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Abstract

In this study, we conducted high-throughput spatiotemporal analysis of primary cilia
length and orientation across 22 mouse brain regions. We developed automated image
analysis algorithms, which enabled us to examine over 10 million individual cilia, gener-
ating the largest spatiotemporal atlas of cilia. We found that cilia length and orientation
display substantial variations across different brain regions and exhibit fluctuations
over a 24-h period, with region-specific peaks during light-dark phases. Our analysis
revealed unique orientation patterns of cilia, suggesting that cilia orientation within the
brain is not random but follows specific patterns. Using BioCycle, we identified rhyth-
mic fluctuations in cilia length across five brain regions: the nucleus accumbens core,
somatosensory cortex, and the dorsomedial, ventromedial, and arcuate hypothalamic
nuclei. Our findings present novel insights into the brain cilia dynamics, and highlight
the need for further investigation into cilia’s role in the brain’s response to environmen-
tal changes and regulation of oscillatory physiological processes.

Introduction

Cilia are evolutionarily conserved, microtubule-based organelles that extend from the
surface of eukaryotic cells, including neurons in the mammalian brain. Their presence
in diverse organisms from single-celled organisms to complex multicellular animals
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emphasizes their fundamental importance in a wide range of biological processes.
Primary cilia, in particular, serve as essential sensory and signaling hubs, playing
critical roles in cellular homeostasis, development, and signal transduction [1-9].

A striking feature of cilia is their dynamic nature, which is manifested in the contin-
uous modulation of their structure and function in response to various environmental
cues and cellular signaling events [5,6,10—16] Mechanical forces or cerebrospinal
fluid (CSF) flow can induce elongation or shortening of cilia, while intracellular sig-
naling pathways mediated by cyclic AMP (cAMP) or calcium can reversibly modulate
their morphology [17-20]. We and others have shown that neurotransmitters such
as dopamine, serotonin, melanin-concentrating hormone (MCH), and adenosine can
modulate primary cilia length, affecting their signaling capacity [21—24]. Although
primary cilia are non-motile, their orientation can be dynamic due to the underlying
cellular structures and signaling pathways regulating their relative positions. This
dynamic orientation allows primary cilia to adapt to environmental changes and
respond to different extracellular cues more effectively. Cilia orientation may adjust
in response to numerous and varied cellular events, such as during cell migration
[25,26], tissue repair [25], or in response to extracellular stimuli [27] such as mechan-
ical stress or chemical gradients.

Many environmental stimuli and cellular signaling events sensed by cilia often
follow rhythmic temporal patterns, such as light-dark cycles and fluctuations in
temperature or nutrient availability [28—34]. These patterns also extend to a broad
range of functions influenced by cilia signaling, such as daily sleep-wake cycles,
feeding behaviors, sexual/reproductive behaviors, energy balance, metabolism,
and regulation of body temperature [35—42]. Furthermore, G-protein coupled recep-
tors (GPCRs) located on primary cilia, including melanocortin 4 receptor (MC4R),
melanin-concentrating hormone receptor 1 (MCHR1), neuropeptide Y receptors 2
and 5 (NPY2R, NPY5R), somatostatin receptor 3 (SSTR3), serotonin receptor 6
(5HT®6), and dopamine receptor 1 (DRD1), DRD2, and galanin receptorare involved
in various rhythmic functions such as food intake, body temperature regulation, and
sleep [37,43—47]. We have previously uncovered a high degree of circadian rhythmic-
ity and spatiotemporal oscillations in cilia-associated gene expression across mouse
and primate brain areas, together with dynamic shifts in the expression of genes
associated with primary cilia throughout the human life span [48,49]. This was further
supported by our research into cilia gene dysregulation in major psychiatric disorders,
hinting at shared pathophysiological processes [50]. This implies that cilia-signaling
dysfunctions may underlie common neurological deficits across these disorders.

