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The endoplasmic reticulum (ER) is a contiguous and complicated membrane network in eukaryotic cells, and membrane con-
tact sites (MCSs) between the ER and other organelles perform vital cellular functions, including lipid homeostasis, metabo-
lite exchange, calcium level regulation, and organelle division. Here, we establish a whole pipeline to reconstruct all ER, mi-
tochondria, lipid droplets, lysosomes, peroxisomes, and nuclei by automated tape-collecting ultramicrotome scanning
electron microscopy and deep learning techniques, which generates an unprecedented 3D model for mapping liver samples.
Furthermore, the morphology of various organelles and the MCSs between the ER and other organelles are systematically an-
alyzed. We found that the ER presents with predominantly flat cisternae and is knitted tightly all throughout the intracellular
space and around other organelles. In addition, the ER has a smaller volume-to-membrane surface area ratio than other
organelles, which suggests that the ER could be more suited for functions that require a large membrane surface area. Our
data also indicate that ER-mitochondria contacts are particularly abundant, especially for branched mitochondria. Our study
provides 3D reconstructions of various organelles in liver samples together with important fundamental information for bio-
chemical and functional studies in the liver.
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Introduction organized in cisternae or tubular networks, respectively. The

In all eukaryotes, the endoplasmic reticulum (ER) is a contig-
uous and complicated membrane network, which is formed by
interconnected cisternae and tubules with a single lumen
(Baumann and Walz, 2001). The ER extends throughout the cell
with a high surface area. In the 1950s, the ER was first identi-
fied by observing mouse fibroblasts with electron microscopy
(EM) (Porter et al., 1945). The ER is composed of rough ER (ribo-
some rich) and smooth ER (ribosome free), which are generally
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polymorphic structure of the ER is intimately related to its func-
tions, including lipid homeostasis, drug metabolism, secretory
protein biogenesis, and regulation of Ca?* dynamics (Baumann
and Walz, 2001).

The contacts between the ER and other organelles were
recognized many vyears ago (Porter and Palade, 1957;
Rosenbluth, 1962; Csordas et al., 2006). What remained
unclear was whether the contacts represented short-term in-
terplay or long-term tethering. For example, membrane con-
tact sites (MCSs) were defined as membrane appositions
where the distance between two membrane bilayers was
<30nm (Levine and Loewen, 2006; Helle et al., 2013). The
contact is distinguished from vesicle transport and mem-
brane fusion, which are vital for lipid exchange between
organelles (Stefan et al., 2017). Subsequent studies focused
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on the forming factors of MCSs and how they regulate com-
munications between the ER and other organelles (De Brito
and Scorrano, 2008; Lebiedzinska et al., 2009; Phillips and
Voeltz, 2016).

With rapid development of EM technology, its application in
biology has also become widespread (Denk and Horstmann,
2004; Knott et al., 2008; Briggman and Bock, 2012). EM dis-
plays the ultrastructure of a region of interest with high resolu-
tion (nanometer scale). Furthermore, through three-
dimensional (3D) reconstruction, we can observe the real 3D
structure in the cell. Due to the limitation of low resolution of
fluorescence microscopy, the 3D ultrastructure reconstruction
of various organelles through EM has become particularly im-
portant in the field of biology.

In recent years, the application of deep learning technology
to biological study has been increasingly investigated (Xiao et
al., 2018; Liu et al., 2020). For example, image processing tech-
nology was applied to the contour segmentation of fluorescent
protein and EM images. Many previous studies mainly used
manual or semimanual methods to obtain the desired 3D re-
construction of the ER and other cell structures with small-scale
EM data (Wu et al., 2017). To our knowledge, few studies uti-
lized deep learning technology for 3D reconstruction of the ER
and other organelles with large-scale EM data.

