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Summary

Primary cilia act as antenna receivers of environmental signals and enable effective neuronal or
glial responses. Disruption of their function is associated with circuit disorders. To understand
the signals these cilia receive, we comprehensively mapped cilia’s contacts within the human
cortical connectome using serial-section EM reconstruction of a 1mm3 cortical volume, spanning
the entire cortical thickness. We mapped the ‘contactome’ of cilia emerging from neurons and
astrocytes in every cortical layer. Depending on the layer and cell type, cilia make distinct
patterns of contact. Primary cilia display cell-type and layer-specific variations in size, shape,

and microtubule axoneme core, which may affect their signaling competencies. Neuronal cilia are
intrinsic components of a subset of cortical synapses and thus a part of the connectome. This
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diversity in the structure, contactome, and connectome of primary cilia endows each neuron or
glial cell with a unique barcode of access to the surrounding neural circuitry.

eTOC Blurb

The unique pattern of primary cilia contacts with the surrounding cortical circuitry may enable
cilia signaling to serve as a mechanism through which local environmental signals can shape and
refine neuronal circuits. Disruptions in primary cilia connectome may thus contribute to circuit
dysfunction in ciliopathies and other human brain disorders.
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Introduction

Results

The primary cilium, a microtubule-based antennae-like organelle, is present in cerebral
cortical neurons, and when defective, leads to clinically significant disorders known
generally as ciliopathies. A distinguishing feature of ciliopathies is disruptions in neural
circuit formation and function. These disruptions are associated with a range of disorders
including autism, intellectual disabilities, mood disorders, obesity, and epilepsy?=30.
Correspondingly, the expression of genes encoding cilia-associated proteins is significantly
dysregulated in sets of patients with major psychiatric disorders including schizophrenia
(SCZ), autism spectrum disorder (ASD), bipolar disorder (BP), and major depressive
disorder (MDD)3. Further, copy number variation (CNV) of the complement component 4A
(C4A) gene confers significant SCZ risk in humans, and disruption of primary cilia-related
processes in excitatory neurons is a key contributor to this risk32. Likewise, disruption

of ciliary function in interneurons and excitatory neurons can lead to altered synaptic
connectivity and E/I balance® 33 34, Recent studies also reveal that novel axo-ciliary
synapses can regulate the epigenetic state of post-synaptic neurons3®. Collectively, these
studies imply a role for primary cilia in neuronal function and circuit dynamics.

However, how primary cilia of diverse neurons and glia in the human cortex are organized,
how they interact with adjacent cells, and how they are incorporated into the brain
connectome are unknown. Primary cilia signaling may serve as a non-traditional synaptic
signaling mechanism through which local environmental signals can shape and refine
neuronal circuits in health and disease. Nonetheless, their signaling partners are poorly
defined. We, therefore, sought to precisely map primary cilia interactions within the human
cortical connectome.

We examined the distinct ultrastructural features of neuronal (both excitatory and inhibitory)
and astroglial primary cilia in every layer of the human cerebral cortex and their entire
interactions with their surrounding cellular milieu using the human brain serial-section

EM connectome36. Our analysis reveals neuronal and glial-type and layer-specific diversity
in primary cilia characteristics and their contactome. These characteristics may subserve
their functions in cortical circuitry. This comprehensive, ultrastructural map of the nature
and interactions of neuronal and astroglial primary cilia within the human cerebral cortex
supports the functional significance of primary cilia in the ongoing maintenance and
function of cortical neuronal circuitry in humans. Neuronal primary cilium, in addition

to functioning as an antenna, sensing neuromodulators in the local environment, also
influences neuronal functions via specialized contacts it makes with synapses and adjacent
cells. We find that neuronal primary cilia are an intrinsic component of synaptic structure in
a subset of cortical synapses. Primary cilia thus help create small, local modulatory signaling
ensembles within larger neuronal circuits.

Organization of neuronal and glial primary cilia in the cerebral cortex

To evaluate the primary cilia contactome and connectome of the human cortical neurons, we
first mapped the primary cilium of interneurons and projection neurons in all 6 layers of the
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cerebral cortex (Figures 1, 2, and 3; Movies S1 and S2a; Table S1). Primary cilia occupy
0.03% of cortical volume (Figure S1A). The total cellular density or volume of layers does
not correlate with ciliary volume (Figure S1B-D). We then analyzed the length, orientation,
morphology, and intra-ciliary structural features of neuronal primary cilia. In both the
projection neurons and interneurons, upper layer primary cilia were significantly longer than
the lower layer ones (layer 1 IN: 6.3+0.3um, layer 6 IN: 4.9+0.4um; layer 2 PN: 8.4+0.2um,
layer 6 PN: 5.5+0.2um; Figure 4A-D). The average length of IN and PN cilia are 5.8+0.2um
and 7.4+0.6um, respectively. The majority of primary cilia are oriented into the plane of the
cortical wall (Figure 4E-F) and are located in closer proximity to the neuron’s dendrites
than its axon (Figure 4G—H). Distinct neuron-specific differences are evident in cilia shape.
Compared to the smoother, tubular primary cilia of projection neurons, interneuronal cilia
tend to be more complex, with a convoluted or beaded ciliary membrane sheath (Figure
41-K). These outpocketings of the ciliary membrane (arrow, Figure 41) are reminiscent of
budding ciliary ectosomes, the signaling vesicles released from cilia3’.

We next analyzed, if the cilia of interneurons and projection neurons in different layers

have distinguishing membrane specializations and cytoskeletal organization. Ciliary pockets
are indicative of active vesicle transport and docking at the base of the cilium38: 39, In
general, depending on the cortical layer and neuronal subtype, 24 to 56% of neuronal
primary cilia have a ciliary pocket membrane specialization at their base (arrow, Figure 4L;
Figure 4L—N). Furthermore, basal body organization is thought to be a key modulator of
ciliary membrane extension and MT axoneme orientation and stability4: 41. A subset of
cortical neurons in all layers display an irregular basal body structure (arrow, Figure 40-Q),
instead of the well-organized mother centriole-based, microtubule-organizing basal body at
the base (arrowhead, Figure 40). Layer 4 interneurons and layer 2 projection neurons have
the highest percentage of irregular basal bodies (26% and 38%, respectively).

