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Microtubules play a major role in intracellular trafficking of
vesicles in endocrine cells. Detailed knowledge of microtubule
organization and their relation to other cell constituents is
crucial for understanding cell function. However, their role
in insulin transport and secretion is currently under debate.
Here, we use FIB-SEM to image islet beta cells in their entirety
with unprecedented resolution. We reconstruct mitochondria,
Golgi apparati, centrioles, insulin secretory granules and micro-
tubules of seven beta cells, and generate a comprehensive spatial
map of microtubule-organelle interactions. We find that micro-
tubules form non-radial networks that are predominantly not
connected to either centrioles or endomembranes. Microtubule
number and length, but not microtubule polymer density, vary
with glucose stimulation. Furthermore, insulin secretory gran-
ules are enriched near the plasma membrane where they asso-
ciate with microtubules. In summary, we provide the first 3D
reconstructions of complete microtubule networks in primary
mammalian cells together with evidence regarding their impor-
tance for insulin secretory granule positioning and thus support-
ive role in insulin secretion.
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Introduction

Cytoskeletal elements, such as microtubules or actin fila-
ments, play a pivotal role in regulating peptide hormone traf-
ficking and secretion in endocrine cells (Rudolf et al., 2001;
Park and Loh, 2008; Fourriere et al., 2020). In pancreatic
islet beta cells, for example, insulin secretion induced upon
elevated levels of blood glucose is accompanied by increased
polymerization of tubulin (Pipeleers et al., 1976; McDaniel
et al., 1980; Heaslip et al., 2014) and a loosening of corti-
cal F-actin (Kalwat and Thurmond, 2013). Beta cells contain
several thousand insulin secretory granules (SGs) (Fava et al.,
2012) of which 10-20% are dynamically transported along
microtubules (Hoboth et al., 2015) and 1-2% are undergo-
ing exocytosis upon glucose stimulation (Rorsman and Ren-
strom, 2003). An intact microtubule network (Boyd et al.,

1982) as well as motor-mediated transport of SGs are nec-
essary for insulin secretion (Meng et al., 1997; Varadi et al.,
2002; Cui et al., 2011) and this active transport increases af-
ter stimulation with glucose (Pouli et al., 1998; Hoboth et al.,
2015; Miiller et al., 2017a). However, in contrast to these
data microtubules have also been postulated to hinder insulin
SG transport under low glucose, whereas a loosening of the
microtubule network upon glucose stimulation allows SGs to
reach the plasma membrane (Zhu et al., 2015). In view of
these considerations it is therefore crucial to obtain high res-
olution data on microtubule remodelling and insulin SG in-
teraction.

Previous studies by fluorescence light microscopy showed
that the organization of the beta cell microtubule network
resembles a tangled, non-directional scaffold (Varadi et al.,
2003; Zhu et al., 2015), rather than the radial organiza-
tion found in tumor cell lines (Meiring et al., 2020). How-
ever, even advanced super resolution methods cannot provide
the resolution and field of view necessary to accurately re-
construct the 3D microtubule network in whole cells, since
microtubules have an outer diameter of approximately 25
nm and primary beta cells are relatively large cells (10-
20 um in diameter) that are densely embedded in the islets
of Langerhans. In contrast, electron microscopy methods al-
low nanometer resolution imaging of microtubules together
with all other cell structures and organelles. For example,
serial-section electron tomography has been used to recon-
struct the several thousand microtubules of mitotic spindles
in C. elegans (Redemann et al., 2017) and the 3D microtubule
network of yeast cells in interphase (Ho0g et al., 2007). Re-
cently, block-face scanning electron microscopy has been
used to reconstruct microtubules of chemically fixed mitotic
spindles of HeLa cells followed by spatial analysis (Nixon
et al., 2017). However, high resolution 3D reconstructions of
the microtubule network in whole primary mammalian cells
in interphase have, to our knowledge, never been reported.
Here, we applied high resolution, near-isotropic focused ion

Mller etal. | December 16,2020 | 1-15


https://doi.org/10.1101/2020.10.07.329268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.07.329268; this version posted December 16, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Glucose stimulation

low glucose high glucose

X: 30.0 pm z:249pm I [ 3 |
(7,500 px) 7 (7.312px) A adl L
Y:20.0 ym 3 cells

(5,000 px)

Insulin SGs

Lot )

C

Microtubules

Fig. 1. FiB-SEM volumes of pancreatic beta cells and 3D segmentation of microtubules and organelles. A) Full FiB-SEM volume of a pancreatic islet (left), one of
which was acquired for low and high glucose conditions containing 3 (low) and 4 (high) complete beta cells (right). Shown are the lateral (XY) and axial (XZ) views of a small
crop, highlighting the quasi-isotropic resolution of the FIB-SEM volumes, the arrowhead indicates a microtubule, the asterisk an insulin secretory granule (SG). Scale bar:
500 nm B) Raw lateral images with segmentation overlay for insulin SGs, mitochondria, Golgi apparatus, nucleus (of the identical region) and microtubules and centrioles
(of different regions). Below the overlays we show 3D renderings of the corresponding organelles of one whole cell (high glucose condition) accompanied by a transparent
rendering of the plasma membrane. Centrioles are magnified in the last panel. Scale bars: 500 nm. C) 3D rendering of one cell containing all segmented organelles. The
plasma membrane and insulin SGs were removed in the left half of the cell to help visualizing its inner parts.

beam scanning electron microscopy (FIB-SEM) to image
large volumes of cryo-immobilized, resin-embedded pancre-
atic islets under different glucose stimuli. We provide the first
reconstructions of the full 3D microtubule network within
primary mammalian cells, comprising 7 cells in total. We
show that beta cell microtubules are predominantly not con-
nected to the centrioles and endomembranes and form a non-
radial network. We show that glucose stimulation induces
microtubule remodelling, which, however, does not change
the overall polymerized tubulin density. We additionally re-
construct insulin SGs, Golgi, plasma membranes, nuclei, mi-
tochondria, and centrioles of all cells and perform a compre-

hensive quantitative spatial analysis of microtubule-organelle
interaction. Our data show an enrichment of insulin SGs to-
gether with microtubules near the plasma membrane, point-
ing to the role of microtubules for supporting the secretory
functionality in beta cells.

