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Nuno Maçarico da Costa,

Jennifer Lippincott-Schwartz

Correspondence
ottc@janelia.hhmi.org (C.M.O.),
lippincottschwartzj@janelia.hhmi.org
(J.L.-S.)

In brief

Ott and Torres et al. identify

distinguishing anatomical features of

neuronal and glial primary cilia in the

mouse visual cortex. Internal structural

differences determine both cilium shape

and the extent of cilium exposure to the

extracellular neuropil, where cilia pass

near, and even adjacent to, many

synapses.
ll

mailto:ottc@janelia.hhmi.org
mailto:lippincottschwartzj@janelia.hhmi.org
https://doi.org/10.1016/j.cub.2024.04.043
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2024.04.043&domain=pdf


OPEN ACCESS

ll
Article

Ultrastructural differences impact cilia
shape and external exposure across cell
classes in the visual cortex
Carolyn M. Ott,1,9,12,* Russel Torres,2,9 Tung-Sheng Kuan,3 Aaron Kuan,4,8 JoAnn Buchanan,2 Leila Elabbady,2,5

Sharmishtaa Seshamani,6 Agnes L. Bodor,2 Forrest Collman,2 Davi D. Bock,7 Wei Chung Lee,4
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SUMMARY
A primary cilium is a membrane-bound extension from the cell surface that contains receptors for
perceiving and transmitting signals that modulate cell state and activity. Primary cilia in the brain are
less accessible than cilia on cultured cells or epithelial tissues because in the brain they protrude into a
deep, dense network of glial and neuronal processes. Here, we investigated cilia frequency, internal struc-
ture, shape, and position in large, high-resolution transmission electron microscopy volumes of mouse pri-
mary visual cortex. Cilia extended from the cell bodies of nearly all excitatory and inhibitory neurons, as-
trocytes, and oligodendrocyte precursor cells (OPCs) but were absent from oligodendrocytes and
microglia. Ultrastructural comparisons revealed that the base of the cilium and the microtubule organiza-
tion differed between neurons and glia. Investigating cilia-proximal features revealed that many cilia were
directly adjacent to synapses, suggesting that cilia are poised to encounter locally released signaling mol-
ecules. Our analysis indicated that synapse proximity is likely due to random encounters in the neuropil,
with no evidence that cilia modulate synapse activity as would be expected in tetrapartite synapses.
The observed cell class differences in proximity to synapses were largely due to differences in external cilia
length. Many key structural features that differed between neuronal and glial cilia influenced both cilium
placement and shape and, thus, exposure to processes and synapses outside the cilium. Together, the ul-
trastructure both within and around neuronal and glial cilia suggest differences in cilia formation and func-
tion across cell types in the brain.
INTRODUCTION

Primary cilia are membrane-enveloped extensions of microtu-

bules that grow from the mother centriole in diverse mammalian

cells. Until recently we knew little about structural features of cilia

in the brain and how the unique extracellular environment im-

pacts cilia exposure to potential ligands. Early observers hypoth-

esized a sensory role for neuronal cilia,1,2 which are now known

to influence brain function, development, behavior, mood, and

cognition.3–9 Several syndromes caused by defects in primary

cilia formation and function include symptoms of impaired phys-

ical and cognitive development,10 and emerging research
2418 Current Biology 34, 2418–2433, June 3, 2024 ª 2024 The Autho
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suggests links between primary cilia and mental health and

age-related decline.11,12

Primary cilia share common features across all cell types. The

ciliarymembrane, continuouswith the cellular plasmamembrane,

sheaths the microtubules of the ciliary axoneme, which is

anchored to the mother centriole (also called a basal body when

a cilium is present). The specialized composition of both the ciliary

membrane and cytoplasm is maintained by the transition zone

(TZ), a boundary formed by repeating ‘‘Y’’-shaped protein com-

plexes that ring the microtubules at the base of the cilium.13 Cilia

microtubule doublets extenddirectly frommother centriolemicro-

tubules. Primary cilia are non-motile and lack structures that
r(s). Published by Elsevier Inc.
://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. Neurons, astrocytes, and OPCs have primary cilia

(A) Cell class exemplars annotated in this study.

(B) Electron micrographs of basal bodies/centrosomes from cells in (A). Scale bars, 1 mm.

(legend continued on next page)
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promote beating in motile cilia. Despite the stereotyped structure

ofcilia, bothclassic andemergingdatasupport cell-specificdiffer-

ences in cilia structures in diverse systems and tissues.14,15 For

example, although typically illustrated as extending the entire

length of the cilium, microtubule doublets can change and even

terminate within a cilium.16,17 In the visual cortex, the different

types of neurons and glia have been grouped into broad cell clas-

ses: excitatory or inhibitory neurons, astrocytes, microglia, oligo-

dendrocytes, and oligodendrocyte precursor cells (OPCs). Given

the strong links between primary cilia and brain health, we asked

whether cilia exhibit structural differences relevant to their function

in each of these different cell classes.

Early electron microscopists captured serial sections of a few

astrocyte and neuronal cilia.1,18–20 However, cell-type-specific

structural knowledge in the context of neural tissue has been

elusive because primary cilia are difficult to locate using conven-

tional electron microscopy (EM) approaches. There is typically

only a single cilium per cell, making it unlikely that any given

EM thin section through a cell will intersect a cilium. Further,

upon exiting the cell, the cilium is hard to distinguish from the

surrounding network of glial and neuronal processes, called

the neuropil. The neuropil is the context for non-synaptic signal

transmission to neuronal and glial cilia, and the neuropil also

constrains the cilium. Recently published large-scale-volume

EM datasets present an opportunity to view cellular structures

in the diverse cell types of the brain. These have already begun

to bemined for structural information about cilia.21–24 In addition,

modern computational innovations used to generate three-

dimensional (3D) volumes of each cell body and process have

provided unprecedented access to multiple quantifiable cellular

properties.21–24 Here, we mine three transmission EM (TEM) vol-

umes of the mouse primary visual cortex (V1)25–30 to determine

primary cilia ultrastructure in hundreds of cells across different

brain cell classes. We discovered key anatomical differences

between cilia on neurons and glia, including differences in micro-

tubule organization and basal body docking. In addition, we re-

imaged selected cilia at higher resolution to resolve differences

between excitatory neuron and astrocyte TZs. We characterized

the dense extracellular micro-environment surrounding primary

cilia and found that cilia pass directly adjacent to synapses. Syn-

apses are not enriched near cilia—rather, cilia stochastically

encounter synapses densely populating the surrounding neuro-

pil. We further analyzed physical parameters of cilia, such as

shape and orientation, and demonstrated cell-class differences

in cilia structure and formation. Together, the new data reveal

variations in primary cilia anatomy in the brain, which suggest

that cell-type specialization of cilia structures may influence

brain development, behavior, mood, and cognition.

RESULTS

Locating cilia in neurons and glia in the visual cortex
We annotated cilia and centrosomes in three EM volumes of

mouse visual cortex where cilia are present in their native
(C) Fraction of ciliated cells by class.