The microtubule (MT) core of neuronal primary cilia dynamically varies across neuronal
types. In cortical projection neurons, microtubule filaments extend up to 70-86% of the
ciliary length, with the layer 4 projection neuron cilia displaying the shortest microtubule
core extension (70+3.58% of the ciliary length; Figure 4R-T). Similarly, microtubule
filaments extend up to 61-88% of interneuronal cilia length, with layer 1 interneuron cilia
exhibiting the shortest microtubule core extension (61+3.12% of the ciliary length; Figure
4R-T). The neuronal primary cilia MT architecture is highly diverse in contrast to the
commonly observed 9+0 MT arrangement in primary cilia elsewhere28. The MT axoneme
of neuronal cilia gradually changes from base to tip with devolving numbers of MT core
units. We measured MT core units at the base, middle, and tip of neuronal primary cilia. A
rich variety in MT axoneme architecture across different interneuron and projection neuron
populations is evident (Figure 4U-W). Importantly, in the majority of cortical neurons of all
subtypes, the 9+0 MT core organization is not present at the midpoint of the ciliary length;
instead, 7 or fewer MT core filaments are present at the midpoint (Figure 4U-W, Movies S3
and S4).

Occasionally, we noticed oddities in neuronal ciliary organization, such as a cilium
emanating from a major dendrite at a significant distance away from the soma (Figure
S2A-B) or an interneuron with two basal body structures and two cilia (Figure S2C-D).
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We did not detect a primary cilium only in 0.48% (9/1890) of neurons, all of which were
interneurons.

We then similarly mapped primary cilia of astrocytes in all 6 layers of the cerebral cortex
(Table S2). Astrocyte cilia have features that are rather distinct from neuronal cilia. In
contrast to neurons, astrocyte cilia are often embedded in deep ciliary pockets (greater

than 50% of the ciliary axoneme length is inside a membrane pocket in 78+3% of cortical
astrocytes. The average length of the astrocyte cilium is 3.97+0.09 pum, shorter than neuronal
cilia (INgjjia: 5.8£0.2um, PNgijia: 7.4+0.6um; Figure S3A). The majority of them are oriented
into the cortical wall (Figure S3B-C) and are of smooth tubular shape (Figure S3D). ~40%
or more of astrocytes in every cortical layer display an irregular basal body structure (Figure
S3E). Unlike neurons, in 10.58+2 % of cortical astrocytes, the ciliary axoneme was found

to be still within the ciliary sheath embedded inside the astrocyte cell soma (Figure S3F-H;
Movie S5). These astrocytes do not have externally visible cilia. We did not detect such cilia
in any neurons. A 9+0 microtubule structure is mostly absent at the midpoint of astrocyte
cilium (Figure S3I1-K). The majority of them contain fewer than 4 microtubule core units

at the midpoint (Figure S31-K). No ciliary structures were detected in mature myelinating
oligodendrocytes.

Neuronal and glial primary cilia contactome in the cerebral cortex

To explore how neuronal primary cilia interact with the surrounding cells in the human
cerebral cortex, we mapped every cell that came in membrane contact with the primary
cilium of interneurons and projection neurons in all 6 layers of the cerebral cortex (Figures
5 and 6; Movies S2b, S6-9; Table S3). We first analyzed the cell type, cell domain, and

the layer position of these ciliary contacts. On average, an individual interneuronal primary
cilium is contacted by 41+0.4 other cells, whereas 47+0.5 cells contact a projection neuronal
cilium (P<0.0001, t-test). Only rarely does a neuronal cilium contact the same cell twice

or more. Interneuronal cilia, across layers, make a comparably similar number of contacts,
whereas upper layer projection neuronal cilia make a significantly higher number of contacts
than lower layer projection neuronal cilia (layer 2 PN cilia; 57+1.6, layer 6 PN cilia: 39+0.7,
P<0.0001 [t-test]; Figures 5, 6, Figure S4A-B). The length of a neuronal cilium positively
correlates with the number of contacts it makes with other neural cells in the cortex (r,
0.5974, p=1E~14),

In general, projection neuronal cilia make significantly more contact with other projection
neurons, whereas interneuronal cilia make contact with both interneurons and projection
neurons (PN cilia contacts [# projection neurons/ # interneurons): 6.86+0.37, IN cilia
contacts [# projection neurons/ # interneurons]: 1.97+0.08, P<0.0001 [t-test]; Figure S4A—
D; Table S4). This pattern is seen in all cortical layers even though the ratio of projection
neuron to interneuron numbers varies layer by layer (0.0068[L1], 1.83 [L2], 1.73[L3],
3.80[L4], 3.46[L5], 6.29[L6])°.

Cortical neuronal cilia make substantially more membrane contacts with axons than
dendrites (~10 fold higher). Compared to interneuronal cilia, projection neuronal cilia
predominantly contact other excitatory axons than inhibitory axons (PN cilia contacts
[excitatory/inhibitory axons]: 6.81+£0.37 vs IN cilia contacts [excitatory/inhibitory axons]:
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1.84+0.09, P<0.0001 [t-test]; Figure S4G-J; Table S5). In contrast, both interneuronal and
projection neuronal cilia make significantly more contact with excitatory, spiny dendrites
than with inhibitory dendrites (IN cilia: 0.27+0.03 [/nhibitor)] vs 2.04+0.10 [spiny], PN
cilia: 0.26+0.03 [/nhibitory] vs 1.93+0.10 [spiny], P<0.0001 [t-test]; Figure S4K-L).