Results and Discussion

High resolution FIB-SEM resolves organelles and mi-
crotubules

In order to achieve near-isotropic image resolution at high
throughput we used an enhanced FIB-SEM setup (Xu et al.,
2017, 2020c) to image large volumes of isolated pancreatic
islets of Langerhans treated with low (resting) or high glu-
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Fig. 2. Microtubule network properties and distance distributions. A) Fully reconstructed microtubule network of one beta cell with microtubules in red, centrioles
in purple, Golgi apparatus in green and plasma membrane (PM) in gray transparent. Scale: cube with a side-length of 1 um. B) Microtubule (MT) length and tortuosity
distribution of all 7 analyzed cells (blue: low glucose cells, orange: high glucose cells). Horizontal and vertical lines signify the mean and the interquartile range, respectively.
C) Rendering of only centriole-connected (centrosomal) microtubules of the same cell as in A. The plots show the distributions of distances of MT ends to centrioles for all
analyzed cells. Scale: cube with a side-length of 1 um. D) Rendering of only Golgi-connected microtubules of the same cell as in A. Scale: cube with a side-length of 1 um.
The plots show the distributions of distances of the microtubule ends to Golgi for all analyzed cells. E) Distribution of the distance of microtubule ends to centrioles for one
representative low glucose (blue) and one high glucose (orange) cell with random distributions pcent represented by a black line. Red dotted and black dotted lines represent
actual and random cumulative distributions, respectively. F) Distribution of the distance of microtubule ends to Golgi membranes for the same cells as in E with random
distributions pgolgi represented by a black line. Red dotted and black dotted lines represent actual and random cumulative distributions, respectively. G) Distribution of the
distance of microtubule ends to the plasma membrane for for the same cells as in E with random distributions ppy represented by a black line. Red dotted and black dotted
lines represent actual and random cumulative distributions, respectively. H) Distribution of the distance of microtubule pixels to the plasma membrane for the same cells as in

E with random distributions ppm represented by a black line. Red dotted and black dotted lines represent actual and random cumulative distributions, respectively.

cose (stimulating insulin secretion) concentrations. Sam-
ples were first fixed by high pressure freezing followed by
a novel freeze substitution protocol adapted from (Hall et al.,
2013) to improve image contrast compared to previously ap-
plied freeze substitution protocols (Verkade, 2008; Miiller
et al., 2017b). Crucially, this improved contrast allowed
to reliably detect microtubules together with all major or-
ganelles (Fig. 1A, Supp. Fig. 1A, C, D). We acquired two vol-
umes (one for each glucose condition) of Durcupan embed-
ded isolated islets containing several full beta cells at near-
isotropic 4 nm voxel size (Fig. 1A, Supp. Fig. 1B; Video
1). Specifically, imaging took approximately two weeks
per stack resulting in two large volumes with pixel dimen-
sions of 4,900x5,000x7,570 pixels for the low glucose and
7,500%5,000x7,312 pixels for the high glucose sample with
file sizes of 176 and 255 GB, respectively. Acquisition of
large volumes combined with high resolution was essen-
tial to obtain 3D stacks containing several beta cells and to
simulaneously resolve microtubules. We then applied man-
ual as well as machine learning-based 3D segmentation to
trace microtubules and reconstruct organelles such as the in-
sulin SGs, mitochondria, centrioles with axonemes of the
primary cilia, nuclei, the Golgi apparatus and plasma mem-
brane (Fig. 1B). Microtubules were segmented manually by

creating a skeleton with KNossos (Helmstaedter et al., 2011).
Plasma membranes, nuclei and centrioles of individual cells
were segmented with Microscopy Image Browser (Belevich
et al., 2016). Mitochondria were semi-automatically seg-
mented with ilastik (Berg et al., 2019) whereas insulin SGs
were automatically detected with STARDIST (Weigert et al.,
2020). The cisternae of the Golgi apparatus were automati-
cally segmented by a U-Net (Ronneberger et al., 2015) that
was trained with ground truth annotations of small crops from
the original FIB-SEM volumes. The Golgi apparatus of beta
cells has in part been reconstructed at high detail (Marsh
et al., 2001). Our segmentation was focused on Golgi cis-
ternae and therefore does not include most Golgi vesicles.
However, it provides a precise localization of Golgi mem-
brane stacks which was necessary to investigate microtubule
interaction. In total we obtained full microtubule and or-
ganelle segmentations for 7 mostly complete beta cells (3
for the low glucose and 4 for the high glucose condition),
that provided the basis for the subsequent visualization and
analysis in 3D (Fig. 1C, Supp. Fig. 2, Video 2, Video ab-
stract). We found that all cells except for one (high glucose
cell 3, Supp. Fig. 2) were similar in their general ultrastruc-
ture and segmentation features. This particular cell, however,
showed signs of stress, such as irregular cell and nucleus
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Glucose status

Low glucose High glucose

Cell 1

Cell2 Cell3 Celll Cell2 Cell3 Cell4

Cell volume in um?

799 997 927

1,010 834 898 793

Nucleus volume in um?

