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Life science research often needs to define where molecules are located within the
complex environment of a cell or tissue. Genetically encoded fluorescent proteins and
or fluorescence affinity-labeling are the go-to methods. Although recent fluorescent
microscopy methods can provide localization of fluorescent molecules with relatively
high resolution, an ultrastructural context is missing. This is solved by imaging a region
of interest with correlative light and electron microscopy (CLEM). We have adopted a
protocol that preserves both genetically-encoded and antibody-derived fluorescent
signals in resin-embedded cell and tissue samples and provides high-resolution
electron microscopy imaging of the same thin section. This method is particularly
suitable for dedicated CLEM instruments that combine fluorescence and electron
microscopy optics. In addition, we optimized scanning EM imaging parameters for
samples of varying thicknesses. These protocols will enable rapid acquisition of CLEM
information from samples and can be adapted for three-dimensional EM.

Keywords: in-resin-fluorescence, correlated light and electron microscope, integrated light and electron
microscope, electron microscopy, light microscopy

INTRODUCTION

Our ability to define themolecular and cellularmechanisms of life often requires that specificmolecules
are detected in cell or tissue samples in the context of various subcellular structures. Correlative light
and electron microscopy (CLEM) does so by marking target molecules in a sample in such a way that
they can be visualized by light microscopy (LM), and their cellular context studied by electron
microscopy (EM). CLEM has been practiced in a more rudimentary form for many years, employing
enzyme-based (e.g., horseradish peroxidase) markers and specific stains, and using mainly
transmission electron microscopy (TEM) of osmicated thin sections. However, CLEM has evolved
over the last decade to a more mature methodology with different approaches, specialized equipment
and employing both scanning electron microscopy (SEM) and TEM (Müller-Reichert and Verkade,
2012). Currently, the most frequent way of marking molecules of interest is by using fluorescent tags
and then correlating fluorescence with ultrastructural EM imaging of the same sample. Of particular
interest are approaches that image living cells using fluorescence microscopy (FM) and then correlate
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these data with EM images acquired after fixation, high-pressure
freezing, and freeze-substitution (Brown et al., 2009). Alternatively,
fluorescence in a region of interest can be imaged, outlined by laser
branding, and the laser marks re-identified in EM for post-hoc co-
registration of the two images (Urwyler et al., 2014; Vints et al.,
2021). However, these methods are time-consuming and are often
comparatively imprecise. The problem of inaccurate correlation
represents a major issue for understanding the relationship
between individual molecules and small subcellular structures,
for example, intracellular vesicles, organelle contact sites, and
small subcellular domains such as the neuronal synapse.

A fundamental issue in achieving high accuracy CLEM is that
most FM samples are hundreds of nanometers or micrometers
thick, while TEM requires ultrathin sections (50–100 nm).
Therefore, the best way to alleviate the Z-integration problem
is to simultaneously image the same thin section with both types
of microscopy. New specialized CLEM instruments have been
developed that combine FM and EM optics in one unit to
facilitate this approach (Agronskaia et al., 2008; Peddie et al.,
2014). While one type of integrated light and electron microscope
(ILEM) combines fluorescence optics with TEM (Agronskaia
et al., 2008), the majority are SEMs. One representative ILEM,
used here, has a stage with fluorescent optics and an adapter
(SECOM-stage, Delmic, Delft, Netherlands, see also Zonnevylle
et al., 2013) that couples to a JEOL JSF7200 SEM (Tokyo, Japan).

Successful CLEM with these instruments still requires that
samples are prepared and labeled in ways that are compatible
with both forms of microscopy. FM is typically done with
minimal treatments, so molecules retain their native state and
structure, and, as a result, fluorescent proteins retain fluorescence
and macromolecules retain antigenicity. In contrast, EM requires
multiple treatments that alter macromolecular structures. Firstly, the
biological material is primarily composed of chemical elements with
low atomic numbers (carbon, oxygen, nitrogen, hydrogen) that
poorly scatter electrons and thus provide inherently low EM
contrast (Reimer and Kohl, 2008). Consequently, EM imaging is
typically performed after biological samples are incubated with
compounds containing high-atomic-number elements and that
bind to cellular structures like membranes and nucleic acids.
Secondly, high-resolution EM requires ultrathin sections of plastic
embedded samples. In order to prevent loss of cell-components like
proteins, membranes, etc. by extraction during dehydration and
infiltration of the plastic, samples are treated to form a crosslinked
and stable structure. This requires chemicals like glutaraldehyde and
osmium tetroxide, which alter the structure of most macromolecules
and strongly quench fluorescence signals in the sample (pre-
processing fluorescence; for example, from genetically encoded
fluorescent proteins or antibodies labeling). These treatments also
impair affinity labeling, like immunolabeling, and thereby reduce
post-embedding fluorescent signals (Griffiths, 1993; Watanabe et al.,
2011).

Sample fluorescence that remains preserved after embedding
is referred to as in-resin fluorescence (IRF). IRF is achievable via
high-pressure freezing, freeze-substitution, and the use of acrylic
embedding resins such as Unicryl, Lowicryl, or LR White. In
particular, Lowicryl resins can be polymerized by UV at sub-zero
temperatures, which is beneficial for the preservation of

membranes and protein structures (Kukulski et al., 2011;
Bharat et al., 2018). With interest in CLEM, their use has been
described for cultured cells (Peddie et al., 2014, 2017) and
zebrafish embryos (Nixon et al., 2009). It also enabled the
correlation of single-molecule localization microscopy and
SEM (Johnson et al., 2015). It appears that the presence of
water in the substitution medium improves the visualization of
membranes (Walther and Ziegler, 2002) and plays a role in the
fluorescence of GFP. This latter effect was demonstrated by the
re-occurrence of GFP-fluorescence that had faded under high-
vacuum upon allowing water to evaporate and enter the high-
vacuum chamber of the SEM containing the GFP sample (Brama
et al., 2015). This could be compatible with the fact that relaxation
of the excited state of GFP is related to a proton transfer chain
that includes water (Tsien, 1998). In line with this, reportedly
(Peddie et al., 2014), a short freeze-substitution protocol
(Mcdonald and Webb, 2011) as opposed to a longer one such
as applied to zebrafish embryo’s (Nixon et al., 2009), appears
necessary for retaining fluorescence in cells. The much smaller
cells would become too dehydrated with the longer FS-times
necessary to prepare the larger zebrafish embryo’s optimally.
Nonetheless, this subject still contains unknown factors, and
successful results have been obtained with longer FS-times and
cells (e.g., Kukulski et al., 2011). Here, with this in mind, we tested
different sample preparation conditions to optimize IRF,
resulting in a CLEM imaging method where IRF is used to
define the identity of specific neurons in ultrastructural images
of the mouse brain imaged with ILEM.

We also explore how to best use SEM to derive detailed
ultrastructure from thin sections. SEM- and ILEM-imaging of
thin sections uses backscattered electrons, as this signal
discriminates between atoms with high and low atomic numbers.
Therefore, biological samples are typically treated with, amongst
others, uranyl acetate to achieve this contrast. There are, however,
additional parameters that affect image quality. In the past, other
groups have obtained results with SEM-imaging of similar
preparations using different accelerating voltages and instruments,
while information on other parameters was sparse or lacking (Peddie
et al., 2014; Markert et al., 2016; Bouwer et al., 2017). More recently,
it was shown that biasing the sample can ameliorate SEM-imaging of
sections (Vos et al., 2021). In this study, we show how different
imaging parameters affect image quality and propose guidelines on
how to optimize basic SEM settings in function of section thickness
for high-resolution thin-section imaging.

Finally, all of the above considerations and the findings in this
paper are equally well applicable to 3D-CLEM by array
tomography, whether performing fluorescent and electron
imaging on separate equipment or using an ILEM as also used
in this study.

MATERIALS AND METHODS

Animals
All animal experiments were approved by the KU Leuven Ethical
Committee (protocol P019/2017) and were performed in
accordance with the Animal Welfare Committee guidelines of
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the KU Leuven, Belgium. In total, the brains of two 4 C57BL/6
mice and 2 virus-injected C57BL/6 mice at P21 were used. Mice
were euthanized with a mixture of ketamine and xylazine as per
institutional guidelines.

The lentiviral vectors harboring a green fluorescent protein
(GFP) reporter were kindly provided by Dr. J. de Wit (Schroeder
and De Wit, 2018). At P0, mouse pups mice were used for
neonatal stereotaxic virus injection. Pups were anesthetized by
hypothermia and then stabilized on a glass Petri dish filled with
ice to sustain anesthesia during the injection. After disinfection of
the injection area with 70% EtOH, 20 nl (around 1,010
transducing units/ml; diluted 1:10 in 1x PBS) of high titer
lentivirus with a non-targeting shRNA viral control vector
(TTCTCCGAACGTGTCACGT) (Wang et al., 2012) was
injected with a speed of 4 nl/s directly through the skin and
skull using a Nanoject II Auto-Nanoliter Injector (Drummond).
Bilateral injections in CA1 hippocampus were made using a
depth of 1.1 mm, with two injections per brain hemisphere.