(D) Cilia on cells in (A). Astrocyte and OPC were cut away to reveal the cilium.

(E) Cilium length graphed as a distribution (left) and individual values (right).

See also Figure S1 and Video S1.
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context.25,28–32 We refer to the datasets by the age of the

mouse: P36, P54, and P>270. While all three datasets tar-

geted V1, they are not replicates (the details of each volume

are described in Table S1). Figure 1A shows cellular recon-

structions of representative cells from six morphologically

defined cell classes. The most prevalent cells were excitatory

pyramidal neurons. Several types of inhibitory neurons were

observed, including chandelier cells, basket cells, neuroglia-

form cells, bipolar cells, and Martinotti cells. Glial cells that

were observed included astrocytes (both fibrous and proto-

plasmic), microglia, and cells in the oligodendrocyte lineage,

including precursor cells (OPCs) and premyelinating and

mature oligodendrocytes. Figure 1B shows EM images of

the base of the cilium for the neurons and glia displayed in Fig-

ure 1A. Both centrioles are included for the oligodendrocyte

and microglia, neither of which were ciliated, which is consis-

tent with other brain regions.33–35 The extent of ciliation for

each cell class is shown in Figure 1C and detailed in Table

S2. Magnified 3D reconstructions of cilia are shown in Fig-

ure 1D; Video S1.

Cilium length determines how far a cilium extends, its sur-

face area, and its volume. To compare cilia length, we gener-

ated and measured skeleton lines along the central path. Path

lengths are plotted by cell class for each dataset (Figure 1E).

Inhibitory neuronal cilia were the longest and OPC cilia

were the shortest. Within each dataset, the average astrocytic

cilium length was less than the average excitatory neuronal

cilium length. Cilia in P>270 were longer than in P36 or P54

(see Figures 1E and S1A), possibly reflecting individual

differences or differences in sample and data preparation

that produced minor discrepancies affecting scaling. The

layers sampled also contributed to differences between the

datasets. For example, the average length of inhibitory

neuronal cilia in P36 was comparable to layer 2/3 of P54

(11.6 ± 0.7 mm and 11.6 ± 1.8 mm (95% confidence interval

[CI]), but longer than the average length of all P54 inhibitory

neurons (9.6 ± 0.6 mm; 95% CI).

We also compared cilia lengths between cell types within clas-

ses. P>270 includes 20 fibrous astrocytes—many of which are in

layer 1. The cilia of fibrous astrocytes were shorter on average

than the cilia of protoplasmic astrocytes (Figure S1A). Inhibitory

neurons include many different cell types, some of which were

identified in P36 and P54. Cilia lengths from basket cells, bipolar

cells, chandelier cells, Martinotti cells, and neurogliaform cells

suggest that cilia in individual cell types cluster more strongly

than the cell class as a whole (Figure S1B). Inhibitory neurons

populate different cortical layers,36 so both the observed differ-

ences in cilia length and the distributions of cilia lengths (plotted

by depth in Figure S1C) indicated differenceswithin the inhibitory

cell class. Excitatory neuronal cilia also differed in cilia length

across layers 2/3–6 (Figure S1C). In layer 5 cilia length variance

was larger than in other cortical layers. Together, the measure-

ments revealed cilia length variance between and within cell

classes.
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Figure 2. Neurons have surface cilia and most glial cilia have a ciliary pocket

(A and B) Surface and pocket cilia illustrations and segmented representations of an excitatory neuron (A) and an astrocyte (B) cilium. Scale bars, 200 nm.

(C) The fraction of cells with ciliary pockets.

(legend continued on next page)
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Ciliary pockets are found predominantly in astrocyte
and OPC cells
To understand physical properties of cilia in the cortex, we as-

sessed structural features at the cilium origin. Specifically,

some cilia emerged from a centriole docked at the plasmamem-

brane (surface cilium, Figure 2A) while others extended from a

centriole recessed in a membrane invagination (pocket cilium,

Figure 2B).1 The cilium biogenesis pathway determines the

base structure37,38 and whether the entire length begins exter-

nally exposed or originates as a membrane-enclosed internal

structure that retains the encapsulating membrane to form the

ciliary pocket.39 We quantified base structures. With rare excep-

tions, all neurons had surface cilia (Figure 2C). In contrast, glia

predominantly had pocket cilia. We compared the path lengths

of the external portion of pocket cilia to the total path lengths

(Figure 2D). Generally, astrocyte pockets were�2 mm. OPC cilia

pockets were deeper and the majority of OPC cilia project less

than 3 mm from the cell. These data suggest that glial cilia have

less exposed signal detecting surface.

Most astrocytes without pocket cilia have surface cilia. How-

ever, OPCs without pocket cilia had structures that indicated

they were in the process of ciliogenesis or cilia disassembly.

To compare these intermediate structures across datasets, we

quantified concealed cilia (internal cilia)40 and ciliary vesicles

(vesicles associated with distal appendages) (Figures 2F–2H).

We observed a trend that correlated with the age of the mice. In-

ternal structures were unique to OPCs, except a single astrocyte

daughter centriole with a ciliary vesicle in P>270.

Vesicles were also found inside cilia (Figures 2I, 2J, and S2).

Although infrequent, there are published TEM images of internal

vesicles.21,41–45 Vesicles were rare in astrocyte and neuronal cilia

(Figure S2A). In contrast, OPC cilia contained prevalent and

diverse vesicles: single-membrane vesicles, double-membrane

vesicles, compressed vesicles, round vesicles with transparent

contents, and vesicles with dark centers (Figure S2B). All vesi-

cles were adjacent to the ciliary membrane, thus they could

not move along the center of the axoneme as proposed.46

Together, the analysis of cilia nanostructure revealed distinctions

between cell classes.

Neuronal cilia had longer TZs than astrocytic cilia
We examined the TZ, the boundary structure at the base of the

cilium.13 When sectioned lengthwise, TZs appear as densities

between the membrane and microtubules (Figures 3A and 3B).

In cross-sections, the Y-shaped structures of the TZ are referred

to as Y-links47 (Figures 3C and S3). Internal structures were

especially clear in the P>270 dataset and our initial impression

was that astrocytic TZs were shorter than in neurons, but many

TZs were not fully resolved or were sectioned at oblique angles.

We used two strategies to try to investigate TZ differences. First,
(D) Distribution of path lengths, external and in total.

(E–G) Segmented OPC cilium (E), concealed cilium (F), or ciliary vesicle (G). Enla

completely concealed (F). Scale bars, 200 nm; ROI width: 1,085 nm.

(H) OPC classifications are plotted by dataset.

(I) Vesicles inside OPC cilia. Scale bar, 200 nm.

(J) The percentage of cilia with internal cilia vesicles was graphed for each cell c

overlaid onto a single EM plane.

