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Abstract

Fibrillar collagen is an abundant extracellular matrix (ECM) component of interstitial tissues which
supports the structure of many organs, including the skin and breast. Many different physiological
processes, but also pathological processes such as metastatic cancer invasion, involve interstitial cell
migration. Often, cell movement takes place through small ECM gaps and pores and depends upon the
ability of the cell and its stiff nucleus to deform. Such nuclear deformation during cell migration may impact
nuclear integrity, such as of chromatin or the nuclear envelope, and therefore the morphometric analysis of
nuclear shapes can provide valuable insight into a broad variety of biological processes. Here, we describe a
protocol on how to generate a cell-collagen model in vitro and how to use confocal microscopy for the static
and dynamic visualization of labeled nuclei in single migratory cells. We developed, and here provide, two
scripts that (Fidler, Nat Rev Cancer 3(6):453–458, 2003) enable the semi-automated and fast quantifica-
tion of static single nuclear shape descriptors, such as aspect ratio or circularity, and the nuclear irregularity
index that forms a combination of four distinct shape descriptors, as well as (Frantz et al., J Cell Sci 123
(Pt 24):4195–4200, 2010) a quantification of their changes over time. Finally, we provide quantitative
measurements on nuclear shapes from cells that migrated through collagen either in the presence or the
absence of an inhibitor of collagen degradation, showing the distinctive power of this approach. This
pipeline can also be applied to cell migration studied in different assays, ranging from 3D microfluidics to
migration in the living organism.

Key words Cell-collagen culture, 3D and 4D imaging, Cell migration, Nuclear shape, Morphometric
analysis, Nuclear irregularity index

1 Introduction

Cell migration in three-dimensional (3D) extracellular matrix
(ECM) plays a pivotal role in physiology, such as in development,
tissue maintenance, and immunity of living organisms, but also in
pathological processes, as during cancer progression [1]. Collagens,
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the most abundant fibrous proteins of the interstitial ECM, are
organized into fibrils and bundles of particular stiffness that often
are packed into dense architectures that leave little space for migrat-
ing cells [2]. Cell migration into these three 3D environments
therefore often requires the morphological adaptation of the cell
body, including its nucleus, which forms the largest and stiffest cell
organelle. The ability of the cell nucleus to deform is determined by
chromatin compaction state, expression levels and functionality of
nuclear lamina and LINC (linker of nucleoskeleton and cytoskele-
ton) proteins, the presence of vimentin, actin nucleation, and actin-
myosin contractility, and will change with ECM stiffness via a
functional ECM-adhesion-actin-LINC-nucleus force axis [3–
5]. All these determinants provide the nucleus with a certain stiff-
ness that will control to which extent cells can deform to enable
transmigration through small pores [6–8]. The shape of the cell
nucleus therefore often serves as a marker for the adaptability of the
cell to these determinants during physically confining migration,
and several typical nuclear shapes have been previously described
[6] (Fig. 1a). To simulate the various characteristics of the ECM
observed in vivo, such as scaffold stiffness or pore dimensions,
migration is often studied within reconstituted collagen-based
hydrogels in tissue culture models [6, 9–11]. Using dense collagen
lattices, we have shown that migrating tumor cells expressing
matrix metalloproteinases (MMPs) create proteolytic track-like
paths of exactly the diameter of the moving cell [12]. Upon
MMP inhibition, cells negotiated this confined space by adaptation
of cell and nuclear shape, serving as a suitable cell-collagen model
to study the extent of nuclear shape change.

