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ARTICLE INFO ABSTRACT

Keywords: The primary cilium is a single, antenna-like projection found on the surface of eukaryotic cells.
Astrocyte Primary cilia contain cell signaling components that are critical for developmental patterning and
Neuron

cell cycle maintenance. New functions for primary cilia are being discovered in the context of the
central nervous system (CNS) and neurological diseases. Yet, the fundamental properties of pri-
Electron microscopy mary cilia on cells in the CNS remain to be fully understood. This is especially true for astrocytes,
Cortex an abundant CNS cell type that has key roles in CNS development, function, homeostasis, and
Hippocampus response to disease. In this study, we analyze astrocytic primary cilia using a combination of light
and serial electron microscopy approaches in the hippocampus and the cortex in adult mice. We
report distinct properties of astrocytic primary cilia in these brain regions in comparison to
nearby neuronal primary cilia with respect to molecular composition, length, orientation, and
local connectivity. Furthermore, we show that the properties of astrocytic and neuronal primary
cilia can vary between and within hippocampal and cortical subregions/strata and this can be
influenced by sex. Serial electron microscopy reveals structural diversity of the astrocytic ciliary
pocket, leading to variations in extracellular exposure and local connectivity of the primary cilia.
We further show that expression of a mutant primary cilia protein in astrocytes during devel-
opment leads to sparse distribution of astrocytes in the upper cortical layers. Unique properties of
astrocytic primary cilia may indicate their differential ability to signal in response to extracellular
environmental cues to regulate the molecular and structural properties of astrocytes.
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1. Introduction
The primary cilium is a single, antenna-like structure on the surface of many eukaryotic cells [1,2] and it contains an array of

signaling receptors and proteins including Sonic hedgehog (Shh) receptors [3,4], melanocortin (MCR) receptor [5,6], serotonin re-
ceptors [7], and somatostatin receptors [8]. Their specialized double membrane, centriole-anchored [9], non-motile 9 + 0 microtubule
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Fig. 1. Astrocytic and neuronal primary cilia labeling with primary cilia markers Arl13B and AC3. (A) Schematic of an astrocyte with a primary
cilium with its molecular components, basal body base and microtubule arrangement. (B—C) Astrocytic and neuronal primary cilium labeled by
Arl13B and AC3 in vivo, respectively. Astrocytes were identified by Tomato signal and neurons were identified by NeuN. Scale bar = 5 pm. (D) Trace
of astrocytic primary cilium from cortex and hippocampus in P30 mice with both AC3 and Arl13B signal showing the path for the mean intensity
measurements from base (b) to tip (t). Scale bar = 2 pm (n = 10). (E) Trace of neuronal primary cilium from cortex and hippocampus in P30 mice
with both AC3 and Arl13B signal showing the path for the mean intensity measurement from base (b) to tip (t). Scale bar = 2 pm (n = 10). (F) Mean
intensity graphs of Arl13B and AC3 signal for astrocytic primary cilia from base (b) to tip (t), 0 % being the base and 100 % being the tip. (G) Mean
intensity graphs of Arl13B and AC3 signal for neuronal primary cilia from base (b) to tip (t), 0 % being the base and 100 % being the tip (n = 10). (H)
Percentage of astrocytes and neurons that contain a primary cilium in both cortex and hippocampus in P30 mice (astrocytes n = 780, neurons n =
1228). Arl13B: ADP-ribosylation factor-like GTPase 13 B, AC3: Adenylate cyclase type III, NeuN: Neuronal nuclei. Graphics created with
BioRender.com.
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arrangement [10], and extension from the cell surface allows this distinctive structure to detect cues in the extracellular environment
and play key roles in processes including transcriptional regulation [3,4], developmental patterning [11,12], and cycle cell regulation
[13]. Mutations in genes encoding primary cilia proteins lead to a class of genetic disorders called ciliopathies [14], which often
manifest in developmental conditions that impact a variety of tissues including the retina, kidney, and nervous system. Notably,
however, primary cilia persist into adulthood on many cell types in the body, and hence they are in a position to regulate cell properties
in mature cells and their associated tissues. Consistent with this, primary cilia have been implicated in diseases that persist or emerge in
adulthood such as obesity [15,16], cancer [17,18], and neurodegeneration [19-22].

While studies have made important progress in understanding primary cilia in neurons and glial cell subtypes within the CNS
[23-26], some basic organizational and structural properties of primary cilia in mature CNS cells remain to be better understood. This
is especially the case for astrocytes, a major CNS cell type that plays a multi-functional role in brain development, function, plasticity,
and response to injury/disease. Astrocytes are a heterogenous population of glial cells whose transcriptional program is impacted by
cues derived from their microenvironment. Studies, including from our group, have previously demonstrated that astrocytes become
diversified, in part, through their local response to neuron-derived Shh, thereby allowing nearby neurons to control the astrocytic
genetic program [27-29]. A recent study showed that region-specific astrocytic diversity relies on Shh signaling through the primary
cilium. Moreover, conditional deletion of the primary cilia molecules Arl13b or Ift88 results in transcriptional changes and
morphological alterations to cortical astrocytes that impact behavior in mice [30]. Astrocytes are also highly sensitive to brain injury
and cell pathology which causes astrocyte reactivity [31]. Recent studies have begun to look at the relationship between primary cilia
and astrocyte reactivity, in particular investigating neuroinflammation [32,33] mitochondrial stress [34] and neurodegeneration [22]
However, the role of the primary cilia in astrocytic reactivity and the transformation of molecular, structural, and functional properties
of astrocytes requires further investigation [35].

In this study, we investigate the organizational and structural properties of astrocytic primary cilia using a combination of light and
serial electron microscopy approaches in the healthy adult rodent nervous system. We demonstrate that astrocytic primary cilia show
some dissimilarities to neuronal primary cilia and that these differences vary according to the brain region, cell positioning, and sex.
Serial reconstruction of primary cilia from a volume electron microscopy (VEM) dataset further reveals the differential ultrastructure,
organization, and connectivity of astrocytic primary cilia when compared to those found on neurons. In vivo expression of a mutant
dominant negative (Arl13B T35N mutant) primary cilia protein in developing astrocytes using in utero electroporation alters the ability
of astrocytes to be sustained in upper cortical layers [36]. The unique features of astrocytic primary cilia may enable these cells to
differentially respond to extracellular cues that regulate their molecular and structural properties in the healthy and diseased/injured
CNS.