See also Figure S2.
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we selected seven cilia in the P>270 dataset found to be primar-

ily aligned—either parallel or perpendicular to the imaging

plane—and reimaged these cilia on the original TEM grids at

higher resolution, ranging from 0.36 to 0.56 nm/pixel (versus

4 nm/pixel in the original dataset; Figure 3A). TZs of an excitatory

neuron and astrocyte are visible in alternating sections due to the

periodic nature of the structure. TZ density is longer in the neuron

than in the astrocyte (Figure 3B). Fewer consecutive astrocyte

cross-sections had visible Y-links than seen in neuronal cilia

(Figures 3C, S3A, and S3B). We noted that fibrous astrocytes

had electron-dense material, possibly abundant intermediate fil-

aments, filling the center (Figure S3C). The internal staining

cleared beyond the TZ.

The second strategy we used was to identify a subset of cilia

sectioned approximately parallel to the imaging plane in the

P>270 dataset and measure TZ density in every z plane (Fig-

ure 3D). Variations in TZ measurements within a single cilium

were expected because cutting angles were not perfectly paral-

lel. The weighted mean TZ length for excitatory and inhibitory

neurons (286 and 314 nm, respectively) was longer than for as-

trocytes (168 nm). The process of TZ formation has not yet

been examined in brain, but the observed structural differences

might be assembly-related as in other tissues.48–50

Microtubules and microtubule-binding proteins change
along the cilium
It is known that the number and organization of microtubules can

change within a cilium.16,51,52 We noticed that changes in ciliary

microtubules differed between excitatory neurons and astro-

cytes. First, A-tubules had an electron-dense center near the

cilium base (diagrammed in Figure 4A) resembling microtubule

inner binding proteins (MIPs), recently characterized insideChla-

mydomonas flagella.53,54 Beyond the proximal region, the center

of the A-tubule appeared translucent, suggesting that the den-

sity was restricted to the base of the cilium. The doublets lost

the internal A-tubule staining approximately 2.3 mm (excitatory

neuron) and 1.2 mm (astrocyte) from the base (Figures 4B and

4C; Video S2). In neurons, the dark to light tubule transition

happened once, but in astrocytes, several A-tubules alternated

between stained and empty near the base. The changes in

microtubule staining can also be seen in cilia cut lengthwise,

where doublet staining at the base was darker (Figure S4A).

We tracked microtubule rearrangements within cilia, including

shifting of the deviant filament1 from the periphery into the center

of the axoneme (Video S2; Figures S4B and S4C). Termination of

B-tubules left singlet microtubules (yellow arrows in right panels

of Figure 4B), some of which subsequently terminated. In astro-

cytic cilia, both doublets and singlets terminated. We captured a

side view of doublet termination while re-imaging the TZ at high

resolution (Figure S4C). Electron densities on either side of the
rged regions of interest (ROIs) illustrate that the cilium barely emerges (E) or is

lass in each dataset. In (A) and (B) and (E)–(G), cilium, cyan; cell interior, pink;
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Figure 3. Astrocytic cilia TZs are shorter than neuronal cilia TZs

(A) To improve resolution, cilia from P>270 were located on the original EM grids and reimaged at higher resolutions (left, original; right, reimaged; yellow

arrowhead, an IFT particle). Scale bars, 100 nm.

(B) Serial images of the base of an excitatory neuronal cilium and an astrocytic cilium (yellow bracket, TZ visible in alternating slices; yellow box, ROI in (A). Scale

bars, 100 nm.

(C) The Y-links (yellow arcs) of the TZ are resolved in high-resolution images of excitatory neuronal and astrocytic cilia cross-sections. Scale bars, 100 nm.

(D) The distribution of mean TZ lengths measured in sequential images of lengthwise-sectioned cilia in P>270 is plotted (weighted mean, solid white line; dashed

lines, standard deviation of the weighted mean).

See also Figure S3.
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terminating microtubule suggested a capping or termination

structure.

To investigate how internal changes in ciliamicrotubules affect

overall cilia structure, we measured cilium diameter in 3D recon-

structions. All cilia narrow within the first 4–5 mm in the region

where microtubule transitions and termination happen (Fig-

ure 4D). The diameters of both inhibitory and excitatory neuronal

cilia decreased steadily along the first 3 mm, however, astrocyte

and OPC cilia diameters dropped off more quickly (Figure 4D;

Video S2). OPC cilia diameter varied more, possibly caused by

internal vesicles. Also, OPC cilia membranes constricted less

uniformly as microtubules terminated (Figure S4E).
To investigate stereotyping of microtubule termination we

examined cilia in the >P270 dataset and quantified singlets pre-

sent at the most distal resolvable section (insufficient resolution

and oblique cut angles prevented quantification in many cilia).

We found all possible singlet configurations in distal cilia (Fig-

ure 4E). Plots of singlets near the terminus by cell type (Fig-

ure S4D) suggest that glial cilia were most likely to have only a

few singlets near the tip.

Little is known about the function or prevalence of microtu-

bule-associated proteins (MAPs) in brain cilia. We found den-

sities tethering microtubules to the ciliary membrane or to each

other (Figures 4B, S4B, and S4E). These densities could be
Current Biology 34, 2418–2433, June 3, 2024 2423
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Figure 4. Astrocytic and neuronal cilia microtubule organization differs

(A) Microtubule transitions: microtubules emerge as doublets with A- and B-tubules. Density within the A-tubule ends leaving translucent lumens in both tubules.

Some microtubules transition to singlets. Both doublet and singlet microtubules terminated.

(B and C) Cross-sections of an excitatory neuron (B) and an astrocytic cilium base (C). Yellow arrowheads track the position of the same microtubule through the

volume. Orange arrowheads indicate densities between deviant microtubules and adjacent doublets. Scale bars, 100 nm.

(D) The diameter along the central path length of the proximal cilium wasmeasured in P54 (solid lines: average diameter of a binned path length; shading: 95%CI

of that bin).

(E) Cross-sections near tips of cilia display the diversity of microtubule configurations. Scale bars, 100 nm.

(F) Serial cross-sections of an excitatory neuron distal cilium re-imaged at higher resolution. Images were inverted in the lower panel (yellow: bridging electron

densities; cyan: microtubules). Scale bars, 100 nm.

See also Figure S4 and Videos S2 and S3.
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similar to those observed in kidney cilia and cultured epithelial

cells.51,52 We also observed previously unreported densities

that connect the deviant microtubule to adjacent doublets

(Figures 4B, S4B, and S4C). These bridging structures sug-

gest that reorganization is accomplished through inter-dou-

blet protein bridges. In reimaged cross-sections of the distal

cilium (Figure 4F), bridging complexes associated with singlet
2424 Current Biology 34, 2418–2433, June 3, 2024
microtubules. More research is needed to determine the identity

and functions of MAPs in cilia.

Cilia project into a tangle of neurites and glial filaments
We expanded our investigation to the environment outside the

cilium. Near the base, many cilia remained proximal to the

cell body, while others projected directly into the neuropil.
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Figure 5. Cilia immersed in the neuropil
(A and B) Cilia on an excitatory neuron (A) or astrocyte (B) in P36 are shown in blue. Every process in the neuropil that passes adjacent to any portion of the cilium

was colored by the processes’ type (dendrites: pink; axons: teal; astrocyte: orange). Scale bars, 500 nm.

