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Structure, interaction and nervous
connectivity of beta cell primary cilia
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Primary cilia are sensory organelles present in many cell types, partaking in
various signaling processes. Primary cilia of pancreatic beta cells play pivotal
roles in paracrine signaling and their dysfunction is linked to diabetes. Yet, the
structural basis for their functions is unclear. We present three-dimensional
reconstructions of beta cell primary cilia by electron and expansion micro-
scopy. These cilia are spatially confined within deep ciliary pockets or narrow
spaces between cells, lack motility components and display an unstructured
axoneme organization. Furthermore, we observe a plethora of beta cell cilia-
cilia and cilia-cell interactions with other islet and non-islet cells. Most
remarkably, wehave identified and characterized axo-ciliary synapses between
beta cell cilia and the cholinergic islet innervation. These findings highlight the
beta cell cilia’s role in islet connectivity, pointing at their function in inte-
grating islet intrinsic and extrinsic signals and contribute to understanding
their significance in health and diabetes.

Pancreatic islet beta cells control blood glucose levels by secreting the
hormone insulin. Insulin secretion is a concerted process regulated by
autocrine signaling cascades, paracrine interactions with other beta
and non-beta pancreatic islet cells as well as factors of systemic and
neuronal origin1–3. The specific architecture of the islets plays a sig-
nificant role in the orchestration of these pathways, as these mini-
organs are highly vascularized4, with their endocrine cells forming

rosettes around the capillaries5. Furthermore, islets make multiple
connections with the nervous system3. Most beta cells possess a single
primary cilium projecting from the cell’s a-vascular pole6, which has
been detected using various microscopy methods7–13. Cilia contribute
to paracrine signal transduction within the islets of Langerhans14–17. It
has been shown that beta cell cilia play a pivotal role in glucose
homeostasis and their lossordysfunction impairs insulin secretion and
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leads to abnormal beta cell polarity18. Perturbation of the expressionof
ciliary genes has been linked to the development of diabetes
mellitus19,20. Moreover, in a mouse model of type 2 diabetes ciliogen-
esis appears to be impaired20. A deeper understanding of this highly
specialized signaling compartment in beta cells is especially desirable
in view of its proposed involvement in the pathogenesis of
diabetes20–23, a common metabolic disorder resulting from impaired
beta cell insulin secretion.

The majority of cell types in our body have one primary cilium
which can act as a “cellular antenna” for the reception of paracrine
signals, and cilia dysfunction has been linked to a number of diseases
usually referred to as ciliopathies such as Bardet-Biedl-syndrome or
polycystic kidney/liver disease24,25. Cilia are microtubule-based orga-
nelles that extend from the cell forming a specialized membrane
compartment26. The underlying microtubule array - the axoneme -
extends from the basal body, which is constructed out of nine
microtubule triplets (A-, B- and C-tubule) that continue as doublets
after the terminationof theC-tubuleon thedistal endof thebasal body
before the transition zone. Furthermore, in many cell types, a distinct
domain termed ciliary pocket is present at the base of the cilium27,28.
Cilia can be roughly divided intomotile cilia (present in airways, sperm
tails, etc.) andnon-motile cilia, referred to as primarycilia26.Motile cilia
have a complex and stereotyped structure with 9 microtubule doub-
lets (A- and B-tubule) organized in a 9-fold symmetry at the periphery
of the axoneme and 2 singlet microtubules at the center (9 + 2)29. This
9 + 2 microtubular structure is the frame to which the motility protein
complexes, such as axonemal dyneins and radial spokes, bind to
generate ciliary beating30–34. Diversely, primary cilia arenon-motile and
theirmicrotubule structure typically follows a 9 + 0 schemewith a ring
of 9 microtubule doublets35. However, serial section electron micro-
scopy (EM) data have suggested the breaking of the 9-fold symmetry in
close proximity to the basal body36,37 leading to a variable axoneme
structure38. Recently, reconstructions of complete primary cilia from
cultured kidney cells revealed substantial variations from the 9 + 0
architecture, with the progressive loss ofmicrotubule doublets, aswell
as the B-tubule termination as the axoneme progresses distally39,40.
Furthermore, axonemal microtubules consistently display a distortion
from a radial arrangement, to a more bundled organization, with one
or more singlets or doublets moving away from the axoneme towards
the center of the cilia lumen. These data indicate that the 9-fold sym-
metry is not as relevant for the signaling function of primary cilia, as it
is for the motility function in motile cilia.

Recently, it has been postulated that beta cell primary cilia can
actively move in response to glucose stimulation41. However, the struc-
tural basis for this phenomenon is currently unclear. Until now the
ultrastructure of beta cell primary cilia and their axonemes has been
investigated mainly by two-dimensional (2D) transmission electron
microscopy (TEM)9,13,41,42 as well as scanning electron microscopy
(SEM)11,43. Some of these studies indicate a disorganization of the axo-
neme. However, the complete arrangement of the microtubules of the
primary cilium cannot be extrapolated from 2D TEM and SEM images.
Previously, beta cells have been imaged using volume electron micro-
scopy (vEM) methods6,8,12, but the detailed 3D organization of the axo-
nemehasnotyetbeen reconstructed.Ultimately, full 3D reconstructions
of beta cell primary cilia are necessary to understand their role in islet
signaling. In addition to gathering information about the structure of the
axoneme, direct visualization of primary cilia in the islet is of direct
interest to gain insight into ciliary involvement in islet function.

In this study, we have employed two vEM methods with 3D seg-
mentation accompanied by ultrastructural expansion microscopy (U-
ExM) to investigate the 3D structure and molecular composition of
beta cell primary cilia in the context of isolated islets and pancreas
tissue.We found that the axonemeof beta cell cilia inmice andhumans
is disorganized and lacks motility components. We observed that beta
cell primary cilia are spatially confined either within long ciliary

pockets or restricted by surrounding cells, including acinar cells and
islet vasculature.We also discovered close interactions of primary cilia
originating from beta or alpha cells with neighboring islet cells or their
cilia. Finally, we found that islet cell primary cilia can connect to and
even form axo-ciliary synapses with the cholinergic innervation of the
pancreas. Our structural and molecular data enable a better under-
standing of the beta cell primary cilia as compartments for signal
transductionwithin the islet, as well aswith the exocrine tissue and the
autonomic nervous system, contextualizing beta cell primary cilia as
major connective hubs in islet function.

Results
The axoneme of mouse and human beta cell cilia follows a 9+0
organizationwhich is notmaintained over thewhole cilia length
To resolve the organization of beta cell primary cilia, it is pivotal to
obtain high-resolution 3D imaging data of their complete structure.
This has so far been achieved for cells cultured inmonolayers by serial
section electron tomography of chemically fixed kidney cells39,40.
Additionally, Kiesel et al.39. provided molecular data by cryo-electron
tomography (cryo-ET) of kidney cilia identifying actin filaments within
the axonemal structure and EB1 proteins decorating the lattice of the
A-microtubules. However, high-resolution 3D reconstructions of
complete primary cilia and their axonemes within tissues are currently
not available. This is due to their low abundance and slender mor-
phology, whichmakes their targeting and localization in EM datasets a
tedious task. To reconstruct mouse beta cell primary cilia in situ we
reviewed our recently published data8,12,44–46 as well as previously
unpublished datasets obtained by focused ion beam scanning electron
microscopy (FIB-SEM) of isolated mouse islets fixed by high-pressure
freezing (HPF) for the presence of primary cilia. We could indeed find
primary cilia characterized by the presence of a basal body, axoneme,
and ciliarymembrane (Fig. 1a, Supplementary Fig. 1b). The voxel size of
4 nm was sufficient to discriminate microtubule doublets and singlets
and the FIB-SEM volumes were large enough to contain complete
primary cilia (Fig. 1a). This allowed for their 3D reconstruction (Fig. 1c,
Supplementary Movie 1) and assessment of their interaction with the
neighboring tissue. Especially for this task, fixation with HPF enabled
optimal preservation of the ultrastructure because it avoids shrinking
of the plasmamembranes, as usually observed after chemical fixation.