2. Results
2.1. Astrocytic and neuronal primary cilia differentially label for Arl13B and AC3

The primary cilium is a single, hair-like extension from the surface of eukaryotic cells (Fig. 1A) and can be visualized by immu-
nolabeling for primary cilia-enriched markers including ADP-ribosylation factor-like protein 13 B [37] (Arl13B) and Adenylyl Cyclase
3 [38] (AC3). Arl13B is a GTPase involved in ciliogenesis, shuttling signaling components in and out of the primary cilium [39]. AC3 is
a cyclase involved in cilium elongation [40]. To compare how astrocytic and neuronal primary cilia label for these canonical markers,
we performed high-resolution confocal imaging in postnatal day 30 mouse cortex and hippocampus (Fig. 1B, cortex shown). We
genetically labeled astrocytes in the adult mouse brain using a mouse line containing tamoxifen-sensitive CreERT2 driven by the
astrocyte-specific aldehyde dehydrogenase family 1, member L1 (Aldh1ll1) promoter [41] crossed with a mouse line containing
floxed-stop tdTomato in the ROSA26 locus [42] (Ai9; now referred to as Tomato). Mice were treated with tamoxifen at postnatal days
1-2 to induce Tomato expression in astrocytes throughout the CNS. This was followed by immunolabeling and confocal microscopy on
tissue sections from postnatal day 30 mice (4 males and 4 females). NeuN was used to label neuronal nuclei and perinuclear cytoplasm.
We observed that Arl13B strongly labeled primary cilia of Tomato-positive astrocytes. AC3 was also detected in astrocytic primary
cilia, but the signal was weak (Fig. 1B). In contrast, AC3 strongly labeled neuronal primary cilia, whereas Arl13B was low to
non-detectable (Fig. 1C). To better understand the signal distribution of these markers, we analyzed the mean intensity of the signal
from the base to the tip of primary cilia in astrocytes and neurons in both the cortex and hippocampus (Fig. 1D-E). Astrocytic primary
cilia, on average, showed detectable levels of Arl13B along the entire length of the primary cilium (Fig. 1D). Whereas, AC3 labeling
showed, on average, a weak signal with intensities that varied from one astrocyte to another (Fig. 1F). Arl13B was low to undetectable
on neuronal primary cilia, whereas AC3, while present throughout the length of the neuronal primary cilia, was concentrated at the
base of the primary cilia with decreasing but consistently detectible expression at the tip (Fig. 1G). We also quantified the percentage of
cells bearing a primary cilium and found that ~94 % of astrocytes and ~96 % of neurons showed Arl13B or AC3-positive primary cilia,
respectively (Fig. 1H). No multi-ciliated cells were observed for any cells analyzed (not shown). Thus, Arl13B and AC3 are consistent
markers for astrocytic and neuronal primary cilia, respectively, with the majority of astrocytes and neurons containing a detectable
primary cilium.

2.2. Spatial analysis of astrocytic primary cilia and comparison with neuronal primary cilia in hippocampal area CA1

In hippocampal area CAl, neurons and astrocytes are positioned within specific strata that contribute to the organization of
hippocampal connectivity [43]. Each of these strata has distinct neuronal populations in the stratum oriens (SO), stratum pyramidale



S.C. Lahaie et al. Heliyon 11 (2025) e44010

(SP), and stratum radiatum (SR) [44,45]. Molecular and structural differences between astrocytes within these strata have also been
reported [46,47].

To determine if the general structure of astrocytic primary cilia varies in different CA1 hippocampal strata, we analyzed the length
and orientation of primary cilia in the SO, SP, and SR (Fig. 2A). Astrocytes and neurons were identified by their expression of Tomato or
NeuN, respectively. In all strata, astrocytic primary cilia were strongly labeled with Arl13B (Fig. 2B-D) and neuronal primary cilia with
AC3 (Fig. 2E-G). We measured the length of the primary cilium from the base to the tip through confocal Z-stacks using the SNT [48]
Fiji plugin in all three CA1 strata. We only considered primary cilia from cells where the soma of astrocytes or neurons was captured
entirely in the confocal Z-stack volume. Across CAl strata, astrocytic primary cilia were not significantly different in length, ranging
between 3.15 and 3.67 pm (Fig. 2H) (n = 8, SO = 3.67 £ 0.52 pm, SP = 3.27 £ 0.65 pm, SR = 3.15 + 0.62 pm, p = 0.2154). Likewise,
neuronal primary cilia lengths across SO, SP, and SR were not significantly different. Pooling astrocytic or neuronal primary cilia
across strata showed that astrocytes had significantly shorter primary cilia (Fig. 2J) (n = 24, astrocytes = 3.36 + 0.62 pm, neurons =
7.3 £1.20 pm, p < 2.2e-16). Interestingly, separating the data by sex, showed a significant difference in astrocytic primary cilia length
between male and female mice in the SP (Supplemental Fig. 1A) (n = 4, Female SP = 2.80 + 0.58 pm, Male SP = 3.74 4+ 0.26 pm, p =
0.02494). Neuronal primary cilia did not show overall sex-specific differences in length (Supplemental Fig. 1B), ranging between 6.90
and 7.71 pm (Fig. 2I) (n =8, SO = 7.33 £ 1.72 pm, SP = 6.90 + 0.62 pm, SR = 7.71 + 1.02 pm, p = 0.4116). Thus, astrocytic primary
cilia are ~50 % shorter than neuronal primary cilia. Furthermore, astrocytic primary cilia also exhibit sex differences in the SP layer
with females having ~20 % shorter primary cilia when compared to males.

To better understand how astrocytic and neuronal primary cilia organize with respect to the structure of the hippocampus, we
analyzed their three-dimensional orientations in each CA1 hippocampal strata using the 3D coordinates of the base and the tip of each
primary cilium. In the SO, astrocytes displayed a preferential ‘down’ orientation pointing towards SP (Fig. 2K). Arrows in 3D scatter
plot representing one primary cilium and colour gradient representing the Y value in which negative Y means pointing ‘up’ towards the
alveus and positive Y means pointing ‘down’ towards the stratum lacunosum moleculare (SLM). In SP and SR, astrocytic primary cilia
did not display a preferential orientation (Fig. 2L-M). In contrast, primary cilia in neurons in SP showed a preferred ‘down’ orientation
(73 %) while neurons in SO and SR did not have a preferential orientation (Fig. 2N-P). In summary, astrocytic primary cilia in area CA1
therefore exhibit strata-specific orientation differences with SO astrocytes preferentially orienting their primary cilia towards the SP
layer. This contrasts with the orientation of neuronal primary cilia in the SP layer which preferentially point ‘down’ and in the di-
rection of the SLM. The spatial orientation of primary cilia in astrocytes and neurons may allow these cells to be exposed to spatially
restricted environment cues and/or local contacts with other cells that regulate their molecular and functional properties.