(C and D) 3D renderings of dendrites, axons, and astrocytic processes adjacent to each cilium from (A) and (B).

(E) Adjacent processes’ identities were determined for 10 excitatory neurons and 10 astrocytes in P36 and the totals graphed.

(F) Process total from each cell was divided by its external cilium path length and graphed by cell class.

See also Figure S5 and Videos S3 and S4.
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Figures 5A and 5B provide representative views of the complex

extraciliary environment with processes shaded by type (see

also Videos S3 and S4). To communicate the complexity of the

cilium niche, we generated 3D renderings of cilia and the adja-

cent axons, dendrites, or glial processes (Figures 5C and 5D).

Cilia were adjacent to astrocyte processes at several points

along their length. Cilia tips were occasionally enveloped by as-

trocytes and in one case by a microglial process (Figure S5A). As
expected because of astrocyte tiling,55 the adjacent astrocyte

processes were from only one or two cells. We quantified the

number of axons and dendrites adjacent to 10 excitatory

neuronal cilia and 10 astrocytic cilia in P36 (Figure 5E). Astrocytic

cilia averaged fewer adjacent axons and dendrites than excit-

atory neuronal cilia. The portion of the astrocytic cilium shielded

by the ciliary pocket has no adjacent processes (Figure 5D). To

determine whether the ciliary pocket accounted for the observed
Current Biology 34, 2418–2433, June 3, 2024 2425
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Figure 6. Cilium length and synapse abundance determined frequency of synapses near cilia

(A) Representative volumetric rendering of synapses near an inhibitory neuronal cilium (cilium, green; synaptic clefts, bright pink). Insets: EM images of an

adjacent synapses (upper) and a proximal synapse (lower). Scale bars, 300 nm.

(legend continued on next page)
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differences, we graphed the number of adjacent processes per

nanometer external path length (Figure 5F) and found the mean

values were more similar.

Neuronal processes near cilia could contain dense core vesi-

cles (DCVs).56 To investigate this possibility, we compared DCV

proximity to cilia across cell classes by quantifying DCVs within

1 mmof the cilium center (Figures S5B and S5C). We then plotted

the number of DCVs as a function of cilium length (Figure S5D).

Astrocytic cilia had 10 or fewer DCVs within 1 mm, while neuronal

cilia had more. DCVs were more frequently found in the region

surrounding neuronal cilia, but we encountered a few DCVs

poised to release peptides directly onto primary cilia.

Synapses were frequently found near and next to cilia
Receptors for neuromodulators, which can be released from

clear synaptic vesicles, localize to neuronal cilia.57 To investigate

the possibility that locally released neuromodulators could reach

primary cilia, we examined synapses near primary cilia. Both

synapses directly adjacent to cilia (Figure 6A, upper inset, and

Figures S6A and S6B) and proximal to cilia (Figure 6A, lower

inset, and Figure S6B) could be within range of synaptic spillover

if not shielded by perisynaptic astroglial processes.58,59 Synap-

ses were also recently found adjacent to cilia in an EM volume of

the human anterior temporal lobe.23 Sheu et al.25 reported that

axons can synapse directly onto cilia. In P36 and P54, synapses

have been segmented and automatically connected to their pre-

and post-synaptic reconstructions.60 Although the automatic

segmentation identified rare synapses onto cilia, these were

false positives. Instead, all presynaptic termini had postsynaptic

targets other than the cilium (i.e., axon-dendrite synapses, axon-

axon synapses, and axon-soma synapses).

To assess synapse frequency near primary cilia, we measured

the distance from each cilium to the center of the nearest syn-

apse in P54 and plotted the distribution (left y axis, Figure 6B).

Half of the excitatory neuronal cilia had a synapse within

244 nm. Inhibitory neurons were similar (237 nm), however, the

average distance to the nearest synapse from astrocytic and

OPC cilia was larger (324 and 580 nm, respectively). By

measuring the distance to the nearest synapse, we determined

that almost every neuron and astrocytic cilium had at least one

synapse within 1 mm (right y axis, Figure 6B). For each cilium,

we identified proximal synapses within 1 mm for further analysis.

Distinctiveness of synapse frequency near cilia was assessed

in a human dataset by comparing the number of synapses adja-

cent to cilia to the number adjacent to a nearby axon of same

neuron class.23 To perform a similar comparison, we manually

identified synapses adjacent to cilia and axons of 17–44
(B) Euclidean distance to the synapse closest to each cilium in P54 (left y axis: b

mulative fraction of cells that have a synapse within that distance; red line, half o

(C) The mean number of synapses adjacent to either cilia or axon fragments of e

(D) The fraction of cilia or axon fragments with adjacent synapses from (C) is gra

(E and F) The number of adjacent (E) or proximal (F) synapses divided by cilium/

represented by the magnitude of the box indentation at the mean value. For (C)–(

axon fragments.

(G) The number of synapses within 1 mm of each P54 cilium graphed relative to e

4.08, R2 = 0.668; shading: 95% CI). Dashed line is the linear regression fit of the m

orientations (b = 3.59 R2 = 0.996, utilized external portion of cilia path). Top histog

the measured or calculated (random) synapses within 1 mm. OPCs, pink; astrocy

See also Figure S6.
excitatory neurons from each layer and 55 inhibitory neurons in

P54. In contrast to the measurements in the human temporal

lobe,23 on average we observed more synapses adjacent to

axon segments than cilia (Figure 6C). Specifically, we found a

mean of 1.5 ± 0.23 and 2.13 ± 0.44 synapses per cilium (95%

CI; excitatory and inhibitory, respectively) (Figure 6C). 79.4% of

excitatory cilia and 87.8% of excitatory axon fragments had at

least one synapse adjacent and inhibitory values were higher

(85.5% of cilia and 97.8% of axon fragments) (Figure 6D).

To determine whether higher synapse frequency was related

to cilia length, we plotted the number of adjacent synapses

(Figures 6E and S6C) or total synapses (Figure 6F) within 1 mm

per unit path length for both cilia and axon fragments. This elim-

inated the differences between cell class seen in Figure 6C.

Axons, however, did exhibit cell class distinctions in synapse ad-

jacency, which suggest that they may not be a reliable bench-

mark. As axon fragments could not be class matched to glial

cilia, we also calculated synapse frequency per unit path length

within 1 mmof every glial and neuronal cilia in P54. Astrocytic and

OPC cilia had lower averages (2.42 ± 0.38 and 1.46 ± 0.36 syn-

apses per mm [95% CI], respectively) than excitatory and inhibi-

tory neuronal cilia (4.28 ± 0.19 and 4.07 ± 0.26 synapses per mm

[95% CI], respectively). However, when we calculated the syn-

apse frequency per unit path length for just the external astro-

cytic cilia, the value increased (4.12 ±0.56 synapses per mm;

95% CI). Together, these data both support the hypothesis

that the ciliary pocket limits exposure of the cilium and suggest

that synapse density determines the frequency of synapse

proximity.

