3. DNA Injection and Electroporation
	3.4. Spermatocyte Sample Preparation for IF
	3.5. Spermatocyte Sample Preparation for Live Imaging
	3.6. Live Imaging

	4. Notes
	Acknowledgments
	References

	Chapter 15: Live imaging of cell division in preimplantation mouse embryos using inverted light-sheet microscopy
	1. Introduction
	1.1. Imaging of Preimplantation Development
	1.2. Brief Description of the Inverted Light-Sheet Microscope Designed for MouseEmbryology

	2. Preimaging Preparations
	2.1. Assembly of the Sample Holder
	2.2. Sample Mounting

	3. Live-Cell Visualization
	3.1. Setting Up the Microscope
	3.2. Acquisition Parameters

	4. Materials
	4.1. Assembly of Sample Holder
	4.2. Sample Mounting
	4.3. Setting Up the Microscope

	5. Conclusion
	Acknowledgments
	Conflict of Interest
	References

	Chapter 16: Correlated light and electron microscopy of cell division in large marine oocytes, eggs, and embryos
	1. Introduction
	2. Protocol 1
	2.1. Introduction to Protocol 1
	2.2. Experimental Procedures
	2.2.1. Oocyte Preparation for Timed Freezing
	2.2.2. HPF and Freeze Substitution
	2.2.3. Targeting of the Nuclear Area and Section Collection
	2.2.4. Staging of the Precise Time Point on Sections

	2.3. Alternative Strategy for Staging by Directly Marking the F-Actin Shell
	2.4. Results and Conclusions

	3. Protocol 2
	3.1. Introduction to Protocol 2
	3.2. Experimental Procedures
	3.2.1. Sample Preparation and Chemical Fixation
	3.2.2. EM Processing and Resin Embedding
	3.2.3. X-Ray Scanning and Sample Registration

	3.3. Results and Conclusions

	4. List of Equipment
	5. List of Reagents
	Acknowledgments
	References

	Chapter 17: A microscopy-based approach for studying meiosis in live and fixed human oocytes
	1. Introduction
	2. Oocyte Collection and Culture
	2.1. Materials and Equipment
	2.2. Prior to Oocyte Collection
	2.2.1. Notes

	2.3. Oocyte Retrieval and Setting Up the Culture
	2.3.1. Notes


	3. Studying Meiosis in Live Human Oocytes by Confocal Microscopy
	3.1. Materials and Equipment
	3.2. Preparation for Microinjections
	3.2.1. Notes

	3.3. Introduction of Fluorescent Reporters to the Oocyte by the Means of Microinjection
	3.3.1. Notes

	3.4. Setting Up the Microscope for a Live-Imaging Experiment
	3.4.1. Notes


	4. Super-Resolution Microscopy of Immunolabeled Samples
	4.1. Materials and Equipment
	4.2. Prior to Fixation
	4.2.1. Notes

	4.3. Cold-Stable Treatment and Oocyte Fixation
	4.3.1. Notes

	4.4. Immunofluorescence
	4.4.1. Notes

	4.5. Setting Up the Microscope for a Super-Resolution Experiment
	4.5.1. Notes


	Acknowledgments
	References

	Chapter 18: Superresolution imaging of the synaptonemal complex
	1. Introduction
	2. Materials
	2.1. Spermatocyte Spreads
	2.2. List of Microscope Material for dSTORM
	2.3. List of Additional Material

	3. Methods
	3.1. Immunofluorescent Labeling
	3.2. Structured Illumination Microscopy
	3.2.1. Recommendations on immunofluorescence labeling for SIM

	3.3. direct Stochastic Reconstruction Microscopy
	3.3.1. Use the following settings for image acquisition
	3.3.2. Image editing
	3.3.3. Recommendations on immunofluorescence labeling for dSTORM


	4. Conclusions
	Acknowledgments
	References

	Chapter 19: Cryo-electron tomography of SYCP3 fibers under native conditions
	1. Introduction
	2. Methods
	2.1. Heterologous Expression and Purification of SYCP3
	2.2. Sample Vitrification by Plunge Freezing
	2.3. Cryo-electron Tomography
	2.4. Coordinates Model for Subtomogram Extraction
	2.5. Preparing the Data for Subtomogram Averaging in Relion
	2.6. Subtomogram Averaging Workflow in Relion
	2.6.1. Overview
	2.6.2. Subvolume extraction with different binning factors and 2D projections
	2.6.3. 2D Screening and preselection for de novo 3D autorefinement
	2.6.3.1. 2D screening of the dataset
	2.6.3.2. Selection of particles for further processing

	2.6.4. Generation of a de novo 3D reference
	2.6.4.1. Step 1: Reference-free local angular search
	2.6.4.2. Step 2: Class_3d_screening, local angular search

	2.6.5. Iterative refinement
	2.6.5.1. 3D autorefinement and classification of structural features at decreased binning factors



	3. Discussion
	References

	Back Cover