Despite significant advancements in our understanding of primary cilia structural
dynamics, evidence linking cilia dynamics to biological rhythms remains limited. This
study aims to characterize the dynamic nature of primary cilia in the mouse brain by
analyzing spatiotemporal variations in cilia length and orientation and assessing their
time-of-day-dependent fluctuations. Through a comprehensive analysis of cilia prop-
erties and their temporal changes, we hope to provide a foundation for future studies
to investigate the functional roles of cilia across brain regions and their potential
contributions to time-dependent physiological processes.
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Methods
Animals

All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University
of California, Irvine (Protocol #AUP-23-017), and were conducted in accordance with national and institutional guidelines
for the care and use of laboratory animals. Eight-week-old Swiss Webster male mice were obtained from Charles River
(North Carolina, USA). The mice were maintained on a 12-h light/dark cycle and provided with food and water ad libitum.

Brain tissue collection

Mice were deeply anesthetized using isoflurane and subsequently transcardially perfused with a combination of 0.9%
saline and 4% paraformaldehyde (PFA) [22]. We used a total of 56 mice, perfusing 4-5 mice at every 2-h interval over a
24-h period, resulting in 12 time points. This sample size was chosen to provide sufficient statistical power to detect signif-
icant cilia morphological differences, as validated for accuracy and reproducibility in our earlier publications. Following per-
fusion, we harvested the brains, preserved them in PFA overnight, and then transferred them to a 30% sucrose solution.
The brains were then coronally sectioned at a thickness of 30 um using a microtome.

Immunohistochemistry and imaging

For immunohistochemistry preparation, 3—4 sections were selected from various levels across the brain. The sections
were then blocked using goat serum in PBS containing 0.3% Triton X-100 for 1 h. Following this step, the brain sec-

tions were incubated in blocking buffer solution containing the rabbit primary anti-adenylate cyclase 3 (ADCY3) anti-
body (LSBIO-C204505), at a dilution of 1:500. Post-primary antibody incubation, the sections were rinsed with PBS

and incubated with the secondary antibody, Invitrogen AlexaFluor546 goat anti-rabbit, at a dilution of 1:500, along with
DAPI at a dilution of 1:10,000 (Thermo Fisher Scientific). The sections were then washed with PBS and mounted onto
slides. The cilia were imaged using the Keyence BZ-9000 fluorescence microscope with a 20x objective lens. Brain
regions analyzed include: Anterior hypothalamic area (AHC), Arcuate nucleus (ARC), Dorsomedial hypothalamus (DMH),
Lateral hypothalamus (LH), Median preoptic area (MPO), Hypothalamic paraventricular nucleus (PVN), Suprachias-
matic nucleus (SCN), Supraoptic nucleus (SON), Ventromedial hypothalamus (VMH), Caudal striatum (CS), Nucleus
accumbens core (NAc), Nucleus accumbens shell (NAs), Rostral striatum (RS), Olfactory tubercle (TU), Cornu Ammonis
1 (CA1), Cornu Ammonis 3 (CA3), Dentate Gyrus (DG), Motor cortex (MC), Prefrontal cortex (PFC), Piriform cortex (Pir),
Somatosensory cortex (SSC), Medial amygdala (MA). Dual-staining immunohistochemistry was performed to verify the
base and tip of primary cilia. The basal body was detected using a rabbit anti-Centrin 1 polyclonal antibody (Proteintech,
12794-1-AP) at a 1:200 dilution, while the cilia were stained with a chicken anti-ADCY3 antibody (EnCor Bio, CPCA-
ACIII) at a 1:500 dilution. Secondary antibodies included Alexa Fluor 488 goat anti-rabbit (Invitrogen, A-11008) and Alexa
Fluor 564 goat anti-chicken (Invitrogen, A-11040), both at a 1:200 dilution. Images were captured using fluorescence
microscopy at 40x magnification.

Cilia length and angle measurement

Ouir first step involved pre-processing the images by converting them to grayscale, to make them conducive for analy-
sis and to mitigate color-related complications. We then applied Gaussian blur to the images to minimize noise or minor
details that might compromise the accuracy of our measurements. Next, we used canny edge detection to find all the
edges in the images. This allowed us to identify the cilia more easily and accurately. We applied a threshold value to the
canny edge detection output to obtain a binary image where the edges were represented by white pixels and the back-
ground is represented by black pixels. After obtaining the binary image, we used the findContours() function in OpenCV
to detect all the cilia in the image. This function identifies and segments all the distinct objects in the image, in this case,
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the cilia, and returns a list of their contours. However, some of these contours may be noise or not relevant to our analy-
sis. Therefore, we filtered them based on their size, aspect ratio, and other factors to only capture the ones that are likely
to be cilia. For instance, we filter the contours based on their length, as cilia are typically longer than they are wide. We
set a minimum and maximum length threshold for the contours to keep only the ones that fall within this range. In our
implementation, we use a minimum length of 1 um and a maximum length of 15 ym. Furthermore, we filter the contours
based on their aspect ratio, as cilia are generally slender structures with a length-to-width ratio greater than 3:2. We set