115 150 148 126 116 102 106

Nucleus volume percentage 144% 15.0% 16.0% 125% 13.9% 11.4% 13.4%
Mitochondria total volume in pm? 73 50 104 68 82 44 98
Mitochondria total volume percentage 91% 5.0% 112% 6.7%  9.9% 49% 12.4%
Golgi volume in pm? 18 8 8 22 18 12 13
Golgi volume percentage 22% 08% 09% 22% 2.1% 1.3% 1.6%
Insulin SG number 5,139 9,947 4,073 9,714 7,280 13,812 9,310
Insulin SG total volume in pum? 133 210 108 208 153 254 152
Insulin SG total volume percentage 16.6% 21.0% 11.6% 20.6% 18.4% 283% 19.1%
Insulin SG average volume in um? 0.026  0.021 0.027 0.022 0.021 0.019 0.016
Insulin SG average surface area in um?” 0419 0367 0426 0369 0366 0337 0.309
Insulin SG average diameter in pm 0409 0383 0413 0384 0384 0368 0.355
Insulin SG assoc. with MT in % of all SG 307% 344% 373% 291% 39.0% 28.7% 27.0%
Assoc. insulin SG close to PM (< 500 nm) in % 53.0% 453% 592% 56.6% 554% 512% 62.1%
Not-assoc. insulin SG close to PM (< 500 nm)in % 50.6% 44.4% 51.5% 41.7% 49.5% 253% 59.6%
Microtubule number 342 291 440 1,007 1,101 862 932

Microtubule average length in um

8.82 14.63 8.54 3.10 3.14 3.25 2.66

Microtubule cumulative length in pm 3,018 4,260 3,756 3,115 3,452 2,799 2,479
Microtubule average tortuosity 1.05 1.04 1.04 1.05 1.05 1.04 1.05
Microtubule centriole-connected percentage 35%  2.7% 39%  0.7% 1.7% 0.7% 1.3%
Microtubule Golgi-connected percentage 9.6% 03% 05% 3.7% 10.2% 30% 32%

Table 1. Quantitative microtubule and organelle measurements of all cells. Volumes of the analysed cells, nuclei, mitochondria, Golgi apparati, insulin SGs. Insulin SG
numbers and individual volumes. Numbers and percentages of microtubule-associated and not associated SGs. Numbers, average and cumulative lengths and tortuosity of

microtubules. Percentages of centrosomal and Golgi-connected microtubules.

shape and a fragmented Golgi apparatus. Nevertheless, we
decided to provide all data of this cell and to discuss them in
the text where necessary.

To facilitate navigation of our results, we developed the tool
BetaSeg Viewer, a FIJT plugin based on BigDataViewer (Piet-
zsch et al., 2015). BetaSeg Viewer enables the joint view of
both raw volume and organelle segmentation masks (together
with their associated properties), hence an easy and intuitive
access to the data (c¢f. Supp. Fig. 1E, F, Video 3). All seg-
mentation masks and preprocessed data for each individual
cell together with the original raw image stacks are publicly
available.

Beta cell microtubule number and length vary with glu-
cose stimulation

In order to investigate the remodelling of the microtubule net-
work upon stimulation with glucose we first quantified ba-
sic microtubule properties for low as well as high glucose
conditions (Fig. 2). The total number of reconstructed mi-
crotubules per cell was between 291 and 440 for low glu-
cose cells, and between 862 to 1,101 for high glucose cells,
implying a substantial increase of microtubule number in
glucose stimulated cells (Table 1). In contrast, the aver-
age microtubule length for low glucose cells ranged from
8.54 to 14.63 um, which is greater than that of high glu-
cose cells where it ranged from 2.66 to 3.25 um (Fig. 2B,
Table 1). Interestingly, the cumulative microtubule length

per cell showed only modest variation between glucose con-
ditions with 3,018 to 4,260 um in low glucose and 2,479 to
3,452 um in high glucose cells (Table 1). We additionally
computed the tortuosity (curvature) along each microtubule,
and found no major differences between microtubules in low
and high glucose cells (Fig. 2B). The much shorter micro-
tubule length in high glucose cells might be due to changes
in microtubule dynamics upon glucose stimulation leading
to shorter microtubules (Brouhard and Rice, 2018). It has
been proposed that high glucose leads to depolymerization
of microtubules while simultaneously new microtubules are
being generated (Zhu et al., 2015). Alternatively, glucose-
induced activation of severing enzymes such as spastin and
katanin could lead to shorter microtubules. Notably, both
spastin and katanin are AAA ATPases (Hartman et al., 1998;
Roll-Mecak and Vale, 2008) that could be sensitive to the in-
creased ATP/ADP ratio induced by glucose stimulation.

Beta cell microtubules form non-connected networks
and are enriched near the plasma membrane

We next investigated for each cell the connectivity of the re-
constructed microtubule network to different cell organelles.
Our segmentation allowed for precise localization of mi-
crotubule ends (Supp. Fig. 1C) allowing for investigating
their connectivity to centrioles and endomembranes. In the
case of centrioles, we defined a single microtubule to be
centriole-connected or centrosomal, if one of its ends is lo-
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Fig. 3. Insulin SG properties and distance distributions. A) Volume fraction (percentage) of segmented organelles for all analyzed cells. B) 3D rendering of one beta
cell with plasma membrane (transparent gray), insulin SGs (orange), Golgi apparatus (green) and nucleus (yellow). Scale: cube with a side-length of 1 um. C) Diameter
and volume distributions of insulin SGs of all 7 analyzed cells (blue: low glucose cells, orange: high glucose cells). Horizontal and vertical lines signify the mean and the
interquartile range, respectively. D) Distribution of the distance of insulin SGs to the plasma membrane (PM) for one representative low glucose (blue) and one high glucose
(orange) cell with random distributions ppw represented by a black line. Red dotted and black dotted lines represent actual and random cumulative distributions, respectively.
E) Distribution of the distance of insulin SGs to the nucleus for one representative low glucose (blue) and one high glucose (orange) cell with random distributions pnuc
represented by a black line. Red dotted and black dotted lines represent actual and random cumulative distributions, respectively. F) Distribution of the distance of insulin
SGs to the Golgi apparatus for one representative low glucose (blue) and one high glucose (orange) cell with random distributions pgolgi represented by a black line. Red
dotted and black dotted lines represent actual and random cumulative distributions, respectively.