Projection neurons within the six-layered human cortex are hierarchically organized based
on their projection patterns®2. The intratelencephalic, upper layer neurons (2-3) project to
other domains of the cerebral hemisphere and striatum, whereas the extratelencephalic,
deeper layer neurons (5-6) project to thalamus and subcortical targets. The ratio of
inhibitory neurons contacting the subcortically projecting, deeper layer (L5-6) projection
neurons’ cilia is significantly higher than the intracortically projecting, upper layer (L2-3)
projection neurons’ cilia (excitatory/inhibitory: 4.04+0.46) 5_g vs 7.53+1.71, »_3, P<0.0001
[t-test]). Similar to projection neurons, cortical interneuronal diversity can be further
distinguished based on molecular, morphological, connectivity, and activity patterns®3.
Morphologically, cortical interneurons can be broadly divided into basket cells, bipolar cells,
neurogliaform cells, Martinotti cells, and chandelier cells. Primary cilia of chandelier cells,
which make unique axo-axonic synapses on the AIS of cortical projection neurons*, contact
1.6 fold more cells and almost twice as many projection neurons as compared to primary
cilia of other cortical interneurons (P<0.01, Tukey’s multiple comparison test; Figure SSA-
D).

Compared to neuronal cilia-neuron contacts, neuronal cilia-glial contacts are ~15-fold less
frequent (Figure S4A-B). Both interneuronal and projection neuronal cilia are contacted
primarily by astrocytes than other glial cell types (i.e., microglia and oligodendroglia).
However, projection neuronal cilia make significantly more glial contacts (+22.3+2.7%) than
interneuronal cilia (P<0.0001, t-test; Figure S4A-B, E-F).

To clarify the distinctiveness of neuronal ciliary contacts with the surrounding cortical
cellular milieu, we mapped the cellular contacts of adjacent axons of the same phenotype
(i.e., excitatory or inhibitory) and length as the respective neuronal cilia (Figure S6A-B,
D-E; Table S6). The patterns of cellular contacts of these axonal domains are significantly
different and did not form the same pattern, based on layers or neuronal types, noticed

for neuronal cilia (Figure S6A-B, D-E; Tables S4, and S5), thus indicating the specificity
of the neuronal ciliary contactome. The distinctiveness of the cellular contacts made by a
cilia-sized domain of the respective neuronal AIS further supports this specificity (Figure
S6C, F; Tables S7, S8A, and S8B).

To further explore the distinct nature of the neuronal cilia contactome, we mapped the
primary cilia contactome of the astrocytes in every cortical layer (Figure 1C; Figure 7;
Movies S10 and S11). Astrocytes intimately associate with neurons and modulate their
function?®. In contrast to neurons, majority of astrocyte cilia are embedded in deep ciliary
pockets. Astrocyte cilia make a significantly fewer number of contacts compared to neurons
(7.6+0.12 [vs INjjia: 41£0.4 or PNgijjia: 47£0.5, P<0.0001, Tukey’s multiple comparison
test]); the majority of them are with projection neurons and their axons (Figure 7; Tables
S9A and SB). The distinctly different pattern of the astrocyte cilia contactome as compared
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to the neuronal cilia contactome indicates the uniqueness and diversity of neuronal and glial
ciliary interactions with the surrounding cortical circuitry.

The Diversity of neuronal and glial ciliary interactions with the cortical connectome

We then examined the defining features of neuronal ciliary membrane contacts with

other cells of the cortical connectome. In particular, we examined if there are membrane
specializations (i.e., synapse, gap junction, tight junction, adherens junction, etc.) at the sites
of contact between a neuronal cilium and nearby cells, and if any preferential distribution of
organelles (vesicles, lysosomes, mitochondria, ER, Golgi, etc.) are evident at these sites of
contact.

Three types of neuronal cilia-axon contacts are evident. First, some of the contacts

between axons and cilia are gap junction-like. These contacts are distinguished by a

narrow membrane separation of 2-4nm with electron-dense intercellular bridges in the
middle (arrow, Figure S7A-D), characteristics similar to known GAP junctions*9-52,
Consistent with the presence of gap junctions in cilia, expression of a neuronal gap junction
hemichannel, connexin-36°3, is detected in subsets of (9.6+0.7%) human cortical neuronal
primary cilia (Figure S7E). The second type of axon-ciliary contact is characterized by a
dense accumulation of vesicles (arrow [F, H]) on the axonal side of cilia-axon contacts
(Figure S7F-L). Reminiscent of presynaptic axon compartments, mitochondria are also
present in axons at these sites (asterisk, Figure S7F). Whether these axon-cilia contacts

are the cortical analogs of the recently described axo-ciliary synapses between serotonergic
brainstem neurons and hippocampal CA1 pyramidal neurons3® remains to be established.
Intriguing are the third kind of neuronal cilia-axon contacts. These ciliary contacts are
immediately adjacent to the synapses (Figure 8). Primary cilia of both interneurons and
projection neurons of every cortical layer can be found intimately associated with synapses
(Figure 8; Movie S12), often forming a triangular partnership in which the primary ciliary
compartment is intercalated next to the synaptic cleft. Primary ciliary tips are also found

in tripartite (axon-dendrite-astrocyte) synaptic clefts (Figure 8). 51% of neuronal primary
cilia engage in synaptic contacts. The majority of these synapses are excitatory (67%) as is
the case for synapses generally in this sample. These observations indicate that primary
cilia are intrinsic components of synaptic structure in subsets of cortical synapses. In
contrast, control axonal segments adjacent to the respective neuronal cilia rarely make such
contacts (neuronal cilia: 0.6+0.09 vs axon control: 0.05+0.03, P<0.0001 [t-test]). Compared
to simple, tubular neuronal cilia, complex, beaded neuronal cilia make a significantly higher
number of axo-ciliary associations, synaptic partnerships, and gap junction-like contacts
(smooth cilia: 1.53+0.19, beaded cilia: 4.16+0.42, P<0.0001 [t-test]). Furthermore, 10% of
neuronal cilia made only synaptic contacts, 14% made only axo-ciliary type contacts, and
7% formed only gap junction-like contacts. The majority of cilia made two or all three types
of contacts.

Neuronal primary cilia also make numerous contacts with dendritic spines (Figure S8A-D).
Large mitochondria are seen in 32.5% of cilia-contacting dendritic spines (asterisk, Figure
S8A-C)>. In contrast to neurons, both astrocyte (Figure SSE-G; Movie S13) and microglial
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(Figure S8H-I) processes encircle the neuronal cilium at the sites of contact, often fully
embedding them into their network of processes.

