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Live-cell imaging of human spermatozoa
using structured illumination microscopy
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Abstract: Structural details of spermatozoa are interesting from the perspectives of
fundamental biology and growing reproductive health problems. Studies of nanostructural
details of these extremely motile cells have been limited to fixed cells, largely using electron
microscopy. Here we provide the protocols for and demonstrate live-cell multi-color super-
resolution imaging of human spermatozoa using structured illumination microscopy (SIM).
By using patches of agarose for immobilization, we achieved four-channel 3D SIM imaging
of the plasma membrane, nucleus, mitochondria and microtubulin in the same living sperm
cells. We expect that high-resolution imaging of living spermatozoa will be implemented for
research on fundamental cellular mechanisms together with morphological aberrations
involved in male infertility for a future improved cell selection process in in vitro fertilization
treatments.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Research on subcellular organization of human reproductive cells and preimplantation
embryos is becoming increasing popular as it is considered to be important to tackle growing
reproductive health problems. Along with female infertility, male factor infertility is a
significant issue which may result from different causes, such as anatomical anomalies,
hormonal imbalances, infections or genetic abnormalities. However, the etiology of male
infertility remains undiagnosed in about one third of the cases [1,2]. Nowadays, male
reproductive health assessment is primarily based on sperm quality, and morphology is one of
the main characteristics evaluated in clinical practice. Changes in the ultrastructure and
general morphology of sperm cells serves as an indicator of the influence of different physical
(e.g. freezing in reproductive technologies) [3,4], chemical (occupational exposure to toxic
substances) or environmental factors on semen reflecting male reproductive health during life
[5,6].

Until recently, numerous studies have been performed to study the ultrastructure of sperm
cells using transmission electron microscopy (TEM) to obtain high resolution images [3,7-9].
Compared to TEM, optical microscopy often enables the analysis of living cells, resulting in
the elimination of artifacts specific to cell fixation, such as changed protein conformation
with associated loss of staining specificity [10,11]. Though a valuable tool, the diffraction
limit renders conventional light microscopy unable to resolve details finer than about 250 nm
laterally and 500 nm axially using a high-end microscope. Optical nanoscopy (or super-
resolution optical microscopy) encompass an array of techniques for overcoming the
resolution limit of conventional microscopy, opening avenues for studying biological samples
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in much greater detail than previously possible without the extensive sample preparation
required for electron microscopy [12].

Structured illumination microscopy (SIM) is a live-cell compatible super-resolution
technique that achieves greatly enhanced contrast along with a factor of two resolution
enhancement in all three spatial dimensions as compared to the diffraction limit [13]. For
biological structures just below the conventional resolution limit, SIM can thus be applied as
a tool for valuable additional structural information in living cells. In the case of sperm cells,
structural analysis using multi-color SIM offers opportunities for a more precise description
of disease specific defects responsible for infertility, like morphological aberrations
associated with teratozoospermia [14] or asthenozoospermia [15,16]. In addition to a better
description of morphology, we expect that live-cell studies of sperm cells at super-resolution
and enhanced contrast will contribute to a gain in knowledge about fundamental cellular
mechanisms that might be implemented for an improved reproductive cell selection process in
future in vitro fertilization (IVF) treatments.

The biggest hurdle for live-cell high-resolution imaging of sperm cells has been the
extreme motility associated with their progressive swimming (~66 pm/s [17]), in addition to
their free-floating nature as suspension cells. Until now, to the best of our knowledge, all
super-resolution imaging of human spermatozoa has been limited to fixed cells. Other
challenges associated with multi-color super-resolution microscopy of any cell type are
labeling, label induced toxicity and phototoxicity. Here we provide a methodology for
overcoming above-mentioned hurdles and demonstrate up to four-channel 3D SIM imaging
of different sub-cellular structures in living human spermatozoa. We also provide labeling
protocols and discuss associated challenges and opportunities.

2. Materials and methods
2.1 Sample preparation
Semen preparation

The Regional Committee for Medical and Health Research Ethics of Norway (REK-Nord)
approved the project. Experiments were performed using semen of donors from the IVF clinic
of the University Hospital of North Norway, Tromse, Norway. All participants signed a
written informed consent. Semen samples were collected according to the guidelines of the
World Health Organization (WHO) with an abstinence period of 3—5 days.

After liquefaction, semen samples were examined using light microscopy and Neubauer-
improved counting chambers. In the experiments, all samples contained no less than 60
million cells per milliliter and had progressive motility >50%. The swim up method was used
to wash the samples. The semen samples were diluted with 5 mL of sperm washing medium
(Sage) and centrifuged for 10 min at 700 x g. Supernatant was removed and the pellet was
washed again. After removing the supernatant, 0.5 mL of swim up medium was layered and
the tube was put into an incubator (5.0% CO,, 37°C). During 60 min of incubation, highly
motile spermatozoa migrated to the above layered medium. After incubation, the supernatant
was aspirated with pipette, centrifuged and the sediment was used for the following
procedures.