a minimum aspect ratio threshold for the contours to remove any that do not meet this criterion. In our implementation,

we used a minimum aspect ratio of 1.5. For each contour, we fit a bounding box around it using the cv2.boundingRect()
function. This gave us the length and angle of the cilia. The length was calculated as the distance between the top and
bottom points of the bounding box, and the angle was calculated as the angle between the major axis of the box and the
horizontal axis. However, we also needed to determine the base of the cilia accurately. To achieve this, we used the cv2.
minMaxLoc() function to find the brightest pixel in the grayscale image within the bounding box of the cilia. The cilia’s base
is typically the most illuminated section, and this method enables us to pinpoint it with precision. To further improve the
accuracy of our angle measurements, we combine the location of the base of the cilia with the center point of the bound-
ing box. By comparing the relative positions of these points, we were able to determine which quartile the cilia were facing
and adjust the angle measurement accordingly. Finally, we saved all the information about the cilia, including their lengths,
angles, and positions, in a CSV file. This allowed us to analyze the data more easily and systematically. The two programs
we developed and used are provided as supplementary materials (S1 Code), referred to as Program 1 and Program 2. A
detailed, step-by-step description of the analysis pipeline is outlined below, and a visual walkthrough demonstrating each
step is available in supplementary materials (S1 Video).

Analysis pipeline

The cilia detection pipeline consists of three main phases: contours extraction, contours filtering, length, and angle mea-
surement. The specific OpenCV functions used for each step are included.
Phase 1: Contours extraction.

1. Canny Edge Detection:

» Purpose: Detect edges in the image, highlighting regions of rapid intensity change, which often correspond to object
boundaries.

» Method: The grayscale image is processed using cv2.Canny edge detection. The Canny function takes two thresh-
olds to detect strong and weak edges. The lower threshold is calculated as 0.67 * median intensity, and the upper
threshold is slightly increased to detect a broader range of edges.

2. Close holes
» Purpose: Fill small holes in the binary image to create more complete and connected foreground regions.

» Method: Morphological closing is applied using cv2.morphologyEx with the cv2.MORPH_CLOSE operation and a
rectangular kernel of size (2, 2).

3. Erode edges

» Purpose: Refine the detected edges by removing small noise and shrinking the boundaries of detected regions
slightly.

» Method: Erosion is applied using cv2.erode with a rectangular kernel of size (1, 1) for one iteration, which helps
clean up the edges of the detected contours.
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Find contours

Purpose: Identify the boundaries of the foreground regions, which represent the cilia structures.

Method: Contours are extracted from the processed binary image using cv2.findContours with cv2.RETR_EXTER-
NAL and cv2.CHAIN_APPROX_SIMPLE.

Phase 2: Contours filtering.

Minimum and maximum length:

Purpose: Ensure that only contours of appropriate length are considered, excluding those that are too short or too
long.

Method: The length of each contour is calculated using the dimensions from cv2.minAreaRect, and contours with a
length greater than 1 ym and less than 15 ym are retained.

Minimum length-to-width ratio:

Purpose: Filter out contours that do not meet a minimum aspect ratio, ensuring that only elongated structures, which
are characteristic of cilia, are included.

Method: For each contour, the ratio of its length to width is calculated. Contours with a ratio greater than or equal to
1.5 are kept, while those below this threshold are discarded.

Phase 3: Length and angle measurement.

Getting length and angle for each contour:

Purpose: Measure the initial length and angle of each cilium to provide quantitative data on their orientation and size.

Method: For each filtered contour, the length and width are extracted using cv2.minAreaRect. The cv2.contourArea
function calculates the area, and the cv2.minAreaRect function provides the minimum bounding rectangle, from
which the dimensions and initial angle are derived.