Wewere concerned that comparisons to axon fragments were

inadequate to evaluate whether the frequency of synapses near

cilia was truly distinctive. Thus, we computationally placed the

3D mesh of each cilium from P54 in 1,000 random positions

and orientations within the volume. We then determined the

number of proximal synapses at each position and compared

these results to the observed synapses (Figures 6G and S6D).

For both excitatory and inhibitory neurons, the mean number

of observed proximal synapses was similar to the values gener-

ated by random cilia placement (excitatory: 27 observed versus

28 random; inhibitory: 37 observed versus 39 random). In

contrast, the external portion of astrocytic and OPC cilia had

fewer observed proximal synapses than calculated with

randomly placed cilia (observed means: 11 and 4; random

means: 16 and 8, respectively). These data suggest that an addi-

tional factor might decrease glial cilia proximity to synapses. As

an extension of this analysis, we also plotted themean number of

proximal synapses as a function of external cilium length. We
ar graph; bar width represents binning distances; right y axis: line shows cu-

f cilia have a nearby synapse).

qual length are graphed for both inhibitory and excitatory neurons.

phed. Error bars in (C) and (D) represent 95% CI.

axon path length graphed using a box-and-whisker plot where the 95% CI is

F), n = 89 excitatory cilia or excitatory axon fragments and 46 inhibitory cilia or

xternal cilium length (solid line: linear regression fit across the dataset with b =

ean number of synapses adjacent to cilia randomly placed in 1,000 positions/

ram: class distributions of cilia lengths. Right histograms: class distributions of

tes, orange; excitatory neurons, blue; inhibitory neurons, green.
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Figure 7. Cilium shape, placement, and orientation can be stereotyped within a cell class

(A) Gross tortuosity plotted relative to cilium length.

(B) Average cilium diameter in P54 (left y axis, solid line) and local curvature (right y axis, dashed line) along the cilium length. Shading indicates the 95% CI.

(legend continued on next page)
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then compared the fit of the data and found that the observed

proximal synapses fit a linear regression coefficient of 4.08

with R2 = 0.668 (Figure 6G). This was similar to the coefficient

derived from randomly distributed cilia (3.59, R2 = 0.996)

(Figures 6G and S6D) and less than the coefficient from analysis

of synapses proximal to axon segments equal in length to cilia

(coefficient = 4.55, R2 = 0.387; Figure S6E). Because most glial

cilia were partially submerged in a pocket, using the total path

length for astrocytes and OPCs changed the coefficient value

to 4.91 and decreased the R2 to 0.606 (Figure S6E).We conclude

that while glial cilia might be somewhat shielded, the number of

synapses proximal to neuronal cilia was determined by cilium

length and synapse abundance.

EM analysis reveals cell-class-specific features of cilia
shape, placement, and orientation
Although similar, each segmented cilium mesh was unique (Fig-

ure S8). The physical properties of the cilium—its length, tortuos-

ity, position, and orientation—could influence the exposure of

the cilium to external ligands. We compared the overall tortuosity

defined by arc-chord ratio of cilia and found that tortuosity

across all cell classifications averaged 1.19 ± 0.02 (95% CI),

close to the straight-line value of 1 (Figure 7A). Further, the gross

tortuosity metric appeared unaffected by cilia length, indicating

that the distal region with few singlet microtubules (and thus a

decreased persistence length) did not bend more. Next, we

investigated the relationship between cilium curvature and diam-

eter by plotting the binned local curvature along the cilium

length. On the same y axis, we also plotted cilium diameter (Fig-

ure 7B). The value of local curvature increased as the diameter

decreased in neuronal and astrocytic cilia (Figure 7B) and both

values leveled out at a similar distance from the base. Thus,

the internal changes in microtubules correlated with both cilia

diameter constriction and local curvature increase. The rate of

local curvature appeared sustained in the distal cilium, prevent-

ing longer cilia from becoming increasingly tortuous. While OPC

cilia diameter dropped close to the base, diameter stability and

curvature leveling were not apparent (possibly related to the in-

ternal vesicles in Figure S2).

Finally, we examined cell class similarities in centriole place-

ment and cilium orientation. There is evidence that cilia within

populations of neurons can align.23,24,61 To investigate centriole

positioning and cilia orientation we used two vectors: (1) the

centrosome vector, which defined the cilium origin, extended

from the center of the nucleus to the mother centriole; and (2)

the cilium vector, which defined cilium orientation, extended

from the base of the cilium to the tip (Figure 7C). For each vector,

we plotted the angle phi (the direction of the vector angle relative

to the rostral-caudal and anterior-posterior axis) and the angle

theta (elevation or depression toward or away from the pia,

i.e., dorsal or ventral) (Figure 7D). Phi was distributed throughout
(C) The centrosome vector originates at the center of the nucleus and extends to t

tip. The azimuth is represented by the angle 4 and the elevation by the angle q. Th

white matter to pia.

(D) Polar plots show the distribution of centrosome and cilia vectors for each cell in

standard deviation around the mean).

(E) Centrosome and cilium vectors of excitatory neurons in each layer.

See also Figure S7.
the possible angles for all cell classes. In contrast, both excit-

atory neuron centrosome and cilia vector theta values con-

densed around an average of 51�and 56�, respectively. In P36

excitatory neurons, the values were similar (centrosome theta:

46�; cilia theta: 50�). The polarized centriole vector meant that

the mother centrioles docked near the base of the apical

dendrite. The polarized cilia vector meant that, on average, cilia

oriented toward the pia. We compared the cilia and centrosome

vectors between cells of the same class at different depths (Fig-

ure 7E). The positioning of the cilium origin and the directionality

of the cilium vector shifted away from the zenith (for example, the

cilium vector shifted from 38�in layer 2/3 to 74�in layer 6). Taken

together, the analysis of the physical properties of cilia revealed

that centrosomes and axoneme microtubules (interior struc-

tures) influenced the shape and trajectory of cilia, which in turn

affected cilium exposure in the neuropil.

DISCUSSION

Analysis of volumetric EM datasets revealed cell-type-specific

differences in cilia ultrastructure. Cilia differed in length, origin

structure, TZ length, microtubule organization, and the presence

of internal vesicles. These features influenced placement in the

3D environment outside cilia—the context for signal transmis-

sion and detection. Together with quantitative analysis of pri-

mary cilia position and orientation, we have a new understanding

of how cell-specific structural features could determine cilia

exposure to external signals.

Ultrastructural differences may be a consequence of biogen-

esis and could reflect functional differences. For example, the

sub-population of astrocytes that had surface cilia could be

functionally distinct. The division between pocket cilia and sur-

face cilia may reflect different ciliogenesis pathways. In the visual

cortex, neurons overwhelmingly had surface cilia, but that is not

true of all neurons.23,62 In the mouse optic nerve, astrocytes had

concealed or pocket cilia and OPCs had surface cilia.63 The dif-

ferences between neuronal and astrocytic TZsmay differ in other

brain regions and TZs might change over time, as seen in other

systems.48,49 In Drosophila, the immotile cilia of olfactory neu-

rons and the motile cilia in auditory neurons have different

Y-link structures.50 We speculate that previously unrecognized

structural differences between cell types could explain why mu-

tation of genes coding for cilia and centrosome proteins can

have diverse disease outcomes.