Mice were transcardially perfused with 10ml of 4%
paraformaldehyde (PFA) (#15714, EMS, United States) in 0.1 M
phosphate buffer, pH 7.4 (hereafter “PB”) for 10min and then the
brains were postfixed overnight in the same solution at 4°C. Next
day, after washing twice in PB, 100 µm-thick coronal vibratome
sections of virus injection hippocampus and 80 µm-thick sagittal
vibratome sections of the cerebellum were made from. The discs of
1.35mm of ROI were cut from the vibratome sections of the
hippocampus and cerebellum with a punch and submerged in 10%
of BSA in 0.1 M PB solution as a cryo-filler.

Cell Culture
All culture media and sera are from Life Technologies. HeLa cells
expressing GFP in the cytoplasm were routinely grown in
Dulbecco’s modified Eagle’s medium (DMEM/F12)
supplemented with 10% fetal calf serum (FCS) and cultured in
10 cm Petri dishes. All cells were maintained in a humidified
chamber with 5% CO2 at 37°C.

HeLa PSEN1/PSEN2 knockout (HeLa dKO) cells were
generated with CRISPR/Cas9 genome editing as described
(Sannerud et al., 2016). Shortly, HeLa cells were double
transfected using JetPrime (Polyplus) with the pX330 plasmid
containing guide sequences against the genomic sequence target
for both PSEN1 (5′- ATGAGCCACGCAGTCCATTC -3′) and
PSEN2 (5′-TGTCACTCTGTGCATGATCG-3′). dKO clones
were selected by serial dilution. Full knockout was confirmed
by genomic sequencing and western blot analysis. For stable GFP
expression, lentiviral particles were produced by co-transfection
of Hek293 T cells with lentiviral plasmid (pCHMWS-GFP),
packaging plasmid (pCMV ΔR8.74) and envelope (pMD2. G)
plasmid using JetPRIME (Polyplus). HeLa dKO cells were
transduced with these viral particles diluted in normal cell
culture medium containing polybrene (8 ng/μl, Sigma). Cells
stably expressing GFP were selected with puromycin (3 μg/ml,
Sigma) 24 h after transduction.

In order to prevent proteolysis during the variable waiting
periods before actual high-pressure freezing, cells were fixed with
4% PFA in 0.1 M PB pH7.4, then washed, scraped and pelleted in
the same buffer to a final volume of 1.5 ml. Alternatively, cells

were not fixed at first but exposed to 0.05% Trypsin-EDTA
(#253000-054, Gibco, United States) to detach from the
bottom of the culture plate, washed with 0.1 M PB and
pelleted, and then finally fixed. In both cases, after pelleting
the cells at 200xg, they were resuspended in 10% BSA (A9647,
Sigma-Aldrich) as a cryo-filler, and finally pelleted at 1000xg.

Immunolabeling
The cerebellar sections were washed three times in 0.1 M PB
pH7.4 on ice for 10 min and incubated in 0.3% hydrogen
peroxide (H1009, Sigma-Aldrich) in the same buffer for
30 min on ice. After three washes with the same buffer again,
sections were incubated in 0.5% sodium borohydride (#71320,
Sigma-Aldrich) for 30 min at room temperature, followed by
three 10 min washes with 0.1 M PB. The sections were incubated
in blocking buffer containing 1% BSA, 0.01% glycine (G7126,
Sigma-Aldrich), 0.01% lysin (L5501, Sigma-Aldrich), 1% normal
donkey serum (D9663, Sigma-Aldrich), 0.05% Triton X-100
(#22146, EMS), 0.1% cold water fish gelatin (#25560, EMS) in
0.1 M PB for 2 h on ice. Samples were stained with primary
antibody, mouse anti-Calbindin-D28 K (#AgCB10 abs, Swant,
Switzerland), at 1:5,000 dilution in the same blocking buffer, at
4°C overnight. The following day, slices were washed four times in
0.1 M PB on ice and probed with secondary antibody, donkey
anti-mouse conjugated to Alexa Fluor 488 (A-21202, Invitrogen)
at 1:200 dilution in blocking buffer for 2 h on ice.

High-Pressure Freezing (HPF) and
Freeze-Substitution (FS)
For high-pressure freezing, cells or discs (1.35 mm diameter)
punched out of hippocampal or cerebellar tissue slices (100 µm
thick) were loaded in membrane carriers of a HPF (Leica
EMPACT2) and vitrified at 2050 bar. The frozen carriers were
stored under liquid nitrogen until further processing.

The frozen samples were freeze-substituted in a Leica AFS2
apparatus using our protocol (see below and Table 1) based on
the original quick-freeze substitution (QFS) protocol (Mcdonald
and Webb, 2011; Peddie et al., 2014), In addition, we constructed
a sample holder to hold the samples during the QFS-run, but that
fits snugly into the Leica AFS2 apparatus as well, and facilitating
the transfer of the carriers from QFS-holder to the flow rings of
the AFS (see Supplementary Figure S2).

Briefly, the membrane carriers with samples were transferred to
cryotubes (72.694.005, Sarstedt, Germany) with 1.5 ml of freeze-
substitution (FS) medium, containing 0.1, 0.2, or 0.5% uranyl
acetate (#02624-AB, SPI) and 5% dH2O in acetone
(#1002990500, Merck), and placed in a QFS-holder. After
loading the QFS-holder at −180°C, the liquid nitrogen was
removed from the QFS-box, the box was closed and allowed to
reach −80°C. After reaching −80°C temperature, the QFS-holder
was tipped on its side, the box closed again and agitated on a rotary
shaker at 50 cycles/min. The temperature was monitored, and at
−50°C, the QFS was stopped and the QFS-holder transferred swiftly
to the waiting pre-cooled to −50°C Leica AFS2 apparatus. Our
holder fits precisely in the space left in the AFS2 chamber when
solution exchange bottles are left out, but flow rings left in place.

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 7376213

Baatsen et al. Preservation of Fluorescence Signal in Block

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


After transfer of the carriers to the flow rings filled with acetone pre-
cooled to −50°C, the QFS-holder is removed from the chamber and
solution exchange bottles, filled with acetone, ethanol (#7103,
VWR) and Lowicryl HM20 (#02628-AB, SPI), are inserted in
the AFS2 chamber. The first bottle of acetone for washing is
already pre-cooled to −50°C during transfer of the carriers and
the remaining bottles are cooled to −50°C during the first two
washing steps with acetone. The samples are kept in their cryotubes
with FS medium at −50°C until the time elapsed from the moment
the temperature had reached −80°C (start of agitation) had reached
1.5 h. This is comparable with the protocol by Peddie et al. (Peddie
et al., 2014), who try to keep the time elapsed from the insertion of
the carriers onto the frozen FS-medium (about −150°C) until the
start of washing in acetone at −50°C, the same for every FS run at
3 h. In our case, we chose not to take the melting point of acetone
(−95°C) as starting point; taking −80°C as a start of this period is
more relevant, as at that temperature, the FS- medium can be
considered molten and enveloping the samples entirely.
Furthermore, the rate of freeze-substitution at −95°C is about 0
in the presence of 5%water, (as we have used to improvemembrane
preservation and preserve fluorescence), as elegantly demonstrated
by Humbel and Müller (1985) by following substitution rate using
tritiated H2O release from the sample in the substitution medium.
Even at −80°C it takes days to substitute a test strip infiltrated with
methylene blue which release in the substitution medium reflects
progression of the substitution process as shown earlier by Zalokar
(1966). Thus, we take this period starting at −80°C till first washing
step as 1.5 h. The remaining steps follow the protocol as described
by Peddie (Peddie et al., 2014), except that here ethanol was used for
the last step prior to infiltration by Lowicryl HM20 resin and in the
infiltration mixtures (see Table 1). Finally, the samples were
polymerized at −50°C using UV.

Microtomy and Imaging
For SEM imaging, serial sections of different thicknesses
(50–500 nm) were cut on a Leica Ultracut S ultramicrotome.
Sections were collected as ribbons of four to five sections on an
ITO-coated coverslip [Pluk et al., (2009) resistivity 15–30 Ohm;
#06472-AB, SPI], and glow-discharged in a Leica ACE600 coating
unit. For TEM, ultrathin 70 nm sections were cut and deposited
on 200 mesh support grids (#01801, Ted Pella, United States).