Adjusting the angle based on base and tip prediction:

Purpose: Refine the initial angle measurement by determining the base and tip of the cilium for more accurate orien-
tation data.

Method: To refine the angle measurement, each cilium is drawn separately on a mask, and the location of the max-
imum intensity within the mask is found using cv2.minMaxLoc. The purpose is to find the brightest spot within the
cilium, which usually indicates the base. The relative position between the base to the center is used to adjust the
angle appropriately, ensuring the measured angle reflects the true orientation of the cilium.

Circular angles’ mean calculation

Due to the circular nature of angles, the traditional arithmetic mean method is not applicable for calculating angle means.
Therefore, we computed the circular mean, also known as the angular mean, to calculate meaningful statistics for our
angle dataset. The circular mean of our angle dataset was calculated as follows: First, the angle values were converted to
radians, and all the data were subsequently transformed into sines and cosines. The means of the sines and cosines were
calculated by summing the values and dividing them by the total count of each value. The circular mean was determined
using the atan2 function, a variant of the arctangent function that accepts two arguments and yields results within the
appropriate quadrant. The obtained results were then converted back to degrees using the equation: Degrees =radians x
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(180/m). If negative outputs were obtained from the atan2 function and the data ranged from 0 to 360, 360 was added to
those values to align them within the correct range.

Quantification of cilia density across mouse brain

To determine the cilia density in each of the 22 brain regions, we calculated the percentage of ADCY3-stained cilia relative
to the number of DAPI-stained cells within the same region.

In order to detect cells in DAPI-staining images, the pipeline processes images to detect and analyze contours, focus-
ing on the identification of significant structures within the image. The methodology consists of three main phases: con-
tours extraction, contours clustering, and contours filtering.

Phase 1: Contours extraction.

1. Image equalization:
» Purpose: Enhance the contrast of the grayscale image to improve the visibility of features.

* Method: Apply Contrast Limited Adaptive Histogram Equalization (CLAHE) using OpenCV'’s cv2.createCLAHE func-
tion with clipLimit=2.0 and tileGridSize=(8, 8). This method adjusts the image contrast in localized regions, enhanc-
ing the structural details.

2. .Adaptive thresholding
» Purpose: Convert the grayscale image into a binary image to segment the foreground from the background.

* Method: Use OpenCV’s cv2.adaptiveThreshold function with parameters maxValue=255, adaptiveMethod=cv2.
ADAPTIVE_THRESH_MEAN_C, thresholdType=cv2. THRESH_BINARY, blockSize=41, and C=-10. This technique
applies a threshold based on the local mean intensity, effectively segmenting the image.

3. Distance transform

« Purpose: Compute the distance to the nearest zero pixel for each pixel in the binary image to prepare for isolating
the foreground objects.

* Method: Implement OpenCV'’s cv2.distanceTransform function with distanceType=cv2.DIST_L2 and maskSize=3.
This transformation aids in distinguishing foreground components.

4. Thresholding:
» Purpose: Refine the binary image to emphasize significant foreground regions.

* Method: Apply OpenCV’s cv2.threshold function with thresh=0.2, maxval=1.0, and type=cv2. THRESH_BINARY. This
step applies a fixed threshold to the distance-transformed image to highlight the foreground areas.

5. Dilation
« Purpose: Expand the foreground regions to ensure connectivity of close components.

* Method: Use OpenCV’s cv2.dilate function with a kernel of np.ones((3, 3), np.uint8) and iterations=1. This morpho-
logical operation enlarges the foreground regions, making them more pronounced and connected.

6. lIsolate foreground and background:
» Purpose: Separate the sure foreground, sure background, and unknown regions for better segmentation.

* Method: Identify the sure foreground by dilating the thresholded image, and the sure background by inverting
and dilating the foreground mask using cv2.bitwise_not and cv2.dilate with kernel=np.ones((3, 3), np.uint8) and
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iterations=1. The unknown region is derived by subtracting the sure foreground from the sure background using cv2.
subtract.