The liver is one of the most important models for studying
the functions of ER-organelle interactions. Here, we initially
used automated tape-collecting ultramicrotome scanning elec-
tron microscopy (ATUM-SEM) (Briggman and Bock, 2012) to im-
age liver samples. Then, to map 3D structure of organelles and
their connections within the liver tissue, we applied deep learn-
ing technology to effectively reconstruct all ER, mitochondria,
lipid droplets, lysosomes, peroxisomes, and nuclei. Finally, a
systematic analysis of the morphology and interactions be-
tween the ER and other organelles was presented, which can
provide important basic information for biochemical and func-
tional studies (Figure 1).

Results
We acquired a 3D EM dataset from the liver of an adult C57/BL
male mouse by using ATUM-SEM  (dataset size:

81.9 x 81.9 x 31.5 pm?>, voxel size: +5 x 5 x 45 nm?). For
3D reconstruction (Figure 2), we first adopted a coarse-to-fine
strategy to 3D-align the serial images, and then we obtained a 3D
image stack of interest (size: 20 x 20 x 31.5 pm?3) (Figure 2A;
Supplementary Video S1, https://www.micro-visions.org/pub/
JiangYi/). Afterwards, we designed an image segmentation
method based on deep learning to automatically segment various
organelles followed by manual proofreading (see Materials and
methods; Supplementary Figures S1 and S2). Then, we employed
a 3D connection method to calculate the relationship between
organelles in 3D (except for the ER, each organelle is represented

by a unique label). We reconstructed all ER, mitochondria, lipid
droplets, lysosomes, peroxisomes, and nuclei (the Golgi complex
was not reconstructed) to generate a 3D model that mapped the
liver samples (Figure 2A, the number of organelles reconstructed
is 3500 for mitochondria, 224 for lipid droplets, 90 for lysosomes,
4035 for peroxisomes, and 7 for nuclei). We also visualized 3D
structure of the organelles by using Amira software (Figure 2B).
Furthermore, the morphology and MCSs were systematically ana-
lyzed from the 3D model. In Figure 2B (Supplementary Video S2,
https://www.micro-visions.org/pub/JiangYi/), the fine 3D struc-
ture of the ER and other organelles can be observed clearly at the
nanoscale, thus minimizing the reliance on techniques that image
at low resolution, such as fluorescence imaging, for our potential
understanding of these organelles. In addition, the position rela-
tionship between the ER and other organelles can also be ob-
served, which provides accurate evidence of whether MCSs are
formed between the ER and other organelles.

A detailed 3D EM structure of the ER and organelles

The 3D EM reconstruction of the liver cell revealed some in-
formation about the structure of the ER. For example, the ER is
a contiguous and complicated network that is knitted tightly all
over the intracellular space and around other organelles
(Figure 2B; Supplementary Video S2, https://www.micro-
visions.org/pub/JiangYi/). Additionally, local morphology of the
ER is also diverse. For instance, according to the 3D structure,
the ER next to the nucleus consists of flat cisternae (Figure 3A),
and some fenestra are observed in the flat ER from the 0" or
180" viewing direction. Most of the fenestrated, flat ER
presents with a dense and side-by-side distribution. In addi-
tion, local segments of the ER are not independent but branch
out and are interlaced with each other (Figure 3B). We found
that the flat cisternae-shaped ER exhibits high membrane cur-
vature only at the edge and is wider than the middle section of
the lumen (Figure 3C, white arrow).

As depicted in Figure 3D, the volume of a single lipid droplet
is large, and the volume of a single peroxisome is the smallest.
In addition, mitochondria present with an irregular shape on di-
rect visual inspection. To measure the volume ratios of organ-
elles in the whole tissue (Figure 3E), the nucleus was also
reconstructed in the image stack. Obviously, the cytoplasm
(grey) contributes the largest part of the volume. Among the
reconstructed organelles, the total volume of mitochondria is
the largest. These results indirectly indicate that the energy
supply from mitochondria is essential for liver cells.
Surprisingly, although the ER is dense and consists of numer-
ous segments (Supplementary Video S2, https://www.micro-
visions.org/pub/JiangYi/), the volume occupied by the ER is
only 3.25%. Because the double membranes of the ER are
close together, a narrow lumen is formed. In addition, lipid
droplets and lysosomes are relatively uncommon.
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Figure 1 The pipeline of 3D reconstruction and analysis for the mouse liver is based on ATUM-SEM and deep learning technology. The first
row (left to right): first, the liver of an adult C57/BL male mouse was dissected, fixed, and embedded. Then, serial sections of liver samples

