








  

���
�

of autophagic structures difficult; however, this can be circumvented by 

immunolabeling of autophagic marker proteins such as LC3.  

 

Correlative light-electron microscopy: different ap proaches 

Although cell dynamics will probably never be captured with the EM, there is one 

method that  combines the ability of light microscopes to visualize fluorescent 

proteins in living cells and the ability of electron microscopes to resolve 

ultrastructural detail.  That method is called correlative light-electron microscopy 

(CLEM).  As the name suggests, this method is essentially a union of the two 

imaging platforms. This approach has been successfully used for decades, however, 

it has gained more popularity in the last 15 years with the application of green 

fluorescent protein (GFP) -based video microscopy [34]. In many cases, a few 

seconds of time-lapse video using a GFP-labeled protein had the ability to answer 

more questions than several years of static microscopy imaging of fixed cells [34, 

35]. This clearly demonstrates the importance of LM and more importantly, of live-

cell imaging. However, the one main drawback of live-cell imaging is that one 

fluorescent spot can represent one organelle, an organelle subdomain or aggregates 

of proteins or membranes [36]. Hence the need still remains for ultrastructural 

resolution using the EM. CLEM can also be done using fixed cells for both LM and 

EM. Fix-cell CLEM has been readily employed in the field of autophagy [37, 38]. Of 

note, another limitation of the CLEM technique which utilizes fluorescently tagged 

proteins is that in most cases you are visualizing the subcellular domains using 

proteins that are over expressed, which may cause artefacts.   

As stated above, CLEM can also be performed without live-cell imaging, 

using fixed cells for both LM and EM. There are various commercially available 
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immunoprobes for CLEM; one such probe is fluoronanogold whereby both a 

fluorescent dye and 1.4-nm gold particles are conjugated to the secondary antibody. 

In this method the fluorescent dye is readily visible with the fluorescence microscope 

and after LM visualization, the 1.4-nm gold particles have to be silver enhanced to 

improve the signal when visualized with the EM [39].  Another probe which produces 

fluorescence and EM contrast is a genetically encoded tag called miniSOG (for mini 

Singlet Oxygen Generator) [40]. MiniSOG is fluorescent, and its fluorescence can be 

used to generate oxygen radicals that react with DAB, which is then visible in the EM 

as an osmiophilic precipitate.  The fluorescence of MiniSOG fades relatively quickly, 

making it less ideal for live-cell imaging. However,  MiniSOG is effective at 

preserving high quality ultrastructural information making this CLEM probe 

compatible with advanced EM techniques including dual-axis ET and SB-SEM,  as 

genetic labeling methods overcome many issues that are associated with 

permeabilization and penetration of probes into the cells [40, 41]. As already 

mentioned above, acquisition of tomographic data has also been successful using 

immunogold-labeled 250-nm thick Tokuyasu cryosections [31]. Furthermore, this 

same study also generated dual-axis ET data in association with CLEM. This was 

achieved by tracing the fluorescent signal into the EM by staining nuclear and 

mitochondrial DNA with a Hoechst stain and using prominent morphological 

landmarks within the cell to assist in the correlation [31].  

 

1.4 Fixation in the near-native state 

The main objective of sample preparation for EM has been to dehydrate 

the sample to remove all the water. Since the discovery that vitreous ice can be 

sectioned into thin slices which can then be viewed with the EM, it became possible 
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to investigate the potential artefacts caused by chemical fixation [42]. The 

introduction of cryofixation methods has produced ultrastructural preservation of a 

superior quality with the added advantage of being able to capture short-lived cellular 

processes such as vesicle budding and membrane fusion intermediates that cannot 

be immobilized by the chemical fixatives. Capturing dynamic events is of great 

importance to cellular biology; hence cryofixation surpasses the immobilization 

properties of chemical fixation that in addition to being slow, can also introduce 

structural artefacts. 

There are many commercially available units that carry out cryofixation 

of EM samples including high-pressure freezers, plunge-freezers and vitrobots with a 

similar range of TEMs equipped with cryo-sample holders as well as cryoET, all of 

which have capabilities to minimize artefacts associated with chemical fixation. 