7. Extract contours from foreground:
» Purpose: Identify the boundaries of the foreground objects.

* Method: Extract contours from the sure foreground mask using OpenCV'’s cv2.findContours function with mode=cv2.
RETR_EXTERNAL and method=cv2.CHAIN_APPROX_SIMPLE. This step identifies the boundaries of the fore-
ground objects for further analysis.

Phase 2: Contours clustering.
1. Cluster contours with DBScan:
» Purpose: Group closely situated contours to manage fragmented contours representing a single object.

* Method: Use the DBSCAN (Density-Based Spatial Clustering of Applications with Noise) algorithm from scikit-learn
with parameters eps=30 and min_samples=1 to cluster the contours based on their centroid positions. This cluster-
ing helps in grouping related contours.

2. Merge contours within each cluster:
» Purpose: Combine contours within each cluster to form a single, cohesive contour for each detected object.

» Method: Merge contours by calculating the convex hull of all points within each cluster using OpenCV'’s cv2.convex-
Hull. This step ensures that all points in a cluster are enclosed in a single contour.

Phase 3: Contours filtering.
1. Minimum and maximum area:
* Purpose: Ensure that only contours of relevant size are considered for analysis.

» Method: Filter contours based on area (in pixels) using OpenCV’s cv2.contourArea function with minimum area = 20
pixels and maximum area = 1000 pixels. This step excludes contours that are too small or too large to be relevant.

2. Minimum circularity:
» Purpose: Eliminate contours that do not meet the minimum shape criteria, focusing on more circular objects.

Method: Calculate the circularity of each contour and retain only those with a circularity above the specified threshold
using OpenCV'’s cv2.arcLength function and a minimum circularity of 0.01. Circularity is calculated as:

47 - Area

circularity = ——
Y= Perimeter’

Verification of the automated measurements of cilia lengths and angles

To validate the automated measurements of cilia lengths and angles, and to verify the accuracy of our pipeline in identify-
ing and measuring cilia structures, we conducted manual checks on random samples, selecting at least 10 cilia from each
of the 22 brain regions. The measurements were performed blindly using both manual and automated methods. We then
compared the results by calculating the recall and mean absolute error (MAE) for both length and angle measurements.
Since cilia length and orientation were measured from 2D images, projecting 3D structures like cilia onto a 2D plane
can introduce measurement errors. To address this, we estimated the potential errors introduced by this approach using

PLOS Biology | https://doi.org/10.137 1/journal.pbio.3003197  July 11, 2025 7123




PLON. Biology

basic geometric principles, including the Pythagorean theorem. Detailed calculations are provided in the supplementary
material (Figs A—C in S1 Text).

Comparative and correlational analysis of cilia lengths and angles

We analyzed the data using two different approaches: first, by assessing the lengths and angles of individual cilia to
provide a detailed frequency distribution across all examined brain regions; and second, by calculating the mean length
and angle of cilia in each section of the left and right hemispheres, treating these averages as single values for further
analysis.

To analyze differences in cilia lengths and angles across various brain regions at different times of the day, we per-
formed one-way ANOVA. Multiple comparisons were adjusted by controlling the False Discovery Rate (FDR) using the
two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli. Additionally, we computed the Pearson correlation
coefficient (r) for each pair of region-specific cilia lengths and angles across 24-h time points, generating a correlation
matrix to examine the relationships among all brain regions. Data were analyzed using GraphPad Prism 9.4, with statisti-
cal significance set at p<0.05, and expressed as mean + standard error of the mean (SEM).

Network analysis

Using the Allen Mouse Brain Connectivity Atlas data [51], we built a structural network of the regions used in our
study. We normalized projections from source regions to other regions of interest by dividing the projection density by
the injection volume. The normalized projection density was averaged across all experiments for each pair of source
and target regions to generate a connectivity matrix. These values were log normalized to produce a more effective
distribution for use as edge weights in a network. Community detection was carried out using the Louvain algorithm
implemented in scikit-network with a resolution parameter of 1 [52]. We identified three main clusters of brain regions:
purple (NAc, NAs, and others), green (PFC, MC, and others), and red (CA1, CA3, and DG). We examined the correla-
tion between cilia length and angle with various network features. We examined all pairs of regions within and across
different clusters, identifying varying fractions of region pairs correlated by either cilia length or angle. We also analyzed
whether these fractions would likely occur if regions were correlated randomly, shuffling all correlations across region
pairs for this purpose. We constructed cilia correlation networks using a log-scaled R value to achieve a desirable dis-
tribution for edge weights. Network analysis was performed in Python using NetworkX [53], with network visualizations
created using Plotly [54].