2.3. Layer-specific analysis of astrocytic primary cilia in cortex and comparison to neuronal primary cilia

The adult cortex comprises six layers containing different neuronal cell types with unique connectivity patterns. Structurally and
molecularly distinct astrocytic subpopulations have also been detected between and within these layers [49-51]. Using Tomato and
NeuN to identify astrocytes and neurons, respectively, in different layers of the somatosensory cortex (Fig. 3A-B), we analyzed the
length and orientation of astrocytic and neuronal primary cilia. As in the hippocampus, astrocytic primary cilia were strongly labeled
with Arl13B in all the layers of the cortex (Fig. 3C-E) and neuronal primary cilia with AC3 (Fig. 3F-H). Astrocytic primary cilia ranged
in length from 3.31 pm-3.71 pm with astrocytes in layer 1V-VI having significantly shorter primary cilia (Fig. 3I) (layer I = 3.68 + 0.31
pm, layer II-IIT = 3.71 + 0.32 pm, layer IV-VI = 3.31 £ 0.43 pm, p = 0.0471). Moreover, astrocytes exhibited a sex-specific difference
in primary cilia length with layer II-III astrocytes in male mice showing significantly longer primary cilia (Supplementary Fig. 1C)
(female, layer II-III = 3.50 £ 0.24 pm; male, layer II-III = 3.92 &+ 0.23 pm, p = 0.043). Neuronal primary cilia ranged in length from
5.64 to 7.94 pm with layer | primary cilia being significantly longer (Fig. 3J) (layer I = 7.94 + 1.20 pm, layer II-IIl = 5.77 + 0.47 pm,
layer IV-VI = 5.64 + 0.35 pm, p (top) = 4.41e-07, p (bottom) = 1.81e-07) with no detectable differences between the sexes
(Supplemental Fig. 1D). Pooling astrocytes and neurons across cortical layers revealed that astrocytes had significantly shorter primary
cilia than neurons (Fig. 3K) (n = 24, astrocytes = 3.57 & 0.40 pm, neurons = 6.45 + 1.22 pm, p value = 1.821e-14). Overall, astrocytic
and neuronal primary cilia displayed layer specific differences in the somatosensory cortex, with astrocytic primary cilia having ~40 %
shorter primary cilia than neuronal primary cilia. Interestingly, astrocytic primary cilia in layers II-III exhibited sex differences in
which females have ~10 % shorter primary cilia compared to males, a similar observation made for astrocytic primary cilia in hip-
pocampal CA1 SP (Supplemental Fig. 1A). We also analyzed primary cilia orientation in the somatosensory cortex. In all cortical layers,
astrocytic primary cilia displayed no major orientation preference (Fig. 3L-N). While neuronal primary cilia in layer I did not display
an orientation preference (Fig. 30), neurons in layers II-VI preferentially oriented ‘up’ and towards the pial surface (Fig. 3P-Q).
Overall, we show that cell type, sex, and cortical layer positioning were associated with differences in primary cilia length and
orientation in astrocytes and neurons.

2.4. Ultrastructural analysis of astrocytic and neuronal primary cilia in adult rat cortex

While confocal microscopy is useful for analyzing the general structure and organization of primary cilia in the brain especially
across large populations of cells, it lacks the resolution to fully appreciate the ultrastructure of the primary cilium and its intricate
connections to other cells and structures in the local microenvironment. Recent studies have resolved primary cilia using vEM tech-
niques in tissues such as the mouse visual cortex [23], mouse optic nerve [25] and human temporal cortex [24]. To better resolve the
structural organization of astrocytic and neuronal primary cilia, we utilized a vVEM dataset of rat motor cortex (layer V-VI) produced
from an automatic tape-collecting ultra-microtome-serial electron microscopy technique (ATUM-SEM) [52]. The advantage of this
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Fig. 2. Astrocytic and neuronal primary cilia in area CA1 of hippocampus at postnatal day 30. (A) Strata of CA1 hippocampus in Aldh1L1-CreERT2-
tdTomato mice with NeuN labeling. Scale bar = 30 pm. Astrocyte primary cilia labeled with Arl13B in SO (B), SP (C) and SR (D). Scale bar = 5 pm.
Neuronal primary cilia labeled with AC3 in SO (E), SP (F) and SR (G). Scale bar = 5 pm. (H) Astrocytic primary cilia length measurements in SO, SP
and SR (n = 8, SO = 9-14 cells/animal, SP = 7-18 cells/animal, SR = 12-30 cells/animal, 3-6 sections/animal, p = 0.2154). (I) Neuronal primary
cilia length measurements in SO, SP and SR (n = 8, SO = 9-18 cells/animal, SP = 21-29 cells/animal, SR = 8-20 cells/animal, 3-6 sections/animal,
p = 0.4116). (J) Astrocytic and neuronal primary cilia length measurements in all regions of CA1 hippocampus (n = 8, p < 2.2e-16). Orientation of
astrocytic primary cilia in SO (K), SP (L) and SR (M) (n = 4, SO = 9-14 cells/animal, PC = 7-18 cells/animal, SR = 12-30 cells/animal, 3-6
sections/animal). Orientation of neuronal primary cilia in SO (N), SP (O) and SR (P) (n = 4, SO = 11-16 cells/animal, SP = 21-29 cells/animal, SR
= 9-20 cells/animal, 3-6 sections/animal). Arl13B: ADP-ribosylation factor-like GTPase 13 B, AC3: Adenylate cyclase type III, NeuN: Neuronal
nuclei, SO: Stratum Oriens, tdTom: tdTomato, SP: Stratum Pyramidal, SR: Stratum Radiatum, Aldh1L1: Aldehyde dehydrogenase 1 Family Member
El. Statical tests used were Student’s t-test and ANOVA.

ATUM-SEM dataset is that it allowed us to identify the soma and primary cilia of numerous astrocytes and neurons within the same
volume, thereby enabling quantitative analysis of their structure. We identified and traced sixteen astrocytic primary cilia and nine
neuronal primary cilia (Fig. 4D). By measuring their length in three-dimensional space, we found that, similar to light microscopy,
astrocytic primary cilia are significantly shorter than neuronal primary cilia (Fig. 4E) (n = 16, Astrocyte = 2.731 £+ 0.617 pm,n =9,
Neuron = 6.696 + 1.511 pm, p value = 2.859e-09). These length measurements differ from a recent vEM study that investigated the
mouse visual cortex [23], in which average astrocyte primary cilia length was approximately 7 pm. In some instances, we identified
primary cilia in the longitudinal plane (Fig. 4A-B) that allowed visualization of long microtubule structures, or the axial plane, which
showed the 9 + 0 microtubule assembly [10] (Fig. 4C). In many cases, we observed that the entire length of the astrocytic primary cilia
was in close proximity to the astrocytic soma. This was different from neuronal primary cilia which commonly extended away from the
soma (not shown). Ultrastructural analysis revealed a thinning from base to tip that was observed in both astrocytic primary cilia
(Fig. 4F) (n = 16, astrocyte base = 475.9 + 77.1 nm, astrocyte middle = 323.7 4+ 71.5 nm, astrocyte tip = 163.7 + 66.2 nm) and
neuronal primary cilia (Fig. 4G) (n = 9, neuron base = 462.9 + 86.9 nm, neuron middle = 366.4 + 139.2 nm, Neuron tip = 161.5778
+ 47.48944 nm). This thinning has been previously observed [23,24]. Most surprising, a majority of astrocytic primary cilia (56 %)
were associated with a pronounced ciliary pocket (Fig. 4H), a structure which has been described in various cells from different species
[23-25]. In some cases, the ciliary pocket covered a small portion of the base of the astrocytic primary cilia (Fig. 41), allowing contact
with structures such as connections with myelinated axons (Fig. 4H and Supp Fig. 2A-B), while in other cases, a large portion of the
primary cilia was retained in the ciliary pocket and created a tunnel structure along the astrocyte soma (Fig. 4J).

Thus, primary cilia from cortical astrocytes and neurons displayed distinct ultrastructural features with respect to their length and
organization, with astrocytic primary cilia often concealed within a ciliary pocket. This organization of astrocytic primary cilia is
predicted to impact their ability to interact with the extracellular environment and regulate their exposure to cues in the interstitial
space.