To quantify the impact of various determinants on nuclear
deformation and their shape changes during 3D cell migration and
differentiation, the application of nuclear morphometric analysis
tools onto 2D shapes such as nuclear diameter, aspect ratio (AR),
circularity, or roundness (Fig. 1b), readily available in Fiji ImageJ
software, have proven to be very useful [6, 13, 14]. In addition to AR
and circularity, other descriptors exist, such as the ratio of maximal
and minimal radius and bounding box descriptors for static shapes.
All these shape descriptors have been integrated into the nuclear
irregularity index (NII) [15] (Fig. 1c; see Note 1). Whereas for
shapes captured at high resolution (Fig. 1a) the different single
descriptors appear similarly powerful in indicating changes
(Fig. 1d), the combination of shape descriptors into the NII has
been shown most powerful when shapes were captured at lower
resolution, often necessary for live-cell imaging [15, 16]. We there-
fore prefer theNII over particular single shape descriptors, which can
also be used to describe nuclear shape changes over time [16].
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Fig. 1 Nuclear shape descriptors. (a) Test shapes resembling typical nuclear shapes of migrating cells. The
hourglass-like shape represents a shape of both mononucleated cells in network-like confinement and a
simple form of the typical multilobular nuclear shape of neutrophils. (b) Overview of the formulas used by Fiji/
ImageJ to calculate the indicated shape descriptors. (c) Schematic illustration of the components used in the
calculation of the nuclear irregularity index (NII) in the Fiji macro. Image adapted from [16]. (d) Quantification
of each test shape using the indicated shape descriptors. Red dotted line representing the NII value of 2.2146
for a circle matches the calculated value from the circular test shape

In this chapter, we describe procedures for the preparation of
collagen-based cell cultures (Fig. 2), their visualization (Fig. 3), and
the segmentation and quantification of nuclear shapes frommigrat-
ing cells, employing a custom-made script within the Fiji ImageJ
software (Fig. 4). Using the matrix metalloproteinase inhibitor
GM6001 in our experiments, we present images from tumor cells
after migration in collagen by proteolytic and proteolysis-
independent strategies (Fig. 5). Finally, using a second custom-
made script, we demonstrate the application of dynamic nuclear
morphometrics during cell migration (Fig. 6).

2 Materials

2.1 Embedding of

Single Cells

1. Cell culture plates (see Note 2).

2. Incubator with controlled environmental conditions (humidi-
fied atmosphere, 37 °C, 5% CO2).
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Fig. 2 Preparing a 3D cell-collagen culture for imaging. (a) Procedure of cell-collagen mixture preparation,
with indicated pH values and indicator colors at each pipetting step. (b) The cell-collagen mixture was pipetted
into either large well plates as a dome-like drop gel (top), or into small well plates (bottom), where the well
was then half-filled and covered with culture medium. Right; prior to imaging, drop gels were transferred into
a microscopy chamber using an angled spatula (top), or cell-collagen cultures were imaged directly (bottom)

3. Migratory cells (adherent cells, such as fibroblasts, mesenchy-
mal or epithelial tumor cells, or cells from suspension culture,
such as T lymphocytes, neutrophils, etc.), optionally
pre-labeled (see Note 3).

4. Culture medium: Appropriate growth medium for a given cell
type, 10% fetal calf serum (FCS), 1 mM sodium pyruvate,
2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL
streptomycin.

5. For adherent cell culture: Phosphate-buffered saline (PBS):
136.9 mM sodium chloride (NaCl), 2.7 mM potassium chlo-
ride (KCl), 8.0 mM sodium hydrogen phosphate (Na2HPO4),
1.9 mM potassium dihydrogen phosphate (KH2PO4),
pH 7.2–7.4.



Fig. 3 Three- and four-dimensional imaging of cell-collagen cultures. (a) Left, schematic depiction of image
acquisition from a 3D cell-collagen culture as z-stacks with a 1–2 μm step size (red lines) and particular
thickness (left double arrow). Right, z-stacks were generated at one or several set time points (here referred to
as T1–T3). (b, c) Tumor cells with fluorescently labeled nuclei migrating in a collagen matrix were monitored
as z-stacks from either a PFA-fixed sample (b) or a live sample at 37 °C (c) by confocal microscopy. (b)
Sequence of successive focal planes, with indicated increasing depth in μm, and the resulting collapsed view
of the cell nuclei (right). Phal, phalloidin; cyan arrowheads point to tracks in the collagen matrix that have been
generated by proteolytically moving cells. (c) Time sequence of cells moving in collagen, with indicated time
points in min. Maximal projections of nuclear signal are either merged with transmission signal to visualize
cell bodies (top) or reflection signal to visualize collagen (bottom). Upper right, overview of the nuclei after
40 min, with positions of nuclei at 0 min outlined in yellow, and with movement trajectories depicted as blue
dotted lines. Lower right, overlay of nuclear signal from a selected nucleus (white rectangle) of a moving cell
during 40 min. All image bars, 50 μm, except from inset in (C)(10 μm)
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Fig. 4 Image processing for the quantification of nuclear shape parameters. Flowchart along the arrows
indicates the developed image processing pipeline executed by the Fiji macro. Top, a multichannel image
z-stack (left) was collapsed (middle) and the channel with nuclear signal was selected (right). Middle, after
applying auto-thresholding based on fluorescence intensity (right), nine nuclei were selected based on particle
size (60-pixel infinity; see yellow outlines; middle) and, lastly, visually controlled for cell integrity (left). ROI,
region of interest. Cyan arrowheads, condensed DNA fragments from apoptotic cells, which were excluded
from analysis by size exclusion (no outline). Bottom, nuclear area and indicated shape descriptors were
calculated for the segmented cell nuclei (1–9). Blue box, thin line, shape descriptions that are summed up to
NII, thick line