were continuously cut with the ATUM and collected on the tape that

was segmented and attached to silicon wafers. Next, serial sections

were imaged by SEM to generate serial images (misalignment), and a coarse-to-fine alignment method was adopted to obtain a 3D image
stack. The second row (right to left): all raw 2D EM images were input into the image segmentation network to obtain the segmentation
images for various organelles. The third row (left to right): 3D visualization provided by Amira software, followed by biological analysis of
various organelles based on their 3D reconstructions. Image segmentation network is a simplified diagram and detailed in Supplementary

material (Supplementary Figure S1).

As seen from Figure 3D, lipid droplets, lysosomes, and perox-
isomes are approximately spherical, so their sphericity was
measured for the entire volume (Figure 3F). The closer the
sphericity is to 1, the more it tends to be a perfect sphere. A to-
tal of 224 lipid droplets and 90 lysosomes, as well as 381 ran-
domly selected reconstructed peroxisomes, were measured.
The scatter plot shows that most of the lipid droplets and per-
oxisomes tend to be spherical, while lysosomes tend to be
ellipsoidal.

We calculated the volume-to-surface area (V/SA) ratios of all
reconstructed organelles based on our 3D reconstruction
(Figure 3G). A total of 705 of the 3500 mitochondria were ran-
domly selected for statistical analysis; these mitochondria were
intact and did not appear at the boundary of the volume. The
data revealed that the V/SA ratios of various organelles are dis-
tinguishable. In the liver, the ER presents with a smaller V/SA ra-
tio than the other organelles, which suggests that the ER could
be better suited for functions that require a large membrane sur-
face area, whereas mitochondria, lipid droplets, lysosomes, and

peroxisomes may be more suitable for functions that need more
internal space. For instance, mitochondria require a large
amount of internal space to form the complex mitochondrial cris-
tae structure.

Mitochondria are unique organelles in the liver

Previous study has shown that mitochondria play an impor-
tant role in the homeostasis of carbohydrate, lipid, and protein
metabolism in many organisms (McBride et al., 2006). We
found that mitochondria are one of the most abundant organ-
elles in the liver, and the morphology of mitochondria in the
liver is diverse (Figure 3E). We can divide it into two types in
term of the shape, i.e. unbranched mitochondria (Figure 4A)
and branched mitochondria (Figure 4B). In addition, it can be
observed that the size of the mitochondria is also different
from that shown in Supplementary Video S2 (https://www.mi
cro-visions.org/pub/JiangYi/). Branched mitochondria may be
related to division and fusion, because mitochondrial
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Figure 2 ATUM-SEM volume of mouse liver and 3D reconstruction
of various organelles. (A) Raw ATUM-SEM volume of the region of
interest from the mouse liver (left), with a corresponding size of ap-
proximately 20 pm x 20 um x 31.5um. The 3D reconstruction of
various organelles (right) corresponds to the left image. (B) 3D
reconstructions of all ER, mitochondria, lipid droplet, lysosome,
peroxisome, and nuclei, which correspond to A. Scale bar, 6 um in
Aand 10 um in B.

proliferation and division are common phenomena in liver
cells. However, we cannot rule out the possibility that branched
mitochondria are in original shapes and are not related to divi-
sion and fusion.

We found that unbranched mitochondria are predominant
(Figure 4C). The length of the unbranched mitochondria was
then measured in 3D reconstruction, revealing that most
ranged from 1000 to 2500nm (mean=1761.8nm).
Surprisingly, the longest mitochondria exceeded 9000 nm
(Figure 4D). The length-to-width ratio of mitochondria can be
used as a reference to judge abnormalities. Our results show
that this ratio is generally <3 (mean=2.07), and very few ra-
tios exceed 6 (Figure 4E). After visualization of the spatial rela-
tionship between mitochondria and the surrounding ER
(Figure 4G and H), we observed that mitochondria are wrapped
in the ER, which is a common phenomenon in the liver. This ob-
servation was not made by chance, which means that there are
crucial connections between mitochondria and the surrounding
ER.