ITO coverslips with sections weremounted to a holder that could
be fitted onto the SECOM stage (DELMIC, Delft, Netherlands),
which in turn was mounted to a door that would fit the SEM (JSM
7200F LV, JEOL, Japan), comprising our ILEM. This way, the same

area of interest could be observed by fluorescence imaging with a
Plan Apo VC 100x oil immersion objective lens with a NA of 1.4
(SECOM), followed by electron imaging (SEM). In several tests
(Figures 2–4, Figure 6), sections were imaged by recording BSE
signals in a Zeiss VP Sigma SEMand aGatanOnPoint BSE-detector.
When needed for improving EM imaging, after imaging with ILEM-
SEM (Figure 7C and Figure 8A–C, left), we post-stained the ITO
coverslip with 4% uranyl acetate and Reynold’s lead citrate
(Reynolds, 1963) before imaging again the same ITO coverslip
(Figure 8C, middle and right).

For observation of ultrastructural details, images were taken
with a TEM (JEM1400-LaB6, JEOL, Japan) operated at 80 kV and
equipped with an Olympus SIS Quemesa 11 MP camera.
Photographs were taken at various magnifications (0.6–20 kx).
None of the grids were post-stained.

For verifying fluorescence in resin blocks we used widefield
fluorescent imaging (dry, no coverslip) with a Zeiss Axioplan 2
equipped with a Hamamatsu ORCA-SPARK camera and Plan-
NeoFluar 63x lens (Figure 2A). For fluorescent imaging prior to
study in the ILEM, we mounted sections on microscopic slides
without coverslips and imaged with a Nikon TiE inverted C2
confocal microscope with a Plan Apo VC 20x dry lens (Figures
1A–D, Figure 2B right, Figure 7B) and Plan Apo 10x dry lens
(Figure 2B left, Figure 7A).

Probe current measurements in the SEM (Zeiss Sigma) were
done at some different imaging parameters. To this end, a stub with
a Faraday cup (#651-F, Ted Pella, Redding CA, United States)
absorbing all impinging electrons and hence allowing to measure
the probe current, was placed in the SEM, and imaging parameters
were varied in a range typically used for imaging resin sections with
biological material. For all SEM imaging in this study, a standard
aperture of 30 µm was used.

Monte Carlo Simulation
For simulating interaction volumes of electrons and a carbon
sample, we used the program Win XRay, (copyright 2002–2015
McGill University), by Demers, Horny, Gauvin, and Lifshin.

RESULTS AND DISCUSSION

IRF of Cultured Cells
We set out to identify conditions that optimally balance
fluorescent signal retention with the preservation and
contrasting of cellular structures for EM. As a starting point,

TABLE 1 | IRF protocol with freeze-substitution steps after transfer of samples from QFS-box to Leica AFS2 freeze-substitution apparatus. QFS,quick-freeze substitution.

Reagent Temp Time Repeats

Acetone −50°C 20 min 2x
Ethanol −50°C 20 min 1x
20, 40, 60, 80% HM20/ethanol −50°C 45 min each step 1x
100% HM20 −50°C 8 h 1x
100% HM20 −50°C 2 h 3x
100% HM20 - UV polymerization −50°C 48 h 1x
100% HM20 - temperature rise with UV polymerization −50 - 20 °C 16 h 1x
100% HM20 - UV polymerization 20°C 48 h 1x
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we focused on conditions described by Peddie et al. (Peddie et al.,
2014), but varying uranyl acetate percentages in the substitution
medium for embedding. Importantly, samples were washed with
ethanol immediately prior to the first infiltration step with
Lowicryl HM20 acrylic resin (see Table 1 for details); a
procedure previously reported to improve Lowicryl HM20
resin infiltration into biological samples at the end of a freeze-
substitution (Monaghan et al., 1998). As pointed out (see
Introduction), the presence of water is important for improved
ultrastructure and fluorescence of GFP. In our current set-up,

water vapor cannot enter the SEM specimen chamber, hence we
verified fluorescence outside the specimen chamber.

HeLa cells expressing green fluorescent protein (GFP) were
collected by fixation and scraping or by trypsinization. Scraped
cells were lightly fixed (4% paraformaldehyde, PFA) to prevent
excessive ultrastructural damage that could be expected to be
caused by the scraping procedure. It should be noted that fixation
with formaldehyde can still cause artifacts like nuclear
granulation (Hayatt, 1981) and “false” septate junctions (Nistal
et al., 1978). Nonetheless, for practical reasons, we have opted to

FIGURE 1 | Fluorescence and TEM micrographs of HeLa cells after IRF protocol. (A) Cells fixed with 4% PFA and scraped, then processed with 0.1% uranyl
acetate; (B) Trypsinized cells freeze-substituted with 0.1% uranyl acetate; (C, D) Trypsinized cells freeze-substituted and processed with 0.2 and 0.5% uranyl acetate,
respectively. Immunofluorescence light microscopy imaging with a Nikon TiE inverted C2 confocal with Plan Apo VC 20x dry lens (left column), TEM at low and high
magnification (resp. middle and right column); images in the right column correspond to boxed regions. Note the preservation of fluorescence in conditions
(A–C) and the best ultrastructure in (C–D). IRF, in-resin fluorescence; PFA, paraformaldehyde; TEM, transmission electron microscopy; UrAc, uranyl acetate. Scale bars:
left column � 20 μm; middle � 2 μm; right � 1 µm.
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use formaldehyde fixed cells to draw a similar baseline for all the
samples and relate to our tissue of interest, more specifically brain
slices (see below). We tested 0.1, 0.2 or 0.5% uranyl acetate during
freeze-substitution. After processing, it appeared that the fixed
and scraped cells showed fluorescent signal and ultrastructure in
resin sections similar to the trypsinized cells (Figure 1A vs
Figure 1B). However, we found that the resin-embedded
sections of HeLa cells retained strong fluorescence when
treated with 0.1% or 0.2% uranyl acetate (Figure 1A–C, left),

whereas the signal was strongly quenched by 0.5% uranyl acetate
(Figure 1D, left). In terms of TEM, freeze-substitution with 0.1%
uranyl acetate resulted in poor ultrastructural preservation,
including discontinuous labeling of membranes and the
appearance of empty regions of cytoplasm (Figure 1B, middle
and right).

In contrast, many cellular structures like the Golgi apparatus,
endoplasmic reticulum, and mitochondrial cristae were more
easily identified in samples freeze-substituted in 0.2% uranyl

FIGURE 2 | Fluorescence and electron micrographs of mouse hippocampus tissue; IFR protocol freeze-substituted with 0.2% uranyl acetate. The fluorescent signal
was preserved in a 100 µm hippocampus slice after IRF protocol as observed in the resin block imaged with widefield Zeiss Axioplan 2 with Plan-NeoFluar 63x lens. (A) and
after thin sectioning imagedwith a Nikon TiE invertedC2 confocal microscopewith a Plan Apo VC20x dry lens (B, right) and Plan Apo 10x dry lens (B, left). An enlarged view
of the area enclosed in the black square in the left image of (B) shows pyramidal cells in CA1 (B, right). (C, D) TEM imaging of GFP positive CA1 hippocampal cells,
showing good ultrastructure. (D) A higher magnification image of the area indicated by the black box inC. (E, F) same sample block as in (C, D), but imaged by SEM using a
BSE detector (GatanOnPoint detector) at 1 kV. The image quality (inverse contrast) is comparable to TEM imaging.WD � 6 mm. Section thickness � 100 nm. Abbreviations:
BSE, backscattered electrons detector; GFP, green fluorescent protein; IRF, in-resin fluorescence; SEM, scanning electron microscope; TEM, transmission electron
microscopy; UrAc, uranyl acetate; WD, working distance. Scale bars: A, B left � 100 μm; B, right � 40 μm; C, E � 1 μm; D, F � 0.5 µm.
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acetate (Figure 1C, middle and right) or 0.5% uranyl acetate
(Figure 1D, middle and right). We concluded that 0.2% uranyl
acetate provides the best compromise between fluorescence
preservation and TEM detection of cellular ultrastructure.
However, the tested 0.1% uranyl acetate treatment after fixing
cells in situ on the tissue culture plates and then scraping
(Figure 1A), displayed improved ultrastructural preservation
and very well delineated small subcellular structures, even
despite the sub-optimal uranyl acetate concentration. Early
fixation, therefore, provides additional structural preservation
and can compensate for lower uranyl acetate concentrations.

Results from earlier experiments by others (Kukulski et al.,
2011) demonstrated that very nice ultrastructural preservation is
possible with 0.1% uranyl acetate in the freeze-substitution
medium. These results can be explained by some differences
with the current study, most notably the long substitution time,
but perhaps also the use of TEM (having better resolution and
other contrast mechanism than SEM) and post-staining of the
yeast cells. At the same time, as will be shown below, we have
found that it is important to determine the best match between
section thickness and accelerating voltage for BSE-SEM study of
sections, and could also obtain reasonable results with 0.1%
uranyl acetate (see Figure 4, 1 kV).