Recent cilia studies using EM volumes lacked the contrast and

resolution necessary for detailed comparisons of axoneme mi-

crotubules and associated proteins.23,24 Differences between

neuronal and glial axoneme microtubules could be caused by

expression of different tubulin monomers.64 Recent investiga-

tions revealed that a mutation in the beta tubulin isotype Tubb4b

disrupts axoneme formation and stability.65 If the A tubule
hemother centriole. The cilium vector extends from the base of the cilium to the

e spherical coordinate system is defined by a zenith representing an axis from

each class in P54 (solid black line: the circular mean; dashed lines: the circular
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staining represented MIPs, their presence may prevent B-tubule

termination. The observed configurations of doublet and singlet

microtubules revealed gaps in our knowledge about intraflagellar

transport (IFT), which has been shown to be tubule-dependent in

motile cilia (anterograde transport on the B-tubule and retro-

grade transport on the A-tubule).66 InC. elegans, alternate motor

configurations conduct anterograde transport on distal microtu-

bule singlets.67 The issue of IFT in the absence of B-tubules, has

been raised by Sun et al.51 Based on serial section electron to-

mography of cultured epithelial cell cilia, they also predict that

microtubules bridging densities are MAPs. Microtubules,

MIPS, and MAPSmay contribute to both stability and dynamism

as cilia change through development and through a single

day.21,22,68

Abundant axons, dendrites, and glial processes surrounding

cilia suggested novel influences on cilia signaling. The prevailing

paradigm—that peptide signaling occurs largely through bulk

flow—is consistent with our observations; however, automated

identification of DCVs would facilitate a more comprehensive

analysis. Glycoproteins, which facilitate cilia adhesion in cultured

cells,69 may also facilitate cilia adhesion to adjacent processes.

Gap junctions were proposed to link cilia to processes in the hu-

man temporal lobe.23 In the visual cortex, we found no high con-

fidence gap junctions. Automated identification, EM-dense la-

beling, or datasets with higher resolution will be necessary to

demonstrate that gap junctions impact cilia function.

We hypothesize that ciliary membrane receptors for synapse-

released neuromodulators detect ligands able to travel a short

distance from the synapse. In addition to cilia-localized serotonin

and dopamine receptors, metabotropic neurotransmitter recep-

tors could also localize to cilia.70 As spillover is known to activate

extrasynaptic receptors,71 and neurotransmitter diffusion in

cultured slices can travel more than 1 mm,72 cilia could detect

molecules released from both proximal and adjacent synapses.

In addition, signals released from multiple synapses could be in-

tegrated sequentially or simultaneously.

While our analysis had much in common with related studies,

we draw different conclusions on three aspects of synapse-

mediated signaling. First, we found that the number of proximal

synapses was determined by local synapse density and cilium

length. This deviates from the conclusion that synapses prefer-

entially associate with cilia based on comparison to synapse ad-

jacency to axonal fragments.23 Brain-region or species differ-

ences in the nature and abundance of synapses between the

mouse and human cortex73 could contribute to this disparity in

mean adjacent synapses. However, as synapses are abundant

in both, the distinction may be near axons. Second, we draw

no conclusions regarding tetrapartite synapses, where both cilia

and astrocytes are adjacent to a synaptic cleft. At tripartite syn-

apses, astrocytic processes both receive andmodulate synaptic

transmission.74,75 As there is no evidence that cilia modulate

synaptic release, we hypothesize that cilia passively detect

diffusing molecules; thus, labeling structures as tetrapartite

synapses is premature and potentially misleading. Third, we

observed no synapses directly onto cilia: all presynaptic termini

near primary cilia had a separate post-synaptic target.

We are just beginning to understand how primary cilia influ-

ence neuronal and glial activity.76,77 This ultrastructural analysis

demonstrated that primary cilia are not all the same and that
2430 Current Biology 34, 2418–2433, June 3, 2024
some features, like ciliary pockets or glial processes might shield

cilia from potential ligands, while others, especially synapses,

could be signaling sources. In combination with placement of

the cilium origin, regulation of cilia structural features determined

the extracellular environment monitored by cilia localized

receptors.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

P36 mouse visual cortex image data https://www.microns-

explorer.org/phase126,27
BOSS: https://doi.org/10.60533/BOSS-2021-GTXY

P54 mouse visual cortex IARPA MICrONS BOSS: https://doi.org/10.60533/BOSS-2019-QF8A

P>270 mouse visual cortex Bock et al.25 BOSS: https://doi.org/10.60533/BOSS-2011-K12H

Annotation and processing data This paper Zenodo: https://zenodo.org/doi/10.5281/zenodo.10953135

Software and algorithms

Amira 3D 2021.1 ThermoFisher Scientific https://www.thermofisher.com/us/en/home/

electron-microscopy/products/software-

em-3d-vis/amira-software.html

Blender 3.1.2 Blender.org https://www.blender.org/

CATMAID Schneider-Mizell et al.32

Saalfield et al.78
https://github.com/catmaid/CATMAID

CAVE Dorkenwald et al.79 https://github.com/CAVEconnectome/CAVEclient

Excel Microsoft https://products.office.com/en-us/excel

GraphPad Prism 10 for MacOS GraphPad Software Inc. https://graphpad.com

ImageJ2 version 2.14.0/1.54f Schindelin et al.80 https://imagej.net/software/fiji/

Neuroglancer Martin-Shepard et al.81 https://github.com/google/neuroglancer

pycilium This paper Zenodo: https://zenodo.org/doi/10.5281/zenodo.10951285
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to the lead contact, Carolyn Ott (ottc@janelia.hhmi.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d This paper analyzes existing, publicly available data. Access links for TEM datasets are listed in the key resources table (BOSS:

https://doi.org/10.60533/BOSS-2021-GTXY, BOSS: https://doi.org/10.60533/BOSS-2019-QF8A, BOSS: https://doi.org/10.

60533/BOSS-2011-K12H). Annotations made to analyze these data are also listed in the key resources table (Zenodo:

https://zenodo.org/doi/10.5281/zenodo.10953135) and publicly available as of the date of publication.

d All original code and analysis data products have been deposited at Zenodo: https://zenodo.org/doi/10.5281/zenodo.