MCSs are formed between the ER and mitochondria, lipid
droplets, lysosomes, and peroxisomes

Many previous studies have shown that MCSs are essential
for the exchange of biological substances between the ER and
other organelles. These two membranes contact but do not
fuse, delivering substances in the form of nonvesicles.
Recently, ER-mitochondria contacts have become a hotspot of
research. The ER engages with mitochondria at specialized ER
domains known as mitochondria-associated membranes
(MAMs), which are indispensable for mitochondrial dynamics
and function (Zhou et al., 2020).

Obviously, MCSs between mitochondria and the ER were ob-
served easily when we examined the raw 2D EM images
(Figure 5A, left). White arrows indicate the formation of MCSs
between mitochondria and the ER. The second to fourth images
(Figure 5A) show the 3D reconstruction from different views
(XY, XZ, and YZ directions). Meanwhile, we measured the mini-
mum distance between mitochondria and the surrounding ER
in 3D reconstruction. According to the sampling survey statis-
tics, we randomly extracted 949 mitochondria from all 3500
reconstructed ones. Figure 5E (red dot on the left) shows the
distribution of the minimum distance between the 949 mito-
chondria and the surrounding ER. Through qualitative observa-
tion, the minimum distance between most mitochondria and
the ER is within 60 nm. The mean minimum distance was calcu-
lated (Figure 5F, the red bar on the left). To determine how
many mitochondria and ER formed MCSs (minimum distance
<30nm), we computed the percentage of mitochondria that
formed MCSs (Figure 5G, the red bar on the left). Approximately
53.7% of the mitochondria and the ER formed MCSs. In addi-
tion, we found that branched mitochondria are more likely to
form MCSs with ER than unbranched mitochondria (Figure 4F).

When examined in cross-section, ATUM-SEM images show
the position of lipid droplets and the surrounding ER. In
Figure 5B (left), white arrows indicate the MCSs between lipid
droplets and the ER. The second to fourth images (Figure 5B)
show 3D reconstruction viewed from different perspectives (XY,
XZ, and YZ directions). The distribution of the minimum dis-
tance between lipid droplets and the surrounding ER is shown
in Figure 5E (purple dot in the middle). The mean minimum dis-
tance is 50 nm (Figure 5F, purple bar in the middle). The per-
centage of lipid droplets that formed MCSs with the
surrounding ER was ~29.5% (Figure 5G).

Similarly, we observed the structure of lysosomes and perox-
isomes in 2D EM images, with white arrows indicating the
MCSs (Figure 5C and D). Likewise, their 3D reconstructions
were viewed from different perspectives (XY, XZ, and YZ direc-
tions). We found that the minimum distance between lyso-
somes and the ER is not clustered but similar to a random
distribution. However, the minimum distance between most
peroxisomes and the ER is <60 nm (Figure 5E). The mean mini-
mum distances between lysosomes and peroxisomes and the
ER are 60 and 40nm, respectively (Figure 5F). Approximately
35.6% of lysosomes and 43.8% of peroxisomes formed MCSs
with the ER (Figure 5G).



640 |

Jiang et al.

E Proportion of partial organelles F 5. Degree of sphericity of organelies G o Volume/surface ;r_e;z;SA) of organelles
in the image stack ®7  N=224 N=90 N=381 = = Wioohonr
3 Lipid droplet
£ 1754 Lysosome
= N=705 Peroxisome
1.38% << 1504
4 e N=90
B S 125+
: ®
. g 1001 N=381
. gee® 20 - © 75
ooy o © 4
S . =;&£ 5 5]
- i el D 50
M cCellnucleus B Mitochondria 0 5
] Endoplasmic reticulum Lysosomes 51 g 251
B Peroxisome B Lipid droplet 0.0 . . . 0 =
I Cytoplasm and other organelle Lipid droplet Lysosome Peroxisome ER  Mitochondria Lipid t;rup\el Lyso'some Peroxisome