IRF of Brain Samples
We applied the optimized IRF preparation protocol for
cells–freeze-substitution in 0.2% uranyl acetate (Figure 1C) to
lightly fixed (4% PFA) mouse brain tissue where GFP was
expressed in hippocampal pyramidal neurons (Figure 2). We
opted for formaldehyde fixation despite the possibility of
occurring artifacts as it prevents anoxia-induced ultrastructural
changes that start to occur very early on during the sample
preparation process. At the same time, formaldehyde fixation
will also allow other standard preparation steps, including pre-
embedding staining and other procedures on the brain slices
before high-pressure freezing. We again saw well-preserved
fluorescence: there was a strong fluorescent signal from the
resin-embedded tissue block (Figure 2A), as well as the
resulting thin sections (Figure 2B). Again, the protocol
provided good contrast and preservation of ultrastructure in
TEM imaging (Figure 2C) sufficient to resolve synapses,
organelles, and other cellular details (Figure 2D). Next, we
examined the same samples with our Zeiss Sigma SEM
equipped with a backscattered electron detector (BSE; Gatan
OnPoint). This SEM allows for relatively rapid navigation and
optimization of SEM imaging conditions as compared to the
ILEM system. This is because, with the ILEM, stage navigation is
controlled by the SECOM stage control software that has no
navigation functionalities such as image navigation. The
optimization parameters, obtained with the Zeiss SEM and
described here, were then used for imaging samples with the
ILEM system in this paper. It appeared that this tissue sample also
proved to be compatible with good contrast SEM imaging
(Figure 2E and Figure 2F), in fact, comparable to that
acquired by TEM (Figure 2C and Figure 2D). This
observation is contrary to our expectations that − as
mentioned in the introduction − for larger samples to

combine the preservation of fluorescence and ultrastructure
would require longer FS-times than for cells (Peddie et al.,
2014). After all, tissue would present a “continuum” of
membranes functioning as barriers reducing the diffusion rate
of uranyl acetate to the core of the tissue. In the case of cells, the
surrounding filler (BSA) would not pose such a barrier. We then
re-tested the range of uranyl acetate concentrations in the freeze-
substitution medium to determine if further improvement was
possible. This was not the case, and results were in-line with the
HeLa cell data (data not shown): 0.2% uranyl acetate provides
better membrane contrast and definition than 0.1% uranyl
acetate, while higher concentrations are incompatible with IRF.

Tuning SEM Imaging Conditions
There are several ways that SEM image acquisition settings
influence image quality, in terms of signal-to-noise ratio,
contrast, resolution, as well as sample charging effects.
These are poorly investigated for thin section imaging and
are important to define, given that they are central to achieving
high-quality CLEM with an ILEM. SEM settings also interact
in complex ways. For example, higher probe currents elevate
the signal-to-noise ratio, but simultaneously also tend to
charge the sample, resulting in drift and bad image quality;
higher accelerating voltages increase resolution, but typically
again at the expense of charging the sample; reduced working
distance (WD) improves image resolution, but alters the
collection angle for the backscattered or upper electron
detectors. On top of these, sample charging is also related
to (low) conductivity of the sample, which will cause local
heating and hence the expansion of the sample and plastic
deformation.

We first focused on the relationship between accelerating
voltage and thin section image quality parameters. This
experiment used trypsinized cell samples, freeze-substituted
in 0.2% uranyl acetate, that performed well in TEM
(Figure 1C). We saw gradual improvements in image
contrast as we stepped the voltage from 10 to 3 kV
(Figure 3A). Surprisingly, however, the shift from 3 to
1.5 kV (Figure 3A, right vs Figure 3B–C) remarkably
improved image quality. On further inspection, we
determined that improvements involved more than just
altered contrast (Figure 3A); the transition from 10 to 3 kV
(Figure 3A) appeared to gradually unveil ultrastructural details,
which were then entirely revealed at the 1.5 kV setting
(Figure 3B and Figure 3C). We also imaged a sample
prepared with 0.1% uranyl acetate at the optimal 1.5 kV
accelerating voltage (Figures 3D,E). In this case, we saw low-
contrast, poorly defined membranes, alongside some charging
(Figure 3C vs Figure 3E), suggesting that the concentration of
high atomic number elements has a role in the background
signal.

We reasoned that the as yet unknown masking of
ultrastructural details (Figure 3A) might relate to charging
of the samples. The charging of a sample occurs when not all of
the electrons received by the sample can be conducted to
ground or scattered by the sample, resulting in a build-up
of a negative charge. This in turn repels incoming electrons
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and saturates the electron detector; images taken of charged
samples typically show very bright areas and white streaks.
Thus, sample charging relates to the electron dose received per
unit area on the one hand and to the conductivity of the sample
and quantity of scattered electrons on the other hand. First, we
will address electron dose, which is affected by a number of
imaging parameters. These include probe current, which, in

turn, is affected by the accelerating voltage and can be varied
independently to a smaller or larger extent on some
instruments, e.g., our Zeiss Sigma and JEOL JSM7200 SEM,
respectively. Along the same lines, the dwell time per pixel, and
pixel size (in turn, related to magnification), may also affect
sample charging. Hence, for a certain probe current, longer
dwell-times will result in a higher electron dose, and for a

FIGURE 3 | The effect of accelerating voltage and different concentrations of uranyl acetate on image quality (inverse contrast). All images are acquired by SEM and
BSE-detector. (A) By lowering the accelerating voltage from 10 kV (A, left) to 5 kV (A, middle) to 3 kV (A, right) imaging of ultrastructural features of trypsinized cells
freeze-substituted with 0.2% UrAc gradually improves. (B, C) However, the same cells imaged by SEM at 1.5 kV have superior quality, as judged by nuclear details (B)
and cristae of the mitochondria in an enlarged view of the area (C) from the black box in (B). (D) Images of representative trypsinized cells freeze-substituted and
processed with 0.1% UrAc and imaged with 1.5 kV display a drop in the image quality compared to cells processed with 0.2% UrAc and imaged with same accelerating
voltage (B, C). WD A left � 6.6 mm, middle � 6.9 mm, right � 7.6 mm; (B, C) � 9.7 mm; (D) � 9.9 mm. Section thickness � 200 nm. Abbreviations: BSE, backscattered
electrons (Gatan OnPoint detector); SEM, scanning electron microscope; UrAc, uranyl acetate; WD, working distance. Scale bars: (A, B, D) � 1 μm; (C, E) � 0.5 µm.
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certain probe current—dwell time combination, smaller pixel
size will increase the electron dose as well.

We first investigated the relation between probe current and
accelerating voltage (see Materials and methods), and found very
similar electron doses across the range of tested accelerating
voltages: 900 electrons per nm2 with 1–5 kV, and 1,200
electrons per nm2 at 10 kV (Table 2, example 1–5). It should
be noted that at higher accelerating voltages (>10 kV), the
electron dose increases notably (see Supplementary Figure
S1). Data in Table 2 were obtained at WD between 5 and
6 mm, at which we did all our SEM-imaging, but in this

range, the probe current hardly changes, as is also apparent
from Supplementary Figure S1.

The measurements also show how dwell times–expectedly–affect
electron dose (Table 2, example 6 and 7: a 32-fold decrease in dwell
time proportionally affects electron dose). We, therefore, examined
whether dwell times caused sample charging and thus accounted for
masking of ultrastructural details. However, the high level of masking
of ultrastructural details in images acquired at a 5 kV accelerating
voltage was similar when these were acquired at a 128 µsec, or an
8 µsec per pixel dwell time (Figure 4). Moreover, images acquired at
1 kV accelerating voltage were all of high quality, regardless of dwell

TABLE 2 | The effect of some imaging parameters on electron dose. Mag, magnification; Pxl, pixel size; Acc V, acceleration voltage; WD, working distance.