To obtain data on human beta cell primary cilia we processed
chemically fixed pancreas specimens from pancreatectomized living
donors47,48 and performed serial section electron tomography (ssET).
Before the acquisition of electron tomograms, the serial sections were
screened for the presence of basal bodies and axonemes by TEM
(Supplementary Fig. 1a). The corresponding regions were then imaged
by ET, and consecutive tomograms were aligned and stitched toge-
ther. ET allows for imaging at higher resolution compared to FIB-SEM,
sowedecided for a voxel size of 1.307 nm in order to better resolve the
microtubules as well as densities of other proteins of the cilium. We
could detect primary cilia in humanbeta cells and again clearly resolve
microtubule doublets and singlets of the axoneme (Fig. 1b, Supple-
mentary Movie 2). Out of vEM we mostly reconstructed the primary
cilia of beta cells, which we identified by the morphology of their
secretory granules (SGs), consisting of dense insulin cores surrounded
by a translucent halo49–51 (SupplementaryFig. 1c).We refer to these cilia
as beta cell primary cilia, whereas cilia with unknown cell origin are
referred to as islet cell primary cilia.

The length of primary cilia in vEM datasets of mouse islets and
human pancreas was 4.2 µm and 2.7 µm, respectively. Segmentation of
the microtubules of the axoneme of the vEM data and subsequent
analysis revealed a strong deviation from the classical 9 + 0 organiza-
tion, which was similar to that previously observed in 3D reconstruc-
tions of other cell types39,40 (Supplementary Movie 3). As expected, in
both mouse and human beta cell primary cilia the C-tubules of the 9
triplets of the basal body terminated before the so-called transition

Article https://doi.org/10.1038/s41467-024-53348-5

Nature Communications |         (2024) 15:9168 2

www.nature.com/naturecommunications


zone whereas A- and B-tubules continued more distally as 9 doublets
(Fig. 2a, b). The termination of the C-tubules was better visible in the
ssET data (Fig. 2b) due to the higher resolution. However, the axone-
mal doublets/singlets were clearly resolved both in FIB-SEM and ssET
volumes. Over the length of the cilium some of the doublets were
displaced towards the center of the cilium breaking axoneme sym-
metry and making its structure appear even more disorganized
(Fig. 2b–d). During this transition, one or two doublets passed the
center of the cilium getting closer to the opposite side (Fig. 2c, d). The
maximum distance of these doublets to the cilia membrane was
approximately 100nm whereas doublets that stayed close to the
membrane had a distance of approximately 40 nm to it.

In all reconstructed cilia the microtubule doublets were not pre-
sent along thewhole length of the organelle cilia, with the distal part of
the axoneme comprising mostly single microtubules. vEM also

enabled the precisemeasurement of the lengths of A- and B-tubules. In
the mouse cilium A-tubules had a mean length of 4.57 ± 0.14 µm, and
B-tubules a mean length of 3.03 ± 1.01 µm (Fig. 2e). In the fully recon-
structed human beta cell primary cilium the length distribution was
much more variable, with A-tubules measuring 2.05 ± 1.01 µm and
B-tubules 1.20 ±0.65 µm (Fig. 2e). In most cases the B-tubules termi-
nated much before the A-tubules (Fig. 2a, c, d, Supplementary
Movie 3), although we could observe cases in human beta cells where
the opposite occurred (Supplementary Fig. 2). Furthermore, A- and
B-tubules were slightly tortuous (Fig. 2f).

We carefully inspected the structure of axonemes, along micro-
tubuledoublets and singlets, in our vEMdata for the presence of ciliary
motility components, such as axonemal dyneins. We could not detect
repetitive electron-dense structures compatible with the presence of
motility components.

Fig. 1 | vEM resolves mouse and human beta cell primary cilia ultrastructure.
FIB-SEMof one isolatedmouse islet (a) and ssET comprising 8 consecutive sections
of pancreas tissue of one living human donor (b). Primary cilia are marked in
transparent orange. Both imaging modalities resolve the organization of the axo-
neme with microtubule doublets and singlets. Scale bars overview: 500 nm, scale

bars axonemes: 100nm. c 3D rendering of a mouse beta cell and its primary cilium
with microtubules (blue, purple), mitochondria (light blue), insulin SGs (orange),
endoplasmic reticulum (gray), ribosomes (green), and plasma membrane (trans-
parent with white edges).
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U-ExM reveals the absence of functional motility complexes in
beta cell primary cilia
The disorganization of the 9 +0 structure of the beta cell ciliary axo-
neme combined with the lack of obvious dynein arms along the axo-
nemal length (Fig. 3b) is in contrast with recent reports of ciliary
motility components localizing to beta cell cilia, as well as active
motility in beta cells41. To address this point, we employed and opti-
mized ultrastructural expansion microscopy (U-ExM)52 for imaging
primary cilia and putative ciliary components inmousepancreas tissue
sections. This method allows for the crosslinking of a biological

specimen to a swellable hydropolymer, for its physical expansion and
super-resolution imaging. U-ExM has previously enabled the high-
resolution fluorescence imaging of centrioles52 and intraflagellar
transport (IFT) trainswithinmotile cilia53 and connecting cilia inmouse
retina54. Furthermore, we validated the isotropy in the U-ExM of pan-
creatic sections by analysis nucleus cross-sectional (NCS) area in beta
cells pre and post-expansion (Supplementary Fig. 3a–c), as well as the
length and width dimensions of the daughter centriole by EM and
U-ExM (Supplementary Fig. 3d–f). We found no statistical difference in
the expansion factor corrected NCS area, or daughter centriole

Fig. 2 | The axoneme structure of primary cilia ofmouse and human beta cells.
a FIB-SEM slice through one mouse beta cell primary cilium. White arrowhead
indicates the termination of the basal body, black arrow indicates a distal appen-
dage. BB: basal body, Ax: axoneme. Scale bar: 200nm. Below is the corresponding
3D rendering with ciliary membrane (light orange), A-tubules (purple), and
B-tubules (blue). The black arrowhead points to the termination of a B-tubule.
b ssET slice through one human beta cell primary cilium. The white arrowhead
indicates the termination of the basal body. BB basal body, Ax axoneme. Scale bar:
200 nm. The 3D rendering shows a human beta cell primary cilium from ssET
volumes. The black arrowhead points to the termination of a B-tubule.

c Displacement of microtubule doublets to the center of one human beta cell
cilium. A- and B-tubules of the example doublet are highlighted in purple (A) and
blue (B). Scale bar: 100 nm. d Distance of the microtubules of the mouse beta cell
primary cilium to the cilium membrane. Doublets with a major transition are
highlighted.eDistanceof themicrotubules of thehumanbeta cell primary cilium to
the cilium membrane. Doublets with a major transition are highlighted. f Length
distributions of A- andB-tubules in respective segmentations ofonemouse andone
human beta cell primary cilium. g Tortuosity of A- and B-tubules in respective
segmentations of one mouse and one human beta cell primary cilium. Source data
are provided as a Source Data file.
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dimensions, indicating general isotropy in the expansion of pancreas
sections. U-ExM is therefore ideally suited to collect high-volume
quantitative and molecular information on beta cell primary cilia and
to localize proteins at the sub-organelle level.