Fig. 5 Quantification of nuclear shapes after cell migration in 3D collagen. For the calibration of nuclear shape
parameters, circle-shaped beads in collagen and cell-collagen cultures were imaged at the same resolution
by confocal microscopy. (a, c) Maximum projections of fluorescein (FITC)-coated beads (left), and HT1080
tumor cells migrating in collagen in the absence (middle) or presence (right) of MMP inhibitor GM6001.
H2B-mCh, histon 2B-mCherry; Phal, phalloidin. Cyan arrowheads, cell-derived collagenolytic tracks in the
collagen matrix. White arrowheads, nuclei with hourglass-shaped deformations; empty arrowheads, nuclei
with protrusions; asterisks, nuclear fragments; M, mitotic nuclei. Cells in (a) are cropped-out examples from C,
dotted rectangles). (b) Table depicting values of selected shape descriptors for a bead, nondeformed, and
deformed nucleus, as well as the ratio between deformed nucleus and bead. AR, aspect ratio; Circ., circularity.
(d, e) Aspect ratio, circularity, and NII, calculated from overlays of nuclear shapes in (c). Each dot depicts a
bead or nucleus; red lines, medians. Dotted blue lines depict the value of a perfect circle. Dotted black
rectangles in (e) indicate a distinct subpopulation. For all experiments, 12–47 shapes per condition were
analyzed. *** p < 0.001; ** p < 0.01; * p < 0.1; ns, nonsignificant (Mann-Whitney t-test)



Fig. 6 Quantification of nuclear shape changes during cell migration in 3D collagen. For this approach, the
individual NII values derived from the Fiji macro and their differences between time steps were calculated. (a)
Maximal projections of tumor cells migrating in collagen at indicated time points. Top, outlines of nuclei in
magenta; bottom, trajectories of followed nuclei in yellow. White numbers, cells further analyzed in (c) and (e), red
numbers, cells excluded from analysis. (b) Schematic depiction of the different NII values per cell and time step
produced by the macro. NII(T1) corresponds to time point 1, NII(T2) to time point 2, etc. (c) NII values over time, as
determined from the outlines in (a) (also see Supplemental Movie 1). (d) Schematic depiction of calculation of the
mean NII change (mean ΔNII) per cell over time. (e) Mean ΔNII per cell calculated from (c)
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6. For adherent cell culture: 2 mM ethylenediaminetetraacetic
acid (EDTA) in PBS.

7. 10× Minimum Essential Medium Eagle (MEM) with pH
indicator.

8. 0.5 M sodium hydroxide solution (NaOH).

9. Acidified collagen type I stock solution (rat tail origin; Corn-
ing; lot-dependent concentration, e.g., 10.80 mg/mL; see
Note 4).

2.2 Fixation and

Labeling

1. Fresh 4% paraformaldehyde (PFA) in 0.1 M Sorensen’s phos-
phate buffer, pH 7.4.

2. In case a 6–24-well plate is used for hydrogel formation (see
Fig. 2b), and the cell-collagen culture requires labeling, use a
48-well, flat-bottom culture plate or the imaging chamber for
staining in a low volume.