ImageName -Mag WD
[mm]

Pxl [nm] Acc V [kV] Dwell
time [µs]

Probe
current [pA]

Electron dose
[electrons
per nm2]

Effect

example 1–25 K x 5 8 1 50 180 870 No effect with increasing Acc V
example 2–25 K x 5 8 1,5 50 180 870
example 3–25 K x 6 8 3 50 175 840
example 4–25 K x 6 8 5 50 186 900
example 5–25 K x 5 8 10 50 249 1,200 Little effect with higher Acc V
example 6–25 K x 6 8 5 256 186 4,590 Big effect with higher/lower dwell

timeexample 7–25 K x 6 8 5 8 186 140

FIGURE 4 | The effect of varying dwell time on image quality. All images are taken from trypsinized cells freeze-substituted and processed with 0.1% uranyl acetate,
and imaged by SEM and BSE-detector at an accelerating voltage of 1, 2 and 5 kV. Clearly the image quality was optimal at 1 kV with well resolved mitochondrial details
and nuclear envelope. However, at 2 kV the image started to display blob-like structures and at 5 kV no cellular ultrastructure could be discerned; only the blobs were
very clear. Reducing the dwell time from 128 µs (third row) per pixel to a mere 8 µs (top row) per pixel has nomajor effect on the image quality, at none of the tested
accelerating voltages. WD 1 kV � 6.1 mm; 2 kV � 4.7 mm; 5 kV � 4.1 mm. Section thickness � 150 nm. Abbreviations: BSE, backscattered electrons (Gatan OnPoint
detector); WD, working distance; UrAc, uranyl acetate. Scale bars: 0.5 µm.
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time. Only at 8 µsec per pixel the contrast dropped (because of too low
signal). It, therefore, seems that masking of ultrastructural details that
appears in SEM thin section imaging is unrelated to sample charging
by an increased electron dose.

As far as the other factors potentially responsible for sample
charging are concerned, sample conductivity does not change in
function of imaging parameters, as the same area was imaged in
these experiments. Moreover, higher accelerating voltages may be
expected to decrease the probability of sample charging, as will
become clear in the next section. This is in contrast with the
finding that image quality gets worse with higher accelerating
voltage. Hence, increased accelerating voltage within the range
used in our experiments, does not affect image quality through
charging, neither through increased electron dose nor by the
decreased quantity of escaping electrons.

Monte Carlo Simulations for SEM Imaging
Conditions
We next hypothesized that image quality—as defined here as
“containing well discernable cell-structural information” is
determined by an interplay of section thickness and accelerating
voltage. This is based on considering that the regions of interest are
imaged by backscattered electrons, reflected by the high atomic
number metals added to the sample. They originate from deeper
regions in the section. Another class of electrons, secondary electrons
(SE), originate from a more superficial layer of the section and
primarily informs us on the topography of the section. Increasing the
acceleration voltage also increases the depth of penetration of the
electrons into the section. Hence, it might well be that for a certain
section thickness, there will be a maximum acceleration voltage
above which the contribution of backscattered electrons will be
marginal, as they would originate from regions below the section.

Therefore, we performedmathematical Monte Carlo simulations
to predict an “interaction volume” where entering electrons interact
with atoms in a sample. Thus, we simulated interaction volumeswith
samples composed of carbon and respectively 0, 1, 10, and 100%
uranium. Interestingly, we find that even up to 10% uranyl acetate,
the interaction volume does not differ from simulations with lower
percentages of uranyl acetate. On the other hand, samples containing
100% uranyl acetate displayed a markedly smaller interaction
volume (see Supplementary File MC simulations). He et al.
(2018) estimated maximally 3% heavy atoms in the most heavily
stained areas of a very strongly contrasted piece of liver tissue. In
comparison, our preparation (max. 0.2% uranyl acetate) can hardly
be called “heavily stained” and therefore, the interaction volumes for
0–10% can be regarded as representing our samples. Figure 5
demonstrates how this interaction volume is affected by
accelerating voltage. At 10 kV, electrons interact with sample
atoms to a depth of about 1 μm, and at 2 kV only of 100 nm.
Thus, for thin sections, higher accelerating voltages beam electrons
through the sample to the indium-tin-oxide (ITO)-coating of the
coverslips used in SEM and/or ILEM system. As seen in Figure 5B,
imaging a 100 nm section at 10 kV, the entering electrons primarily
generate secondary electrons (yellow) in the sample section, and
there are a few backscattered electrons-producing interactions (red).
At 5 kV, backscattered electrons are also generated in the section, but

some of these penetrate through the section and will be dissipated by
the ITO-layer.

In contrast, at 3 and 2 kV, all backscattered electrons arise
from interactions in the thin section, thus producing the highest
backscattered-/secondary electron (BSE/SE) ratio and maximal
compositional information. At too low accelerating voltages, the
interaction volume will not reach the ITO layer and may cause
charging (Figure 5B, see 2 kV). The simulation can explain why
our thin section images had less cellular information if acquired at
a 10 kV compared to 3 kV accelerating voltage (Figure 3A). Our
hypothesis is supported by the observation mentioned above, that
masking of ultrastructural details observed in the BSE-image
disappeared by lowering the accelerating voltage from 5 to
1.5 kV (100 nm section) (Figure 3).

We further experimentally tested the prediction from the model
that thinner sections would require lower accelerating voltages
(Figure 6 and Supplementary Figure S3). For 300 nm sections,
we collected good quality images at 1.5 kV (Figure 6A, left), 2 kV,
and 3 kV (Figure 6A, middle and right). For 200 nm sections, 1.5 kV
(Figure 6B, left) and 2 kV (Figure 6B, middle) generated high
contrast images, while quality deteriorated at 3 kV (Figure 6B,
right). In contrast, all tested accelerating voltages imaged a 50 nm
section poorly (Figure 6C and Supplementary Figure S3). Thus, it
appears that the thinner the section, the lower the acceleration
voltage at which this “image quality breakdown point” occurs. In
fact, 5 kV was also effective, and interfering masking of

FIGURE 5 | Monte Carlo simulations of the interaction volume of
electrons and carbon, demonstrating the relationship between penetration of
electrons in a sample and accelerating voltage of the SEM. (A) Simulated
interaction volumes in carbon sample in function of accelerating voltage
of the SEM. (B) A schematic indication of the regions of interaction volume that
produce secondary electrons (yellow region) and backscattered electrons (red
region) is added. Abbreviations: ITO, indium-tin-oxide; SEM scanning electron
microscope.
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ultrastructural details only appeared at a 10 kV accelerating voltage
(Supplementary Figure S3). For example, in 300 nm sections,
“image quality breakdown point” occurs at 5 kV, while in 50 nm
sections, it occurs at 1.5 kV (see Table 3 and red demarcating line in
Supplementary Figure S3). As repeated imaging at different
accelerating voltages of the same area will deteriorate the image,
the sequence of imaging was reversed without any relevant effects
(data not shown). Moreover, in Supplementary Figure S3 the
imaging sequence in each section was 3, 2, 1.5, 1, 5, 10 kV. If
masking of ultrastructural details were due to repeated imaging the
same region, deterioration would be expected in this order as well.
However, in particular in case of the 100 nm section, we see an
opposite effect; from 3 to 1.5 kV the image quality improves. Our
data imply a relationship between acceleration voltage and section
thickness. The exact values of these parameters will depend on the
experimental setup used, for instance, different BSE-detectors,
different SEM, etc. Also, the type of substrate—silicon wafer,
Kapton tape - may affect the outcome; in this respect, it may be
relevant that BSE detectors may display some sensitivity to
cathodoluminescence, invoked by the interaction of electron
beam and ITO. Nonetheless, these observations confirm our

prediction and support our hypothesis that image quality
(observed in Figure 3A) was compromised by an interaction
between section thickness and acceleration voltage.

Imaging with ILEM-SEM for simultaneous
fluorescence and electron signal detection.
Finally, we further optimized these protocols for imaging with a
simultaneous fluorescence and electron signal system (ILEM-
SEM) and antibody labeling as a fluorescence source. We
collected 80 µm thick sections of fixed mouse brain cerebellum
using a vibratome. The cerebellum is a complex brain area that
contains many different cell types. We labeled the sections with
an antibody against the protein calbindin D28 K and an Alexa
Fluor 488 conjugated secondary antibody (Boey et al., 2019).
Calbindin is specifically expressed by Purkinje cells in this brain
area, and thus this labeling defines cells with this cellular identity.
We also confirmed with conventional FM imaging that Alexa
Fluor 488 signal was localized to the cytoplasm and dendrites of
Purkinje cells present in vibratome sections (Figure 7A). We then
applied our IRF protocol−the freeze-substitution method with

FIGURE 6 | Image quality as function of section thickness (vertical) and accelerating voltage (horizontal). All images represent trypsinized cells freeze-substituted
with 0.2% UrAc and sectioned at 300 nm (A), 200 nm (B) and 50 nm (C). All images are acquired by SEM and BSE-detector. The thicker the section, the higher the
tolerated accelerating voltage is before quality breaks down. WD A 1.5 kV � 5 mm; A 2 kV � 4.6 mm; A 3 kV � 4.3 mm; B 1.5 kV � 5.1 mm; B 2 kV � 4.7 mm; B 3 kV �
4.4 mm; C 1.5 kV � 5.2 mm; C 2 kV � 4.8 mm; C 3 kV � 4.5 mm. Abbreviations: BSE, backscattered electrons (Gatan OnPoint detector); SEM, scanning electron
microscope; UrAc, uranyl acetate; WD, working distance. Scale bars: 1 µm.
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0.2% uranyl acetate and Lowicryl HM20 embedding−to the
tissue, followed by mounting ribbons of consecutive 150 nm
sections onto ITO coverslips. The thin sections were re-
examined in FM to confirm that fluorescent signals had been
preserved (Figure 7B). We then selected a region that contained
three fluorescent Purkinje cells (Figure 7B, asterisk) and imaged
it at lowmagnification with our ILEM-SEM (Figure 7C, asterisk).