2.5. Perturbation of primary cilia signaling in developing astrocytes impacts astrocytic abundancy in upper cortical layers

A recent paper using gene loss-of-function and single-cell transcriptomics showed that astrocytic primary cilia signaling modulates
astrocyte subtype diversity, intracellular signaling, metabolism, and morphology [30]. To further understand the basic functions of
astrocytic primary cilia in cortex, we impaired the function of the astrocytic primary cilia during early astrocyte development using in
utero electroporation by introducing a construct that causes miRNA-mediated knock down of endogenous Arl13B expression followed
by replacement by either a control (WT Arl13 B-GFP) or mutant primary cilia protein (Arl13 B-T35N-GFP). The WT Arl13 B-GFP gene
contained a silent mutation conferring insensitivity to miRNA-mediated knock-down. The Arl13 B-T35N-GFP gene contained the silent
mutation in addition to a T35N mutation that blocks Arl13B GTPase activity thereby inhibiting primary cilia signaling [36]. We first
validated the ability of the miRNA sequence against Arl13B to knockdown Arl13B protein and showed approximately 52 % knockdown
efficiency of miRNA sensitive Arl13 B-GFP (Fig. 5A-C) (n = 6, control = 462.9545 + 53.95624, Arl13B miRNA = 241.4317 +
15.01285, p-value = 2.123e-06). To knockdown Arl13B expression and drive expression of control Arl13 B-GFP or mutant Arl13
B-T35N-GFP in astrocytes in vivo, we designed a PiggyBac transposon approach to knockdown endogenous Arl13B, and to replace it
with either miRNA-insensitive control Arl13 B-GFP or mutant Arl13 B-T35N-GFP, all under the hGfaABC1D promoter [53] (Fig. 5D).
Each of these constructs was co-electroporated at E16.5 with a plasmid to express membrane-targeted mCherry in astrocytes [54]. This
led to efficient expression of control Arl13 B-GFP or Arl13 B-T35N-GFP proteins in astrocytic primary cilia in the cortex (Fig. S5E).
Therefore, with this approach, primary cilia signaling is impaired during development when primary cilia can be detected on astro-
cytes (Supplemental Fig. 3A-B).

We next imaged large areas of somatosensory cortex of each experimental group at P30, a time point when astrocytes are generally
stable and mature [55,56] (Fig. 5F-G), and compared astrocytes from mCherry-only, Arl13 B-GFP, and Arl13 B-T35N-GFP conditions.
Partitioning the cortex into upper and lower regions (upper layers defined as 0-799 pm from the pial surface; lower layers defined as
800-1500 pm from the pial surface), Arl13 B-T35N-GFP astrocytes were significantly reduced in upper layers of the cortex and
significantly increased in the lower layers (Fig. SH-I) (Upper layers, n = 4, mCherry = 40.9855 + 7.746685 %, Arl13 B-GFP =
38.12883 + 20.1797 %, Arl13 B-T35N-GFP = 10.48414 + 9.541543 %, p value = 0.0480, 0.0212), (Lower layers, n = 4, mCherry =
59.0145 + 7.7467 %, Arl13 B-GFP = 61.8 + 20.1797 %, T35N = 89.51586 + 9.541543 %, p value (top) = 0.0115 p value (bottom) =
0.048). These differences were unlikely due to general anatomical changes to cortex as cortical thickness remained similar across all
conditions (Fig. 5J) (n = 4, mCherry = 1435.54 4+ 109.165 pum, Arl13 B-GFP = 1338.34 + 97.145 pm, Arl13 B-T35N-GFP = 1455.41 +
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Fig. 3. Astrocytic and neuronal primary cilia in the postnatal day 30 somatosensory cortex. (A) Upper Cortex labeled in Aldh1L1-CreERT2-
tdTomato mice with NeuN labeling. Scale bar = 30 pm. (B) Lower cortex of Aldh1L1-CreERT2-tdTomato mice with NeuN labeling. Scale bar =
30 pm. Astrocytic primary cilia labeled with Arl13B in layer I (C), layer II-III (D) and layer IV-VI (E) in the cortex. Scale bar = 5 pm. Neuronal
primary cilia labeled with AC3 in layer I (F), layer II-III (G) and layer IV-VI (H) in the cortex. Scale bar = 5 pm. (I) Astrocytic primary cilia length
measurements in layer I, layer II-II and layer IV-VI in the cortex (n = 8, layer I = 12-19 cells/animal, layer II - IIl = 9-23 cells/animal, layer IV-VI =
24-44 cells/animal, 3 sections/animal, p = 0.0623). (J) Neuronal primary cilia length measurements in layer I, layer II-IIl and layer IV-VI in the
cortex (n = 8, layer I = 8-21 cells/animal, layer II - III = 27-49 cells/animal, layer IV-VI = 55-109 cells/animal, 3-6 sections/animal, p (top) =
4.41e-07, p (bottom) = 1.81e-07). (K) Astrocytic and neuronal primary cilia length measurements in all regions of the cortex (n = 8, p = 1.821e-14).
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Orientation of astrocyte primary cilia in layer I (L), layer II-III (M) and layer IV-VI (N) (n = 4, layer | = 16-19 cells/animal, layer 11-1ll = 9-17 cells/
animal, layer 1V-Vl = 29-56 cells/animal, 3 sections/animal). Orientation of neuron primary cilia in layer I (0), layer II-III (P) and layer IV-VI (Q) (n
= 4, layer 1 = 10-21 cells/animal, layer 1I-1ll = 29-37 cells/animal, layer 1V-Vl = 11-19 cells/animal, 3-6 sections/animal). Arl13B: ADP-ribo-
sylation factor-like GTPase 13 B; AC3: Adenylate cyclase type III Aldh1L1: Aldehyde dehydrogenase 1 Family Member L1, tdTom: tdTomato, NeuN:
I:Ieuronal nuclei. Statical tests used were Student’s t-test and ANOVA.

110.611 pm, p value = 0.06815). Examining the average area of individual astrocytes also did not detect significant differences be-
tween conditions (Fig. 5K) (n = 4, mCherry = 2493.85 + 536.38 pm, Arl13 B-GFP = 2735.56 + 571.23 pm, Arl13 B-T35N-GFP =
2517.50 + 1033.33 pm p value = 0.8826). Examining an earlier time point of P15 showed a similar result (Supplemental Fig. 3C-F),
suggesting that Arl13B GTPase signaling in astrocytic primary cilia helps enable astrocytes to occupy and stabilize in the upper layers
of the maturing cortex.

3. Discussion

We applied a combination of light and serial electron microscopy approaches to characterize the structural and organizational
properties of astrocytic primary cilia in hippocampal strata and cortical layers. We also quantitatively compared the properties
astrocytic primary cilia to the properties of primary cilia in closely juxtaposed neurons. Our results revealed differences between
astrocytic and neuronal primary cilia in terms of their molecular composition, length, and orientation. We uncovered subregional
differences in both astrocytic and neuronal primary cilia, and revealed some sex-specific differences in primary cilia length. Using a
cortical vEM dataset, we further compared the ultrastructural properties of astrocytic and neuronal primary cilia. This demonstrated
that astrocytic primary cilia were significantly shorter than neuronal primary cilia, were often deeply buried within a ciliary pocket,
and were associated with structures in their local microenvironment including myelinated axons. Disruption of astrocytic primary cilia
signaling in developing cortex through expression of a mutant Arl13B protein altered the presence of astrocytes in upper cortical layers
when compared to controls. Overall, these findings increase our understanding of the fundamental characteristics of astrocytic primary
cilia in the brain and provide deeper insight into their specialized properties that may enable them to effectively respond to cues in
their surrounding microenvironment.