Cryofixation using high-pressure freezing (HPF) followed by automated freeze 

substitution (AFS) is becoming the fixation of choice for many morphologists. Cell 

monolayers growing on sapphire discs (Fig. 5A) can be frozen into vitreous ice [42] 

within seconds of leaving the cell culture incubator (Fig. 5B), maintaining the overall 

physiological properties, short-lived structures and true shape of cellular organelles 

(Fig. 5D). Following HPF, the samples then undergo an overnight AFS cycle 

whereby vitrified water is replaced by organic solvent at very low temperatures (-

95°C). The organic solvent is often supplemented with chemical fixatives or heavy 

metal salts such as uranyl acetate or osmium tetroxide (Fig. 5C). Taken together, 

this form of cryofixation  is regarded as being practically free of artefact formation 

[43]. Cryofixation is also less likely to affect antigenicity of immunoEM samples. 

However, it should be kept in mind that the embedding medium, such as Lowicryl, 

needed for thin sectioning of the cryofixed immunoEM samples, is likely to cover at 
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blocked with 5% bovine serum albumin (BSA), 5% normal goat serum, 0.1% cold 

water fish skin gelatin and 0.005% saponin in PB. The cells were labeled with mouse 

monoclonal anti-LC3 (Cosmo Bio, CTB-LC3-2-IC) or rabbit polyclonal anti-rat LAMP-

1 (gift from Yoshitaka Tanaka, Kyushu University, Japan) at room temperature for 1 

h. Cells were washed in PB containing 0.01% saponin and 0.1% BSA and incubated 

in goat anti-mouse or anti-rabbit IgG conjugated to 1.4-nm gold particles 

(Nanoprobes, 142002, 142004). Cells were washed with PB and fixed with 1.5% 

glutaraldehyde in PB for 10 min. After washing, the gold labeling was intensified by 

using a HQ silver enhancement kit (Nanoprobes, 2012) and gold toning was 

performed to stabilize the silver enhancement by subsequent washes in 2% sodium 

acetate, 0.05% gold (III) chloride trihydrate  and 0.3%  sodium thiosulphate 

pentahydrate (Sigma, S2889; G4022 and S292 respectively). After washing in 

distilled water, cells were postfixed in 1% OsO4 containing K4[Fe(CN)6] (15mg/ml) in 

0.1M sodium cacodylate buffer at room temperature for 1 h, washed in distilled 

water, dehydrated with a graded series of ethanol, infiltrated with resin (Epon, TAAB) 

for 1 h and polymerized at +60°C overnight. Ultrathin sections were collected onto 

pioloform coated grids, post stained with uranyl acetate and lead citrate and viewed 

using Tecnai 12 (FEI Company) electron microscope. 

 

2.4 CLEM with fixed cells expressing a GFP-tagged p rotein 

Cells expressing a GFP-tagged protein were grown on gridded glass-

bottom culture dishes (MatTek Co., MA, USA) and fixed in Karnovsky fixative (2% 

paraformaldehyde, 1.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4) 

for 20 minutes. After washing with 0.1 M sodium cacodylate buffer, the culture dishes 

were imaged using phase contrast optics to visualize the grid on the dish, and 
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fluorescence microscopy to visualize the GFP signals. These photos were later used 

to locate the cells of interest in the EM block. Cells were postfixed in 1% OsO4 

containing K4[Fe(CN)6] (15mg/ml) in 0.1M sodium cacodylate buffer at room 

temperature for 1 h, washed in distilled water, and dehydrated with a graded series 

of ethanol and finally with acetone. Then a BEEM capsule filled with resin (Epon, 

TAAB) was placed upside down onto the area of interest on the culture dish, using 

the phase contrast and fluorescent images as guides. The sample was left to 

infiltrate with resin for 1 h and polymerized at +60°C overnight.  Capsules were 

detached from the culture dish by dipping into liquid nitrogen. The MatTek grid was 

then visible on the surface of the epon block and it was used as guide to trim the 

block surface to contain the region of interest.  Sections were cut with a diamond 

knife and post stained with uranyl acetate and lead citrate. A more comprehensive 

protocol for the CLEM method can be found in the materials and methods section of 

[37]. 