cated within the pericentriolar material (approximately 200
nm around the centrioles). Notably, for all cells only few
microtubules were centriole-connected, with a total number
ranging from 8 to 17 in low glucose and from 6 to 19 in
high glucose cells, corresponding to 2.7 to 3.9% (low glu-
cose) and 0.7 to 1.7% (high glucose) centrosomal micro-
tubules (Fig. 2C, Table 1, Video 4). This demonstrates that
the microtubule network in mouse beta cells is distinctly non-
centrosomal irrespective of either glucose condition. Previ-
ous studies (Zhu et al., 2015) have indicated that a signifi-
cant number of microtubules are connected to the Golgi ap-
paratus shortly after microtubule depolymerization by noco-
dazole. Golgi-derived microtubules originate directly from
Golgi membranes (Chabin-Brion et al., 2001; Efimov et al.,
2007; Sanders and Kaverina, 2015) and mechanisms for their
generation include recruitment of y-TuRC to Golgi mem-
branes with the help of CLASPs (Efimov et al., 2007) or
AKAP450 (Sanders and Kaverina, 2015). Therefore, we
chose a threshold of 20 nm in order to define microtubules
that are structurally connected to the Golgi apparatus (Golgi-
connected). We found that between 2 and 10% of all mi-
crotubules were Golgi-connected (Fig. 2D, Table 1, Video
5), while the distance distribution of microtubule ends to
the Golgi peaked at smaller values compared to the centri-
oles (Fig. 2C, D, Supp. Fig. 3A, B, C). To investigate whether
this might be due to the expanded sponge-like geometry of
the Golgi rather than the microtubule end distribution itself,
we computed for each cell a corresponding random golgi
distribution pg,, i.e. the distribution of distances from the
Golgi to all other points inside the cell subvolume excluding

the nucleus. That way pg,; captures the purely geometric ef-
fects of the spatial Golgi arrangement and allows an estimate
of the distance distribution of the hypothetical case of ran-
domly positioned microtubule ends. We found that the distri-
butions of microtubule end distance to the Golgi were slightly
shifted towards smaller values compared to pg,; for both glu-
cose conditions (Fig. 2F, Supp. Fig. 3B, C). This distribution
was heterogeneous between cells. While some cells exhibited
a considerable fraction of microtubule ends that are close to
the Golgi (low glucose 1, high glucose 2 and 4) such an en-
richment was not observed in other cells (low glucose 2 and
3, high glucose 1, ¢f. Supp. Fig. 3B). A high density of mi-
crotubule ends that are close, yet structurally not connected,
to Golgi membranes indicates that these microtubules might
have originated from the Golgi, but have lost their connec-
tion to it. In contrast, the distance distribution of microtubule
ends to the centrioles was more similar to the respective
Peene (Fig. 2E, Supp. Fig. 3A). One cell (high glucose cell 3)
showed a highly fragmented Golgi (Supp. Fig. 2), which led
to a strongly enriched distribution of microtubule ends close
to Golgi membranes (Fig. 2D, Supp. Fig. 2, Supp. Fig. 3B,
C). However, the fraction of Golgi connected microtubules
was similar to that of the other cells and the distribution of
microtubule ends can be explained by the fragmentation of
the Golgi apparatus itself.

Surprisingly, independent of glucose concentration there was
stronger enrichment of microtubule ends close the plasma
membrane compared to its random distribution ppy in all
cells (Fig. 2G, Supp. Fig. 3D). Moreover, microtubule pix-
els were also enriched near the plasma membrane (Fig. 2H,
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Fig. 4. Spatial association between microtubules and insulin SGs. A) 3D rendering of a cell with plasma membrane (transparent gray), microtubules (red) and insulin SGs
(orange). Inset shows a magnified region. Scale: cube with a side-length of 1 pm. B) Distribution of the distance of insulin SGs to microtubules (MTs) for one representative
low glucose (blue) and one high glucose (orange) cell with random distributions put represented by a black line. Red dotted and black dotted lines represent actual and
random cumulative distributions, respectively. C) 3D rendering of a cell with plasma membrane, microtubule-associated SGs (orange), not associated SGs (light gray), and
microtubules (red). Scale: cube with a side-length of 1 um. D) Violin plots depicting the distance of associated and not associated insulin SGs to the plasma membrane (PM).
E) Violin plots depicting the distance of associated and not associated insulin SGs to the nucleus. F) Violin plots depicting the distance of associated and not associated

insulin SGs to the Golgi apparatus.

Supp. Fig. 3E). Notably we did not find major differ-
ences in polymerized tubulin density between glucose con-
ditions (Fig. 2H, Supp. Fig. 3E). Our findings show that al-
though a small number of microtubules is connected to cen-
trioles and Golgi apparatus a majority of over 80% of all mi-
crotubules are disconnected from these compartments. Al-
though both Golgi apparatus and centrioles could still serve
as microtubule organizing centers, our data suggest either
other places of microtubule generation or severing of micro-
tubules after their generation. Notably, a significant body
of literature indicates that microtubules can appear spon-
taneously in the cytosol (Vorobjev et al., 1997; Yvon and
Wadsworth, 1997). In order to stabilize these microtubules
proteins such as CAMSAP?2 (Jiang et al., 2014) or anchoring
proteins such as Ninein (Mogensen et al., 2000) are neces-
sary and might play a role in beta cells.

Finally, the observed remodelling towards shorter micro-
tubules under glucose stimulation did not alter the polymer-
ized tubulin density in general.