An important feature of astrocytes is their ability to actively sense environmental conditions in both the healthy and diseased brain
[57,58]. This responsiveness and adaptability is important for astrocyte diversification in the healthy brain and their transition to
reactive states upon CNS injury or with disease. Astrocytic diversity in the healthy brain arises through a combination of early pro-
genitor programming and response to environmental cues [28,59,60] leading to transcriptional and structural differences among
astrocytes as revealed by single-cell sequencing [61], spatial transcriptomics [46], and structural analysis [47,50]. More recently,
Wang et al. [30] used single-cell sequencing with various genetic mouse lines to assess primary cilia transcriptional regulation with
both presence and absence of Shh signaling in astrocytes. They observed that astrocytic primary cilia were important for astrocytic
diversification with some gene targets being Shh-dependent and others not. Differential signaling of astrocytes in various subregions
may contribute to these effects. This is interesting in light of our findings showing the differential orientation of primary cilia for some
astrocytic and neuronal populations in hippocampus and cortex and recent findings showing that neuronal primary cilia in the SP of
hippocampal CA1 receive axonal input that regulates DNA acetylation [26]. In our analysis, hippocampal astrocytes in the SO showed
a preferential orientation toward the SP while astrocytes in other layers did not. In addition, primary cilia of cortical astrocytes did not
show an orientation preference. Thus, primary cilia orientation could be especially important for enabling certain hippocampal
astrocytic population (i.e SO astrocytes) and neurons (i.e. SP neurons) to make specific contacts with other cells and/or be exposed to
spatially restricted environment cues that regulate their molecular and functional properties. In the cortex, astrocytic primary cilia did
not show an orientation preference. This contrasts the primary cilia of cortical neurons in layers II-VI which preferentially orient
upwards towards the pial surface. This suggests that the mechanisms of growth and stabilization of astrocytic and neuronal primary
cilia may be guided by different developmental processes that help orient the primary cilia to different environmental cues and local
cellular connectivity.

In our study, we also found differences in primary cilia length that were dependent on sex. Interestingly, these differences were only
detected for astrocytic primary cilia and only in particular strata and layers, including SP in hippocampal area CA1 and cortical layers
1I-11L. It remains unclear why these differences exist, but it could be related to differences in astrocyte developmental programs between
males and females [62]. This could impact development of neurological conditions which have shown sex-related differences such as
autism [63], major depressive disorder [64], and Alzheimer’s [65] disease in terms of prevalence, symptomology, and onset. As more
studies emerge looking at primary cilia signaling in the context of these neurological disorders, it is reasonable to consider the impact
of sex differences related to the regulation of primary cilia signaling.

To better resolve the structure and connectivity of astrocytic primary cilia, we utilized a vEM dataset of the adult rat cortex that
allowed us to analyze a larger number of astrocytic primary cilia and to perform quantitative geometry comparisons. We found this a
useful approach given the complex shape and local connectivity of neurons and astrocytes in the cortex. This approach also enabled us
to visualize some aspects of primary cilium ultrastructure including its microtubule arrangement and the structure of the ciliary pocket
[23,24]. We observed that astrocytic primary cilia were significantly shorter than neuronal primary cilia, similar to our confocal
microscopy results, along with a thinning from base to tip for astrocytic and neuronal primary cilia. An interesting and puzzling feature
of astrocyte primary cilia is the prominence of the ciliary pocket which is presumed to limit their exposure to the extracellular
environment. Although deep ciliary pockets have been described previously, the variation in this structure in relation to the astrocyte
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Fig. 4. ATUM-SEM of adult rat cortex reveals ultrastructural differences of astrocytic and neuronal primary cilia. (A) An astrocyte primary cilium
extending away from the soma. Scale bar = 3 pm. (B) An astrocytic primary cilium contained in a ciliary pocket running along the soma. Scale bar =
3 pm. (C) Neuronal primary cilium sliced in the axial plane. Scale bar = 3 pm. (D) 3D reconstructions of astrocytic and neuronal primary cilia. Scale
bar = 7 pm. (E) Comparison of primary cilia length between astrocytes and neurons (astrocytes n = 16; neurons n = 9, p = 2.85%-09). (F) Width
measurements of astrocytic primary cilia from base to tip. (G) Width measurements of neuronal primary cilia from base to tip. (H) Astrocytic
primary cilia location and contact points within the volume (percentage of observations). The EM micrograph at the bottom shows a single plane of
the astrocytic primary cilia in the ATUM-SEM cortical volume (yellow) with primary cilium tip contacting a myelinated axon. Scale bar = 3 pm. (I)
3D reconstruction of an astrocytic primary cilium (magenta) lying along the astrocytic soma with the primary cilia base inside the cell cytoplasm of
the soma (yellow). The nucleus is labeled in orange. The isolated reconstruction to the right shows the primary cilium (magenta) with a small region
hidden by the somatic membrane (white). Scale bar = 330 nm, 185 nm. (J) 3D reconstruction of an astrocytic primary cilia (blue) embedded deeply
within a ciliary pocket with only a small portion of the primary cilium exposed. The nucleus is labeled in orange and the isolated reconstruction to
the right shows the primary cilium (blue) with a large region hidden by the somatic membrane (white). Scale bar = 330 nm, 185 nm. ATUM-SEM:
éutomatic Tape-collecting Ultra-Microtome — Serial Electron Microscopy. Statical tests used were Student’s t-test and ANOVA.

membrane and cytoplasm has been under appreciated. Primary cilia are known to use the Shh pathway receptor Smoothened, with it
being shuttled to the tip of the primary cilia to promote Gli transcription [30,66]. This poses interesting questions regarding when, why,
and how astrocytes choose to expose or hide their primary cilia. Further experiments are required to understand the spatial and
temporal dynamics of the astrocytic primary cilium. vEM also enabled us to map the general position of astrocytic primary cilium with
respect to other nearby nanostructures. The connectivity of neuronal primary cilia using vEM has been recently reported, along with
the discovery of collateral axon synapses on to the CA1 pyramidal cell primary cilia [26]. However, we did not find clear evidence of
axonal terminals onto astrocytic primary cilia. Moreover, the majority of astrocytic primary cilia (>50 %) resided in a ciliary pocket
with some within deep pockets identified. Some astrocytic primary cilia also made contact with myelinated fibers. The contact be-
tween astrocytic primary cilia and myelinated fibers is intriguing given the relationship between astrocytes, oligodendrocytes, and
leukodystrophies [67,68].

To better understand how astrocytic primary cilia impact the structure and organization of astrocytes, we introduced a mutant
Arl13B T35N protein to perturb primary cilia signaling. This led to fewer astrocytes populating the upper layers of cortex. Interestingly,
it was recently showed through single-cell sequencing that astrocytes with altered primary cilia display different transcriptomic al-
terations between astrocyte subtypes, potentially explaining how our perturbation may more selectively impacting upper layer versus
lower layer cortical astrocytes [30]. However, Wang et al. [30] observed a decrease astrocytic area which we did not observe. This may
be due to differences in the genetic manipulations performed as well as the timing for loss-of-function. Why there is a selective loss of
upper cortical astrocytes, detected as early as P15, following IUE-based astrocytic primary cilia manipulations remains unclear. Since
the Arl13B T35N mutation has been shown to disrupt Shh signaling [36], it is possible that this leads to migration defects of immature
astrocytes during development [69,70] or alterations in the ability of astrocytes to properly mature which affects their stabilization
and retention [71]. Alternatively, loss of Arl13B signaling may impact the ability of astrocytes to undergo local cell proliferation [72,
73] in the upper cortical layers perhaps through some superficial or pial-derived signals such as Shh [74]. Lastly, even though the
phenotype seems selective to upper cortical astrocytes, cell death at the progenitor or immature astrocyte level could potentially
contribute to the alterations observed [75]. Further investigation is needed to test these potential mechanisms.