We performed U-ExM on harvested adult pancreas, both by
expanding the whole pancreas, and by collecting sections for expan-
sion (Fig. 3a). We analyzed beta cell primary cilia for the presence of
ciliary motility components, including GAS8 of the dynein-regulatory
complex; CCDC39, which is part of the filamentous “ciliary ruler”;
DNAI1, a component of the outer dynein arms; and KIF9, a central pair
apparatus protein. As controls, we used isolated mouse airway cilia,
which typically comprise these motility components. In 200 beta cell
cilia, we could not detect GAS8, CCDC39, DNAI1, and KIF9 (Fig. 3d). As

expected, we observed complete decoration of the motility compo-
nents along the length of the axoneme of mouse airway cilia (Fig. 3e),
with the central pair marker KIF9 localizing along the central pair,
GAS8 and CCDC39 directly on microtubules, and DNAI1 displaying a
more exterior localization. Thesefindings lead us to conclude thatbeta
cell cilia are not actively motile.

U-ExM enables quantitative molecular imaging of primary cilia
in beta cells and pancreas tissue
We then set out to investigate how beta cells and their primary cilia
interact with surrounding cells in the pancreas tissue. To this end, we
further utilized U-ExM with fluorophore-conjugated NHS ester dyes,
which bind to the amine groups of protein chains and allow for robust

Fig. 3 |Motility components donot localize toprimary cilia ofmousebeta cells.
a Schematic overview of pancreas U-ExM, including fixation, sectioning, collection,
and expansion procedure. b Cross-sectional view of a beta cell primary cilium
showing incomplete 9 + 0 organization. Scale bar: 50nm. c Cross-sectional view of
isolated mouse tracheal epithelium, displaying classic 9 + 2 organization. White
arrows denote example outer dynein arms. Scale bar: 50 nm. d U-ExM images of
beta cell cilia. Scale bar left, expansion factor corrected: 500 nm. Scale bar right,

true scale: 2.2 µm. e U-ExM images of isolated mouse tracheal epithelium cilia
(MTEC). Scale bar left, expansion factor corrected: 200nm. Scale bar right, true
scale, 0.86 µm. Cartoon indicates motility component localization in motile cilia.
Component localization is determined by acetylated tubulin (magenta), GAS8
(cyan), CCDC39 (green), DNAI1 (hot orange), and KIF9 (yellow). U-ExM data were
obtained from 2 individual mice.
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fluorescent signals. With this approach, we could determine cell types
with histology-like precision. Acinar cells were readily identifiable
owing to the dark staining of zymogen granules by NHS ester and
surprisingly, acetylated tubulin (Fig. 4a). Capillaries were detected by
the presence of erythrocytes (Fig. 4a), and the canal-like architecture
of ducts was also easily distinguishable (Fig. 4a). Islets were initially
identified as large clusters without zymogen granules (Fig. 4a), and
confirmed by insulin staining of the beta cells (Fig. 4b). To investigate
potential differences in ciliary frequency, length, or appearance, we
stained sectioned pancreas with antibodies against acetylated tubulin
and Arl13b, both highly enriched in the cilium (Fig. 4b). Similar to
previous reports55, we found that 80–90% of islets cells were ciliated,
including 85% of beta cells (Fig. 4c). Primary cilia in the U-ExMvolumes
had diverse shapes from straight to very bent (Supplementary Fig. 4).
We further characterized pancreatic cilia bymeasuring ciliary length in
a semi-automated manner. The cilia of pancreatic ducts were sig-
nificantly longer (12.41 µm) than the islet cell cilia (approximately

6.8 µm) (Fig. 4d). We did not detect appreciable differences in the
length of the cilia of the beta cells and other islet cell types (Fig. 4d).

Previous studies reported the presence of two primary cilia in a few
beta cells11,13. We made similar observations in mouse pancreas tissue by
U-ExM and found beta cells with two primary cilia (Fig. 5a). In all U-ExM
imagesofmousebeta cell primaryciliawecouldobserveabasalbodyand
adaughter centriole foreachcilium indouble-ciliatedcells, indicating that
cilia were not originating from daughter centrioles in mouse beta cells.
The basal bodies had variable distances to each other but the axonemes
of both cilia were frequently found in close proximity to each other
(Supplementary Fig. 5). Furthermore, in FIB-SEM data of mouse islets, we
observed beta cells with two primary cilia (Fig. 5b, c). Here, we could
discriminatebetweencilia sharingoneciliarypocket (Fig. 5b) andmultiple
cilia in separate pockets (Fig. 5c). In the latter case the cilia had very long
ciliary pockets and left the cell on opposite sides, meeting other cilia as
described in the following paragraphs (Supplementary Fig. 9). Notably,
we did not detect beta cells with three cilia in our mouse datasets.

Fig. 4 | U-ExM of mouse pancreas reveals cilia and cell type identity.
a Representative confocal images of expanded pancreatic tissues labeled with
antibodies for acetylated tubulin (purple) and with NHS ester for total protein
(white). Scale bars, 10 µm. b Higher-magnification images of ciliated islet cells,
including beta cells, stained for insulin (green), acetylated tubulin (magenta),
Arl13b (yellow), and NHS ester. Scale bar, left: 5 µm. Scale bar, right: 1 µm.
c Quantification of percent ciliation in beta cells and non-beta cells within 3 islets
from 3 different mice. 50 cells per islet were quantified. Mean ciliation percentage
beta cells 85.3 % ± 1.528, non-beta cells, 80.0 % ± 6.557. Error is reported in standard

deviation. d 3D length measurements of the cilium of ductal cilia, non-beta cells,
and beta cells. Mean length: ductal cilia, 12.41 µm±2.8, non-beta cells
6.610 µm± 1.158, beta cells 6.804 µm± 1.841. Error is reported in standarddeviation.
Statistical significance ismeasuredby unpaired, two-tailed, t-test. Ductal cells - beta
cells: p = 1.11 × 10-13, ductal cells - non-beta cells: p = 3.44 × 10-11, beta cells - non-beta
cells:p =0.6546.n = 42beta cells, 22non-beta cells, 21ductal cells from2pancreata.
e Number of contacts of beta cell cilia to beta- and non-beta islet cells, as well as
endothelial, acinar cells, and unknown cells. Source data are provided as a Source
Data file.
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While imaging islets by U-ExM, we frequently observed the cilia of
beta cells making physical contact with other cells, including other
beta cells, other islet cell types, and surprisingly, acinar andendothelial
cells (Fig. 4e, Supplementary Fig. 7a). To investigate the ultrastructure
of these interactions we used several EMmethods, as described in the
following paragraphs.

Primary cilia are spatially restricted within long ciliary pockets
and by neighboring cells
Complementary to the quantitative data of U-ExM, EM of beta cell
primary cilia deep within isolated islets and pancreas tissue allowed us
to assess their ultrastructural features in situ. Previous SEM imaging11

and our own SEMdata of intact isolated islets only allow for imaging of

Fig. 5 | Multiple cilia in beta cells. a Expandedmultiple islet cell cilia of onemouse
pancreas stained by acetylated tubulin (magenta) and Arl13b (yellow). Scale bar:
1 µm. b Single FIB-SEM slices of one mouse pancreatic islet showing a beta cell
containing two primary cilia sharing one ciliary pocket. The membrane is outlined
in purple. Z-distances from the first image are indicated in the upper right of the
following slices. Scale bar: 500 nm. c FIB-SEM data of one mouse pancreatic islet

with abeta cell containing twoprimary cilia (C1 andC2)withdistinct ciliary pockets.
The cilia are pointing in opposite directions. The raw FIB-SEM slice shows the two
cilia with basal bodies (BB) andmembranes outlined in purple. Scale bar: 1 µm. The
3D rendering shows the plasma membrane in purple and the cilia microtubule
structures in gray. The rendering on the right shows basal bodies (BB), daughter
centrioles (DC), and axonemes (Ax) in gray.
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their peripheral surfaces. In such cases, the cilia appeared as structures
extending into an empty extracellular space (Fig. 6b, Supplementary
Fig. 6a), due to the collagenase-mediated digestion of the surrounding
exocrine tissue and extracellular matrix for the isolation of the islets.
However, even by SEM, it is possible to address a more natural tissue
context by “breaking” the islets after critical point drying (Fig. 6a), as
the fracture usually happens along the membranes of their cells
(Supplementary Fig. 6b). This enabled us to visualize islet cell cilia with
narrow ciliary pockets and in close contact to neighboring
cells (Fig. 6c).