Organelle fractions are heterogeneous across cells

To gain insight into the role of microtubules in organelle pos-
tioning we reconstructed insulin SGs, mitochondria, plasma
membranes, centrioles with axonemes of the primary cilia,
Golgi apparati and nuclei of all 7 cells (Supp. Fig. 2, Table 1,
Video 2). Quantification of these organelles showed a clear
heterogeneity among the cells, independent of glucose stim-
ulation (Table 1). The volumes of the cells were variable,
ranging from 799 to 997 um? in the low glucose cells and
from 793 to 1,010 um? in the high glucose cells. Mitochon-
dria volumes ranged from 50 to 104 um? for low glucose and
from 44 to 98 um? for high glucose cells. The volume of the
nuclei ranged from 102 to 150 um? in the 6 cells containing

complete nuclei. The number of insulin SGs was especially
variable with only 4,073 SGs in one of the low glucose cells
and up to 13,812 SGs in one high glucose cell. These data
span the entire range of values that so far had been calcu-
lated for an average beta cell using either stereological meth-
ods (Dean, 1973; Olofsson et al., 2002; Shomorony et al.,
2015) or in-silico modelling (Fava et al., 2012). Our data
clearly demonstrate a strong heterogeneity of beta cells in
the number of their SGs independent of glucose stimulation.
This is in agreement with (Noske et al., 2008) who observed
substantial organelle heterogeneity between two beta cells re-
constructed with serial section electron tomography (however
without considering microtubules due to limited resolution).
In order to investigate if the differences in SG number were
correlated with cell size we calculated the volume fractions
of insulin SGs, and additionally of the nuclei, Golgi appa-
rati and mitochondria. While nuclei and Golgi fractions were
relatively stable across cells, volume fractions of mitochon-
dria and insulin SGs were highly variable even within same
glucose conditions (c¢f. Fig. 3A): for insulin SGs the volume
fraction ranged from 11.6 to 28.8%, demonstrating that in-
sulin SG number does not directly correlate with cell volume.

Insulin SGs are enriched near the plasma membrane,
but not the nucleus, independent of glucose concen-
tration

Next, we wondered if the observed beta cell heterogeneity
would also be reflected in insulin SG distribution and inter-
action with other organelles. Our 3D high-resolution recon-
structions allowed for a quantitative analysis of insulin SGs
and their spatial distribution and interaction with the plasma
membrane, nucleus and Golgi apparatus (Fig. 3B). In total we
analyzed the precise segmentation masks of >60,000 insulin
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SGs for all cells. First, we calculated SG volumes, surface ar-
eas, diameters and sphericity for all SGs in our cells (Fig. 3C,
Supp. Fig. 3F, G). The average SG volume ranged between
0.016 to 0.026 um> and the SG surface area between 0.309
to 0.429 um?. Insulin SGs in all cells were close to spheri-
cal in shape (Supp. Fig. 3G) with a mean diameter between
355 and 413 nm (Fig. 3C), comparable to values obtained by
stereological methods (Dean, 1973; Olofsson et al., 2002).
Next, we investigated the distance distribution of insulin
SGs to the plasma membrane. As before, we also com-
puted the corresponding random distributions ppy for com-
parison. As can be inferred from Fig. 3D and Supp. Fig. 3H,
especially SGs closest to the plasma membrane are sub-
stantially over-represented when compared to ppy. We ob-
served this phenomenon in all cells including the ones with
a smaller fraction of insulin SGs. In contrast, SG distances
from the nucleus followed approximately the random distri-
butions py,. in all cells (Fig. 3E, Supp. Fig. 3I). Interestingly,
the insulin SG distance to Golgi distribution in low glucose
cells followed the random distributions pg,ei, Whereas un-
der high glucose conditions SG were slightly enriched near
the Golgi indicative of the production of new SGs (Fig. 3F,
Supp. Fig. 3J). We therefore conclude that SGs are enriched
near the plasma membrane under both low and high glucose
conditions, but not near the nucleus.

Insulin SGs associate with microtubules close to the
plasma membrane

The strong enrichment of insulin SGs at the plasma mem-
brane led us to investigate the distance distribution and di-
rect association of both organelles (Fig. 4A). Interestingly,
insulin SGs were strongly enriched close to microtubules
when compared to random microtubule distributions pyr in
all cells independently of glucose concentration (Fig. 4B,
Supp. Fig. 3K). Furthermore, a high percentage of SGs was
directly associated with microtubules in both glucose condi-
tions. We found between 31 and 37% of associated SGs in
low glucose cells and between 27 and 39% in high glucose
cells (Fig. 4C, Table 1, Supp. Fig. 2, Video 6). This corre-
sponded to 1.95 to 4.04 microtubule-associated SGs per um?
of cytoplasmic volume in low glucose (rested) cells and 3.20
to 4.98 microtubule-associated SGs per um® of cytoplasmic
volume in glucose stimulated cells. Furthermore, the ma-
jority of microtubule-associated SGs were located close to
the plasma membrane (Fig. 4D). Interestingly, the fraction of
microtubule-associated SGs at the plasma membrane within a
distance of 500 nm was as high or higher than the fraction of
not associated SGs, independent of glucose stimulation (Ta-
ble 1). The distance distribution of microtubule-assocciated
and not associated SGs from the nucleus and Golgi apparatus
was more heterogeneous with some cells showing a higher
percentage of associated SGs close to these organelles and
others a higher percentage of not connected SGs (Fig. 4E,
F). Together with the data on microtubule and SG distribu-
tion these findings indicate an active role of microtubules in
maintaining the enrichment of insulin SGs in the cell periph-
ery.