Akin to neuronal cilia, a subset of astrocyte cilia associates with synaptic clefts (Figure
S9A-B, E), and can form axo-ciliary contacts (Figure S9C-D, E). Astrocyte cilia makes
significantly fewer such contacts than neuronal cilia (neuronal cilia: 1.78+0.16 vs astrocyte
cilia: 0.0297+0.016, P<0.001 [t-test]). Further, astrocyte primary cilia also form contacts
with dendritic spines (Figure S9F). As like neuronal cilia, astrocyte cilia are often engulfed
by astrocyte processes (Figure S9G).

The majority of neuronal ciliary contacts emerge from other neurons or glia in the same

or adjacent layer (99.9% of IN or PN cilia contacts with other neurons; 99.8% of IN or

PN cilia contacts with glia) (Figure SI0A-B). However, occasional long-distance contacts
spanning multiple layers, between a neuronal cilium and dendritic projections from neurons
a few layers away, were also noticed (Figure S2E-F). Overall, this predominantly local
nature of the neuronal ciliary connectome is in contrast to the extensive, multi-layer, and
region-spanning nature of the respective neuron’s synaptic connectome (Figure S11). As
with neurons, the majority of astrocyte ciliary contacts (99.9% of contacts with neurons;
100% of contacts with other glia) originate from other neurons and glia in the same or an
adjacent layer (Figure S10C).

Relationship between cilia and neuronal structural and functional features

Since neuronal primary cilia are thought to modulate the growth, connectivity, and function
of neurons, we analyzed whether neuronal ciliary characteristics and the corresponding
functional (e.g., synaptic input or output) or structural features of neurons (e.g., spininess,
volume, etc.) are correlated. During image segmentation, automated predictions of the
neuronal subcompartment composition (axon, dendrite, dendritic spine, AlS, etc.) were
generated at points along each segment36. We used these predictions to quantify neuronal
characteristics, for example, the spininess of a neuron is defined by the ratio of spine
predictions to dendrite predictions along the segment. The number and type of synaptic
connections and volume (voxels) of each neuron were also quantified during image
segmentation and annotation38. We found a moderate but significant positive correlation
between the cilia length and the spininess of a neuron (r, 0.41, p<1E~16; Figure S12A). The
spininess of a neuron positively correlates with the total number of neuronal ciliary contacts
(r, 0.352, p<1E~16; Figure S12B), in particular with the number of excitatory axonal contacts
(r, 0.614, p<1E~16; Figure S12C). In addition, the number of incoming synapses to neurons
positively correlates with the number of excitatory axonal contacts of cilia (r, 0.43, p<1E~16;
Figure S12D). In contrast, both the spininess and the number of incoming synapses to
neurons negatively correlate with the number of neuronal ciliary inhibitory axonal contacts
(r, =0.39pininess [P<1E16], ~0.34pymper of incoming synapses [p=1E~26]; Figure S12E-F).
These observations provide a rationale to further examine the intentional or incidental nature
of the correlation between the patterns within the ciliary connectome and the functional
characteristics of cortical neurons.
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Discussion

Disrupted primary cilia signaling and the resultant changes in neuronal circuit formation
and function lead to brain malformations and neurodevelopmental disorders, including
developmental delay, autism, intellectual disabilities, mood disorders, schizophrenia,
obesity, ataxia, apraxia, and epilepsy. Whilst these observations implicate primary cilia
signaling as a potential non-synaptic mechanism through which environmental signals
may shape and refine neuronal circuits, how neuronal primary cilia are organized within
the cortical connectome to impact neural circuit function in the human cerebral cortex
remain unresolved. Here, using serial EM reconstructed human cortex, we precisely and
comprehensively delineated primary cilia organization and the connectome that animates
ciliary signaling mechanisms in a diverse array of neurons and astrocytes in all layers of the
human temporal cortex.

The length of a neuronal cilium positively correlates with the number of contacts it

makes. Cortical neuronal cilia can make several types of functional associations with
axons, dendrites, and synapses to effect changes in neuronal function. First, neuronal

cilia can form intimate contacts with the synaptic cleft, thus exposing neuronal ciliary
membrane receptors to synaptically released neurotransmitters, neuromodulators, second
messengers, and other neuroactive components. A perisynaptic cilium may bind synaptically
released neurotransmitters (NTs). NTs such as norepinephrine, serotonin, dopamine, and
somatostatin that can activate different ciliary GPCRs are widely expressed in the mature
cerebral cortex. Furthermore, the ion channels in cilium (e.g., PKD1L1, PKD2L1, PKD2,
TRPC1 and 4, TRPM2 and 3, and TRPV4)55-81 may help maintain the appropriate ionic
milieu of the synaptic cleft necessary to facilitate proper synaptic function. Single cell
RNAseq-based expression analysis of these cilia-associated receptors, ion channels, and
second messengers in diverse human cortical neurons indicate distinct patterns of neuronal
expression (Figure S13)21: 23.62-65 thys suggesting a neuron-type specific diversity in the
signaling competence of cortical neuronal primary cilia. Compellingly, 75% of the known
cilia-associated GPCRs are differentially expressed in the frontal cortices of a major neural
circuit disorder, schizophrenia3l.

Neuronal cilia also make numerous contacts with axonal segments that are full of synaptic
vesicles. These contacts are distinct from classical chemical synapses. A few of these
cilia-axonal contacts have mitochondria (Figure S7) in addition to vesicles, suggestive of

a presynaptic style architecture. However, post synaptic density-type membrane contrast
enhancement is not consistently seen on the ciliary side of these contacts, though this

should be further explored with different EM fixation methods designed to enhance contrast.
Neuronal cilia make comparatively more axo-ciliary-type associations than contacts with
chemical synapses (1.18+0.12 vs 0.6+0.09, P<0.001, t-test). This intriguing pattern of ciliary
interactions with different synaptic compartments may provide an avenue of functional
flexibility to ciliary signaling.