Subsequently, we reselected two cells to evaluate higher
magnification imaging using ILEM in FM-mode and then in
EM mode (Figure 8). We could easily identify the same two
fluorescent cells in the next three consecutive sections
(Figure 8A–C, left). Next, by using ILEM in EM-mode, we
observed details of the boxed areas, for example, in Figure 8A,
representing an area containing the nucleus of the Purkinje cell
(white box in Figure 8A left FMmode andmiddle EMmode) and
three cross-sectioned dendrites (black box in Figure 8A left FM
mode and right EM mode). Those images demonstrate that
fluorescently marked cellular structures can be identified and
studied at the ultrastructural level using an ILEM-SEM system.

Notably, the ultrastructural details were less well-defined than
typical for TEM, especially when examining smaller subcellular

organelles. In addition, a difference with BSE-SEM images of brain
tissue obtained with the Zeiss Sigma with OnPoint detector
(Figures 2C–E) could be observed. This difference could be due
to different factors, including the type of BSE-detector, and the pre-
embedding immuno-labelling. Nonetheless, we tested whether
further improvement was possible by post-staining with 4%
uranyl acetate and Reynold’s lead citrate. We imaged the
section before post-staining by ILEM-SEM (Figure 8B middle
and right), where it was possible to delineate the type of the cells
and larger organelles like the nucleus and mitochondria, but
without fine detail, and smaller organelles were indistinct
(Figure 8B right). We then re-imaged the next consecutive
section after performing a post-staining (Figure 8C). There was
a striking improvement of contrast and definition: unlabeled non-
fluorescent granular cells could be recognized more easily
(Figure 8B, middle vs. Figure 8C, middle), the cristae of
mitochondria (Figure 8B, middle and right as compared to
Figure 8C, middle and right) and climbing fiber (synapse
asterisk in Figure 8B, middle as compared to Figure 8C,
middle), contacting the fluorescently labeled Purkinje cell, could
be clearly discerned. It was also possible to delineate secretory
pathway organelles in the Purkinje cell cytoplasm (Figure 8B, right
vs Figure 8C, right). In addition, we could observe by CLEM on
some high magnification areas in these cells, that brighter spots in
the Soma correspond to lysosome-like organelles (Supplementary
Figure S4), indicating a higher concentration of calbindin in these
organelles as compared to the surrounding cytoplasm. This
observation is analogous to what others have found in intestinal
endothelial cells (Nemere et al., 1991). With respect to imaging
goals with our ILEM-SEM, the intention is to obtain correlated
image sets. In a first round, this will be achieved by combining
preserved fluorescence images with corresponding lower contrast
unstained EM-images. Then, after the image contrast has been
improved by post-staining, the navigation parameters determined

TABLE 3 | Section thickness vs. Image quality breakdown point. The latter is the
accelerating voltage in kilovolt (kV) at which the quality of the image starts to
degrade for a certain section thickness in nanometer (nm). Higher accelerating
voltages yield worse image quality.

Thickness [nm] Image quality breakdown
point [kV]

50 1.5
100 2
200 3
300 5
500 10

FIGURE 7 | Fluorescence images of immuno-labeledmouse cerebellum imagedwith conventional FM and ILEM system (JEOL BSE detector). (A) An 80 µm slice of
cerebellum labeled with calbindin D28 K primary and Alexa 488-conjugated secondary antibody before embedding with our IRF protocol. Imaged with conventional FM
Nikon TiE inverted C2 confocal microscope Plan Apo 10x dry lens, labeled Purkinje cells can be easily recognized (asterisks). (B) After embedding with our IRF protocol,
150-nm cerebellar section imaged by conventional FM Nikon TiE inverted C2 confocal microscope Plan Apo 20x dry lens shows that the fluorescent labeling of
Purkinje cells (asterisks) was preserved after embedding. (C) The same 150 nm section with a layer of Purkinje cells (asterisk, in B) imaged with fluorescent optics of
ILEM-SEM (Plan Apo VC 100x lens) system shows a perfect correlation. Abbreviations: FM, fluorescence microscope; ILEM-SEM, integrated light and electron
microscope; IRF, in-resin fluorescence; PC, Purkinje cell. Scale bars: A � 100 μm, B � 10 μm, C � 5 µm.
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and stored by our navigation software (Gabarre et al., 2021) during
the first round will be re-used to automatically re-acquire the same
but contrast-enhanced set of correlated EM-images. Thus, this
two-step ILEM-SEM procedure allows defining cellular identity
using antibody labeling and FM, followed by high resolution, fine
ultrastructural imaging of subcellular contents and relationships
with surrounding cell types.

CONCLUSION

In this study, we describe a procedure to prepare GFP expressing
cells or tissue and fluorescent antibody-labeled tissue for CLEM,
emphasizing the preservation of fluorescent signals. This
procedure involves high-pressure freezing and introducing of a

freeze-substitution IRF protocol with embedding in Lowicryl
HM20 resin. We found that a concentration of 0.2% uranyl
acetate in the freeze-substitution medium is optimal for
preserving in-resin fluorescence as well as ultrastructure in
cells and can be applied successfully for the same purposes to
brain tissue with sufficient contrast. It is of great importance to
know how to select optimal imaging conditions for visualizing
different types of sample with BSE-imaging in an SEM. Bouwer
et al. (Bouwer et al., 2017) proposed applying a negative bias
voltage to the sample to decrease the interaction volume for a
given acceleration voltage and improve sectioning capabilities
in block-face SEM, where the block face is imaged. More
recently, Vos et al. (2021) and Lane et al. (2021) extended
this approach to BSE-imaging of sections in a SEM. Although
very useful, this condition is not available to many SEM-users.

FIGURE 8 | Three consecutive sections of mouse cerebellum immunolabeled for calbindin D28 K and imaged with ILEM-SEM system (JEOL BSE detector). (A–B,
left) Same two large fluorescent Purkinje cells as in the center of Figure 7C, in two immediately adjacent consecutive 150 nm sections without any additional post-
staining, imaged at higher magnifications with ILEM-SEM in FM mode with Plan Apo VC 100x lens. (A–B, middle and right) ILEM EM mode images indicated by white
and black boxes inA–B, left. Purkinje cell boundaries (A–B,middle), granular cells (B,middle) and three cross-sectioned dendrites (A, right) are demarcated by a
dotted line for ease of recognition. (C,middle and right) Higher magnifications ILEM-SEM images from the regions indicated by white and black boxes in (C,left). The
images in C (middle and right) represent next consecutive section at the same place as in 8 B (middle and right), but after post-staining with uranyl acetate and lead
citrate. Post-staining enhanced contrast, so that the mitochondria, membranes, the secretory pathway organelles in PC cytoplasm, and climbing fiber synapse (asterisk
in Bmiddle as comparedCmiddle) are now well distinguished. Abbreviations: Cyt, cytoplasm; dd, dendrite; ILEM-SEM, integrated light and electron microscope; IRF,
in-resin fluorescence; GC, granular cell; Nuc, nucleus; PC, Purkinje cell. Scale bars: (A–C), left � 10 μm; (A–C), middle � 0.6 µm; (A–C), right � 0.8 µm.
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Therefore, in this paper, we focus on BSE-imaging sections
without applying such a bias voltage, which is relevant for array
tomography (Micheva and Smith, 2007; Oberti et al., 2010;
Collman et al., 2015) in the context of optimizing image quality.
Our experiments with different parameters defining imaging
conditions in the SEM showed that an important factor
determining image quality is the relation between section
thickness and accelerating voltage. It appears that for a
given section thickness, the image quality diminishes when
increasing the accelerating voltage above a certain value. The
thicker the section, the higher this value. We have shown that
charging of the section is not responsible for this diminished
image quality. However, these observations can be explained by
considering the interaction volume of electrons and matter,
where the ratio BSE/SE-signal will diminish at “image quality
breakdown point”, increasing the proportion of surface
information (including defects such as knife marks, surface
roughness etc.), masking pertinent biological information. Our
observations are very important when considering three-
dimensional CLEM experiments, such as array tomography,
aimed at constructing a correlated fluorescence and electron
three-dimensional reconstruction of a sample. For higher
resolution reconstructions, the limiting factor in array
tomography is the Z-resolution or the section thickness.
Improvement of this resolution requires thinner sections. In
our studies, it appeared that 50 nm sections require accelerating
voltages not higher than 1 kV.