To further investigate the spatial restriction of primary cilia we
segmented the cilia and their neighboring cells in our vEM volumes.
We could detect a great heterogeneity in the length of the ciliary
pockets, which could be several micrometers long (Fig. 6d), but in
some cases extremely short and almost not detectable, such as the

mouse beta cell primary cilium in Fig. 1c. The ciliary pockets were in
general very narrow, leaving only a few nm between the cilia mem-
brane and the plasma membrane of the respective beta cell (Fig. 6d).
Outside of the ciliary pocket, the cilia were mostly restricted in the
narrow extracellular space between adjacent cells (Fig. 6d, e, Supple-
mentary Movie 4, Supplementary Movie 1). Depending on their cur-
vature, cilia were found in the space between 2 (see Fig. 1a,
Supplementary Movie 1) or multiple islet cells (Fig. 5d, e, Supplemen-
tary Movie 4).

U-ExM had revealed a small percentage of beta cell cilia in close
proximity to acinar cells and blood vessels. However, our FIB-SEM
datasets did not contain these tissues (due to islet isolation) and our
ssET of human pancreas data could only provide a limited z-depth and
a smallfield of view.We therefore screened a public FIB-SEMdataset of
mouse pancreas56 including islets, acinar cells, and blood vessels for

Fig. 6 | Spatial restriction through ciliary pockets and neighboring cells.
a Schematic workflow of breaking dried islets for SEM. b SEM image of the surface
of one isolated mouse islet with islet cell primary cilia projecting into the extra-
cellular space. The inset shows a primary cilium highlighted in purple. Scale bar
overview images: 10 µm, insets: 1 µm. cSEM imageofonebroken isolated isletwith a
primary cilium restricted by the ciliary pocket. The inset shows a magnified view
with the primary cilium highlighted in purple. Scale bar overview images: 10 µm,
insets: 1 µm. d A single slice of a FIB-SEM volume of onemouse pancreatic islet with
a beta cell primary cilium with a long ciliary pocket (CP). The cilium extends

towards theoutsidewhere it is surroundedbyneighboring cells andmicrovilli (Mv).
Ax: Axoneme, BB: Basal body. Scale bar: 1 µm. e 3D rendering of the segmentation
shows the long ciliary pocket and the cilium (purple) surrounded by neighboring
beta cells (orange, sand, gray). f A single slice of a FIB-SEM volume of one mouse
pancreatic islet with a primary cilium of a beta cell on the edge of the islet close to
the exocrine tissue. Scale bar: 500nm. g Segmentation showing the beta cell pri-
mary cilium (purple) projecting into the extracellular space close to an acinar cell
(green) with a nucleus (sand) and zymogen granules (light blue).
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the presence of primary cilia at the edge of the islets or close to the
vasculature. We found beta cell cilia at the interface between the islet
and exocrine tissue (Fig. 6f). The voxel size of these datasets of 8 nm
was not sufficient to fully reconstruct the axonemes. However, the
microtubule structure of these cilia resembled the disorganized 9 + 0
structure described above. 3D segmentation revealed that these cilia,
similar to the ones deeper within the islet, were spatially restricted by
either exocrine cells (Fig. 6f, g) and/or the extracellularmatrix. In some
caseswe could alsoobservebeta cell primary cilia byU-ExMandvEM in
close proximity to blood vessels, projecting along their endothelial
cells (Supplementary Fig. 7).

Primary cilia closely interact with neighboring islet cells
and cilia
In our vEM volumes as well as in the U-ExM images we observed dif-
ferent modes of cilia connectivity: primary cilia contacting neighbor-
ing islet cells, and cilium-ciliumcontacts between cilia originating from
distinct islet cells. It seems that contacts with neighboring islet cells

were mostly the result of the spatial restriction within the islet: once
the cilium leaves the pocket and enters the extracellular space it is
immediately surrounded by islet cells. Depending on the shape of the
cilium we observed interaction with one or more islet cells. For
instance, the highly curved cilium shown in Fig. 6d touched three
neighboring cells. When investigating these interactions at high reso-
lution we did not detect direct contacts of ciliary membranes with
plasma membranes, as there was always a small gap of a few nan-
ometers between them without any electron-dense regions char-
acteristic of gap junctions. Furthermore, we observed cilia deepening
into neighboring cells surrounded by their strongly deformed plasma
membrane (Fig. 7a). This resulted in tunnel-like structures in the
neighboring cells, generating synapse-like connections. The beta cell
in this volume had three primary cilia (Fig. 7a). The cilia appeared to
have similar structural features as those from single-ciliated beta cells
with the same disorganized axonemes. We also observed an alpha cell
cilium in the FIB-SEM dataset of mouse pancreas56 projecting into a
neighboring alpha cell ending close to its nucleus (Supplementary

Fig. 7 | Cilia-cell and cilia-cilia interaction. a Single tomographic slices of primary
cilia in human islets from one donor. There are 3 cilia originating in a beta cell with
the basal body of one cilium (1) and the axonemes of 2 other cilia visible in the slice
(2 and 3, purple). The neighboring alpha cell is outlined in orange. In magnified
views of distant slices through the tomogram (a’ and a”) the endof cilium2 is visible
protruding and extending into a neighboring alpha cell (orange). Axonemes, basal
bodies, and centrioles are rendered in gray. Scale bars: 500 nm and 100nm.
b Single tomographic slices of mouse beta cells of one isolated mouse pancreatic

islet with 2 primary cilia (purple and magenta) originating from a beta cell (purple)
and another islet cell (magenta) meeting in the space between cells. The side view
shows the axonemes of the cilia in close proximity. The 3D view shows the seg-
mentation of ciliary and plasma membranes together with the axonemes. Scale
bars: 200nm. c Tomographic slices of a ssET volume of onemouse pancreatic islet
showing a large ciliary pocket shared by a primary cilium originating from a beta
cell (purple) and a primary cilium of unknown origin (yellow). The 3D rendering
shows the interaction of the two cilia. Axonemes are in gray. Scale bars: 100nm.
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Fig. 8a, b). In turn, the primary cilium of this second alpha cell pro-
truded into a third adjacent alpha cell (Supplementary Fig. 8c, d).

Additionally, we observed cilium-cilium contacts between distinct
islet cells in the extracellular space (Fig. 7b). In most cases cilia from
two distinct cells projected into the same region surrounded by
microvilli, with their tips in close proximity to each other. We also
observed cilia that, protruding from the opposite sides of a double-
ciliated beta cell, contacted other cilia from adjacent cells (Supple-
mentary Fig. 9). Moreover, in one instance we even found cilia from
distinct islet cells meeting in the same ciliary pocket of a beta cell
(Fig. 7c). This ciliary pocket was relatively wide compared to the other
pockets we observed and it also contained large vesicular structures.

Islet cell primary cilia connect to the pancreatic innervation
Research has focused so far on the role of islet cell cilia in paracrine
signaling between endocrine cells. Recently, however, primary cilia
have been shown to form synapses with neurons in brain tissue57,58.
While screening the aforementioned8 nm isotropic FIB-SEMdataset of
P7 mouse pancreas tissue56 we found several nerve fibers contacting
the islets (Supplementary Fig. 10a). These fibers showed classical
structural features of neuronal axons, being very long, containing
cables of parallel microtubules and synaptic vesicles (Supplementary
Fig. 10a). They usually reached the edge of the islet and occasionally
split into few fibers when transitioning deeper into the islet. They

contacted the plasma membranes of islet cells including alpha, beta,
and delta cells. Surprisingly, we detected primary cilia (as identified by
the presence of basal body, daughter centriole, and axoneme) of beta
and alpha cells projecting towards these nerve fibers and contacting
them (Fig. 8a, b, Supplementary Fig. 10b, c, Supplementary Movie 5).
On some of these contacts, we could observe structural features of
presynapses on the side of the neurons: synaptic vesicles close to these
contacts and possibly synaptic vesicle exocytosis (Fig. 8a’, a”, Supple-
mentary Movie 5). Furthermore, the contacts seemed to be more
electron-dense compared to cilia and neuron membranes alone.
Overall, our observations closely resembled the structural features of
axo-ciliary synapses57. We observed these contacts being formed by
both beta and alpha cell cilia, as the axons traversed through the islet
(Fig. 8b). In this case the primary cilia of a beta cell and the adjacent
alpha cell connected with the same nerve fiber. In most cases, cilia
contacted axons with their lateral side. However, in one case we could
also observe the tip of an alpha cell cilium touching an axon (Supple-
mentary Fig. 10b, c).