2.4 Cryofixation 

Cells were cultured on 2 mm diameter sapphire discs or cultured directly 

on poly-L-lysine coated gold HPF carriers (Leica Microsystems). Cells were 

overlaid with 20% BSA in phosphate buffer (~1 min) and high pressure frozen using 

a Leica EM HPM100 (Leica Microsystems). The samples were  transferred to the 

automated freeze substitution apparatus (Leica EM AFS) under liquid nitrogen, into 

a solution containing 2% osmium tetroxide, 0.3% uranyl acetate and 10% water in 

acetone, where the water was added first and frozen before adding the acetone, 

based on a method modified from Knoops et al. [49] (Fig. 5C). Samples were 

maintained at -95°C for 4 h, slowly warmed to -60°C (5°  per hour) and maintained 

for 2 h, slowly warmed to -30°C (5° per hour) and maintained for 2 h, and finally 
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confirmation of the omegasome region of the ER. Further to this, it is not surprising 

that as the phagophore continues to grow and elongate it requires membrane input 

from additional sources in order not to exhaust the ER supply.  Dual-axis ET can be 

used to help determine whether other organelles are also communicating with 

phagophores during their biogenesis  [11]. However, it should be kept in mind that 

even though we have identified that MCS are a common phenomenon, verification 

on whether these membrane contacts also infer that lipid translocation is taking 

place requires further investigation.  

Immunolabeling at the EM level has been very useful in the field of 

autophagy since morphological information can be complemented with ultrastructural 

localization of various antigens. ImmunoEM compatible antibodies are commercially 

available for the most commonly used autophagosome marker LC3 (microtubule-

associated protein 1 light chain 3). In addition to autophagosomes and degradative 

autophagic vacuoles, LC3 is also present on phagophores. Depending on the 

orientation of the thin section, open phagophores can appear as closed double-

membrane bound vesicles, similar to sealed autophagosomes. Both of these 

structures are also positive for LC3, thus we would need three-dimensional EM to 

definitely differentiate all phagophores from early autophagosomes. However, 

phagophores, unlike autophagosomes, are also positive for other markers including 

ATG12, ATG5, ATG16L1 and WIPI2, but these proteins may be difficult to label in 

immunoEM at least without overexpression. However, phagophores and early 

autophagosomes can be differentiated from later degradative autophagic vacuoles, 

which are also LC3 positive, by the morphology of the cytoplasmic contents: the 

content is morphologically intact in phagophores and early autophagosomes and 

partially degraded in degradative autophagic compartments. With the potential of 
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carrying out double or triple  labeling with the post-embedding immunoEM 

techniques or with the pre-embedding immunolabeling methods that use a 

combination of enzymatic and/or gold-based conjugates [52] autophagic 

compartments can be further elucidated. Since both autophagosomes and 

autolysosomes contain LC3 [53] (Fig. 4A-C) and lysosomes and autolysosomes 

express LAMP1 (lysosomal-associated membrane protein 1) (Fig. 4D), double 

labeling for these two markers will allow us to distinguish between lysosomes 

(LAMP1+, LC3� ) and autolysosomes (LAMP1+, LC3+).  

Finally, high-pressure cryofixation and AFS achieve rapid immobilization 

of the sample in the near native state. This method revealed that autophagosomes 

do not exhibit a wide empty cleft between the two limiting membranes [43] (Fig. 5D). 

Further, this method can be used to determine whether MCSs are present between 

phagophores and other organelles.  Although trouble shooting the AFS medium to 

give the best contrast can be laborious, particularly when trying to get good 

membrane contrast for phagophores and autophagosomes, we found that a solution 

containing 2% osmium tetroxide, 0.3% uranyl acetate and 10% water in acetone, 

yielded the best results and has allowed sampling of HPF-AFS sections for dual-axis 

ET.  

     

4.1 Concluding remarks 

Taken together, we and others have shown that the EM is a very 

valuable and multifunctional instrument in the study of autophagy. It has the 

capability of providing ultrastructural information from whole cell volumes, as well as 

nano-structural resolution to show intricate detail such as membrane contact sites. 