Labeling, immobilization and imaging conditions

Labeling and imaging were done at room temperature (~23°C) in PBS or Live Cell Imaging
Solution (Molecular Probes) as summarized in Table 1. For multi-color experiments, the label
requiring the longest incubation time was added to the cells first, and then sequentially the
rest of the probes, so that at the end of the incubation time, the cells had been subjected to
approximately the concentrations and labeling times as listed in Table 1. After incubation
with the labels, the samples were diluted in PBS (~1:15) and spun down using 800 x g for 10
min. The supernatant was removed and the samples resuspended in PBS to a concentration
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found suitable for the respective sample and experiment. Drops of about 8 pL were placed on
coverslips (#1.5 washed in 100% ethanol and placed in sample holders for live-cell
microscopy) and covered with refrigerated patches of ~2% agarose (High-resolution, Sigma-
Aldrich) in PBS. When the cells after a couple of minutes had become fully immobilized, the
samples were covered with a plastic lid to prevent further drying during imaging. SiR-tubulin
was purchased from Spirochrome (Cytoskeleton kit), while all other probes were purchased
from Thermo Fisher Scientific.

Table 1. Labeling conditions applied for SIM imaging

Label Concentration Incubation time
CellMask Orange 1:1000 10 min
MitoTracker Green 200 nM 20 min
Hoechst 34580 5 pg/mL 20 min
SiR-tubulin 1 uM 2h

2.2 Microscope

Images were acquired using a DeltaVision OMX V4 Blaze imaging system (GE Healthcare)
equipped with a 60X 1.42NA oil-immersion objective (Olympus), three SCMOS cameras, and
405, 488, 568, and 642 nm lasers for excitation. The vendor specified optical resolution of the
system (3D SIM) is 110-160 nm laterally, and 340-380 nm axially, depending on color
channel. To surpass the diffraction limit, this SIM set-up uses sinusoidal illumination patterns
and acquires 120 images per 1 pm z-stack thickness (3 illumination angles times 5 phase
shifts times 8 planes/um thickness) per color channel. Super-resolution 3D images are then
obtained via image processing using the reconstruction software described below.

2.3 Image processing

Deconvolution and 3D SIM image reconstruction were completed using the manufacturer-
supplied SoftWoRx program (GE Healthcare). Image registration (color alignment) was also
performed in SoftWoRx using experimentally-measured calibration values compensating for
minor lateral and axial shifts, rotation, and magnification differences between cameras.
Further image processing was done using Fiji/ImagelJ [18]

3. Results and discussion
3.1 Single-color imaging and immobilization

Immobilization using patches of agarose made high-resolution imaging of living spermatozoa
possible. Figure 1 shows fluorescence microscopy images of living spermatozoa acquired
using deconvolution microscopy (upper panel) and SIM (lower panel) for various live-cell
compatible probes (CellMask Orange, panels (a) and (e); MitoTracker Green, panels (b) and
(f); Hoechst 34580, panels (c) and (g); SiR-tubulin, panels (d) and (h)). The contrast and
resolution enhancement for SIM compared to conventional deconvolution microscopy is
apparent for all structures, but most prominent for the mitochondria-containing mid-piece,
panels (a), (b), (e) and (f), where structures around 100 nm length-scale are prominent. For
the nucleus, only minor contrast enhancement is visible, while for microtubulin (panels (d)
and (h)) the resolution doubling provided by SIM makes it evident that the centriole
(indicated by arrows) is completely separated from the rest of the axoneme.

Imaging from below through the coverslip (and not through the agarose) resulted in
images not significantly affected by the agarose with absorbed leftover dye. Imaging a few
planes below the agarose enabled us to acquire high quality SIM images of most of the living
sperm cells, although not for the uppermost part (0.2 - 0.3 pm) of the cells, which was stuck
in the agarose. To illustrate, the sample plane in Fig. 2(a) is unusable because of the signal
from the agarose (with absorbed leftover dye), while for the neighboring sample planes
shown in Fig. 2(b) and 2(c), the agarose is now above and not in the image plane, enabling us
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to observe the cell at high resolution and contrast. In the particular cell depicted, an
abnormally “puffed up’ membrane morphology is revealed, clearly different from the tightly
wrapped membrane in e.g. Fig. 1(e).