Summary

We provide here the first 3D reconstructions of all micro-
tubules in primary mammalian cells in interphase using pan-
creatic beta cells as a model system. Although, electron mi-
croscopy can only give snapshots of the cell’s ultrastructure,
our data provide unprecedented insights into the 3D micro-
tubule organisation and organelle interaction with nanome-
ter precision. We found that a minority of microtubules are
connected to the centrioles and Golgi apparatus, while most
of the microtubules appear to be freely positioned within
the cytosol. The presence of largely non-radial, discon-
nected microtubule networks is a key feature of differenti-
ated cells (Muroyama and Lechler, 2017) and implies a major
microtubule remodelling during beta cell development. No-
tably, immature beta cells that proliferate have a lower secre-
tory capacity compared to mature beta cells (Salinno et al.,
2019). Microtubule remodelling combined with a change
in microtubule purpose, i.e. from spindle formation to mem-
brane trafficking, could contribute to the increased beta cell
functionality. We furthermore found substantial differences
in microtubule number and length between low and high glu-
cose conditions suggesting a major remodelling of the mi-
crotubule network upon glucose stimulation. However, in
contrast to (Zhu et al., 2015) we did not measure changes in
density of polymerized tubulin between glucose conditions,
questioning the proposed hindering role of microtubules for
SG mobility in low glucose. Moreover, in all cells micro-
tubules as well as insulin SGs were enriched near the plasma
membrane implying the role of microtubules in maintaining
organelle positioning (de Forges et al., 2012). Interestingly,
the fraction of insulin SGs directly connected to microtubules
was between 20 and 40% regardless of glucose treatment.
Thus, microtubules likely maintain a high density of insulin
SGs near the plasma membrane under low as well as under
high glucose conditions keeping insulin SGs in close proxim-
ity to secretion sites. In conclusion, our data provide quanti-
tative insights into the ultrastructure of beta cells and the re-
ciprocal interaction among their compartments at an unprece-
dented resolution. This detailed knowledge will facilitate our
understanding of beta cell function and insulin trafficking.

Data and software availability

Segmentation masks and crops of analysed beta cells have
been binned to near 16 nm isotropic voxel size and are avail-
able for download via https://betaseg.github.io. The
F1I1 plugin BetaSeg Viewer and the plugin for importing
Knossos skeletons can be downloaded via the update site
https://sites.imagej.net/betaseg.
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Materials and Methods

Islet isolation and culture

Pancreatic islets of 9 weeks old C57BL/6 mice were iso-
lated as previously described (Gotoh et al., 1985). They were
cultured overnight in standard culture media (RPMI 1640
(Gibco) with 10% FBS, 20 mM HEPES, 100 U/ml each peni-
cillin and streptomycin) containing 5.5 mM glucose. Prior to
high pressure freezing the islets were subjected to 1 hr in-
cubation in Krebs-Ringer buffer containing either 3.3 mM
or 16.7 mM glucose. All animal experiments were carried
out according to FELASA guidelines and recommendations
and are covered by a respective license for those experiments
from the local authorities. Facilities for animal keeping and
husbandry are certified and available with direct access on
campus in Dresden. Licenses for animal experiments are ap-
proved by the State Directorate Saxony under license number
DD24.1-5131/450/6.

High pressure freezing, freeze substitution and em-
bedding

Islets were frozen with a Leica EM ICE high pressure freezer
(Leica Microsystems, Germany) and kept in liquid nitrogen
until freeze substitution. They were substituted as previously
published (Miiller et al., 2017b) or according to a novel pro-
tocol: first the samples were substituted in a cocktail contain-
ing 2% osmiumtetroxide, 1% uranylacetate, 0.5% glutaralde-
hyde, 5% H;O (according to (Buser and Walther, 2008))
in acetone with 1% methanol at -90°C for 24 hours. The
temperature was raised to 0°C over 15 hours followed by 4
washes with 100% acetone for 15 min each and an increase
in temperature to +22°C. Afterwards the samples were in-
cubated in 0.2% thiocarbohydrazide in 80% methanol at RT
for 60 min followed by 6x10 min washes with 100% ace-
tone. The specimens were stained with 2% osmiumtetroxide
in acetone at RT for 60 min followed by incubation in 1%
uranylacetate in acetone + 10% methanol in the dark at RT
for 60 min. After 4 washes in acetone for 15 min each they
were infiltrated with increasing concentrations of Durcupan
resin in acetone followed by incubation in pure Durcupan and
polymerization at 60°C. For quality control the blocks were
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sectioned with a Leica LC6 ultramicrotome (Leica microsys-
tems) and 300 nm sections were put on slot grids containing
a Formvar film. Tilt series ranging from -63° to +63° were
acquired with a F30 electron microscope (Thermo Fisher)
and reconstructed with the IMOD software package (Kremer
et al., 1996).

FiB-SEM imaging

Prior to FIB milling small vertical posts were trimmed to the
region of interest guided by X-ray tomography data obtained
by a Zeiss Versa XRM-510 and optical inspection under a mi-
crotome. A thin layer of conductive material of 10-nm gold
followed by 100-nm carbon was coated on the trimmed sam-
ples using a Gatan 682 High-Resolution Ion Beam Coater.
The coating parameters were 6 keV, 200 nA on both argon
gas plasma sources, 10 rpm sample rotation with 45-degree
tilt. The coated samples were imaged using a customized
FIB-SEM with a Zeiss Capella FIB column mounted at 90°
onto a Zeiss Merlin SEM. Details of the enhanced FIB-SEM
systems were previously described (Xu et al., 2017, 2020a,b).
Each block face was imaged by a 140 pA electron beam with
0.9 keV landing energy at 200 kHz. The x-y pixel size was
set at 4 nm. A subsequently applied focused Ga+ beam of
15 nA at 30 keV strafed across the top surface and ablated
away 4 nm of the surface. The newly exposed surface was
then imaged again. The ablation — imaging cycle continued
about once every 3-4 minutes for 2 weeks to complete FIB-
SEM imaging one sample. The sequence of acquired images
formed a raw imaged volume, followed by post processing
of image registration and alignment using a Scale Invariant
Feature Transform (SIFT) based algorithm. The actual z-
step was estimated by the changes of SEM working distance
and F1B milling position (Xu et al., 2020c). Specifically, the
voxel dimensions were 4x4x4.24 nm (low glucose volume)
and 4x4x3.40 nm (high glucose volume). The image stacks
were rescaled to form 4x4x4 nm isotropic voxels which can
be viewed in any arbitrary orientations.