Aside from the interactions with chemical synapses and axo-ciliary contacts, gap junction-
like, electrical synaptic contacts between cilia and axons are evident as well. These gap
junctional contacts may enable direct diffusion of second messengers and small metabolites,
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such as Ca2*, cAMP, ATP, glucose, and inositol triphosphate, between a neuronal primary
cilium and the axonal terminal#®-48, Due to their ability to electrically couple cells, these
gap junctions may also directly facilitate the spreading of presynaptic electrical currents to
the postsynaptic neuron via its primary cilium. However, it is important to note that due to
the current resolution (4X4nm?) of the EM dataset, our observations might underestimate
the electrical synapses associated with cilia due to their small size (1-20 nm). Enhanced
electron-dense labeling methods during the EM procedure coupled with molecular tagging
of gap junction proteins will help resolve this deficit in the future. Further, human cortical
neurons from both sexes were used in our cilia-gap junction co-localization studies, but the
influence of sex on the pattern of co-localization is unknown.

Of these associations of neuronal primary cilia with the activity-related compartments of
other neurons, the primary cilium as an intrinsic component of subsets of cortical synapses
is compelling (Figure 8). A single neuronal primary cilium can contact up to ~5 synapses,
both excitatory and inhibitory. Synaptically released ligands can act on the ciliary membrane
receptors, generate Ca2* transients® 6, and thus provide neurons an additional ability to
monitor and modulate their functional homeostasis in response to local activity. However,
several questions remain: How do cilia-derived signals or ciliary invagination of synaptic
structures affect the function, maturation, maintenance, and sculpting of synaptic circuits?
Contact by primary cilia may regulate critical aspects of synapse formation, function,
maintenance, or elimination, as the other cellular partner of synapses, i.e., astrocytes, do*°.
Nonetheless, primary cilia do not intercalate with all synapses; thus it will be important

to establish if the primary cilia-synapse association is a dynamic process that depends

on neuronal or astroglial activity. Other related questions, including if the primary cilia’s
association with synapses is part of key epochs of cortical circuit development and plasticity,
such as the critical period, LTP, LTD, and homeostatic scaling, remain completely open.

Astrocyte-derived signals may not only directly regulate the synapses*® 67: 68 but may also
fine-tune neuronal activity via the adjacent primary cilia. For example, astrocyte-released
signals may regulate neurotransmitter or neuromodulator receptor localization on the ciliary
membrane at synaptic sites. Furthermore, synaptic activity can trigger astrocytic Ca%* rise
and the secretion of neuroactive gliotransmitter molecules, such as glutamate, D-serine,
taurine, TNF-a, and ATP4% 69-71 Similarly, microglia can also release modulators such as
ATP in response to circuit activity’2-74, The ciliary membrane is known to be decorated with
receptors for these gliotransmitter ligands (e.g., P2YR2 for ATP), and thus may enable glial
modulation of neuronal or glial homeostasis via primary cilia.

Primary cilia can form contacts with axons, dendrites, astrocytes, and microglia, but rarely
associate with neuronal AIS or blood vessels. Neuronal primary cilia contact 10 fold or
more axons than dendrites, even though the numerical ratio of axonal to dendritic processes
in the cortical volume is ~1.8:136. Similarly, despite the presence of twice as many glia
than neurons, only ~6% of neuronal ciliary contacts are with glia. Further, there are nearly
3.7 times as many oligodendrocytes than astrocytes in the cortical volume36, but neuronal
cilia associate with ~14 fold or more astrocytes than with oligodendrocytes (Table S5).
However, other than cell numbers, the volume occupied by the different cell types and
cellular domains in each layer may also be an important contributing factor to the pattern
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of ciliary contactome we observed. Further evaluation of the functional relevance of these
unique features of ciliary association with the surrounding cells in the cortical connectome
and examination of the intentional vs incidental nature of these associations will help
determine how neuronal and glial cells form and organize their contacts with neuronal
primary cilia to subserve a circuit modulating function.

In addition to rapidly modulating neural circuits through its rich and diverse interactions
with the cortical circuit, neuronal cilia may also generate a direct link to the nucleus

to modulate neuronal activity via transcriptional changes. Ciliary receptor activation can
trigger changes in the accessibility of gene regulatory elements and chromatin landscape
in neurons3> 7576, The positive correlation between the cilia length and the spininess or
the number of incoming synapses in a neuron raises the intriguing possibility that neuronal
ciliary signaling may impact the synaptic competence of a neuron via such cilia-mediated
gene regulation.

Structurally, it is remarkable that almost all cortical neuronal cilia do not extend a 9+0
microtubule axoneme all the way to the tip. The majority of cortical neuronal cilia do not
display a 9+0 MT doublet-based axoneme core at the ciliary midpoint. This may help create
neuronal ciliary domains unencumbered by a rigid MT axoneme core to facilitate efficient
ciliary signaling vesicle (i.e, ectosome)3” release. Importantly, the changing microtubule
core along the neuronal ciliary length may also modulate the anterograde and retrograde
intraflagellar transport of signaling molecules within a cilium and thus its signaling
competence’’-80, The layer and neuronal type-specific variations in the MT axoneme in
cortical neurons may thus underly the functional diversity in neuronal primary cilia. A
similar variation in 9+0 MT axoneme core is also evident in astrocyte cilia. However, unlike
neurons, the majority of astrocyte cilia (~75%) are in deep membrane pockets, without
access to surrounding circuitry. Further, the presence of a ciliary axoneme embedded within
the ciliary sheath inside an astrocyte soma in subsets (~10%) of adult human cortical
astrocytes suggests an active intracellular pathway-mediated ciliogenesis in these cells81: 82,
Such diversity between neuronal and glial cilia may help modulate the distinct roles primary
cilia play in neurons versus glia in the human cortex.

Collectively, these observations suggest that there exists a neuronal cell type-specific ciliary
signaling avenue that can exert a dynamic influence on the functional state of neurons.