Though immobilization for live-cell microscopy using patches of agarose (often combined
with cell growth medium) is widely applied in microbiology (e.g. discussed in [19]), this
technique is not extensively used in the ‘eukaryotic cell community’. We expect this
immobilization technique applied here successfully for SIM of spermatozoa to be also
directly applicable to other types of suspension cells that are challenging to image live
otherwise. The addition of an agarose patch on top of the sample is suitable for imaging set-
ups where both illumination and detection are conducted through the coverslip (and not
through the agarose), as is often the case in fluorescence microscopy.

Deconvolution

=
Il
7]

Fig. 1. Comparison of deconvolution microscopy (upper panels) and SIM (lower panels)
images of living human spermatozoa for different probes. (a), (¢) Plasma membrane labeled
using CellMask Orange; (b), (f) Mitochondria labeled using MitoTracker Green; (c), (g)
Nucleus labeled using Hoechst 34580; (d), (h) Microtubulin labeled using SiR-tubulin. The
contrast and resolution enhancement are apparent for all probes, but most significant for the
region containing mitochondria (panels (a), (b), (e) and (f)), but also for the centriole, indicated
by arrows in panels (d) and (h). The images are single z-sections.

Fig. 2. Comparison of background signal in z-planes 2 (a), 3 (b) and 4 (c) counted from the
agarose patch (top) used for immobilization. The distance between the z-slices is 125 nm. The
agarose patch (with absorbed leftover dye) only causes significant background signal in the
uppermost planes. The cells were labeled using CellMask Orange, MitoTracker Green and
Hoechst 34580 and imaged live using SIM.
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Fig. 3. Four-channel SIM image of living human spermatozoa labeled using CellMask Orange
(yellow), MitoTracker Green (green), Hoechst 34580 (turquoise) and SiR-tubulin (magenta).
The image is a | pm maximum intensity projected z-stack.

3.2 Multi-color SIM imaging

Figure 3 shows a four-channel SIM image of living human spermatozoa labeled using
CellMask Orange, MitoTracker Green, Hoechst and SiR-tubulin. CellMask (yellow) labels
the plasma membrane and outlines the entire cell, MitoTracker (green) labels mitochondria in
the mid-piece clutching around the axoneme labeled using SiR-tubulin (magenta). Hoechst
(cyan) labels DNA and is here visible only in the lower part of the head. For multi-color
experiments, similar concentrations and labeling times were applicable as described for the
single-probe experiments, though the labels were added sequentially to fit their individually
optimized labeling time (with a single washing step in the end), resulting in slightly varying
concentrations compared to the single-color experiments. Multi-color super-resolution
imaging of living sperm cells unlocks exciting new possibilities regarding detailed analysis of
subcellular structures for various cellular conditions, that can be employed to e.g. better
understand diseases and the effect of different treatments in the field of reproductive
medicine.

Four-channel SIM imaging of living cells is in general challenging for four reasons in
particular: sample movement, photobleaching, phototoxicity, and depth-induced spherical
aberrations. Sample movement was effectively eliminated using agarose patches.
Photobleaching was countered using high labeling concentrations of bright photostable dyes
with lowered illumination intensities and instead longer exposure times (20-30 ms) to ensure
sufficient modulation contrast of the illumination pattern. Phototoxicity was not found
problematic for these experiments as only single time-points were considered, although the
four-channel imaging time for a 1.5 pm z-stack was around 20 s. Spherical aberrations were
mitigated in these samples, through optimization of the immersion oil refractive index in use
(1.516 was found appropriate for the four-channel imaging experiments), the tenuity of the
samples (~0.5 — 3 pum thickness) and the sample placement directly on the coverslip. For
thicker samples, spherical aberrations often cause SIM reconstruction artifacts, as the sample-
induced aberrations can only be optimally corrected for one channel at a time.

4. Conclusions and summary

We provide a methodology for live-cell imaging of human spermatozoa using SIM, which is
also applicable for a wide variety of other types of suspension cells and for imaging
techniques where both illumination and detection are conducted through the coverslip.
Labeling with fluorescent probes compatible with live-cell imaging, and subsequent
immobilization using patches of agarose, enabled up to four-channel SIM imaging that
revealed an unprecedented level of structural details of living sperm cells. This methodology
shows great promise for shedding new light on sub-cellular structures and cellular
mechanisms of the male reproductive cell in both healthy and diseased subjects, as live-cell
imaging at super-resolution enables a much more precise description of e.g. morphological
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aberrations responsible for infertility. As compared to electron microscopy, the proposed
methodology not only enables live-cell experiments, but also eliminates fixation steps and
fixation related artefacts. This enables reduced sample preparation time and allows for multi-
channel colocalization experiments by means of standard labeling protocols. In addition to a
better description of morphology, we expect that live-cell studies of sperm cells at high
resolution and contrast will contribute to an increased knowledge of fundamental cellular
mechanisms that might be implemented for an improved reproductive cell selection process in
IVF treatments in the future.
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