3. A round, angled end laboratory spatula.

4. Permeabilization and blocking solution: 0.1% Triton X-100,
0.1% bovine serum albumin (BSA) in PBS.

5. A stock concentration (e.g., 5 mg/mL) of 4′,6-diamidino-2-
phenylindole (DAPI) solution in water.

6. Alternatively, or in addition, primary antibodies directed
against nuclear or nuclear envelope epitopes (e.g., histone 2B
(H2B), lamin A/C, emerin, etc.) and secondary antibodies can
be used, as well as phalloidin for F-actin staining, all fluores-
cently tagged.

2.3 Imaging and

Analysis

1. Imaging chamber suitable for fluorescence imaging (not
required if a 48–96 imaging well plate is used for cell-collagen
gel formation; see Fig. 2b).

2. An inverted confocal microscope.

3. For live-cell imaging, microscope stage should be surrounded
by a chamber containing above indicated controlled conditions
applied for cell culture.

4. CCD camera mounted onto the microscope and connected to
a computer with frame grabber software installed.

5. Free Fiji ImageJ software installed on a computer.

6. Optional: Installed TrackMate Fiji plugin available at https://
imagej.net/plugins/trackmate.

7. Custom-made 1. Fiji script for the analysis of static nuclear
shapes: “Nuclear shape analysis.ijm” provided at https://
github.com/RTC-Microscopy/Nuclear-Shape-Analysis, can
be downloaded as a zip file together with other relevant con-
tent by clicking on a green, roll down “Code” button.

https://imagej.net/plugins/trackmate/
https://imagej.net/plugins/trackmate/
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgithub.com%2FRTC-Microscopy%2FNuclear-Shape-Analysis&data=04%7C01%7CGert-Jan.Bakker%40radboudumc.nl%7Cd3833cfe3c1b4ea1339a08d9e59cfc65%7Cb208fe69471e48c48d87025e9b9a157f%7C1%7C0%7C637793284691102899%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=REUovmeAc8DDj4z7t13rovf9n6AN833TRevU8GhN1RY%3D&reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgithub.com%2FRTC-Microscopy%2FNuclear-Shape-Analysis&data=04%7C01%7CGert-Jan.Bakker%40radboudumc.nl%7Cd3833cfe3c1b4ea1339a08d9e59cfc65%7Cb208fe69471e48c48d87025e9b9a157f%7C1%7C0%7C637793284691102899%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=REUovmeAc8DDj4z7t13rovf9n6AN833TRevU8GhN1RY%3D&reserved=0
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8. Custom-made 2. Fiji script for the analysis of dynamic nuclear
shape changes: “Nuclear shape change analysis.ijm” provided at
https://github.com/RTC-Microscopy/Nuclear-Shape-Analy
sis, downloadable as described in the previous step.

3 Methods

3.1 Embedding of

Cells in Rat Tail

Collagen

1. Detach adherent cells with EDTA (2–10 min, 37 °C) or collect
suspension cells. Wash cells once or twice in PBS and resuspend
(e.g., 1.5 × 105 tumor cells, or 3 × 105 leukocytes) in 500 μL
culture medium.

2. From here onward, work on ice. For the generation of a 1.7-
mg/mL rat tail collagen lattice, here calculated from a collagen
stock solution of 10.80 mg/mL (see Note 5), add NaOH
(6.8 μL) to 10× MEM (50 μL) in a small sterile tube and add
water (286 μL). Indicator color changes from yellow (acidic) to
purple (alkaline; Fig. 2a).

3. Add cell-free collagen stock solution (157 μL) and mix until
homogenous light orange color is obtained. Avoid air bubbles
while mixing.

4. Add cell suspension in medium (500 μL) to the collagen mix
(together now 1mL) andmix until homogenous bright pink to
orange color is reached. Again, avoid generating air bubbles.
Now, the pH should be 7.3–7.5 (Fig. 2a; see Note 6).

5. Add the cell-containing collagen solution into a well plate (Fig.
2b; see Note 7).

6. Place the well plate into the incubator for collagen polymeriza-
tion and equilibration of the gas conditions.

7. After 1–2 min turn the plate upside down.

8. Repeat step 7 four times (see Note 8).

9. Allow the collagen in the newly formed collagen culture to fully
polymerize (10–20 min).

10. Cover the collagen culture with warm and previously equili-
brated medium, providing a final pH of 7.4–7.5. This medium
can contain factors, such as chemokines, antibodies, or phar-
macological inhibitors.