By coincidence or design, each cortical neuronal or astroglial primary cilium interacts

with a unique subset of other cortical neurons and glia. This remarkable diversity in the
individual neuronal and glial ciliary connectome and their fine structure may underlie how
primary cilia activity is transformed into changes in neural circuit function. The primary
cilia connectome endows a neuron or astrocyte with a unique barcode of association with
the surrounding neural circuitry. It raises the intriguing possibility that this diversity enables
primary cilia of different cortical neurons and glia to sample and fine-tune local neuronal
circuit activity and neuronal homeostasis in a unique manner. When perturbed in ciliopathies
or other human brain disorders, alterations in this unique neuromodulation may trigger
cortical neural circuit dysfunction.

Neuron. Author manuscript; available in PMC 2025 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wau et al. Page 12

STAR Methods

Resource Availability

Lead Contact—Further information and requests for resources and reagents should be
directed to, and will be fulfilled by, the lead contact, E. S. Anton (anton@med.unc.edu).

Materials availability—This study did not generate unique reagents.

Data and code availability—Serial EM dataset used in this study is available at https://
hO1-release.storage.googleapis.com/landing.html. Microscopy data reported in this paper
will be shared by the lead contact upon request. 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

Serial EM reconstruction of human cortical volume—A cortical thickness slab
(2.5cm X 0.8cm) of histologically normal, unaffected left anterior temporal lobe from a
45-year-old female with a history of simple and complex partial seizures, resistant to drug
treatment, was removed during surgical ablation of an epileptic focus in her left medial
temporal lobe. This normal tissue was used for the generation of serial EM dataset3®. The
human brain tissue sample was collected and processed according to the Massachusetts
General Hospital, Harvard University, and NIH guidelines on the use of human tissue.

Human cortical neuronal cells—The fetal tissue (GW15-18) harvesting and
neurosphere collection were done as described previously (Konopka et al., 2012; Stein et
al., 2014)84-85 and cells were derived from frozen pHNPC stocks. Neuronal cells from both
males and females were used. Cells were maintained at 37°C/ 5% CO> in Neurobasal A
(Invitrogen) supplemented with 10% BIT (Stem Cell Technologies), Primocin (Invivogen),
GlutaMAX (Gibco), and heparin (1 pg/mL; Sigma)] with freshly added EGF, FGF2, PDGF
(each at 20 ng/mL; Invitrogen), and LIF (2 ng/mL; Invitrogen).

Method Details

Serial EM reconstruction of primary cilia in human cortical volume—Serial
EM reconstruction of human cortical volume is described in Shapson-Coe et al., 2021
(and submitted)36. Briefly, a full cortical thickness slab (2.5cm X 0.8cm) of histologically
normal human temporal lobe from a 45-year-old female was harvested during hippocampal
resection surgery to treat epilepsy. The sample was stained with osmium, trimmed down
to a rectangular area of 4584 X 1975 micrometers spanning all cortical layers from layer

1 to superficial white matter, sectioned at 30nm, and imaged at 4X4 nm resolution in
multibeam (61 electron beams) scanning electron microscope mSEM (Zeiss). Images from
more than 5292 slices were aligned, stitched, rendered, and segmented3®. The total data
set has a volume of ~ 1 mm3 volume and contains ~1.4 PB of image data, containing

the three-dimensional structure of 56,000 cells, hundreds of millions of neurites, and >100
million synaptic connections. Training data based on human tracing of >700 cells were
used to obtain a machine-learning algorithm to locate each cilium in the tissue. Primary
cilia in different cortical neurons and astrocytes in all 6 layers of the cerebral cortex
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were reconstructed from this data set. These cilia annotations and the rest of this human
connectomic data are available at https://h01-release.storage.googleapis.com/landing.html.

Analysis of primary cilia in neurons and glia of all cerebral cortical layers—We
randomly identified 50 or more non-spiny local interneurons (INs) and pyramidal-shaped
spiny projection neurons (PNs) with primary cilia in each layer (Table S1). The primary
cilium of each neuron was confirmed by its characteristic microtubule-based axoneme and
basal body anchor. We then analyzed (1) if there are neuron type-specific differences in

the structure, shape, content, and cell domain origin of the primary cilium, (2) a complete
census of all the cellular contacts [‘contactome’] made by individual neuronal cilium, (3) if
these neuronal cilia form specific, distinguishable, functional contacts [‘connectome’] with
other neurons (e.g., with axons, dendritic spines, synapses, and AlS [axon initial segments]),
glia (i.e., astrocytes, oligodendroglia, and microglia), or blood vessels in the environment,
(4) the distinguishing features and diversity of primary cilium-neuron or glial contact sites,
and (5) the neuronal layer and subtype-specific characteristics of primary cilia. Further, we
examined the contactome and connectome of astroglial primary cilia in every cortical layer.
Due to the complex morphology of astrocytes, astrocyte cilia were identified by first locating
the basal bodies in these cells and then tracing the microtubule (MT) based cilia emanating
from them. The following number of neurons and glia were analyzed: Interneurons (Layer
I-50, Layer 11-63, Layer 111-59, Layer IV-57, Layer V-51, Layer VI-12); Projection neurons
(Layer 11-55, Layer I111-55, Layer I1VV-50, Layer V-50, Layer V1-98); Astrocytes (Layer I-38,
Layer 11-32, Layer 111-32, Layer 1V-33, Layer V-31, Layer VI-36).

If >75 % of the length of ciliary surface was smooth or beaded, it was binned as smooth

or beaded cilium, respectively. If a cilium had both membrane characteristics and neither
(smooth or beaded) covered at least 75% of its length, it was binned as a mixed type. A
cilium was considered to be near an axon or a dendrite if the ciliary base is less than 5um
from the base of the axon/dendrite. For cilia orientation, a cilium is classified as “towards
pia” or “towards white matter” if it is angled at 45 degrees or greater away from the cell
soma in the direction of pia or white matter, respectively. Otherwise, its direction is noted
as ‘into the cortical wall’. Cell fragments that were less than 10um in size could not be
classified (for example, as axon, dendrite, soma, or glia, etc.) and were binned as undefined
cells. Organelles such as lysosomes were defined as described in Barral et al., 202283,
Lysosomes range in size from 200 to 600 nm, are often electron-dense, and have membrane
whorls.