Axonal varicosities contacting beta cell cilia are positive for
synapsin 1 and vAChT
We next aimed to better characterize these putative axo-ciliary
synapses by performing immunofluorescence stainings for pre-
synaptic markers on sections of the adult mouse pancreas. We labeled

Fig. 8 | Islet cell primary cilia-neuron connections. a A single slice of a FIB-SEM
volume of one P7 mouse pancreas sample with an axon and a beta cell with a
primary cilium (purple) in contact with each other. Scale bar: 1 µm. In a’, synaptic
vesicles close to the cilium-neuron contact are highlighted in green. Scale bar:
500 nm. The boxed area is shownmagnified in the right panel without highlighting
the vesicles. Scale bar: 100nm. The arrowhead in a” points to a synaptic vesicle
likely undergoing exocytosis towards the cilium. Scale bar: 500nm. The magnified

image in the right panel shows the area of the fusion event. Scale bar: 100nm. The
3D rendering shows the contact of a primary cilium (purple) with one of the axons
(beige), including a segmentationof the synapticdensity (magenta).b3Drendering
of primary cilia from a beta (purple) and an alpha cell (orange) in contact with the
sameaxon (beige). The smaller image shows a tiltedmagnifiedviewof the alpha cell
cilium-axon interaction.
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neurons with an antibody for beta III tubulin to image their axons and
identified beta cells by staining for insulin. Primary cilia were localized
by immunolabeling for Arl13b. These stainings showed large nerves
penetrating the islet and splitting partially into single axons which
contacted islet cells (Fig. 9a).We found that 12.5 ± 2.8% of beta cell cilia
were in contact with axons. Next, we wanted to find out if these con-
tacts possess markers of functional synapses. Initially, we aimed to
identify synapses by staining for the presynaptic marker synaptophy-
sin 1, which has been used to characterize axo-ciliary synapses
previously57. However, since synaptophysin 1 is also present in the

synaptic-like microvesicles of islet cells59 these stainings did not allow
for easy detection of axo-ciliary synapses, although we observed the
signal of synaptophysin 1 colocalizing with beta III tubulin (Supple-
mentary Fig. 11a).

We therefore used synapsin 1, a bona-fide marker for presynaptic
terminals60, which has been shown to be present on islet cell
innervation61 and is barely expressed in beta cells. Synapsin 1 coloca-
lized with beta III tubulin at axonal varicosities characteristic for en
passant synapses (Supplementary Fig. 11b). In co-stainings for Arl13b
we could identify axonal varicosities positive for synapsin 1 in close

Fig. 9 | Presence of synapsin 1 and vAChT at neuron-cilia contact sites.
a Maximum intensity confocal images of a cryo section of mouse pancreas after
immunofluorescence labeling for insulin (green), beta III tubulin (white), Arl13b
(cyan), and synapsin 1 (magenta). The center image shows the same region without
the insulin. Scale bars: 10 µm.Regions 1 and 2 showArl13b in close proximity to beta
III tubulin and synapsin 1 and single confocal slices of these regions are magnified
on the right. Scale bars: 2 µm. b Maximum intensity confocal images of a cryo
section of mouse pancreas after immunofluorescence for insulin (green), beta III
tubulin (white), Arl13b (cyan), and vAChT (magenta). The center image shows the
same region without the insulin. Scale bars: 10 µm. Regions 1 and 2 show Arl13b in

close proximity to beta III tubulin and vAChT and single confocal slices of these
regions are magnified on the right. Scale bars: 2 µm. c Maximum intensity SIM
images of a cryo section of mouse pancreas after immunofluorescence labeling for
insulin (green), Arl13b (cyan), and synapsin 1 (magenta). Scale bar: 10 µm. The
magnified box shows a single SIM slice with Synapsin 1 signal in close proximity to
Arl13b. Scale bar: 2 µm. d SIM image of a cryo section of mouse pancreas after
immunofluorescence labeling for insulin (green), Arl13b (cyan), vAChT (magenta).
Scale bar: 10 µm. The magnified box shows a single SIM slice with vAChT signal in
close proximity to Arl13b. Scale bar: 2 µm. Data were obtained from 2 mouse pan-
creata. Source data are provided as a Source Data file.
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proximity to primary cilia (Fig. 9a). In these images we found that
70.8 ± 3.7% of contacts between beta cell primary cilia and axons were
positive for Synapsin 1. In order to resolve these contacts better we
turned to structured illumination microscopy (SIM) which also
revealed beta cell primary cilia in close proximity of distinct synapsin 1
positive objects (Fig. 9c). Notably, the signals of beta III tubulin and
synapsin 1 did not overlap with Arl13b indicating their localization to
distinct compartments. These stainings therefore demonstrate the
presence of presynaptic markers in the axons at beta cell axo-ciliary
synapses.

Next, we aimed to identify the type of neurotransmitters involved
in beta cell axo-ciliary signaling. Since acetylcholine plays a major role
in the neuronal control of islet function62 we searched for the presence
of acetylcholine-positive synaptic vesicles in axons contacting primary
cilia. Immunostaining for the vesicular acetylcholine transporter
(vAChT), which is responsible for loading acetylcholine into synaptic
vesicles, showed positive signals at most axonal varicosities together
with synapsin 1 (Supplementary Fig. 11c). Likewise,we identified vAChT
positive signals in neurons in close proximity to Arl13b (Fig. 9b) at the
putative axo-ciliary synapse. In these stainings, 64.2 ± 27.7%of contacts
between beta cell primary cilia and axons were positive for vAChT. As
for synapsin 1, vAChT signal was present at the contact site of cilium
and nerve and could be resolved at higher resolution by SIM (Fig. 9d).
Notably, immunoreactivity for vAChT was also detected at the plasma
membrane of beta cells, as visualized by costaining for the surface
adhesion molecule (EPCAM) and insulin (Supplementary Fig. 12).
These findings lead us to conclude that acetylcholine is present at the
presynaptic site of beta cell axo-ciliary synapses.