In conclusion, we have tuned a protocol for the preservation of
fluorescent signals present in cells and tissue samples, as well as their
ultrastructure, and determined optimal conditions for BSE-imaging
with ILEM system. This advancement is important for transitioning
from two-to three-dimensional CLEM imaging in an automated
fashion with a new generation of ILEM systems.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by KU Leuven
Ethical Committee (protocol P019/2017).

AUTHOR CONTRIBUTIONS

PB, SM, NG conceived the project and designed the experiments.
PB, SG, KV, RW, and DV performed the experiments. PB, SG,

KV, RW, DV, RG, and NG analyzed the data. SM and NG
contributed reagents, materials, and analysis tools. PB, RG, and
NG wrote the paper.

FUNDING

DV is supported by a Methusalem grant from KU Leuven and
the Flemish Government awarded to Prof. Bart De Strooper
(METH/14/07). SM is supported through FWO I001818N
(AKUL/17/044) Single-cell omics in high throughput and at
spatial resolution; FWO I001719N, Flanders BioImaging:
Towards an integrated, translational and multimodal
imaging platform from molecule to man and the ISPAMM
(An Image Storage Platform for Analysis Management and
Mining (ISPAMM; AKUL/13/39) project. SG is supported by a
VIB TechWatch development project (Developing direct
super-resolution Correlative Array Tomography (dsCAT)-
2017; 2018).

ACKNOWLEDGMENTS

We thank Dr. Joris de Wit for providing us with the lentiviral
vectors (VIB-KU Leuven Center for Brain and disease Research,
Leuven, Belgium), Dr. W. Annaert (VIB-KU Leuven Center for
Brain and disease Research, Leuven, Belgium) for reagents, and
all members of the Munck and Gounko laboratories for
discussion and comments. Imaging was performed with the
help of the Light Microscopy Expertise Unit and the Electron
Microscopy Platform of the VIB-KU Leuven Center for Brain
and disease Research and the VIB BioImaging Core. DV is
supported by a Methusalem grant from KU Leuven and the
Flemish Government awarded to Prof. Bart De Strooper
(METH/14/07). SM is supported through FWO I001818N,
(AKUL/17/044) Single-cell omics in high throughput and at
spatial resolution; FWO I001719N, Flanders BioImaging:
Towards an integrated, translational and multimodal imaging
platform from molecule to man and the ISPAMM (An Image
Storage Platform for Analysis Management and Mining
(ISPAMM; AKUL/13/39) project. SG is supported by a VIB
TechWatch development project (Developing direct super-
resolution Correlative Array Tomography (dsCAT)-2017 and
2018).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2021.737621/
full#supplementary-material

REFERENCES

Agronskaia, A. V., Valentijn, J. A., van Driel, L. F., Schneijdenberg, C. T. W. M.,
Humbel, B. M., van Bergen en Henegouwen, P. M. P., et al. (2008). Integrated

Fluorescence and Transmission Electron Microscopy. J. Struct. Biol. 164,
183–189. doi:10.1016/J.JSB.2008.07.003

Bharat, T. A. M., Hoffmann, P. C., and Kukulski, W. (2018). Correlative Microscopy of
Vitreous Sections Provides Insights into BAR-Domain Organization In Situ.
Structure 26, 879–886. doi:10.1016/j.str.2018.03.015

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 73762114

Baatsen et al. Preservation of Fluorescence Signal in Block

https://www.frontiersin.org/articles/10.3389/fcell.2021.737621/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.737621/full#supplementary-material
https://doi.org/10.1016/J.JSB.2008.07.003
https://doi.org/10.1016/j.str.2018.03.015
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Boey, A., Rybakin, V., Kalicharan, D., Vints, K., and Gounko, N. V. (2019). Gold-
substituted Silver-Intensified Peroxidase Immunolabeling for FIB-SEM
Imaging. J. Histochem. Cytochem. 67, 351–360. doi:10.1369/0022155418824335

Bouwer, J. C., Deerinck, T. J., Bushong, E., Astakhov, V., Ramachandra, R.,
Peltier, S. T., et al. (2016). Deceleration of Probe Beam by Stage Bias
Potential Improves Resolution of Serial Block-Face Scanning Electron
Microscopic Images. Adv. Struct. Chem. Imag 2, 11. doi:10.1186/s40679-
016-0025-y

Brama, E., Peddie, C. J., Jones, M. L., Domart, M.-C., Snetkov, X., Way, M., et al.
(2015). Standard Fluorescent Proteins as Dual-Modality Probes for Correlative
Experiments in an Integrated Light and Electron Microscope. J. Chem. Biol. 8,
179–188. doi:10.1007/s12154-015-0143-3

Brown, E., Mantell, J., Carter, D., Tilly, G., and Verkade, P. (2009). Studying Intracellular
Transport Using High-Pressure Freezing and Correlative Light Electron Microscopy.
Semin. Cel Dev. Biol. 20, 910–919. doi:10.1016/j.semcdb.2009.07.006

Collman, F., Buchanan, J., Phend, K. D., Micheva, K. D.,Weinberg, R. J., and Smith, S. J.
(2015). Mapping Synapses by Conjugate Light-Electron Array Tomography.
J. Neurosci. 35, 5792–5807. doi:10.1523/JNEUROSCI.4274-14.2015

Gabarre, S., Vernaillen, F., Baatsen, P., Vints, K., Cawthorne, C., Boeynaems, S.,
et al. (2021). A Workflow for Streamlined Acquisition and Correlation of Serial
Regions of Interest in Array Tomography. BMC Biol. 19, 152–167. doi:10.1186/
s12915-021-01072-7

Griffiths, G. (1993). Fine Structure Immunocytochemistry. Heidelberg: Springer-
Verlag Berlin Heidelberg, 459.

Hayatt, M. A. (1981). Fixation for Electron Microscopy. New York: Academic
Press.

Humbel, B., and Müller, M. (1986). “Freeze Substitution and Low Temperature
Embedding Scanning Electron Microscopy,” Proceedings of the 4th Pfefferkorn
conference on Biological specimen preparation in 1985 4 (No. 1), Article 19.

Johnson, E., Seiradake, E., Jones, E. Y., Davis, I., Grünewald, K., and Kaufmann, R.
(2015). Correlative In-Resin Super-resolution and Electron Microscopy Using
Standard Fluorescent Proteins. Sci. Rep. 5, 9583. doi:10.1038/srep09583

Kukulski,W., Schorb,M.,Welsch, S., Picco, A., Kaksonen,M., and Briggs, J. A. G. (2011).
Correlated Fluorescence and 3D Electron Microscopy with High Sensitivity and
Spatial Precision. J. Cel Biol. 192, 111–119. doi:10.1083/jcb.201009037

Lane, R., Vos, Y., Wolters, A. H. G., Kessel, L. v., Chen, S. E., Liv, N., et al.
(20212021). Optimization of Negative Stage Bias Potential for Faster Imaging in
Large-Scale Electron Microscopy. J. Struct. Biol. X 5, 100046. doi:10.1016/
j.yjsbx.2021.100046

Markert, S. M., Britz, S., Proppert, S., Lang, M., Witvliet, D., Mulcahy, B., et al. (2016).
Filling the gap: Adding Super-resolution to Array Tomography for Correlated
Ultrastructural and Molecular Identification of Electrical Synapses at theC.
Elegansconnectome. Neurophoton 3, 041802. doi:10.1117/1.NPh.3.4.041802

Mcdonald, K. L., and Webb, R. I. (2011). Freeze Substitution in 3 hours or Less.
J. Microsc. 243, 227–233. doi:10.1111/j.1365-2818.2011.03526.x

Micheva, K. D., and Smith, S. J. (2007). Array Tomography: A New Tool for
Imaging the Molecular Architecture and Ultrastructure of Neural Circuits.
Neuron 55, 25–36. doi:10.1016/j.neuron.2007.06.014

Monaghan, P., Perusinghe, N., and Muller, M. (1998). High-pressure Freezing for
Immunocytochemistry. J. Microsc. 192, 248–258. doi:10.1046/j.1365-
2818.1998.00387.x

Müller-Reichert, T., and Verkade, P. (2012). Preface. Methods Cel Biol, xvii–xix.
doi:10.1016/B978-0-12-416026-2.03001-6