Further to this, functional studies can be performed whereby the same cells and 
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organelles can be first imaged in a living state using light microscopy, followed by 

fixation and high-resolution imaging at EM where the precise sub-cellular localization 

of antigens can be determined. Finally, the physiological state of cells and organelles 

can be observed when cells are immobilized with the application of high- pressure 

cryofixation.  All of these aforementioned methods for studying autophagy come with 

the obvious advantage that is only obtained when using EM, that is, ultrastructural 

resolution revealing the intracellular context.  
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Figure Legends  

Figure 1 

Volumetric data with ultrastructural resolution.  SB-SEM instrumentation (Photos 

courtesy of the EM Unit, The University of Helsinki) showing the SEM chamber with 

inbuilt microtome (A-C). A diagram of the cutting mechanism and block face 

produced with this method is shown (B, insert) as well as a side- and top view of the 

three-dimensional model constructed from the SB-SEM slices (D). The volumetric 

data was obtained from over 4 µm in the z plane. The model shows a phagophore 

(green-ph) in close communication with mitochondria (brown-m), the ER (red-ER), 

lipid droplets (blue-L) and an autophagosome (yellow-Au).  

 

Figure 2  

Segmentation of SB-SEM volumetric data.  The 40-nm ‘sections’, or levels of the 

block face (numbered in the lower right) show how the segmentation of the open c-

shaped phagophore membrane was carried out to produce  the three-dimensional 

model of the phagophore (green) from panel number 46 and onwards. 

 

Figure 3 

Nano-structural detail revealed with dual-axis ET.  Tomographic slices (1.6-2 nm 

thick) showing a phagophore forming in close proximity to the plasma membrane (A, 

pink arrow) and the corresponding 3D model (D, H). The electron dense c-shaped 

phagophore is depicted as lying in between the inner ER (red *) and the outer ER 

(yellow **). Yellow arrows depict contacts between the phagophore and the outer ER 
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(A, E, G-H, inserts) and red arrows indicate areas of contact between the 

phagophore and the inner ER (B-C, F-H, inserts). Black arrowhead indicates 

membrane continuity between the inner and the outer ER (C-D). Blue arrowheads 

indicate membrane continuity between the phagophore membrane and the ER in the 

1.6 nm slice (B) and the green arrowhead depicts the closely apposed membranes 

of the phagophore (G). The green arrows show a region of the phagophore in the 

very top slices of the tomogram where the phagophore membrane has not been fully 

laid down yet (F). 

 

Figure 4  

Pre-embedding immunolabeling. When using 4% paraformaldehyde as an initial 

fixative, our results indicate good preservation of antigenicity when using anti-LC3 to 

label phagophores and autophagosomes (A-C, white arrowheads) or anti-LAMP-1 to 

label lysosomes and late endosomes (D, black arrowheads). The primary antibodies 

were detected using secondary antibodies conjugated with 1.4-nm gold followed by 

silver enhancement protocol. This method also preserves ultrastructural information 

such as vesicles lying close to the plasma membrane (A, black arrows), 

mitochondrial cristae (A-D, m), and thin Golgi complex cisternae (C, Go). A clear 

distinction of the nuclear envelope is also evident (C, white arrows).  

 

Figure 5 

High-pressure cryofixation reveals a clear distinct ion of the double 

membranes of autophagic compartments . Cells can be cultured on sapphire discs 
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that fit inside the HPF specimen carrier, as well as directly on poly-L-lysine coated 

HPF carriers (A). A series of commercially available HPF units are available; panel B 

shows our Leica EM HPM100 (Leica Microsystems). The order in which you add the 

different freeze-substitution media components may affect membrane contrast, we 

have found that freezing the water component first, before adding the remaining 

medium, works well and this keeps the water drop at the bottom of the cryovial. The 

HPF specimen carrier should then be dropped under liquid nitrogen onto the frozen 

FS medium vial that is sitting partially submerged in liquid nitrogen, just when the top 

layer of the medium begins to melt (C). Ultrastructural information is greatly 

preserved, as is evident in panel D, which shows the clear distinction of the double 

membranes of an autophagosome (insert). The mitochondrion inside the 

autophagosome also has well preserved cristae (m), which is also indicative of a 

very early autophagic compartment.   

Supplementary movie 1 

SB-SEM slices and 3D model of the still image depic ted in Figure 1D  showing 

the close communication between  the phagophore membrane (green) and two 

mitochondria (brown), the ER (red), lipid droplets (blue) and an autophagosome 

(yellow). 

Supplementary movie 2 

Movie of the tomographic slices and 3D model of the  phagophore which is 

depicted in Figure 3.  The dark double membrane of the phagophore (green) is 

seen to be lying in between two ER sheets (red and yellow). The plasma membrane 

is depicted pink. 