Discussion
We provide here an in-depth volumetric characterization of primary
cilia within mouse and human tissue by applying vEM and U-ExM, thus
resolving the structural organization of the axoneme and giving a
comprehensive overview on cilia interaction and connectivity. High-
resolution 3D data have so far only been available for primary cilia of
monolayer cells facing the cell culture medium39,40. Our data allow us
to resolve the structure of the axoneme as well as the spatial interac-
tion of islet beta cell primary cilia in their native environment. We can
show that the 9 +0 axoneme is not fully maintained throughout the
whole length of the cilium in mouse and human beta cell cilia. Toge-
ther with neurons, glia, and cultured kidney cells, the present data
uncovers another cell type in which a continuous 9 +0 organization is
the exception rather than the rule and strongly suggests that most
primary cilia deviate from this organization. In the reconstructed
human beta cell cilium the length of microtubules of the axoneme
variedmuchmore compared to themouse beta cell cilium. This might
be explained by the older age of the human beta cells we analyzed.
However, these values will need to be corroborated by data frommore
cells in the future. Notably, the primary cilium has been shown to be
among the oldest organelles in beta cells63, which might explain its
disorganization as cells age. We further show the absence of a central
microtubule pair along the full length of the cilium. Instead, some of
the outer microtubule doublets/singlets are displaced towards the
center of the cilium,which explains previous incorrect observations of
central pair microtubules in 2D sections41. While these data do not
per se fully rule out the possibility of cilia movements, they indicate
that the phenomena observed by Cho et al. cannot bemediated by the
canonical microtubule organization of motile cilia. This conclusion is
corroborated by the lack of density corresponding to dynein arms in
primary cilia by vEM, as well as by the failure to detect with U-ExM the
motility components GAS8, CCDC39, DNAI1, and KIF9 in any of the
200 beta cell cilia we examined. Notably, primary cilia have been
shown tomove by Brownianmotion with the involvement of the actin
cytoskeleton surrounding the basal body64. Imaging beta cell primary
cilia in their in situ environment - isolated pancreatic islets but also

pancreatic tissue - enabled us to investigate their interactions within
the native context. We found that beta cell cilia are spatially restricted
by their own ciliary pockets and the neighboring cells, leaving only a
few nanometers of freedom. This spatial restriction resulted in the
formation of ciliary connections with one or more neighboring islet
cells depending on the shape and curvature of the cilium. Further-
more, some cilia formed synaptic-like structures pinching neighboring
cells. It is attractive to speculate that spatial and connection hetero-
geneity among beta cell cilia subserves different structural and sig-
naling functions.

Cilia are known to transduce signaling pathways, such as WNT65

and hedgehog66 and it has been shown that WNT4 regulates the phy-
siology of mouse adult beta cells67. Beta cell cilia have been shown to
be involved in GABA signaling68. Furthermore, they express the
insulin19 and somatostatin69,70 receptors, and various G protein-
coupled receptors, including the type 2 diabetes-risk gene free fatty
acid receptor 4 (FFAR4)55. If some of these pathways are especially
prominent at cilia-islet cell connections remains to be investigated as
the molecular factors involved in the establishment of these connec-
tions and the timing of their formation are still unknown.

Along this line, it is known that beta cells are heterogeneous and
that so-called “hub” or “leader” beta cells play a specialized role in islet
calcium signaling and propagation of insulin secretion71,72. Recently,
hub cells have been shown to express a number of differentially
regulated cilia genes relative to follower cells73. The correlation of
fluorescently labeled hub cells with EM, U-ExM, or dynamic live cell
imaging could allow for investigating their cilia structure in the future.

The frequently observed double-ciliated beta cells could also play
a special role in islet connectivity. In each example of multiple ciliated
beta cells, two complete copies of the centrosome were present, with
the cilium emanating from the mother centriole, and two daughter
centrioles present in the vicinity. This feature is in contrast to the
multiple cilia occasionally observed in cultured cells, where a cilium
emerges from the daughter centriole or bifurcates near the base. Cilia
emerging from twodistinctmother centrioles reflects a controlled and
distinct process of centrosome duplication to allow the formation of
two complete independent signaling entities.

Even more surprising to us was the observation of interactions
between cilia originating fromdistinct types of islet cells. The contacts
occur not only in the extracellular space but even in shared ciliary
pockets. These phenomena could be the result of the special islet
architecture5,6, characterized by the dense packing of islet cells.
Moreover, the destruction of beta cell cilia by deletion of IFT8818

resulted in loss of beta cell polarity. Thus, our observations are unlikely
to capture random events but reflect specific signaling events that
attract cilia to each other. The molecular pathways and factors sup-
porting these cilium-cilium interactions are largely unknown, but it has
been shown that glycoprotein-mediated contacts establish long-term
cilium-cilium interactions in MDCK cells74. Whether a similar type of
mechanism supports cilium-cilium interactions within islet cells
remains to be investigated. Additionally, cilia have been described to
support cell connectivity in the brain75,76 and might play a similar role
within pancreatic islets. The evidence that beta cells can establish
connections with neighboring cells through multiple cilia further
support the idea of cilia being relevant for paracrine communication.

Recent publications investigating the role of primary cilia in adult
human brain cortex58 and mouse visual cortex77 have revealed ultra-
structural differences in the cilia pertaining to diverse cell types, spe-
cifically in the morphology of the ciliary pocket. Interestingly, the
embedding of beta cell primary cilia deep into ciliary pockets closely
resembles features observed in astrocytes58,77. These cells have a well-
described role in maintaining connectivity with endothelial cells at the
blood–brain barrier78. We speculate that physical contacts between
beta cell cilia and endothelial cells, visible in our data, modulate their
reciprocal signaling. Notably, we found beta cell cilia with either very
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long or very short ciliary pockets. In neuronal tissue cilia with long
pockets do not reach as many cells as cilia with short pockets58,77.
However, cilia with long pockets have more surface area for potential
autocrine signaling. Furthermore, the ciliary pocket is a hub for
membrane trafficking, such as endocytosis79, which couldbe enhanced
in cilia with long pockets.

Finally, the observation of synapses between islet cell cilia and
innervating axons points to signaling functions of primary cilia beyond
the local islet context. To our knowledge, axo-ciliary synapses have
only been described in the brain57,58. Thus, our reconstructions are the
first to document these connections elsewhere in the body. The loca-
lization of synapsin 1 and vAChT on varicosities in close proximity to
beta cell primary cilia indicates the presence of functional presynaptic
terminals. Acetylcholine plays amajor role in the autonomic regulation
of islet cells and is involved in the cephalic phase of insulin
secretion62,80. Beta cell primary cilia could therefore play a role in
receiving cholinergic stimuli before an increase in blood glucose levels
occurs. It has beenproposed that the signaling from theprimary cilium
may have more direct access to the nucleus and thus can more easily
modulate chromatin accessibility57. The downstream effects of axo-
ciliary signaling on beta cell function still need to be elucidated.

Similar to axo-ciliary synapses in the brain57, also in the islets we
could not detect postsynaptic markers in the primary cilia contacting
neurons. Furthermore, the presence of postsynaptic proteins in islet
cells has only rarely been reported81. However, primary cilia were
shown to share structural and functional similarities with dendritic
spines82,83. This, together with the presence of numerous GCPRs on
beta cell cilia55,68,69, suggests that they can act per se as a postsynaptic
compartment. Recent work further postulates that the close vicinity of
cilia to synapses enables them to detect neurotransmitters58,77. This
could also be the case for islet cell cilia touching axons without the
formation of axo-ciliary synapses. Future work will be required to
determine which ciliary-localized proteins are acting in a postsynapse
capacity in the axo-ciliary synapse.

The variety of interactions we have investigated here - cilia-islet
cell, cilia-cilia, and cilia-neuron contacts - point to a functional het-
erogeneity of beta cell primary cilia depending on the tissue/organelle
they connect to.We propose that ciliamay differ in the compositionof
their membrane depending on their localization in the islet. For
example, somatostatin receptor 3 was not detected in all beta cell
cilia16. Different cilia functions could also depend on the origin of the
signals they receive.

In summary, we provide comprehensive structural insights into
the role of primary cilia as a key compartment for islet cell connectivity
and signaling. We provide data on beta cell cholinergic axo-ciliary
synapses, which supposedly play a role in the integration of systemic
neuronal inputs. Our work opens new research questions on the
pathways for establishing cilia connectivity throughout the body and
the molecular factors involved in ciliary signaling.