Segmentation of FIB-SEM data

Due to the differences in cell organelle morphology and in-
volved length scales, segmentation of the different organelles
poses specific challenges that we approached with a dedi-
cated method for each organelle class: Large and contrast-
rich organelles such as plasma membrane, nucleus, and mi-
tochondria allowed fast semi-manual tracing or admitted rel-
atively uncomplicated pixel-wise classification methods. The
crowded distribution of insulin SGs and the convoluted struc-
ture of the Golgi complex required a two-stage process to first
generate and curate training data for a subsequent final ma-
chine learning based segmentation step (details below). Mi-
crotubules posed the biggest segmentation challenge due to
their small diameter (25 nm) and relatively low electron den-
sity. We thus opted in this case to perform laborious yet ac-
curate manual tracing.

Microtubules: Traced manually by creating a skeleton with
the KNossos software (Helmstaedter et al., 2011). The origi-
nal 4 nm isotropic voxel size of the dataset was used. Tracing
was performed by two experts (AM and JVD’C). Final cor-

rections were done by AM. The final skeletons were scaled
to reach a final microtubule thickness of 25 nm. The man-
ual tracing and curating of the microtubule skeleton required
approximately 50 h per cell.

Plasma membrane, nucleus, and centrioles: Segmented
manually with Microscopy Image Browser (Belevich et al.,
2016) using interpolation every 10 slices. Centrioles were
roughly segmented followed by thresholding. The same was
done for the nucleus.

Golgi apparatus: We used ilastik to create preliminary fore-
ground mask of 10 crops (128x128x128 pixels each) from
different cells. After manual curation these labeled crops
were used to train a three-class U-Net (Ronneberger et al.,
2015) which was then applied to all full volumes. We
used data augmentation (flips, elastic deformations, Gaussian
noise) during training. The volumes were binned by 4 result-
ing in 16 nm isotropic voxel size datasets.

Mitochondria: Segmented with ilastik (Berg et al., 2019) that
employs a random forest classifier that predicts for every
pixel the probability to belong either to the background or
mitochondria class. Additionally we used the autocontext
function of ilastik, which resulted in improved segmenta-
tion masks. The volumes were binned four-fold resulting in
16 nm isotropic voxel size datasets. Masks were then ex-
ported as hdf5 files.

Secretory Granules (SG): Deep learning has been succesfully
applied to detect insulin SGs in 2D images (Zhang et al.,
2019). Due to the packed and dense distribution of SGs accu-
rate instance segmentation (i.e. assigning each SG a unique
label) is very challenging. To address this, we first created
preliminary instance masks with ilastik and a subsequent wa-
tershed transform and used them as preliminary groundtruth
for training a 3D STARDIST model (Weigert et al., 2020). Af-
ter one round of training with these preliminary (and im-
perfect) masks, we manually curated 5 small crops of the
first STARDIST result (172x172x172 pixels each) that served
as precise ground truth for the second and final round of
STARDIST training. We used data augmentation (flips, elastic
deformations, Gaussian noise, intensity shift) during training.
The volumes were again binned four-fold resulting in 16 nm
isotropic voxel size datasets.

Data analysis and visualisation

Segmentation postprocessing: Segmentation masks were
first exported as hdf5 or Amira (am) files, then imported into
FuI and finally saved as Tiff files (Schindelin et al., 2012).
Microtubule skeletons generated in KNOssOs were imported
into FIJT using a custom plugin and also saved as Tiff files.

Distance and connectivity calculations: Based on the seg-
mentation and labeling data we calculated distance maps of
organelle pixels and distance and connectivity relations be-
tween individual labels with ImageJ2 (Rueden et al., 2017)
and ImgLib2 (Pietzsch et al., 2012). Microtubules were cat-
egorized as centrosomal if the distance of one of their ends
to the centrioles was smaller than 200 nm. We considered a
secretory granule (SG) to be associated with a microtubule if
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the minimal distance between SG pixels and a microtubule
was smaller than 20 nm. Microtubule ends were considered
as connected to the Golgi if their distance was smaller than
20 nm.

Distribution plots: We used Python based tools (Harris et al.,
2020; Wes McKinney, 2010; Hunter, 2007; Virtanen et al.,
2020) to process and visualize all distributions. When plot-
ting microtubule end distances, e.g. to the membrane, from
the two ends of each microtubule only the one closer to the
membrane was taken into account. To set the distributions
of distance measurements into perspective, we additionally
plotted the non-zero distance distribution of the respective
organelle in the cell, excluding the volume occupied by the
nucleus. For instance, when plotting the distance of micro-
tubule ends to the Golgi, the second histogram line in black
accounts for the distances of all pixels in the cell to the Golgi,
excluding any pixels belonging to the nucleus or to the Golgi
itself. If microtubule ends would be randomly located in the
cell and if their positions would not correlate with the lo-
cation of other organelles, their distribution should roughly
match this plot. We refer to these plots as random distribu-
tions px where X signifies the organelle with respective to
which the distances were calculated (e.g. pgolgi> Py, €LC).

Fiui plugins: The plugins available in FIJT via our update
site https://sites.imagej.net/betaseq, BetaSeg Viewer
and the plugin for importing KNossos skeletons, are both
based on the SciJava plugin framework (https://scijava.
org/). The viewer utilizes a preliminary version of La-
belEditor (https://github.com/juglab/LabelEditor), a
novel layer on top of BigDataViewer (Pietzsch et al., 2015)
for displaying and interacting with labelings and label at-
tributes. These attributes, e.g. microtubule length or distances
between organelles, can directly be plotted with JFreeChart
(http://www.jfree.org/jfreechart/).

BetaSeg Viewer instructions: F1J1/ ImageJ users can install
the BetaSeg Viewer by adding the update site https://
sites.imagej.net/BetaSeg via the Help>Update... in
the menu. The data folder of at least one cell needs to
be downloaded from https://betaseg.github.io. After-
wards one can start the viewer from the menu by clicking
Analysis>BetaSeg and then pointing to the directory of one
cell in the following popup. A new window with a Big-
DataViewer area on the left and a list of data components
on the right will open, the EM source of the cell will be au-
tomatically displayed. The list of data components allows
to interactively show or hide segmentations as well as anal-
ysis results, e.g. the length or tortuosity of microtubules.
These properties are displayed via lookup tables (LUTSs) in
the viewer on top of the EM source. Colors can be adjusted.
Individual values of e.g. single microtubules can be displayed
by clicking the respective object. The analysis data can also
be displayed as a histogram or table, available via the E]
button on the right of the specific data item.