As a control for the specificity of neuronal primary ciliary interactions with the surrounding
milieu, we identified a segment of the axon of the same phenotype (excitatory or inhibitory)
that is immediately adjacent to the neuron on the other side of the cilium and of the

same length as the respective neuronal cilium. We then mapped all the cells and cellular
sub-compartments that are in contact with that segment of the axon the same way we did

for the neuronal cilium. Patterns of control axonal contacts were then compared to the
patterns of neuronal ciliary contacts. Similar quantification was also done for the axon initial
segments of a subset of interneurons and projection neurons in layer | and VI, respectively.
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Immunohistochemistry—Human cortical neuronal cells (4 weeks /n vitro) were
generated from human neural precursors (GW15-18)84.86. The following primary antibodies
were used to immunohistochemically label these cells: Arl13B (mouse, 857602, Biolegend),
Connexin 36 (rabbit, 710663, ThermoFisher), and neuron-specific class 111 -tubulin [Tuj1]
(chicken, ab9354, Millipore). Appropriate Cy2, Cy3, or Alexa dye-conjugated secondary
antibodies (Jackson ImmunoResearch, Molecular Probes) were used to detect primary
antibody binding. DAPI (Sigma-Aldrich, D9542) was used as a nuclear counterstain. 2914
neurons from 8 independent experiments were analyzed. Images were obtained using a Zeiss
LSM780 confocal microscope.

Quantification and Statistical Analysis

General statistical analysis—Excel, SAS, GraphPad, or R language were used for

data analysis. Statistical significance was determined by two-tailed Student’s t-test for
comparisons between two groups and by ANOVA with Tukey-Kramer’s test for comparisons
among multiple groups. Correlation between groups was tested by Pearson’s or Point
Biserial correlation?-5:8.86 No a priori power analyses were performed. All data are
expressed as mean = standard error of the mean (SEM). Statistical details, including p
values, are indicated in the text or figure legends. The number of cells analyzed (n) is
indicated in the relevant methods sections (Analysis of primary cilia in neurons and glia of
all cerebral cortical layers, Immunohistochemistry) or the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Cortical neuronal and astroglial cilia are structurally and connectomically
diverse.

Unlike neuronal cilia, astrocyte cilia are mostly in pockets or embedded inside
soma.

The contactome of each cilium enables unique access to surrounding neural
circuitry.

Human neuronal primary cilia are components of tefrapartite synapses.
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Figure 1. Examination of primary cilia in projection neurons, interneurons, and astrocytes of
every cerebral cortical layer.
Primary cilium of interneurons (A), projection neurons (B), and astrocytes (C) from all

different layers of the cerebral cortex were analyzed. Neurons and glia examined are shown.
I-VI, different cortical layers; WM, white matter.
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Figure 2. Cortical interneuronal primary cilia.
Sample images of the primary cilium (arrow) of human cortical interneurons from all six

cortical layers (A-F). Cells are oriented so that axons are pointing downwards. Scale bar:
1.6um. 1-VI, cortical layers.
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Figure 3. Cortical projection neuronal primary cilia.
Sample images of the primary cilium (arrow) of human cortical projection neurons from

cortical layers 11-VI (A-E). There are no projection neurons in layer I. Cells are oriented
so that apical dendrites are pointing upwards and axons are pointing downwards. Scale bar:
1.85um. 11-VI, cortical layers.
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Figure 4. Diversity in the structure and organization of neuronal primary cilia
(A-D) Diversity in the length of neuronal primary cilia. Quantification of the average

length of interneuronal (A) and projection neuronal (B) primary cilia. (C) Sample images
of interneuronal primary cilia from layers | and V1. (D) Sample images of projection
neuronal primary cilia from layers 1l and VI. Data shown are mean = SEM. One-way
ANOVA! IN-Fs5, 2gslcilia length] = 3-33, P = 0.0061; PN- F4, 303(cilia length] = 29.85, p<1-16.
Two-way ANOVA: Fy s4opcilia lengthiy versus pn) = 86.24, p<1E~16, Scale bar: 2um (C-D).
IN, interneuron; PN, projection neuron; I-VI, cortical layers.

(E-F) Quantification of neuronal primary cilia orientation. Orientation of neuronal primary
cilia towards the pial surface, white matter, or into the cortical wall was quantified (E-F).
Sample images of cilia orientation are shown in inset (top left, F). Panels E’ and F’ show
the layer location of interneurons (E’) and projection neurons (F”) with different cilia
orientations. Cell soma of these neurons are highlighted in colors corresponding to different
cilia orientation. One-way ANOVA (orientation): IN- F, 15= 7.26, p= 0.0062; PN- F; 15=
5.72, p=0.018.

(G-H) The position of neuronal primary cilia relative to the position of the dendrites,

axon, or cell soma was examined in interneurons and projection neurons. For projection
neurons, the apical dendrite was used as the landmark, whereas any dendrite was used for
interneurons. Sample images of cilia (arrow) position are shown in inset (top left, H). I-VI,
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cortical layers. One-way ANOVA (position): IN- F3 29= 14.67, p= 0.0000278; PN- F3 1=
12.66, p= 0.00017.

(I-K) Diversity of cortical neuronal primary cilia shape. (I) Sample cilia images (EM and

3D reconstruction) of each category of shape (smooth, beaded, mixed). Arrows point to
ciliary membrane outpocketings. (J-K) Quantification of neuronal cilia shape. Shape of
interneuronal cilia and projection neuronal cilia from different layers were quantified. IN,
interneuron; PN, projection neuron; I-VI, cortical layers. Two-way ANOVA: F3 >7(cilia type] =
20.22, p = 4.3E7%. Post-hoC Pppeaded cilia, IN versus PN]= 0.0064. Scale bar: 1.5um.

(L-Q) Organization of neuronal primary cilia. Quantification of cilia extending from a ciliary
pocket at the base (L-N) and basal body organization (normal or irregular) of cilia (O-Q).
Sample cilia images of each category are shown in panels L (normal or ciliary pocket
[arrow]) and O (normal [arrowhead] or irregular-shaped basal body [arrow]). Interneuronal
cilia and projection neuronal cilia from different layers were quantified (M-N, P-Q). IN,
interneuron; PN, projection neuron; I-VI, cortical layers. One-way ANOVA (cilia pocket
organization): IN- F1 5 = 16.68, p= 0.002; PN- F1 4 = 25.52, p= 0.00098. One-way ANOVA
(basal body organization): IN- Fq 5 = 19.28, p = 0.0014; PN- F1 4= 29.04, p = 0.00065. Scale
bar: 1um (L, O).