Methods
Islet isolation and culture
The isolation of islets of Langerhans of 9-week-old C57BL/6 mice was
performed as previously described in ref. 84. Islets were cultured
overnight in standard culture media (Roswell Park Memorial Institute
1640 [Gibco] with 10% FBS, 20mM Hepes, and 100U/ml each of
penicillin and streptomycin) with 5.5mM glucose. Before processing
by HPF, the islets were incubated for 1 h in Krebs–Ringer buffer con-
taining either 3.3mMor 16.7mMglucose. All animal experiments were
conducted according to the guidelines of the Federation of European
Laboratory Animal Science Associations (FELASA) and are covered by
respective licenses for those experiments from the local authorities.
Facilities for animal keeping and husbandry are certified and available
with direct access at the Dresden campus (including facilities at Paul
Langerhans Institute Dresden and Max Planck Institute for Molecular

Cell Biology and Genetics). Licenses for animal experiments are
approved by the State Directorate Saxony under license number
DD24.1-5131/450/6.

Preparation of pancreatic specimens of living donors for EM
Pancreas specimens from a cohort of patients from the University
Hospital CarlGustav Carus described in refs. 47,48were examined by a
certified pathologist after resection. The studywas conductedwith the
ethical approval of the Ethical Committee of the Technische Uni-
versität Dresden (Study No.: EK 151062008) including informed con-
sent of the patients. The sampleswere cut into cubeswith a side length
of max. 1mm and fixed with 4% glutaraldehyde in sodium phosphate
buffer immediately after dissection. Samples were block-contrasted
with 1% osmiumtetroxide followed by 1% uranylacetate. After dehy-
dration, samples were embedded in epoxy resin (Embed 812, Science
Services). Ultrathin sections were cut with a Leica U6 ultramicrotome
(Leica Microsystems) and post-stained with uranylacetate and lead
citrate. Grids were screened on a JEM 1400 Plus with a Jeol Ruby
camera. The sample with the best preservation of ultrastructure (from
a patient with impaired glucose tolerance) was used for cutting serial
sections for ssET.

High-pressure freezing and freeze substitution
Isolated islets were kept in culture overnight and frozen with a Leica
EMpact 2 or EM ICE high-pressure freezer (Leica Microsystems). They
were kept in liquid nitrogen until freeze substitution. Freeze sub-
stitution was performed according to a previously published standard
contrast protocol85 or according to the following high contrast
protocol8,86:first, the sampleswere substituted in 2%osmiumtetroxide,
1% uranylacetate, 0.5% glutaraldehyde, 5%H2O (according to ref. 87) in
acetone with 1% methanol at −90 °C for 24 h. The temperature was
raised to 0 °C over 15 h followed by four washes with 100% acetone for
15min each and an increase in temperature to 22 °C. Afterwards, the
samples were incubated in 0.2% thiocarbohydrazide in 80% methanol
at RT for60min followedby 6 × 10minwasheswith 100%acetone. The
specimens were stained with 2% osmiumtetroxide in acetone at RT for
60min followed by incubation in 1% uranylacetate in acetone plus 10%
methanol in the dark at RT for 60min. After four washes in acetone for
15min each, they were infiltrated with increasing concentrations of
Durcupan or Epon resin in acetone followed by incubation in pure
Durcupan and polymerization at 60 °C.

Serial sectioning and electron tomography
Blocks were sectioned with a Leica UC6 ultramicrotome (Leica
Microsystems), and 300nm serial sections were put on slot grids
containing a Formvar film. Sections were contrasted with 2% uranyla-
cetate in methanol followed by 1% lead citrate in H2O. Tilt series ran-
ging from −63° to +63° were acquired with a F30 EM (Thermo Fisher
Scientific) equipped with a Gatan US1000 camera (Gatan). The tomo-
grams were reconstructed and joined with the IMOD software
package88.

FIB-SEM
Multiple Durcupan-embedded isolated islets samples were each first
mounted to the top of a 1mm copper post which was in contact with
the metal-stained sample for better charge dissipation. The region of
interest (ROI) was identified by x-ray tomography data obtained with a
Zeiss Versa XRM-510 and optical inspection under amicrotome. These
vertical sample posts were each trimmed to its defined ROI using a
Leica UC7 ultramicrotome. This sample preparationmethodology was
developed for precise ROI targeting and improved image acquisition,
as previously described89. Before FIBmilling, a thin layer of conductive
material of 10 nm gold followed by 100 nm carbonwas coated on each
sample with a Gatan 682 Precision Etching and Coating System with
the following coating parameters: 6 keV, 200nA on both argon gas
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plasma sources, 10 rpm sample rotation with 45° tilt. After coating,
each sample was imaged with a customized, enhanced FIB-SEM con-
sisting of a Zeiss Capella FIB column mounted at 90° onto a Zeiss
Merlin SEM as previously described12,90. Each block facewas 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
3–4min for several days up to two weeks to complete the FIB-SEM
imaging of one sample. The sequenceof acquired images formed a raw
imaged volume, followedby post-processing of image registration and
alignment using a Scale Invariant Feature Transform-based algorithm.
The actual z-step was estimated by the changes of SEM working dis-
tance and FIBmilling position. The image stacks were rescaled to form
4 × 4 × 4 nm isotropic voxels, which can be viewed in any arbitrary
orientations. In some cases, FIB-SEM stacks were denoised with the
DenoisEM plugin91 in FIJI92.

Segmentation and analysis
Membranes were manually segmented in Microscopy Image Browser
(MIB)93. Rough segmentations of the axonemeswere also performed in
MIB by local thresholding. Segmentation of microtubules was per-
formed by skeleton tracing in Knossos94. All segmentation data were
centrally loaded into the CellSketch viewer within the Album
software95 according to our recently published protocol96. This work-
flowwas also used to generate data onmicrotubule lengthswhichwere
plotted with PlotsOfData97. The plots showing the displacement of
microtubules from the cilia membrane were generated by calculating
the distances of points along eachmicrotubule to themembrane using
the Euclidean distance transform. These distances were then
smoothed using aGaussianfilterwith sigma = 3 andplotted against the
point index along the microtubule. Segmentation masks were ren-
dered with Blender (www.blender.org) according to our protocol or
ORS Dragonfly (www.theobjects.com/dragonfly/index.html). For the
rendering in Fig. 1c and Supplementary Movie 1, we segmented the
cells organelles with Autocontext in ilastik98.

SEM imaging
Isolated mouse islets were fixed with 4% formaldehyde in 100mM
phosphate buffer, followed by post-fixation in modified Karnovsky
fixative (2% glutaraldehyde and 2% formaldehyde in 100mM phos-
phate buffer). The samples were washed 2 × 5min with PBS and
3 × 5min with bi-distilled water and post-fixed in 1% osmiumtetroxide
in water for 2 h on ice, followed by washes in water (6 × 5min), dehy-
dration in a graded series of ethanol/watermixtures up to pure ethanol
(30%, 50%, 70%, 96% 15min each, and 3 × 100% on molecular sieve,
30min each) and critical point drying using a Leica CPD300. Dried
samples (complete islets or broken specimens) were mounted on
12mm aluminum stubs using conductive carbon tabs. To increase
contrast and conductivity, samples were sputter coated with gold
(BAL-TEC SCD 050 sputter coater, settings: 60 s, with 60mA, at 5 cm
working distance). Finally, samples were imaged with a JSM 7500 F
scanning electron microscope (JEOL, Freising, Germany) running at
5 kV (using the lower SE-detector and working distances between 3
and 8mm).

Confocal microscopy and SIM of mouse pancreas sections
Pancreata from twoC57BL/6mice were dissected and immersion fixed
in 4% PFA. After cryoprotection in sucrose at 4 °C overnight the spe-
cimens were embedded in TissueTek and plunge-frozen in liquid
nitrogen. Cryosections were cut on a NX-70 cryostat (Thermo Fisher).
Immunofluorescence staining was done on 10 or 40 μm thick cryo-
sections of mouse pancreatic tissue. The following primary antibodies
were used: insulin conjugated with Alexa 488 (Thermo Fisher, Cat. No.