Figure 3 3D ultrastructural analysis of the morphology of the ER and other organelles. (A) 3D structure of the ER next to the nucleus. The
first image is a raw EM image, and the second to fifth images show the 3D structure from different views (0", 90", 180°, 270", clockwise ro-
tation). (B) 3D structure of dense ER area excluding other organelles, branched and interlaced with each other. Left: raw EM image; right:
3D reconstruction. (C) The ER presents with high membrane curvature and a wider lumen at the edge (white arrow). Above: raw EM image;
below: 3D reconstruction. (D) 3D structure of mitochondria, lipid droplets, lysosomes, and peroxisomes (color-coded as in Figure 2). The
first image is a raw EM image, and the second to fifth images are 3D reconstructions viewed from different perspectives (0°, 90°, 180°,
270", clockwise rotation). M, mitochondria; LD, lipid droplet; L, lysosome; P, peroxisome. (E) Pie charts show the percentage of recon-
structed organelles in the liver tissue, as assessed by inspection of the ATUM-SEM image stack. (F) Scatter diagram showing the degree of
sphericity of lipid droplets, lysosomes, and peroxisomes, the closer to 1, the closer to the perfect sphere (Nipid droplets = 224,
Niysosomes = 90, Nperoxisomes = 381 measurements were selected randomly). (G) The V/SA ratios were calculated from 3D reconstruction
for ER, mitochondria, lipid droplets, lysosomes, and peroxisomes. ‘%’ shows the mean of ratios, and caps show standard error of the
mean (Nmitochondia = 705 measurements were selected randomly, other as F). Scale bar, 750 nm in A, 400 nm in B, 350nm in C, and
450 nm in D.

Discussion

For the first time, we established a whole pipeline to recon-
struct the ER and other organelles in the liver by ATUM-SEM
(Figure 1), which generated an unprecedented 3D model to
map the liver sample. Furthermore, the 3D model allowed a sys-
tematic analysis of the distribution and abundance of various
organelles and a quantification of the MCSs between the ER
and other organelles. In our workflow, ATUM-SEM was adopted
to generate image data because it is suitable for large volumes

of data, and serial sections can be imaged again when the first
imaging fails. In addition, the pixel resolution of ATUM-SEM (x
and y directions, 5nm x 5nm) was sufficient for recognizing
membranes of the ER and other organelles. The main drawback
of the ATUM-SEM technique is the low resolution in the z direc-
tion (45 nm), which leads to the inability to visualize some tis-
sues. However, for biological structures >100nm in size, the
impact can be ignored. For 3D reconstruction, the ATUM-SEM
method requires a more accurate alignment technology to align
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Figure 4 3D structural analysis of mitochondria in the liver. (A) Unbranched mitochondria. (B) Branched mitochondria. (C) Pie chart shows
the percentage of unbranched and branched mitochondria (total 705, as in Figure 3G). The shape of all mitochondria is intact. (D) The his-
togram shows the length of unbranched mitochondria in 3D reconstruction, with length3D mean=1761.8 nm (N =608, as C). (E) The histo-
gram shows the ratio of length to width of unbranched mitochondria in 3D reconstruction, with ratio mean=2.07 (N =608, as C). (F) Bar
chart shows the percentage of two types of mitochondria forming MCSs. Percentages are indicated above each graph. (G) The spatial rela-
tionship between mitochondria and the ER. The first image is a raw EM image, and the other images show the 3D structure from XY, XZ,
and YZ perspectives, respectively. (H) Mitochondria are surrounded by the ER. Images show the 3D structure from XY, XZ, and YZ perspec-
tives, respectively. Scale bar, 250 nm in A, 350 nm in B, 190 nm in G, and 280 nm in H.

the serial images than focused ion beam scanning electron mi-
croscopy (FIB-SEM) in situ imaging.