11. If cells are monitored after migration, allow cell migration in
the collagen culture for 2–48 h in the incubator before fixation
(see Note 9).

12. If cells are monitored during migration, transport the cell-
collagen culture in a pre-warmed or warmth-preserving box
to the microscope and continue as described in
Subheading 3.3.

https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgithub.com%2FRTC-Microscopy%2FNuclear-Shape-Analysis&data=04%7C01%7CGert-Jan.Bakker%40radboudumc.nl%7Cd3833cfe3c1b4ea1339a08d9e59cfc65%7Cb208fe69471e48c48d87025e9b9a157f%7C1%7C0%7C637793284691102899%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=REUovmeAc8DDj4z7t13rovf9n6AN833TRevU8GhN1RY%3D&reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgithub.com%2FRTC-Microscopy%2FNuclear-Shape-Analysis&data=04%7C01%7CGert-Jan.Bakker%40radboudumc.nl%7Cd3833cfe3c1b4ea1339a08d9e59cfc65%7Cb208fe69471e48c48d87025e9b9a157f%7C1%7C0%7C637793284691102899%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=REUovmeAc8DDj4z7t13rovf9n6AN833TRevU8GhN1RY%3D&reserved=0
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3.2 Fixation and

Labeling (Optional)

1. Warm the 4% PFA solution to 37 °C.

2. Remove the culture medium from the cell-collagen cultures
and wash each gel with 1× PBS (37 °C).

3. Add pre-warmed 4% PFA solution and ensure submersion of
the entire gel. Incubate for 30 min at 37 °C (see Note 10),
protected from light.

4. Remove PFA solution and wash 3× 15 min with 1× PBS at
room temperature, protected from light.

5. For the cell-collagen gels formed in 6–24-well plate, fill a well
in a 48-well plate with 1× PBS (150 μL). Gently scoop the fixed
gel with a laboratory spatula into a 48-well plate. If the gels
were made directly in a 48- or 96-well plate, omit this step.

6. Carefully exchange PBS with permeabilization and blocking
solution (150 μL). Incubate for 1 h at room temperature.
Protect from light.

7. Remove the solution and wash 3× 15 min with 1× PBS
(150 μL).

8. Add 150 μL of a 5 μg/mL DAPI solution in 1× PBS for
10–60 min at room temperature (see Note 11).

9. Facultatively, prepare a primary antibody solution according to
manufacturer’s instructions (see Note 12).

10. Replace 1× PBS with the primary antibody solution (150 μL)
and incubate at conditions optimized for the particular anti-
body, protected from light (see Note 13).

11. Remove the primary antibody solution and wash 5× 15 min
with 1× PBS (150 μL).

12. Prepare appropriate secondary antibody solutions according to
manufacturer’s instructions. Add the secondary antibody solu-
tion and incubate at conditions optimized for the particular
antibody, protected from light.

13. Wash 5× 15 min with 1× PBS.

14. Transfer sample to a closed container and store at 4 °C (see
Note 14) or to an imaging chamber (Fig. 2b).

3.3 Imaging 1. Place the sample onto the stage of a confocal microscope
(in case of live-cell imaging, see Note 15).

2. Using bright-field or fluorescence mode for visual inspection,
focus through the 3D sample from its bottom to top and back,
and set the chosen “top” and “bottom” z positions in the
microscope software (Fig. 3a, left; see Note 16). To capture
an entire cell nucleus, at least one additional focal plane above
and below the imaged nucleus should be included in the
z-stack. The step size between respective focal planes should
not exceed 1 μm for imaging of fixed samples or 2 μm for live-
cell imaging (Fig. 3a; see Note 17).
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3. For live-cell imaging, set suitable time steps to image z-stacks
over time (Fig. 3a, right). For migrating fibroblasts or mesen-
chymal and epithelial tumor cells, 5- or 10-min steps, and for
leukocyte movement, 0.5-min steps are advised.

4. Image a region containing several randomly positioned cells
within a given imaging window. This applies to both fixed and
live samples (Fig. 3b and c).