Important questions remain with respect to astrocytic primary cilia including: (1) What receptors/signaling molecules do astrocytic
primary cilia contain and how do they control the structure and transcriptional program of a diverse population of astrocytes, (2) What
is the mechanism/purpose of retaining the astrocytic primary cilium in the ciliary pocket and what triggers its extension to increase
exposure to environmental cues, and (3) How does the astrocytic primary cilium change when astrocytes become reactive following
injury/disease and is their basic function preserved or changed. Further investigation is needed to dissect the function of astrocytic
primary cilia and to better understand their role in CNS health and disease.

4. Limitations

There are potential limitations of the study that may impact interpretation of the results. Regarding our results related to light
microscopic analysis of primary cilia length and orientation, it is plausible that the markers used for labeling primary cilia (Arl13B and
AC3) do not fully label the entire length of the primary cilia and thus underestimate the length of the primary cilia or bias their
observed orientation profiles. However, Arl13B and AC3 have been previously used to measure primary cilia in the brain [76]. Our
orientation measurements modeled cilia as 3D vectors and did not take into account the curvature along the length of primary cilia.
However, based on our observations of ~2000 primary cilia and vEM measurements, the total curvature was small for both neuronal
and as well as astrocytic primary cilia. To further validate our results, we directly measured primary cilia length using a vEM dataset.
While the dataset was acquired from rat cortex and not mouse cortex, the results reproduced the light microscopy results thus con-
firming that astrocytic primary cilia are shorter than neuronal primary cilia. We did not observe some of the fine features of primary
cilia such as blebbing and vesicles that have been previously described [23,24]. This likely due to the resolution of ATUM-SEM dataset
utilized which lacks the same ultrastructural resolution found for other datasets derived from transmission electron microscopy (TEM).
However, the large volume of the ATUM-SEM data set was helpful for identifying, segmenting, and analyzing numerous astrocytic and
neuronal primary cilia with a level of resolution sufficient to uncover details of the astrocytic primary cilia pocket and interactions
within the primary cilia local microenvironment. A final limitation to mention pertains to the IUE gene delivery approach that was
utilized. With this method, we were unable to control the number of copies of plasmids each cell received. As a result, some sparse cells

10



S.C. Lahaie et al. Heliyon 11 (2025) e44010

Control

>

%

HEK293T

C Arl13B-GFP Knockdown E

2

 ———

2
8

GFP (mean Intensity)
Arl13B-GFP

Control ~ Arl13B miRNA

D (vn hGfaABC1Dg  Arl13b {—vn)

OR
Cm hGfaABC1Dg Arl13b-T35N| §—1w)

+
Cm hGfaABC1D m)

+

Arl13B-T35N

E ~Arl13B-GFP(P30)

Percentage of astrocytes (%)

mCherry  Arl13B-GFP Arl13B-T35N
I Astrocytes in Lower Layer of Cortex
.

*
100 ———

® ﬁ !

¥

Percentage of astrocytes (%)

mCherry  Arl13B-GFP Arl13B-T35N

Cortical Thickness Astrocytic Area
n.s. n.s.
‘ 4000
1500 — e — —e—
E —_— T 3000 i -
£ 1000 2
2 $ 2000 3
il <
5°°J 1000
o4 o
mCherry  Arl13B-GFP Arl13B-T35N mCherry  Arl138-GFP Arl138-T35N

(caption on next page)



S.C. Lahaie et al. Heliyon 11 (2025) e44010

Fig. 5. Expression of an Arl13B mutant protein in astrocytes using in utero electroporation reduces astrocytes populating upper cortical layers. (A)
HEK293T cells transfected with Arl13 B-GFP. Scale = 20 pm. (B) HEK293T cells transfected with Arl13 B-GFP containing a miRNA targeting Arl13B.
Co-transfection with a plasmid expressing Tomato to label transfected cells. Scale = 20 pm. (C) Arl13 B-GFP mean intensity in HEK293T cells with or
without miRNA (n = 6, p = 2.123e-06). (D) Schematic of in utero electroporation (IUE) constructs utilized in the study. (E) High magnification
images of Arl13 B-GFP and Arl13 B-T35N expressing astrocytes in cortex with yellow masks representing membrane-targeted mCherry (Ick-
mCherry) signal expressed by individual astrocytes. Scale bar left = 15 pm, 5 pm. (F) Images of cortical areas of Arl13 B-GFP electroporated mice
also expressing lck-mCherry. Scale bar = 30 pm. (G) Image of cortical areas of Arl13 B-T35N electroporated mice expressing lck-mCherry. Scale bar
= 30 pm. (H) Percentage of astrocytes found between 800 ym away from corpus callosum to pial surface (n = 4, 15-38 cells per animal, one mosaic/
animal, p (top) = 0.0115, p (bottom) = 0.0480). (I) Percentage of astrocytes found between corpus callosum to 800 pm away (n = 4, 15-38 cells per
animal, one mosaic/animal, p (top) = 0.0115, p (bottom) = 0.0480). (J) Cortical thickness of mice electroporated with lck-mCherry, Arl13 B-GFP, or
Arl13 B-T35N (n = 4, p value = 0.295). (K) Average area of individual astrocytes from mice electroporated with lck-mCherry, Arl13 B-GFP, or Arl13
B-T35N (n = 4, 15-38 cells per animal, p value = 0.8826). Arl13B: ADP-ribosylation factor-like GTPase 13 B, GFP: green florescent protein, miRNA:
micro-RNA, tdTom: tdTomato, lck-mCherry: lymphocyte-specific protein tyrosine kinase — mCherry, Dapi: 4,6-diamidino-2-phenylindole. Statical
tests used were Student’s t-test and ANOVA.

had Arl13B GFP and Arl13 T35N expression beyond the primary cilia which may lead to additional effects on the cell. However, while
the mosaic expression may be a confounding factor, it can also be considered advantageous as some cells also lacked expression of the
mutant primary cilia protein and thus could serve as an internal, negative control.

5. Methods
5.1. Animals

Experiments were performed according to the policy set forth by the Canadian Council on Animal Care and the Montreal General
Hospital Facility Animal Care Committee (Canada) (AUP 6005) for mouse work or with the guideline of the Institutional Animal Care
and Use Committee of the National Institutes for Natural Sciences (Japan) (20A103, 21A009) for rat work. Mice were kept in standard
living conditions with access to food and water ad libitum. Both males and females were used from the of Aldh1l1-tdTom line con-
taining an inducible Cre allele, directed by the astrocyte-specific aldehyde dehydrogenase family 1, member L1 (Aldh1l1) promoter
[41] (Aldh111-CreERT2; The Jackson Laboratory) and the floxed-stop Tomato allele [42] (Ai9; The Jackson Laboratory). Recombi-
nation of the Tomato allele was induced by injecting mouse pups at postnatal day 1-2 with tamoxifen (Sigma) [28,77].

5.2. Perfusion, fixation, and tissue handling

Mice were transcardially perfused at approximately postnatal day 30 using 4 % paraformaldehyde/0.1M phosphate buffer (PFA).
Brains were removed then post fixed in PFA for 24 h before being placed in cryoprotectant solution (30 % sucrose-PBS; Gibco) for
approximately another 24h). Brains were then frozen in optimal cutting temperature (OCT) compound (Sakura) and stored at —20 °C.
30 pm brain sections were made using a cryostat (Leica) and kept in PBS at 4 °C until used for immunolabeling.