To our knowledge, we are the first to apply deep learning
technology to automatically segment the ER and other organ-
elles in a 3D EM image stack. Compared with previous semima-
nual methods, we have a greater advantage in processing
large-scale data. For example, the membrane contours of the
ER and other organelles were traced semimanually by using
3Dmod software (West et al., 2011, Wu et al., 2017). In addi-
tion, our method of segmentation for various organelles is also
applicable to FIB-SEM data, provided that the data are reliable.
Therefore, our reconstruction workflow can efficiently obtain
the 3D structure of various organelles so that biologists can fo-
cus more on the study of biological function.

Our 3D model revealed that the ER is distributed densely
throughout the tissue to form a continuous membrane network
and the local morphology is diverse. We observed that the ER
commonly presents with flat cisternae, and the lumen between
membrane bilayers is narrow. It was somewhat surprising to us
that the fenestrations and edges have a higher membrane

curvature than the middle sections in the flat cisternae and
that the lumen of the cisterna edges is wider (Figure 3C). As
reported previously, reticulons (Rtns) and Yop1 proteins are re-
lated to the membrane curvature of the ER, and deletion of
these two molecules leads to a loss of cisternal fenestrations
(West et al., 2011). We did not perform relevant experiments to
confirm the abundance of the two proteins in these regions.
Our data are not suitable for reconstructing the tubular ER be-
cause it is difficult to distinguish tubular ER and free vesicles in
2D EM images. However, we can observe that the cisternal ER
is very dominant in the original EM image stack
(Supplementary Video S1, https://www.micro-visions.org/pub/
JiangYi/).

The unprecedented 3D model shows spatial distribution and
abundance of various organelles (Supplementary Video S2,
https://www.micro-visions.org/pub/JiangYi/; Figure 2A and B).
In addition to the ER, mitochondria have the tightest distribu-
tion and diverse forms. Mitochondria continuously divide and
fuse to form a tight network in liver cells. However, the mito-
chondria are static in our 3D model because they were imaged
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Figure 5 3D analysis of MCSs between the ER and other organelles. (A-D) MCSs are formed between the ER and mitochondria (A), lipid
droplets (B), lysosomes (C), and peroxisomes (D). The first image shows the raw EM image, and the white arrow indicates MCSs in a 2D im-
age. The second to fourth images show the 3D reconstruction viewed from different perspectives (XY, XZ, and YZ directions). (E) Scatter dia-
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other as Figure 3F. (F) Bar chart showing the mean of the minimum distance. The caps show standard error of the mean. (G) Bar chart show-
ing the percent of organelles forming MCSs with the ER. Percentages are indicated above each graph. Color-coded as in Figure 2. Scale bar,
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by EM at a specific moment. Therefore, we cannot ensure  hepatocytes were related to alcoholic liver disease (Bruguera et
whether branched mitochondria are dividing, fusing, or main-  al., 1977).

taining their original shape. Previous studies have suggested In recent years, the connection between the ER and other
that the abnormal sizes of some mitochondria were related to organelles has been studied extensively in eukaryotic cells.
some liver diseases. For example, giant mitochondria in Increasing number of researchers have realized the
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importance of MCSs in cell physiology. Universally, MCSs are
studied by fluorescence images or 2D ultrastructures. Here,
we used ATUM-SEM to generate a 3D model to analyze the re-
lationship between the ER and other organelles. Due to the
static imaging of EM, we should be cautious about the find-
ings that we observe from the 3D structure. However, most
cells in the liver should have common features, so our
results can provide basic information for biochemical and
functional studies of MCSs.

Although the ER and mitochondria play different roles in cells,
their interaction is necessary for the exchange of calcium, lipids,
and metabolites (Flis and Daum, 2013). Many previous studies
have focused on the MCSs between the ER and mitochondria,
which are defined as MAMs. Here, we found that more than half
of mitochondria formed MAMs with the ER from 3D reconstruction.
Moreover, branched mitochondria are more likely to form MAMs
with the ER than unbranched mitochondria. Remarkably,
branched mitochondria may be in the process of division, and
previous studies have indicated that ER-mitochondria contacts
coordinate mtDNA replication with mitochondrial division in yeast
and human cells (Murley et al, 2013; Lewis et al., 2016).
Additionally, a previous study showed that obesity can lead to a
marked reorganization of MAMs resulting in mitochondrial cal-
cium overload in the liver, compromising mitochondrial oxidative
capacity and augmenting oxidative stress (Arruda et al., 2014).