5. For live-cell imaging, repeat scanning the predefined z-stacks
for the set time points. The overall duration of live imaging
may vary depending on the cell type and the kinetics of
the studied biological phenomenon [see Note 18; Fig. 3c
and Electronic Supplemental Movie 1 (on https://github.
com/RTC-Microscopy/Nuclear-Shape-Analysis)].

6. Collect and save multichannel z-stacks, optionally collected
over several time points.

3.4 Fiji-Based Image

Segmentation and

Quantification of

Single Images

1. Open Fiji software.

2. Install and open the macro: “Nuclear shape analysis.ijm” (see
Note 19).

3. Import an image z-stack for analysis (Fig. 4, top row, left; see
Note 20).

4. Run the macro (Fig. 4, top and middle row; see Note 21).

5. Deselect the incorrectly segmented nuclei (Fig. 4, middle left),
by clicking on respective outlines and pressing “Delete”.

6. Choose a directory in which the results should be stored.

7. Two files are created:

(a) A zip file “‘Image name’_RoiSet.zip” containing the seg-
mented regions of interest (ROIs) created in steps 4 and
5. This file can be loaded into the ROI manager by
dragging the file onto the Fiji window and can be used
for further analysis and image processing.

(b) A text file “‘Image name’_CompleteResults.txt”. This file
contains, per numbered cell nucleus (Fig. 4, middle row,
middle image), the determined values of the nuclear area,
the various shape descriptors (see Fig. 1), the calculated
NII values, and the roundness and solidity values, as addi-
tional shape descriptors calculated by Fiji (Fig. 4, bot-
tom). This data can now be further processed and
analyzed employing suitable software (e.g., GraphPad,
Excel spreadsheets, R, etc.).

https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgithub.com%2FRTC-Microscopy%2FNuclear-Shape-Analysis&data=04%7C01%7CGert-Jan.Bakker%40radboudumc.nl%7Cd3833cfe3c1b4ea1339a08d9e59cfc65%7Cb208fe69471e48c48d87025e9b9a157f%7C1%7C0%7C637793284691102899%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=REUovmeAc8DDj4z7t13rovf9n6AN833TRevU8GhN1RY%3D&reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgithub.com%2FRTC-Microscopy%2FNuclear-Shape-Analysis&data=04%7C01%7CGert-Jan.Bakker%40radboudumc.nl%7Cd3833cfe3c1b4ea1339a08d9e59cfc65%7Cb208fe69471e48c48d87025e9b9a157f%7C1%7C0%7C637793284691102899%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=REUovmeAc8DDj4z7t13rovf9n6AN833TRevU8GhN1RY%3D&reserved=0
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3.5 Analysis of

Nuclear Shapes

1. To test the power of the different shape descriptors, analyze
nuclei from cells that have migrated in collagen in the absence
or the presence of MMP inhibitor GM6001 (Fig. 5a, c). With
GM6001, note the loss of collagen defects and the change into
deformed nuclear shapes deviating from the typical roundish or
ellipsoid nuclear shape of proteolytic cells (Fig. 5c).

2. Analyze three example shapes (bead, elliptic nucleus, deformed
hourglass-shaped nucleus) (Fig. 5b). The corresponding shape
quantifications reveal that the broadest range of values and
therefore the highest sensitivity is achieved with NII.

3. When groups of objects are analyzed (beads, nuclei; Fig. 5c),
plot the respective selected shape descriptors in a graph
(Fig. 5d). The circularity analysis fails to detect a difference
between circle-shaped beads and nondeformed cell nuclei,
while the aspect ratio and NII shape descriptors show a signifi-
cant difference. However, a difference between cell nuclei in
controls and GM6001-treated cells is obvious for all shape
descriptors.

4. To better display the analytic power of particular shape descrip-
tors on nondeformed nuclei during proteolytic versus
deformed nuclei during non-proteolytic migration, display all
individual data points as two-dimensional plots combining
each two shape descriptors (e.g., NII and aspect ratio,
Fig. 5e). The combination of circularity and aspect ratio does
not reveal a population distinct from control cells after treat-
ment with GM6001 (see dotted square). Combining the NII
with the aspect ratio or the circularity morphometrics, how-
ever, reveals distinct subsets of proteolytically independent
migrating cells with highly deformed nuclei. Along the x-axis,
when compared to the y-axis, values were 2–3 times more
spread (see dotted rectangles), highlighting NII as a potent
and sensitive shape descriptor. We therefore recommend the
use of NII for the calculation of nuclear shapes during 3D cell
migration.