53-9769-82), EPCAM (Abcam, Cat. No. ab282457), beta III tubulin (bio-
techne, Cat. No. MAB1195), ARL13B (Proteintech, Cat. No. 17711-1-AP),
synapsin 1 (Synaptic Systems, Cat. No. 106 009), vAChT (Synaptic
Systems,Cat. No. 139 105), synaptophysin 1 (Synaptic Systems, Cat. No.
101 011). Secondary antibodies were goat-raised and conjugated with
Alexa Fluor dyes. Confocal images were acquired using a Nikon C2+
confocal microscope with a 60x oil immersion objective. SIM images
were acquired with a Nikon SIM-E microscope with a 100× oil immer-
sion objective. Images were obtained frompancreas samples from two
individual mice. Axo-ciliary synapses in samples from two individual
mice were manually quantified in 3D confocal stacks with FIJI. Overall,
1700 beta cell primary cilia in 24 islets were assessed.

U-ExM of mouse pancreas
Whole mouse pancreas from adult C57BL/6 mice were obtained from
Charles River Italy and fixed overnight in 4% PFA at 4 °C. U-ExM was
performed on mouse pancreas by two different methods described
below, those beingwhole tissue expansion and expansion of sectioned
tissue.

Whole tissue expansion, adapted from ref. 99. After overnight 4%
PFA fixation, whole pancreata were incubated in 2% acrylamide, 1.4%
formaldehyde for 72 h in 1.5ml tubes. After the crosslinking pre-
vention, the acrylamide/formaldehyde solution was removed, and
500 µl of inactivated monomer solution (containing 0.1% triton) was
added to submerge the pancreas, and incubated overnight at 4 °C.
The following day, the inactivated monomer solution was removed.
500 µl of monomer solution supplemented with APS and TEMED
(0.05% final concentration), as well as 0.1% triton was added and the
samples were incubated for 1 h at 4 °C, followed by 2 h at 37 °C in a
1.5ml tube.

Following gelation, the samples were removed from the 1.5ml
tube with a fishing hook, and placed in a 6-well plate containing 1ml of
denaturation buffer. Samples were shaken at room temperature for
10min, the 6-well plate was wrapped with parafilm, and incubated for
72 h at 70 °C. Following denaturation, the gelswere added to a 145mm
dish containing ddH20 for 30min to initiate expansion. The gels were
washed once for 30min with ddH20, and incubated overnight in
ddH20 to reach full expansion.

The following day, the gels were shrunk by washing the sample
twice in 1× PBS for 15min. Upon shrinking, the gels were incubated
with the desired primary antibodies in PBS-BSA 2%, for 72 h at 37 °C
while shaking. After primary antibody labeling, the gels were washed
three times for 15min and were then incubated with secondary anti-
bodies for 48 h at 37 °Cwhile shaking. The primary antibodies used for
U-ExM were mouse-anti-insulin (Sigma, Cat. No. I2018), mouse-anti-
acetylated tubulin (Sigma, Cat. No. T7451), rabbit-anti-Arl13b (Pro-
teintech, Cat. No. 17711-1-AP), rabbit-anti-DNAI1 (Proteintech Cat. No.
12756-1-AP), rabbit-anti-CCCDC39 (Sigma, Cat. No. HPA035364),
rabbit-anti-GAS8 (Sigma, Cat. No. HPA041311), rabbit-anti-KIF9 (Sigma,
Cat. No. HPA022033).

ForNHSEster stained gels, a stock concentration ofNHSEster 405
(Thermo Fisher, Cat. No. A30000) of 1mg/ml was diluted to a 20 µg/
mLworking solution in 1× PBS. Sampleswere incubated for 3 h at room
temperature while gently shaking. Samples were then washed in 1×
PBS, 5 times by 5min.

After secondary antibody washing and/or NHS staining, gels were
washed twice for 30min with ddH20 and then incubated in water until
imaging.

Expansion of sectioned tissue adapted from ref. 54. After overnight
4% PFA fixation, samples were washed four times, for 5min, in 1× PBS.
Whole pancreata were then incubated in 30% sucrose solution for 12 h
at 4 °C. Immediately afterward, the pancreata were incubated in 15%
sucrose for 12 h at 4 °C. The following morning, the pancreata were
removed from 15% sucrose, and the excess solution was blotted away
with filter paper. A cryomold was subsequently filled with a thin layer
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of OCT, the pancreata were placed inside of a cryomold. The cryomold
was placed on dry ice and was filled with OCT. Upon freezing of the
OCT, the cryomold was collected and immediately transferred to a
Leica CM1950 cryostat for tissue sectioning. Mouse pancreata were
transversely sectioned in 20 µm increments, and individually collected
on poly-d-lysine (PDL) coated, 12mm coverslips. Sections were stored
in a sealed box at−80 °Covernight, and expansion proceeded the next
day as described in section 8.

Fluorescence microscopy of U-ExM gels
Expanded gel quarters were placed in a dish and cut into an approxi-
mately 1.5 cm× 1.5 cm square piece. The gel piecewas then placed on a
24mm coverslip and added to a 35mm imaging chamber. The cham-
ber was placed on a Zeiss LSM980-NLO Airyscan 2 confocal micro-
scope, and the side containing cells or tissuewas identified inwidefield
mode. Upon correct siding, the gel was removed from the chamber,
and gently blotted to remove excess water, and placed tissue side
facing down on PDL coated coverslip and added back to the imaging
chamber. Z-stacks were acquired in Airyscan mode with maximum
resolution selected, a 1.4NA, 63×, oil immersion objective, and a z-step
size of 0.15 µm.

U-ExM image quantification
Z-stacks were loaded in Fiji. For length measurements, the simple
neurite tracer plugin100 was utilized to trace the tubulin fluorescence
signal of the cilium from the bottom of the basal body in a semi-
automatedmanner, aspreviously described for IFT trains53. Cilia length
measurements were plotted and statistically analyzed in Prism 9.

Quantification of U-ExM isotropy
Twomethods of validation were used to assess expansion isotropy. (1)
Measuring the nuclear cross-sectional (NCS) area of unexpanded vs.
expanded beta cells and (2) measuring the length and width dimen-
sions of daughter centrioles in beta cells by FIB-SEM and U-ExM. In the
case ofmeasuring the NCS in non-expanded samples, mouse pancreas
sections were stained with NucBlu (Thermo Fisher, Cat. No. R37605),
and the area of 25 nuclei was manually measured in Fiji. One slice was
used for eachmeasurement. For expanded samples, 25 beta-cell nuclei
weremeasured in previously imaged gels, were identified byNHS ester
staining, and the area was manually measured in Fiji. One slice was
used for each measurement. NCS was calculated as previously
described in ref. 101, by taking the square root of themeasurednucleus
area and dividing by the measured expansion factor of the gel (e.g.
4.2 times expansion).

To measure centriole dimensions, FIB-SEM micrographs were
opened in IMOD, and daughter centrioles were identified by the
absenceof a cilium, and the length andwidthweremanuallymeasured.
In expanded samples, daughter centrioles in beta cells were identified
by the absence of a cilium by acetylated tubulin staining, and the
length and width were manually measured in Fiji by taking the full
width at halfmaximumvalues of fluorescence signal plot profiles. Both
NCS and daughter centriole values were plotted and statistically ana-
lyzed in Prism 9.

Given the homogenous width of the proximal basal body, these
measurements were used as a biological ruler to normalize for the
expansion factor and scale the images. The true measured width was
divided by 225 nm to obtain the expansion factor (e.g. a truemeasured
width of 968 nm/225 nm= and expansion factor of approximately 4.3).

Data availability
The FIB-SEM data used in this study for segmentation of the mouse
beta cell cilia axoneme are deposited here: https://openorganelle.
janelia.org/datasets/jrc_mus-pancreas-3 The open-access raw FIB-SEM
datasets used for the investigation of cilia restriction and interaction
can be found at: https://openorganelle.janelia.org/datasets/jrc_mus-

pancreas-1 and https://openorganelle.janelia.org/datasets/jrc_mus-
pancreas-2. Source data are provided with this paper.
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