10951285 and is publicly available as of the date of publication. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Overview of TEM datasets
The TEM volumes used in this studywere collected as a part of collaborative projects designed to determine neuron connectivity. The

P36 and P>270 mice have been described.25–27 The P36 mouse was a triple heterozygote for CamKIIa (Jax:05359), B6;CBA-

Tg(Camk2a-tTA)1Mmay/J (Jax: 003010), and GCaMP6f Reporter: Ai93 (JAX024103). The P54 mouse was a cross of B6;CBA-

Tg(Camk2a-tTA)1Mmay/J (Jax: 003010) and B6;DBA-Tg(tetO-GCaMP6s)2Niell/J (Jax: 024742). The age of this mouse at perfusion

was P54. The P>270 animal was amale Thy1-YFP-H51mouse. All animal procedures were approved by the Institutional Animal Care

and Use Committee at the Allen Institute for Brain Science or Baylor College of Medicine. As detailed with the publication of the orig-

inal dataset25 in vivo fluorescent calcium imaging preceded isolation of a volume of the visual cortex frommice. The tissues were then

stained, sectioned, and imagedwith 4 nm resolution in XY. Section thickness, and thus z resolution is 40 nm. The tissue volumeswere
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computationally reconstructed by stitching and aligning these images to create a large volume. Neurons were then traced as skel-

etons directly in the volume,25 or densely segmented and proofread to generate 3D reconstructions.28 The heavy metal staining and

resolution that makes electronmicroscopy suitable for neuronal and synaptic reconstruction is sufficient to resolve many intracellular

features including nuclear pores, mitochondria cristae, polysomes and microtubules, as well as synaptic vesicles and pre- and post-

synaptic densities. Distinguishing features of each dataset including each animal’s sex and the area of visual cortex imaged are listed

in Table S1.

METHOD DETAILS

Cell classifications
Cell features provided the information necessary for cell classification as described in Peters et al.82 Excitatory pyramidal neurons

were distinguished from the inhibitory neurons based on characteristics including nuclear morphology, axon and dendrite positioning

and morphology and the post-synaptic density adjacent to axon termini. In EM, Astrocytes were identified by the dark ring of chro-

matin around the periphery of the nucleus, the presence of glycogen granules and the many processes that appear to seep rather

than project into the surrounding spaces. In segmented data astrocytes were also identified by the characteristic overall cell

morphology. Microglia and oligodendrocytes both have small dark nuclei and dark staining cytoplasm but differ in the diameter

and content of the processes: oligodendrocyte processes are thin and packed with microtubules while microglia processes narrow

more gradually. OPC cells have lighter cytoplasmic staining than oligodendrocytes and microglia. For more details about the iden-

tification and characteristics of OPC cells see Buchanan et al.29. Astrocytes in P>270 were classified based on the presence or

absence of abundant dense intermediate filaments as protoplasmic or fibrous respectively. Many fibrous astrocytes were in cortical

layer 1. Cell identities in P36 were manually assigned and accessed via the Connectome Annotation Versioning Engine (CAVE) sys-

tem.79 Within the P54 dataset every cell was assigned a cell classification and layer initially based on a clustering analysis of nucleus

features.30 We reconstructed cells based on this initialization then manually confirmed classifications using the morphology of

segmented processes. For analysis, layer boundaries in the P54 dataset were defined using a set of manual point annotations based

on the size and density of pyramidal cells for each layer to generate average planes dividing L1, L2/3, L4, L5, and L6. Although the P54

volume encompasses layers 1-6, layer 1 was excluded from the 3D segmentation, and thus from our analysis.

Annotation of cilia and centrosomes
For the P36 and P54 volumes, the data was accessed throughNeuroglancer81 and point annotations were used tomark the cilia base

and tip, position of each centriole, cilium exit from pocket cilia and vesicles. Skeleton lines were generated by calculating the central

path of the segmented structure. Initial annotation and segmentation of P>270 was done using Trak EM2.78 Annotations were

migrated to CATMAID32,83 and all annotating continued in CATMAID. To facilitate work across multiple datasets, we contracted kaz-

mos GmbH to extend CATMAID to access and annotate data in Neuroglancer precomputed format. This allows all datasets released

in this format, including many new and upcoming large EM volumes, to be accessible and annotated from local CATMAID instances

without the need to copy data locally. We used CATMAID to trace ciliary skeletons from base to tip in P>270 and to proofread the

skeletons created with a central pathline in the P36 and P54 datasets. To locate cilia, we used either the 3D cellular models to identify

cilia and then navigated to the corresponding EM images or we searched the somata in the EM volume for centrosomes and then

looked to see whether cilia were present. Incomplete cilia were included for measurements of cilia frequency but excluded from other

analysis. P36 is the only volume in which every cell in the volume was assessed. In P54 and P>270, cilia in a subset of the abundant

excitatory neurons and glia were annotated and all or almost all inhibitory neurons were annotated.

There were astrocytes and neurons in which we were unable to locate a cilium, but these cases were very rare (see Table S2). Cells

that left the volume or that had large imaging gaps were excluded from analysis if a ciliated centriole was not found. In the two non-

ciliated astrocytes in P36 we found both centrioles in the cytoplasm and are confident that these are nonciliated cells. We are less

confident about the absence of cilia in the inhibitory neurons that are not included in the ciliated fraction because we found no

centrioles in these cells. It is possible that ciliated centrioles are present andwere either overlooked (despitemultiple efforts) or obfus-

cated by imaging gaps or artifacts. In all microglia we found two centrioles. In P36 and P54 all the oligodendrocytes had two non-

ciliated centrioles, however, no centrioles were found in any of the oligodendrocytes in P>270. We are not aware of any reports of

centriole loss in oligodendrocytes and wonder if the difference could be due to the age difference in the mice. Rare neurons with mul-

tiple primary cilia have been found in the hypothalamus.5 In V1 we observed only monociliated neurons. We did find an astrocyte with

cilia extending from both centrioles and another ciliated astrocyte that had a large vesicle associated with the second centriole that

appeared to be a pre-ciliary structure. Endothelial cells, part of the brain circulatory system, were omitted from our analysis, however,

we did locate pairs of nonciliated centrioles in 3 endothelial cells in the P>270 dataset.

Annotation postprocessing
Analysis of multiple datasets required methods for integrating results across different annotation and data sharing platforms

including reading skeletons, meshes, and metadata from a variety of data sources. A python package "pycilium" (github.com/

AllenInstitute/pycilium) developed for this project is publicly available on github that allows retrieval of annotations generated using

CATMAID, trakEM2, and pre-defined neuroglancer state schemas and supports saving versioned copies of data relevant for subse-

quent analysis.
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Manual segmentation in Amira
Cilia, ciliary vesicles, and the cytoplasm were manually segmented using Amira 3D version 2021.1 (Thermo Fisher Scientific). Crop-

ped image stacks were imported. Next, the cilia structures and cytoplasm created by manually tracing structures in Amira in individ-

ual layers. The resulting segmentation was converted into a triangular mesh surface using the ‘Generate Surface’ module in Amira

with constrained smoothing and a smoothing extent of 9.

Re-imaging TEM sections at higher resolution
TEM has the advantage of improved microtubule contrast and the ability to revisit a sample and image again at higher magnification,

which is not possible with destructive volume EMmethods, such as serial block face scanning EM (SEM) and FIB-SEM (focused ion

beam-SEM). Furthermore, TEM enables higher resolution imaging than SEM methods. To obtain higher quality images of cilia iden-

tified in the P>270 dataset,25 we reimaged the same samples with a TEM at higher magnification (JEOL 1200EX). The samples con-

sisting of 1,215 serial sections on Pioloform-coated TEM slot grids were stored in a nitrogen dry box for more than 10 years since the

initial imaging. Yet, the new images were comparable to the originals, suggesting that there was minimal sample deterioration during

this storage period. Using the published image volume and the original imaging notes as a guide, we identified which grids contained

the cilia of interest and located themwithin each grid. The cilia were imaged at much higher magnifications (30,000x to 65,000x) than

previously. Since cilia can extend several microns in length, some cilia required re-imaging from up to 100 sections. For each cilium,

the high-resolution serial images were then aligned together using an elastic alignment software pipeline (AlignTK).