3.6 Fiji-Based Image

Segmentation and

Quantification of

Image Sequences

1. Open Fiji software.

2. Install and open the macro: “Nuclear shape change analysis.
ijm” (see Note 19).

3. Open a time stack containing a nuclear staining (see Note 22).

4. Using TrackMate plugin [17], create an image stack of labeled
tracks (see Note 23).

5. Run the “Nuclear shape change analysis.ijm” macro.

6. Select the image stack opened in step 3 as the mask image and
press “OK.”
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7. Select the image stack created by TrackMate in step 4 and press
“OK.”

8. Choose a directory in which the results should be stored.

9. The macro generates a spreadsheet containing nuclear shape
descriptors including ΔNII (similar to the table in Fig. 4), a
color-coded mask of nuclei tracked over time, and a zip file for
each segmented and tracked nucleus (see Note 24).

3.7 Analysis of

Nuclear Shape

Changes over Time

1. To display the changes of nuclear shape from an acquired time-
lapse sequence (Fig. 6a) over time, use readouts (e.g., NII)
from the generated spreadsheet (Fig. 6b) and visualize as
connected, individual NII data points of single nucleus per
time step (Fig. 6c).

2. To quantify the changes of nuclear shape over time, use read-
outs (e.g., ΔNII) from the generated spreadsheet to calculate
the mean ΔNII using the formula shown in Fig. 6d.

3. Consequently, visualize nuclear shape changes as mean ΔNII
(Fig. 6e), quantitatively describing the changes in nuclear shape
during cell migration, with nuclei of highest deformation
showing the highest values.

4. To ensure that the moving cells and their dynamically changing
nuclear shapes are assigned and segmented correctly through-
out the image sequence, load each ROI (generated per cell)
into Fiji and verify visually.

4 Notes

1. All nuclear shapes are measured from flat, maximal projected
images even though all cell nuclei in the experiment consist of
particular volumes. Although volume measurements are in
principle more correct, 3D segmentations consume time,
microscopy hours, and data space. By only quantifying the
shape of the projected “shadow” of the nucleus, in addition
to assuming isotropy when turning the nucleus around its
length axis, we, therefore, underestimate shape differences
between experimental conditions but offer a method of higher
practicality.

2. In principle, any container suitable for cell culture can be used.
If the 3D collagen culture is formed in a 6-, 12-, or 24-well
plate, the resulting drop gel can be moved to a suitable con-
tainer after collagen polymerization. If a 96-well plate is being
used, the resulting 3D cell-collagen culture fills half of the well,
and removing it from the well is not advisable. We suggest to
use a 96-well plate for culture, but with a bottom suitable for
fluorescence imaging.
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3. Pre-labeling of cells: transfected/transduced with tagged
nuclear label, such as H2B-XFP, or labeled with Hoechst dye
allowing imaging up to several hours.

4. In principle, collagen isolated from different sources can be
used, such as bovine, rat, or pig; available in different stock
concentrations and from different providers. For the polymeri-
zation protocol, follow the provided manufacturer’s instruc-
tions on the respective datasheet.

5. A 1.7 mg/mL rat tail collagen preparation is suitable for cell
motility of, e.g., fibrosarcoma tumor cells [16] but also
immune cells. Other collagen concentrations can be generated
as well [6].

6. If less volume is required, smaller cell-collagen mixtures should
be prepared. However, note that only around 80% of the
suspension can be pipetted, due to the viscosity of the collagen.

7. 100 μL of a cell-collagen suspension is optimal to form a dome-
like drop gel in a 12- (but also 6- or 24-) well plate or to fill half
a well in a 96-well imaging plate (Fig. 2b).

8. In the process of collagen polymerization, a substantial fraction
of the cells will sink to the bottom of the container before the
gel is polymerized. To avoid cell accumulation on the bottom,
the well plate must be turned repeatedly during collagen
polymerization.

9. The time needed for collagen-embedded cells to polarize and
migrate depends on the cell type used (usually 2 h for leuko-
cytes; 24-48 h for mesenchymal tumor cells). If a longer culture
period is needed, the medium should be replaced every 48 h.
Cells with high proteolytic and/or contractile activity may alter
the collagen matrix over time, resulting in gel detachment and
floating.