(R-W) Changing dynamics of axoneme MT core of neuronal cilia. Sample images of

a cilium with MT filaments extending through the majority of its length (arrow, R[left
panel]) and a cilium with MT filaments extending only midway through its length (arrow,
R[right panel]). Quantification of the extension of MT filaments within interneuronal (S) or
projection neuronal (T) cilia from different layers. (U) Sample images of cross sections from
the base, middle, and tip of a neuronal cilium. Cross sections containing 9-8, 74, and 3 or
fewer MT doublet filaments are classified as type 1, 2, and 3, respectively. Quantification

of the MT type at the midpoint of interneuronal (V) or projection neuronal (W) cilia from
different layers. IN, interneuron; PN, projection neuron; I-VI, cortical layers. Data shown are
mean = SEM. Two-way ANOVA: F2 27[MT organization-midpoint] =254.9, p<1E-16, post-hoc
P[IN versus PN]= 0.03. Scale bar: 1.4um (R); 0.7um (U).
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Figure 5. Cortical interneuronal primary cilia contactome.
Primary cilia of cortical interneurons from all six cortical layers (arrow, columns 1 and 2;

A-F) and all the axons and dendrites of other neurons (column 3) as well as the non-neural
cells contacting them (column 4). Column 1 shows electron micrographs of the relevant
cilium (arrow) and its contacting cells. I-V1, cortical layers. Scale bar: 2um (column 1); S5um
(columns 2-4).
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Figure 6. Cortical projection neuronal primary cilia contactome.
Primary cilia of cortical projection neurons from layers 11-VI (arrow, columns 1 and 2; A-E)

and all the axons and dendrites of other neurons (column 3) as well as the non-neural cells
contacting them (column 4). Column 1 shows electron micrographs of the relevant cilium
(arrow) and its contacting cells. I11-VI, cortical layers. Scale bar: 2um (column 1); 5um
(columns 2-4).
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Figure 7. Cortical astrocyte primary cilia contactome.
Primary cilia (arrow) of astrocytes from layers I-VI (arrow, columns 1 and 2; A-F) and all

the axons and dendrites of other neurons as well as the non-neural cell processes contacting
them (column 3). Column 1 shows electron micrographs of the relevant cilium (arrow) and
its contacting cells. Ciliary pockets are outlined in column 1 (white box). In columns 2 and
3 astrocyte cell body is shown in a translucent background so as not to obstruct the cilium.
Insets in column 2 show the whole astrocyte. (G-H) Quantification of astrocyte primary cilia
contactome. Cell types (G) and different cell domains (H) contacting the primary cilium of
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different cortical layer astrocytes were quantified. Data shown are mean £ SEM. Two-way
ANOVA (cell types): Fg, 30= 85.93, p= 1.1E71%. Two-way ANOVA (cell domains): F1g 50=
102, p=1E715, 1-VI, cortical layers. Scale bar: 0.45um (column1); 0.8um (columns 2-3).
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Figure 8. Neuronal primary cilia as an intrinsic component of synaptic structure.
Neuronal primary cilia tips are located right next to synapses. Primary cilia highlighted

in yellow and purple indicate primary cilia from inhibitory (A) and excitatory neurons
(B), respectively. Astrocytes, axons, and dendrites are colored in green, blue, and red,
respectively. Cortical layers (I-V1) and synapse type (excitatory [E] and inhibitory [I]) are
indicated in each panel. IN, interneuron; PN, projection neuron. (C) Electron micrograph
of two synapses with a contacting projection neuronal primary cilium in the middle. (D)
Electron micrograph of two synapses (excitatory [E] and inhibitory [1]) contacted by a
projection neuronal primary cilium. (E) Quantification of synaptic association of neuronal
cilia. For each cilium, the number of ciliary contacts with bonafide chemical synapses
was quantified. Synapse type (excitatory [E] and inhibitory [I]) was also noted. Similar
guantifications were made for adjacent control axonal segments of the same length and
phenotype as the respective cilium. IN, interneuron; PN, projection neuron. Data shown
are mean£SEM. INgijia VS INgxon control, P<0.05 (t- test). PNgijia VS PNaxon control, P<0.05
(t-test). (F) Using the cilia localized signaling machinery, synaptic primary cilium may sense
and respond to synaptic activity and environment. Unlike the previously known tripartite
synapse (axon, dendrite, astrocyte), the integration of neuronal primary cilium leads to
the formation of a tetrapartite (pre, post, astrocyte, cilium) synapse. Neuroglancer links to
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-connexin 36

ThermoFisher

Cat#710663, RRID: AB_2576616

Mouse anti-arl13b Biolegend Cat# 857602, RRID: AB_2801216
Chicken anti-p tubulin Millipore Cat# 9354, RRID: AB_570918
AlexaFluor goat anti-mouse 647 Invitrogen Cat# A21236
AlexaFluor goat anti-rabbit Cy3 Invitrogen Cat# A10520
AlexaFluor goat anti-chicken 488 Invitrogen Cat# A11039
Experimental Models: Organisms/ Strains
Adults human cerebral cortex Shapson-Coe et al., 202136 | N/A
Human neural progenitor cells Stein et al., 201484 N/A
Chemicals, Peptides, and Recombinant Proteins
DAPI Invitrogen Cat# D21490
Osmium tetroxide-thiocarbohydrazide | EMS, Sigma Cat# 19150, Cat# T2137
Uranyl acetate EMS Cat# 22400
Software and Algorithms
Excel Microsoft https://products.office.com/en-us/exce
SAS SAS Institute https://oda.sas.com
GraphPad GraphPad https://graphpad.com
Software Inc.

Neuroglancer

Shapson-Coe et al., 202136

https://github.com/google/neuroglancer
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