Visualization of 3D objects using Blender 3.1.2
3D meshworks of cells, cilia, or processes were imported as wavefront OBJ files. Where necessary, cilia meshworks were isolated

and colored separately. For glial cells, the portions of the cell obstructing the view of the cilium were cut away.

Skeleton generation and processing
Skeletons for P36 and P54 were generated using a semi-automated iterative process based on point annotations of the tip and base

as well as the mesh derived from the neuronal segmentation. These skeletons were generated by taking a bounding box cutout of a

mesh and filtering it by the distance from a line segment between the base and tip of the cilium, then skeletonizing the largest resulting

connected component. Subsequent steps filtered the mesh based on a reduced distance from the mesh to the last computed skel-

eton. Skeletons at each step were generated by thinning with mesh contraction as implemented by the skeletor package84 followed

by mesh based TEASAR and raytracing-based diameter estimation.31 The resulting skeletons were automatically checked for

connectivity to manually defined base, tip, and exit points and reviewed in CATMAID. This process results in a skeleton that approx-

imates themedial axis of the cilium aswell as a representative compartment submesh. Skeletons in the P>270were generatedmanu-

ally by placing nodes at the center of the cilium in each plane. All path lengths used in analysis were derived from these skeletons.

QUANTIFICATION AND STATISTICAL ANALYSIS

Transition zone measurements
Cilia in the P>270 dataset that were sectioned close to parallel to the imaging plane at the cilium base were identified. To measure

transition zones, the density between the ciliary membrane and the axoneme was measured in every section where it was visible.

Because the transition zone is a periodic structure, the density was not visible in every plane. The variability in measurements

from an individual cilium is likely because the cut angle was not precisely parallel. We calculated the mean length for each cilium

in Image J / Fiji.80 For comparison of cilia from different cell classes we calculated a mean and standard deviation weighted by

the number of measurements from each cilium.

Quantification of processes adjacent to cilia
Analysis of adjacent processes was possible in the densely segmented datasets (P36 and P54). Using Neuroglancer we navigated to

the 2D view anywhere along each 3D structure. We classified each structure based on origin, shape and identifying features. Astro-

cytic processes were identified based on their characteristic morphology and the presence of glycogen granules. Axons were fol-

lowed away from cilia until 2 or 3 presynaptic termini were identified. Similarly, the identity of dendrites, which typically have char-

acteristic spines, were verified by locating postsynaptic densities. For 10 astrocytes and 10 excitatory neurons, every process

adjacent to the cilium was classified, colored according to type and quantified.

Quantification of dense core vesicles near cilia
In EM DCVs contain an electron dense center that can be used to distinguish them from small clear synaptic vesicles. Cilia in P>270

that were sectioned perpendicular to the imaging plane along the entire cilium were identified. A cylinder with a 1 mm diameter was

created around the annotated cilium path length in CATMAID. Each DCV within the cylinder was annotated and the total for each

cilium recorded. The sample size is small because few cilia were cross-sectioned along their entire length -most turned in the imaging

plane.
e3 Current Biology 34, 2418–2433.e1–e4, June 3, 2024
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Synapse data analysis
The P36 andP54 datasets are linked to volumetric segmentations representing the synaptic clefts of all synapses in each volume.28,79

To interrogate the spatial relationship between synapses and cilia in neuropil, we queried the 3D skeleton representations of cilia

against a PostgreSQL database table with PostGIS support schematized to represent the 3D extents and center points of the

segmented synaptic clefts. These queries properly scaled between anisotropic and down sampled segmentation spaces to quantify

the distance and distribution of synapses near cilia.

An R-tree representation of synaptic and somatic bounding boxes was used to simulate the effect of placing different model cilia

randomly in the volume. Each model cilium, derived from a proofread full cilium from the dataset, was subjected to a rigid transfor-

mation defined by a 3D translation picked from a uniform distribution across the bounding box of the synaptic segmentation as well

as a random 3D rotation defined by the QRdecomposition of a uniformly random 3Dmatrix. Model cilia were excluded, and the trans-

formation recalculated if they fell within the meshes defining the somatic compartment. The analysis in this paper presented 1000

random transformations for each model cilium.

Analysis of synapses adjacent to cilia and axon process controls as presented in Wu et al.23 was accomplished with a guided

manual process. First, Neuroglancer links were generated with annotations for each automatically identified synapses within 1

micron of each cilium. A subset of these cilia was examined and synapses adjacent to the cilium were marked. To establish the

axon control segments, axonal structures with the same cell type as a given ciliated cell were selected in an area on the opposite

side of the cell from the cilium. These axon controls were automatically skeletonized and smoothed before being queried against

the synapse database for proximal synapses, which were used to generate Neuroglancer links and annotated to mark adjacent syn-

apses. Figures 6G and S6D–S6F calculate the linear regression fit for classes of synapses in a region around an object given its path

length using ordinary least squares including a constant, implemented using the statsmodels python package.

Orientation calculations
Ensuring a consistent coordinate space for comparing EM datasets was a non-trivial problem. To address the fact that the V1 data-

sets used in this study were not natively rendered in a consistent orientation, each dataset was assigned a 3D rigid transformation

defined to align themean orientation of manually defined axon initial segments in layer 2/3 to a consistent rectilinear axis across data-

sets. This axis, directionally representing the depth from pia to white matter, was used as the zenith when defining spherical coor-

dinate systems and as the axis along which depth was calculated. Polar ‘‘rose’’ plots in Figures 7D and 7E display the angular mean

(solid line) as well as the angular standard deviation (dotted lines).

Directional mean and directional standard deviations were found using the following formulations:

Means of trigonometric functions were calculated by averaging the sin and cosine of angles:

S = 1

,
n
Xn

i = 1

sin ai
C = 1

,
n
Xn

i = 1

cos ai

Angular mean was described using the two-input arctangent of the sin and cosine means

a = atan 2ðS;CÞ
Angular standard deviation was found with the following formulation:
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Morphological calculations
Prior to morphological calculations skeletons were smoothed using a gaussian kernel to mitigate the effects of jitter that arises from

inconsistencies in reconstruction and dataset alignment. Tortuosity was calculated as a gross metric ratio of skeleton path length to

vector sum length, resulting in possible values [1, inf). Curvature was defined as an instantaneous value describing the inverse of the

radius of a circle tangent to the skeleton’s path. This calculation was based on a standard formulation defined by the following equa-

tion, where gamma is the arc-length parameterization for the curve, implemented in python using the gradient of the smoothed

skeleton.

kðsÞ = k T 0ðsÞ k = k g00ðsÞ k
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