5.3. Immunolabeling of tissue

Sections were immunolabeled using a free-floating tissue section approach. They were first permeabilized in 1 % Triton X-100/PBS
for 15 min in RT, then placed in 10 % normal donkey serum (NDS: Jackson ImmunoResearch) with 0.2 % Triton X-100 (Sigma)
blocking solution in PBS for 1h room temperature (RT). After washing sections 3 x 5min in PBS, sections were transferred to a mouse
IgG blocking solution (Invitrogen) for 1h at RT. The antibody solution used consisted of 5 % normal donkey serum (NDS) and 0.1 %
Triton X-100 in PBS. Sections were incubated in the primary antibody solution overnight at 4 °C. After being washed 3 x 5min in PBS,
they were transferred to antibody solution containing secondary antibodies, which were conjugated with Alexa and/or DyLight flu-
orophores for 1h at RT. Tissue was washed 3 x 5min in PBS, mounted onto slides, and coverslipped using SlowFade Gold (Invitrogen).

The primary antibodies used were the following (See also Table 1) anti-ADP-ribosylation factor-like protein 13 B (Arl13B), 1:1500
(mouse monoclonal; Abcam); anti-adenylate cyclase III (AC3), 1:4000 (rabbit polyclonal; Invitrogen); anti-neuronal nuclear protein
(NeuN), 1:300 (guinea-pig polyclonal; Synaptic Systems); anti-glial fibrillary acidic protein (GFAP), 1:500 (guinea-pig polyclonal;
Synaptic Systems); anti-green fluorescent protein (GFP) 1:500 (rat monoclonal; Nacalai). The donkey secondary antibodies used were
the following: Dy-light 405 anti-mouse (Jackson ImmunoResearch); Alexa Fluor 488 anti-guinea pig (Jackson ImmunoResearch);
Alexa Fluor 647 anti-rabbit (Invitrogen). All secondary antibodies were used at 1:500 dilution. Dapi (Invitrogen) at was used at 1mg/ul

Table 1
Summary of primary antibodies used for immunolabeling.
Target Manufacturer Reference Number Host Species Type Dilution Used
Arl13B Abcam ab136648 Mouse Monoclonal 1:1500
AC3 Invitrogen PA5-35382 Rabbit Polyclonal 1:4000
NeuN Synaptic Systems 266 004 Guinea-Pig Polyclonal 1:300
GFP Nacalai 044Q4-94 Rat Monoclonal 1:500
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concentration for 15 min at RT after final washes, then washed 3 x 5 min in PBS before being mounted onto slides.
5.4. ATUM-SEM dataset for vEM analysis

A twelve week old Sprague-Dawley male rat was fixed under deep anesthesia with anesthetic of a mixture of medetomidine,
midazolam and butorphanol and transcardially perfused with 5 ml of a solution containing 250 mM sucrose, 5 mM MgCl; in 0.02M
phosphate buffer (PB; pH 7.4), followed by 200 ml of 4 % paraformaldehyde, 0.5 % glutaraldehyde containing 0.2 % picric acid in
0.1M PB at room temperature. Brains were left in the body for about 2hrs at room temperature. The frontal cortex was cut into 50 pm
thick sections (oblique, horizontal) to preserve apical dendrite of layer 5 pyramidal cell on a vibrating microtome (VT1200S, Leica
Microsystems). Tissue sections were stored at —30 °C in cryoprotectant solution (30 % glycerol, 30 % ethylene glycol in 0.04M
phosphate-buffered 0.9 % saline [PBS]) until use.

The tissue was processed for EM observation as previously reported [52,78] with slight modification. The following procedures
were performed at room temperature unless otherwise stated. The tissue was washed with 0.1M PB followed by washes with 0.1M
cacodylate buffer (pH 7.4). The section was then postfixed in 1.5 % potassium ferrocyanide, 2 % osmium tetroxide (0sO4) in 0.1M
cacodylate buffer at 4 °C for 1hr. After the postfixation, the tissue was washed in ultrapure water (Milli-Q® Reference water purifi-
cation system, Merck Millipore, Burlington, MA), and subsequently stained with 1 % thiocarbohydrazide for 20 min at room tem-
perature, followed by washes with ultrapure water. The section was again postfixed in 2 % OsO4 for 30min at room temperature and,
after washed with ultrapure water, stained overnight at 4 °C with 1 % uranyl acetate. The tissue washed with ultrapure water was
processed with modified Walton’s en bloc lead aspartate staining. Lead aspartate solution was prepared by dissolving 0.066 g of lead
nitrate in 10 ml of 0.03M aspartic acid, pH adjusted to 5.0 with 1N potassium hydroxide and kept at 50 °C until dissolved. The tissue
was stained with the lead aspartate solution at 50 °C for 2hrs, followed by washes with ultrapure water. The section was then
dehydrated in graded dilutions of ethanol and embedded on silicon-coated glass slides in epoxy resin (Durcupan ACM; Sigma-Aldrich,
St. Louis, MO). The sample was polymerized at 70 °C for 3 days.

The embedded tissue was serially re-sectioned into 40-nm-thick ultrathin sections and collected using an automated tape collecting
ultramicrotome (ATUMtome; Boeckeler Instruments Inc., Tucson, AZ) on a plasma-hydrophilized carbon nanotube-coated poly-
ethylene terephthalate tape (CNT-PET tape) [52]. The following SEM observation was described previously [52]. Briefly, serial ul-
trathin sections on tape were cut into strips and mounted in order on 4-inch silicon wafers with double-sided adhesive conductive tape.
Conductive surface of the CNT-PET tape was grounded to the wafer with copper foil tape. The serial EM images were obtained using a
backscattered-electron detector (BSD) of field emission (FE) SEM (Regulus 8240, Hitachi High-Tech Corporation, Tokyo, Japan) with a
guide of Auto Capture for Array Tomography (ACAT, Hitachi High-Tech Corporation, Tokyo, Japan). EM images were captured at a
resolution of 5.5 x 5.5 nm [2]/pixel in the X and Y directions. We obtained an EM image stack (189 x 202 pm in XY, 1193 sections of
40 nm thickness [totally 47.7 pm in depth]; about 1.6 TB in file size). Tiled images in a single plane were stitched, and serial mosaic
images were aligned on TrakEM2 [79] (https://imagej.net/TrakEM2). The 3D EM images were downscaled to a resolution of 10 x 10
nm [2]/pixel in the XY direction. The EM data stack was sent to Zetta.AlI (https://zetta.ai) for a fine alignment and an automated dense
segmentation.