Lipid droplets are storage organelles for neutral lipids (Wu et
al., 2018). Contacts between the ER and lipid droplets are fre-
quent and conspicuous. However, our data show that the lipid
droplet is not enfolded by the ER; instead, the edge of the ER is
in contact and displays continuity with the lipid droplet mem-
brane, displaying the continuity of the membrane (Figure 5C).
These contacts have been defined as membrane bridges, which
are closely related to the unique structure and biological pro-
cess of lipid droplets.

Lysosomes are essential organelles in the cell that can de-
compose substances that enter the cell from the outside
world and digest the local cytoplasm and organelles of the
cell itself. Recent study has shown that ER-lysosome con-
tacts are signaling hubs that enable cholesterol sensing by
mTORC1, and targeting the sterol-transfering activity of these
signaling hubs could be beneficial in patients with
Niemann-Pick disease, type C (Lim et al., 2019). Our data
show that the lysosome is in low density and can take on a
variety of shapes, such as spherical, ellipsoidal, and elon-
gated. In addition, we observed that lysosomes dissolve mi-
tochondria and peroxisomes. Furthermore, the MCSs
between the ER and lysosomes are also indispensable to the
physiological function of cells.

Peroxisomes are ubiquitous organelles in cells. The peroxi-
some plays a crucial role in metabolism, and many of these
metabolic functions are carried out in partnership with the
ER (Wu et al., 2018). In addition to the ER, peroxisomes are
intimately associated with mitochondria and lipid droplets,
and their ability to carry out fatty acid oxidation and lipid
synthesis, especially the production of ether lipids, may be

critical for generating cellular signals required for normal
physiology (Lodhi and Semenkovich, 2014). However, perox-
isomes have received little attention due to their small size.
Our data show that peroxisomes are the smallest organelles
in our reconstructed image stack but are omnipresent
(Supplementary Video S2, https://www.micro-visions.org/
pub/JiangYi/; Figure 2B). Like lipid droplets, peroxisomes
are also considered to be derived from the ER. Contacts be-
tween peroxisomes and the ER are also frequent (Figure 5D).
In summary, our results enhance the knowledge about 3D
structure, distribution, and abundance of various organelles in
liver cells. They also enable us to determine the MCSs between
the ER and other organelles at a nanometer resolution.
However, these results only present qualitative and quantita-
tive information from a structural perspective based on static
imaging. Therefore, our findings require further EM and dy-
namic imaging to verify their uniqueness, including whether
the MCSs between the ER and other organelles represent short-
term interplay or long-term tethering and whether the same
phenomenon occurs in other tissues of the liver. Notably, MCSs
are known to be linked to liver diseases. The ablation of Mfn2
in the liver revealed that the destruction of ER—mitochondria
phosphatidylserine transfer is one mechanism involved in the
development of liver disease (Hernandez-Alvarez et al., 2019).

Materials and methods
Animals

An adult C57/BL male mouse was kept in a temperature-con-
trolled room with a 12-h light-dark cycle, and was fed with
standard mouse chow and normal water. All animal care proce-
dures and research were approved by the Institutional Animal
Care and Use Committee of Chinese Academy of Science.