Visualisation and 3D rendering: Overlays of raw data and
segmentations were visualized with 3Dscript (Schmid et al.,
2019). 3D rendering was done with the Dragonfly Software

(theobjects.com/dragonfly) or blender (www.blender.
org).
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Supplementary Note 1: Supplementary Figures

Old freeze substitution New freeze substitution

"4

(7570px) a (4,900 px)

20.0 ym
(5,000 px)

Isotropic volumes containing full beta cells
High Res. FIB-SEM, novel freeze substitution protocol

Manual and ML-based segmentation
i KNOSSOS, llastik, StarDist, Microscopy Image Browser

Analysis: Spacial and interactive properties
< ImageJ2, Python

Plots, 3D-Visualization, BetaSeg Viewer
Python, Fiji, BDV, DragonFly, Blender

Granules: Distance membrane

Supplementary Figure 1. Raw FIB-SEM data and workflow for sample preparation, imaging, segmentation and data integration
within BetaSeg Viewer. A) Snapshots of samples prepared according to the old and new freeze substitution protocol. Arrowhead:
microtubule. Scalebar: 500 nm. B) Full raw volume of the low glucose dataset with pixel and pm dimensions. C) Detailed views of
microtubules with arrowheads pointing to microtubule ends. D) Snapshots of ultrastructural details: Insulin SGs, mitochondria, nucleus,
centrioles, endoplasmic reticulum (ER), Golgi apparatus. Scale bar: 500 nm. E) Workflow for sample preparation, imaging, seg-
mentation and data integration within BetaSeg Viewer: Isotropic volumes of cryo-immobilized, freeze substituted and resin-embedded
pancreatic islets were acquired with FIB-SEM followed by manual and machine-learning segmentation, 3D data analysis, integration
into BetaSeg Viewer and 3D visualization. F) Screenshot of BetaSeg Viewer with an slice through an overlay of the raw volume of one
beta cell with the corresponding segmentation masks, a table depicting quantitative data and a plot showing the distance of insulin SGs
to the plasma membrane generated with BetaSeg Viewer.
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assoc. SGs Mitochondria Nucleus Microtubules centr. MTs Golgi All organelles
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Supplementary Figure 2. 3D renderings of all beta cells and organelles/organelle subtypes analysed in this study. Color coded
are microtubule associated and not-associated SGs, mitochondria, nuclei, microtubules, centrioles, centrosomal microtubules, Golgi
apparati, Golgi microtubules. Cubes on the right of each cell have a sidelength of 1 um for scaling.
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Supplementary Figure 3. Microtubule and SG analysis for all cells. A) Distance of microtubule ends to the nucleus. B) Distance
of microtubule ends to Golgi (bin size 20 nm). C) Distance of microtubule ends to Golgi (bin size 200 nm ). D) Distance of microtubule
ends to plasma membrane. E) Distance of microtubule pixels to plasma membrane. F) Surface areas of SGs. G) Sphericity of SGs. H)
Distance of SGs to plasma membrane. I) Distance of SGs to nucleus. J) Distance of SGs to Golgi apparatus. K) Distance of SGs to
microtubules. Black lines in all distance distribution plots show the respective random distributions. Red dotted and black dotted lines
represent actual and random cumulative distributions, respectively.

14 | Miller et al., Three-dimensional FiB-SEM reconstruction of microtubule-organelle interaction


https://doi.org/10.1101/2020.10.07.329268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.07.329268; this version posted December 16, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplementary Note 2: Supplementary Material

Supplementary Figure 1: Raw FIB-SEM data and processing and segmentation workflow.

Supplementary Figure 2: 3D renderings of all cells with organelles and organelle subsets.

Supplementary Figure 3: Plots for all analysed cells.

Video abstract: 3D animation of all segmented beta cells

Animation showing a raw FIB-SEM slice followed by the corresponding segmentation masks and a 3D rendering of the
respective reconstructed beta cell. The individual organelles are highlighted followed by 3D renderings of all segmented cells.

Video 1: Raw FIB volume

Raw FIB-SEM volume corresponding to high glucose cell 1. Walking through the volume in z-direction reveals ultrastructural
details such as insulin SGs, mitochondria, ER, ribosomes, the Golgi apparatus, the nucleus and microtubules. Scale bar: 500
nm.

Video 2: Beta cell microtubule and organelle segmentation

Raw FIB-SEM and corresponding 3D segmentation of one beta cell. Segmented plasma membrane, insulin SGs, mitochondria,
Golgi apparatus, nucleus, centrioles and microtubules are shown in the color code used throughout the manuscript. Removal
of insulin SGs, mitochondria and Golgi apparatus reveals the beta cell microtubule network.

Video 3: BetaSeg Viewer

Demonstration of the functionality of the BetaSeg Viewer FIJI plugin. It allows to load segmentation masks together with raw
image stacks and to navigate through the data. The user can vizualize the different insulin SG categories and even obtain data
of individual SGs.

Video 4: Microtubule network and centrosomal microtubules
Segmentation of centrosomal microtubules in comparison to all microtubules of one beta cell. Removal of non-centrosomal
microtubules reveals the centrosomal microtubule subset of the cell.

Video 5: Microtubule network and Golgi-connected microtubules
Segmentation of Golgi-connected microtubules in comparison to all microtubules of one beta cell. Removal of non-Golgi
microtubules reveals the Golgi-connected microtubule subset of the cell.

Video 6: Microtubule associated and not associated insulin SGs
Segmentation of microtubule associated and not associated insulin SGs of one cell. Removal of not associated SGs reveals the
subset of microtubule connected SGs.

Videos can be viewed and downloaded via https://betaseg.github.io.
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