10. The fixation time may range from 15 to 60 min, based on the
volume of the gel. Note that a longer fixation period may cause
higher autofluorescence.

11. Nuclear staining by DAPI does not require membrane permea-
bilization and blocking. Hence if no antibodies are used, the
steps 9–12 from Subheading 3.2. Fixation and labeling can be
omitted. Nevertheless, a permeabilization step might improve
the quality of nuclear staining.

12. It is of utmost importance to ensure labeling by a primary
antibody is not a result of nonspecific staining, and labeling
with a nontargeting isotype control should be carried out in
parallel.

13. Labeling of several proteins can be carried out simultaneously
by utilizing a combination of primary antibodies originating
from different host animals and secondary antibodies
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conjugated to different fluorophores. Incubation conditions
depend on the volume of the gel and antibodies used, and
prior to serial antibody stainings, the dilutions, incubation
periods, and incubation temperatures need to be optimized.

14. For long-term storage, addition of an antimicrobial agent (e.g.,
0.04% sodium azide) is required. However, generally, sample
staining intensities deteriorate over time, and imaging within
48 h post-staining is advised.

15. In the case of live-cell imaging, cell culture conditions (37 °C,
5% CO2, and humid atmosphere) within the microscope stage
surrounding chamber should be stably equilibrated before
placing the sample onto the stage. The sample itself should
be allowed to accommodate to this environment for approxi-
mately 30 min before imaging.

16. When choosing the z-stack positions, avoid the region of high-
est cell density (the cells which are positioned in the 2D inter-
phase between the bottom of the collagen gel and the glass/
plastic bottom of the imaging chamber. To ensure that the cells
in focus are indeed located within the matrix, an entire layer of
cells above, as well as below the chosen focus range, should be
visible.

17. A z-step size of 1 μm is advised as nuclear protrusions and
chromatin herniations as small as 1–2 μm in diameter can
occur during confining migration [6]. However, during live
imaging, bigger z-step sizes of around 2 μm together with a
more open pinhole should be chosen to not compromise cell
viability during imaging.

18. Experiments with immune cells, for example, are usually mon-
itored for 0.5–4 h, while tumor cells may be monitored for
2–48 h or even longer periods.

19. A macro in Fiji can be installed by opening the tab “Plugins ->
Macros -> Install”. Installed macros can be opened by clicking
on “Plugins -> Macros -> Run” followed by selecting the
appropriate file, or the macro file can be dragged directly
onto the Fiji window.

20. The “Nuclear shape analysis.ijm” macro assumes a z-stack
image. Before running the script, the numerical value in line
10 needs to correspond to the nuclear stain (DAPI) channel.

21. The macro collapses the z-stack into one image. To the DAPI
channel, the Li’s Minimum Cross Entropy thresholding
method [18] is applied in order to generate a binary image
and creates size-defined ROIs that segment the boundaries of
the nuclei. It is advisable to test several thresholding methods
and select the one that provides the most reliable
segmentation.
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22. Proper thresholding of the nuclear signal is required to achieve
a correct morphometric analysis. The thresholding can be done
with “Nuclear shape change analysis.ijm” or manually. Further
details, as well as an example TIFF file with nuclear signal only,
can be found in “Nuclear Shape Change Analysis Manual”
available at https://github.com/RTC-Microscopy/Nuclear-
Shape-Analysis.

23. The free TrackMate plugin available for Fiji is used to generate
a stack of labeled tracks. A description on how to use Track-
Mate is beyond the scope of this paper and can be found on the
internet. Moreover, settings required for correct cell tracking
depend on many factors and have to be optimized for respec-
tive data sets. Of note, after successful tracking the stack with
labeled tracks can be exported from TrackMate via “Export
label image -> Execute -> Export spots as single pixels ->
OK”.

24. Due to automatic labeling of segments in TrackMate, cell
nuclei are annotated as “Tracks”. Note that as a result of
filtering strategies in TrackMate, the final data set may lack
particular tracks. In Fig. 6c, for instance, tracks 1, 5, 6, etc.
are missing.
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