Fixation of mouse liver tissue

The mouse liver tissues were immersed in 4% (w/v) parafor-
maldehyde and 2.5% glutaraldehyde (Sigma, G5886). Then,
the samples were fixed in 2% 0s0, (Ted Pella, 18451) in phos-
phate buffer (0.1 M, pH 7.4) for 90 min at room temperature.
The staining buffer was replaced with 2.5% ferrocyanide
(Sigma, 234125) in phosphate buffer (0.1 M, pH 7.4) for an-
other 90 min at room temperature. The samples were washed
three times with 0.1 M phosphate buffer and incubated with fil-
tered thiocarbohydrazide (TCH, Sigma, 223220) for 45 min at
40°C. Next, the samples were fixed again with unbuffered 2%
0s0, for 90 min and then incubated overnight in 1% uranyl ac-
etate aqueous solution at 4°C. After incubated with a lead as-
partate solution [0.033g lead nitrate (Sigma, 228621)
dissolved in 5ml 0.03 M aspartic acid (Sigma, 11189, pH 5.0)]
for 120 min at 50°C, the samples were dehydrated through a
gradient ethanol series (50%, 70%, 80%, 90%, and 100% eth-
anol, 10 min each) and pure acetone. Finally, the samples were
embedded with Epon 812 resin (SPI, 02660-AB).


https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjab032#supplementary-data
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ATUM-SEM imaging

Serial sections of liver samples were continuously cut
through a commercial ATUM with a diamond knife (Diatome,
MC16425) and collected on Kapton polyimide tape (width
8 mm, thickness 100 um). Then, the tape was segmented and
attached to 4-inch silicon wafers by a double-coated carbon
conductive tape (Ted Pella). Next, the wafers were coated with
6 nm of carbon via a high-vacuum film deposition instrument
(Leica) to avoid charging. Eventually, serial sections were im-
aged by SEM (Zeiss Gemini 300) with a resolution of 5 nm/pixel
and a dwell time of 2-5 ps.

Image alignment

After the serial image dataset was acquired through SEM,
all images were inspected manually. If sections were missed
or contaminated during imaging, the sections could be im-
aged again. Since we adopted the ATUM method and the
samples were not imaged in situ, nonlinear distortion of the
images was inevitable. Therefore, serial image alignment
was indispensable in obtaining a 3D EM image stack. In this
case, we adopted a coarse-to-fine strategy to align the serial
images. First, we performed coarse alignment by extracting
corresponding points between adjacent sections with an
affine transformation model on the raw serial images
(16000 x 16000 pixels). Then, we intercepted the region of
interest (6000 x 6000 pixels). Next, we performed fine
alignment (Chen et al.,, 2018), which involves pairwise
correspondence extraction between adjacent sections by
SIFT flow (Liu et al., 2011), correspondence position
adjustment for all sections, and image wrapping by the
moving-least-square method (Schaefer et al., 2006).
Because the image will contain a small offset to produce
black borders after fine alignment, we intercepted the area
without the black border (4000 x 4000 pixels) through the
entire serial image stack. Thus, we acquired a stack of 702
images (4000 x 4000 pixels), with a corresponding size of
approximately 20 um x 20 um x 31.5 um.

Workflow for 3D reconstruction

The workflow for 3D reconstruction of the 3D EM image stack
was as follows. We first designed an image segmentation net-
work to automatically segment all ER, mitochondria, lipid drop-
lets, lysosomes, peroxisomes, and nuclei (Supplementary
Figure S1). Each raw 2D EM image was input to the deep learn-
ing network to obtain the segmentation images for various
organelles. The performance of our image segmentation net-
work is presented quantitatively (Dice coefficient: 0.882 for the
ER, 0.9797 for mitochondria, 0.9835 for lipid droplets, 0.9213
for lysosomes, 0.9064 for peroxisomes, and 0.9887 for the nu-
cleus; see Supplementary Table S1) and qualitatively
(Supplementary Figure S2). Next, we employed a 3D connection
method (Li et al., 2018) to calculate the relationship between
each organelle in 3D (except for the ER, each organelle is

represented by a unique label). For the architecture and imple-
mentation details of the image segmentation network, see
Supplementary material.

3D visualization and quantification

Amira software (Stalling et al., 2005) was used for 3D visuali-
zation of the ER and other organelles. In addition, some mor-
phological measurements of the organelles were obtained
through Amira software, such as 3D volume, 3D surface area,
3D length, and sphericity (see Supplementary material).
Furthermore, the minimum distance between the ER and other
organelles was obtained by measuring the closest distance be-
tween their contours in the 3D model.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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