5.5. Segmentation, reconstruction and EM analysis

TrakEM2 was used for stack alignment and manual segmentation [79]. Astrocytes were identified by clear cytoplasm, small nu-
cleus, and glycogen granules. Neurons were identified by soma with dense organelles, large nucleus, prominent microtubules, and
axonal/and dendritic processes. Primary cilia were located near the nucleus, with sometimes a centriole at the base, distinct micro-
tubule structure, and at times the presence of a ciliary pocket. For segmentation of the soma of astrocytes, the cytoplasm was traced,
excluding the cell membrane. For segmenting the nuclei, we traced until the boundary of the nuclear envelope. Primary cilia were
traced just outside their membrane. Manually labeled nuclei, cytoplasm and associated primary cilia were used to generate 3D re-
constructions of the respective structures. We resampled the data from native (10 nm, 10 nm, 40 nm) voxel resolution to isotropic (10
nm,10 nm, 10 nm) spacing. The isotropic labeled images were then used to generate 3D surface meshes using the fast-marching al-
gorithm. The final visualizations were generated and rendered using blender 3.0 (https://www.blender.org/download/releases/3-0/).
For measurements, 1D curve skeletons of manually segmented primary cilia were used to estimate the length and thickness of the cilia.
The tubular structure of primary cilia allowed us to reduce the segmented structures into 1D skeletal curves using the public imple-
mentation of the TEASAR [80] algorithm. from the kimimaro library [81].

5.6. Cell culture

HEK293T cells (RRID:CVCL_0063) were cultured in DMEM (ThermoFisher) supplemented with 10 % fetal bovine serum (Gibco)
and 1 % penicillin/streptomycin (100X, Gibco) at 37 °C with 5 % CO2 maintained in 10 cm dishes (Corning). Cells were seeded at 20
000 on 0.5 pg/ml poly-D-lysine (Gibco) coated glass coverslips (Fisher Scientific) in a 24-well plate (Sarstedt). Cells were transfected
with Lipofectamine 3000 (Fisher Scientific) 24hr after seeding and fixed with 4 % PFA 48 h after.
5.7. DNA constructs

To ensure astrocytes and their precursors, which rapidly divide, were sufficiently labeled without diluting the DNA constructs, we
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utilized a PiggyBac transposon system that integrates DNA constructs into chromosomal DNA. All DNA constructs were manually
cloned into the PiggyBac plasmid vector (SBI Systems Bioscience) under the modified human GFAP promoter, GfaABC1D, using re-
striction enzyme cloning (New England Biolabs). The following sequences were obtained from Addgene: GfaABC1D (#19974), Lck
(#34924), and Arl13B-GFP (#40879). Mutations were induced in Arl13B-GFP to generate Arl13B-T35N construct and then both
constructs had silent mutations introduced to prevent binding of the miRNA we inserted in 3’ of GFP. miRNAs targeting Arl13B (3 were
tested) were generated and manually cloned into a pCAG-Tomato (#83029) for the initial screening. Most effective miRNA sequence
(not including loop and reverse compliment) is ATCACATCCGCTTCGCCTAAA, which we used in final DNA construct. The mCherry
sequence was originally obtained from Dr. Roger Tsien (UCSD). All DNA was prepared using the endotoxin-free NucleoBond Xtra Maxi
EF kit (Clontech).

5.8. In utero electroporation

In utero electroporation was carried out as previously described on ICR/CD-1 mouse embryos of embryonic day E15+ 1 orE18 +1
to target progenitors in the subventricular zone [54]. Pregnant mice were anaesthetized by isoflurane gas. A 3 mm incision was made at
the abdomen to expose the uterine horns. Around 1.5 pl of plasmid solution was microinjected into the right brain ventricle of the E15
=+ 1 embryos or 3 pl of plasmid solution for E18 + 1 embryos using a pulled glass pipette connected to a foot pedal-controlled
microinjection pump (Harvard Apparatus, Holliston, MA). 0.1 % (w/v) Fast Green dye (Millipore Sigma, Oakville, Ontario) was
added to the plasmid solution to help visualize the injection. A pair of 3 mm diameter tweezer-type electrodes (45-0487, Harvard
Apparatus) was placed on the embryonic brains with the positive electrode contacting the frontal area. Five 50 ms square electric
pulses at 1 Hz were applied with an electroporator (BTX, Holliston, MA). The voltage used depends on the embryonic stages. 35 V was
used for E15 + 1 embryos while 45 V was used for E18 + 1 embryos. After electroporation, embryos were gently placed back into the
abdomen. Warm and sterile phosphate-buffered saline (PBS) was added to the abdominal cavity and the incision was sutured. Pregnant
mice were returned to their home cage for recovery.

5.9. Confocal microscopy

Confocal imaging was done using an FV-1000 laser scanning microscope equipped with a 60x objective (NA = 1.4) with Fluoview
software (Olympus). Z-stacks of ~45 slices were acquired with step size of 0.3 pm. For imaging of in utero electroporated brain tissue,
Z-stack imaging was performed on a LSM780 laser scanning microscope (Zeiss) equipped with a 20x objective (NA = 0.8585). Stacks
of ~5 slices were acquired with step of 2.0 pm to create large, 5x5 mosaic landscape images.

5.10. Quantification of primary cilia length and orientation

To measure primary cilia length, we used the Simple Neurite Tracer [48] (SNT) plugin in ImageJ. 8 animals were quantified (4
males and 4 females) measuring primary cilia lengths from 3 sections per region. Arl13B and AC3 labeled the primary cilia of astrocytes
and neurons, respectively. Prior to inputting the images into SNT, we identified the cell bodies of both astrocytes (Tomato-positive)
and neurons (NeuN-positive) that were entirely captured in the z-stacks to increase the likelihood that their primary cilia would be
fully captured. Once identified, AC3 and Arl13B signals were put into the SNT plugin, which allowed for the primary cilia to be
measured all throughout the stack following the set fluorescent channel. The plugin generate the 3D coordinates of the base and tip of
the primary cilia, as well as the length measurement (pm). Orientation of the primary cilia was computed by subtracting the 3D
coordinates of the start and endpoints, which provided a vector to reflect which direction the primary cilia was pointing in 3D space.

5.11. Statistics and coding

Analyses and data visuals were performed using Python and R (R Core Team, 2021). Python packages including tiftfile, kimimaro,
numpy and R packages include ggplot2, tidyverse, plot3D, and RColorBrewer were used in our analysis. Means comparisons were
performed using Student’s t-test or ANOVA and 2-Way ANOVA. Statistical significance was set at p < 0.05.
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ABBREVIATIONS

Abbreviation Full name

AC3 Adenylyl Cyclase 3

ACAT Auto Capture for Array Tomography
Aldh111 Aldehyde dehydrogenase 1 Family Member L1
ATUM-SEM Automatic tape-collecting ultra-microtome-serial electron microscopy
Arl13B ADP-ribosylation factor-like protein 13 B
AUP Animal utilization protocols

BSD Backscattered-electron detector

CNS Central nervous system

CNT-PET Carbon nanotube-coated polyethylene terephthalate
Dapi 4',6-diamidino-2-phenylindole

DNA Deoxyribonucleic acid

DMEM Dulbecco’s modified eagle medium

EM Electron microscopy

FE Field emission

GFAP Glial fibrillary acidic protein

GFP Green fluorescent protein

1ft88 Intraflagellar transport protein 88

IUE In utero electroporation

Lek Lymphocyte-specific protein tyrosine kinase
MCR Melanocortin receptor

miRNA Micro ribonucleic acid

NDS Normal donkey serum

NeuN Neuronal nuclei

OCT Optimal Cutting Temperature

PB Phosphate buffer

PBS Phosphate-buffered saline

PFA Paraformaldehyde

RT Room Temperature

Shh Sonic hedgehog

SLM Stratum lacunosum moleculare

SO Stratum oriens

SP Stratum pyramidale

SR Stratum radiatum

tdTom tdTomato

vEM Volume electron microscopy

WT Wild type
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2025.e44010.
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