Nemere, I., Leathers, V. L., Thompson, B. S., Luben, R. A., and Norman, A. W. (1991).
Redistribution of Calbindin-D28kin Chick Intestine in Response to Calcium
Transport*. Endocrinology 129 (6), 2972–2984. doi:10.1210/endo-129-6-2972

Nistal, M., Rodríguez-Echandía, E. L., and Paniagua, R. (19781978). Formaldehyde-
induced Appearance of Septate Junctions between Digestive Vacuoles. Tissue and
Cell 10 (4), 735–740. doi:10.1016/0040-8166(78)90059-9

Nixon, S. J., Webb, R. I., Floetenmeyer, M., Schieber, N., Lo, H. P., and Parton, R. G.
(2009). A Single Method for Cryofixation and Correlative Light, Electron
Microscopy and Tomography of Zebrafish Embryos. Traffic 10, 131–136.
doi:10.1111/j.1600-0854.2008.00859.x

Oberti, D., Kirschmann, M. A., and Hahnloser, R. H. R. (2010). Correlative
Microscopy of Densely Labeled Projection Neurons Using Neural Tracers.
Front. Neuroanat. 4, 24. doi:10.3389/fnana.2010.00024

Peddie, C. J., Blight, K., Wilson, E., Melia, C., Marrison, J., Carzaniga, R., et al. (2014).
Correlative and Integrated Light and Electron Microscopy of In-Resin GFP

Fluorescence, Used to Localise Diacylglycerol in Mammalian Cells.
Ultramicroscopy 143, 3–14. doi:10.1016/j.ultramic.2014.02.001

Peddie, C. J., Domart, M.-C., Snetkov, X., O’Toole, P., Larijani, B., Way, M., et al.
(2017). Correlative Super-resolution Fluorescence and Electron Microscopy
Using Conventional Fluorescent Proteins In Vacuo. J. Struct. Biol. 199,
120–131. doi:10.1016/j.jsb.2017.05.013

Pluk, H., Stokes, D. J., Lich, B., Wieringa, B., and Fransen, J. (20092009).
Advantages of Indium-Tin Oxide-Coated Glass Slides in Correlative
Scanning Electron Microscopy Applications of Uncoated Cultured Cells.
J. Microsc. 2333, 353–363. doi:10.1111/j.1365-2818.2009.03140.x

Reimer, L., andKohl, H. (20082008). Springer Series inOptical Sciences 36: Transmission
Electron Microscopy. New York: Springer. doi:10.1007/978-0-387-34758-5

Reynolds, E. S. (1963). The Use of lead Citrate at High pH as an Electron-Opaque Stain
in Electron Microscopy. J. Cel Biol. 17, 208–212. doi:10.1083/jcb.17.1.208

Sannerud, R., Esselens, C., Ejsmont, P., Mattera, R., Rochin, L., Tharkeshwar, A. K.,
et al. (2016). Restricted Location of PSEN2/γ-Secretase Determines Substrate
Specificity and Generates an Intracellular Aβ Pool. Cell 166, 193–208.
doi:10.1016/J.CELL.2016.05.020

Schroeder, A., and De Wit, J. (2018). Leucine-rich Repeat-Containing Synaptic
Adhesion Molecules as Organizers of Synaptic Specificity and Diversity. Exp.
Mol. Med. 50, 1–9. doi:10.1038/s12276-017-0023-8

Tsien, R. Y. (1998). The Green Fluorescent Protein. Annu. Rev. Biochem. 67,
509–544. doi:10.1146/annurev.biochem.67.1.509

Urwyler, O., Izadifar, A., Dascenco, D., Petrovic, M., He, H., Ayaz, D., et al. (2015).
Investigating CNS Synaptogenesis at Single-Synapse Resolution by Combining
Reverse Genetics with Correlative Light and Electron Microscopy. Development
142 (2), 394–405. doi:10.1242/dev.115071

Vints, K., Baatsen, P., and Gounko, N. V. (2021). An Accelerated Procedure for
Approaching and Imaging of Optically Branded Region of Interest in Tissue.
Meth Cel Biol 162, 205–221. doi:10.1016/bs.mcb.2020.08.002

Vos, Y., Lane, R. I., Peddie, C. J., Wolters, A. H. G., and Hoogenboom, J. P. (2021).
Retarding Field Integrated Fluorescence and Electron Microscope. Microsc.
Microanal 27 (1), 109–120. doi:10.1017/S1431927620024745

Walther, P., and Ziegler, A. (2002). Freeze Substitution of High-Pressure Frozen
Samples: The Visibility of Biological Membranes Is Improved when the
Substitution Medium Contains Water. J. Microsc. 208 (1), 3–10.
doi:10.1046/j.1365-2818.2002.01064.x

Wang, Q., Yang, L., Alexander, C., and Temple, S. (2012). The Niche Factor
Syndecan-1 Regulates the Maintenance and Proliferation of Neural Progenitor
Cells during Mammalian Cortical Development. PLoS One 7, e42883.
doi:10.1371/journal.pone.0042883

Watanabe, S., Punge, A., Hollopeter, G., Willig, K. I., Hobson, R. J., Davis, M. W., et al.
(2011). Protein Localization in Electron Micrographs Using Fluorescence
Nanoscopy. Nat. Methods 8, 80–84. doi:10.1038/nmeth.1537

Zalokar, M. (1966). A Simple Freeze-Substitution Method for Electron Microscopy.
J. Ultrastruct. Res. 15, 469–479. doi:10.1016/s0022-5320(66)80119-3

Zonnevylle, A. C., Van Tol, R. F. C., Liv, N., Narvaez, A. C., Effting, A. P. J., Kruit,
P., et al. (20132013). Integration of a High-NA Light Microscope in a Scanning
Electron Microscope. J. Microsc. 252 (1), 58–70. doi:10.1111/jmi.12071

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Baatsen, Gabarre, Vints, Wouters, Vandael, Goodchild,
Munck and Gounko. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 73762115

Baatsen et al. Preservation of Fluorescence Signal in Block

https://doi.org/10.1369/0022155418824335
https://doi.org/10.1186/s40679-016-0025-y
https://doi.org/10.1186/s40679-016-0025-y
https://doi.org/10.1007/s12154-015-0143-3
https://doi.org/10.1016/j.semcdb.2009.07.006
https://doi.org/10.1523/JNEUROSCI.4274-14.2015
https://doi.org/10.1186/s12915-021-01072-7
https://doi.org/10.1186/s12915-021-01072-7
https://doi.org/10.1038/srep09583
https://doi.org/10.1083/jcb.201009037
https://doi.org/10.1016/j.yjsbx.2021.100046
https://doi.org/10.1016/j.yjsbx.2021.100046
https://doi.org/10.1117/1.NPh.3.4.041802
https://doi.org/10.1111/j.1365-2818.2011.03526.x
https://doi.org/10.1016/j.neuron.2007.06.014
https://doi.org/10.1046/j.1365-2818.1998.00387.x
https://doi.org/10.1046/j.1365-2818.1998.00387.x
https://doi.org/10.1016/B978-0-12-416026-2.03001-6
https://doi.org/10.1210/endo-129-6-2972
https://doi.org/10.1016/0040-8166(78)90059-9
https://doi.org/10.1111/j.1600-0854.2008.00859.x
https://doi.org/10.3389/fnana.2010.00024
https://doi.org/10.1016/j.ultramic.2014.02.001
https://doi.org/10.1016/j.jsb.2017.05.013
https://doi.org/10.1111/j.1365-2818.2009.03140.x
https://doi.org/10.1007/978-0-387-34758-5
https://doi.org/10.1083/jcb.17.1.208
https://doi.org/10.1016/J.CELL.2016.05.020
https://doi.org/10.1038/s12276-017-0023-8
https://doi.org/10.1146/annurev.biochem.67.1.509
https://doi.org/10.1242/dev.115071
https://doi.org/10.1016/bs.mcb.2020.08.002
https://doi.org/10.1017/S1431927620024745
https://doi.org/10.1046/j.1365-2818.2002.01064.x
https://doi.org/10.1371/journal.pone.0042883
https://doi.org/10.1038/nmeth.1537
https://doi.org/10.1016/s0022-5320(66)80119-3
https://doi.org/10.1111/jmi.12071
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Preservation of Fluorescence Signal and Imaging Optimization for Integrated Light and Electron Microscopy
	Introduction
	Materials and Methods
	Animals
	Cell Culture
	Immunolabeling
	High-Pressure Freezing (HPF) and Freeze-Substitution (FS)
	Microtomy and Imaging
	Monte Carlo Simulation

	Results and Discussion
	IRF of Cultured Cells
	IRF of Brain Samples
	Tuning SEM Imaging Conditions
	Monte Carlo Simulations for SEM Imaging Conditions
	Imaging with ILEM-SEM for simultaneous fluorescence and electron signal detection.

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