Circadian rhythmicity analysis

BIO_CYCLE, a deep-learning model designed for assessing periodicity of signals, was utilized to determine significant cir-
cadian patterns in cilia length and angle, as well as their oscillation’s amplitude and phase [55,56]. BIO_CYCLE is trained
using synthetic and real biological time series datasets with labeled periodic and aperiodic signals. This tool comprises a
deep neural network (DNN) for classification, which distinguishes periodic from non-periodic signals, and another DNN
for regression estimating the signal’s period, phase, and amplitude. The oscillation status of a parameter is defined based
on a p-value (with a cutoff of 0.05) computed by BIO_CYCLE as follows: N aperiodic signals are first generated from the
synthetic time series datasets, and the N output values V(i) (i=1, ..., N) of the classification DNN on these aperiodic sig-
nals are calculated. The N output values of the classification DNN on these aperiodic signals are then calculated, forming
the basis for the null hypothesis distribution. The output value V of the new signal s is then compared to V(i) (i=1, ..., N),
producing the estimate for the probability of obtaining an output of size V or greater (p-value), assuming that the signal is
part of the null distribution (aperiodic signals). A smaller p-value suggests a higher likelihood of the signal being periodic.
The related g-values are calculated via the Benjamini and Hochberg procedure. BIO_CYCLE is freely accessible from the
CircadiOmics web portal: http://circadiomics.igb.uci.edu.
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Results

We mapped the spatiotemporal patterns of cilia length and orientation across various brain regions in mice. We devel-
oped and used a special program to analyze cilia in brain sections from a large cohort of over 50 mice, with a minimum of
four mice at each of the twelve 2-h intervals within a 24-h cycle (Fig 1A and Fig D in S1 Text). We verified the cilia base
through dual immunostaining of Centrin 1, a well-established marker for the ciliary basal body, and ADCY3 (Fig 1B). We
examined 3—4 brain sections per region at each time interval across 22 cilia-rich brain regions (Fig 1C). Our automated
method allowed us to analyze 10 million cilia and more than 20 million data points, with counts of cilia assessed in spe-
cific regions ranging from 153,448 in the RS to 977,129 in the DMH (Fig 1D). The original raw data for these analyses are
available in the Zenodo database (https://doi.org/10.5281/zenodo.15151271).

Methodological verification

To validate the accuracy of our automated system for measuring cilia length and angle, we conducted a comparative anal-
ysis with manual measurements. In each of the 22 brain regions analyzed, 10 cilia were measured manually. The average
of these manual measurements was then compared to the automated measurements. This comparative analysis showed
a recall of 93.46%, indicating high reliability in the automated detection of cilia. The MAE for cilia length was 1.33 ym, and
the MAE for angle measurements was 7.759degrees (S1 Data). We also estimated the instrumental error introduced by
measuring 3D cilia structures in 2D Detailed calculations are provided in the Supplementary results (Figs A—C in S1 Text).

Region-dependent variations in cilia density, length, and angle in the mouse brain

Our analysis demonstrated marked variability in cilia density across the 22 brain regions examined. The lowest density
was observed in the LH, where only 35% of cells were ciliated, while the highest density was found in the CA1 region of
the hippocampus, with 90% of cells containing cilia (Fig 1E and S1 Data).

We assessed the average cilia length within specific brain regions using two distinct approaches. First, in the direct
regional average method, we calculated the average length of each cilium individually within each region, revealing a vari-
ation in cilia lengths from 4.79 pm in the NAs to 6.33 pm in the TU (panel a of Fig E in S1 Text). Across all brain regions,
including over 10 million cilia, this method resulted in an overall mean cilia length of 5.15 pm.

Second, in the section-based average method, we calculated the average of lengths of all cilia within each section to
obtain a single value per section, then used these sections’ averages to calculate the overall mean cilia length for each
region. The brain-wide cilia length average was 5.4 £0.01 ym, with regional averages ranging from 4.87 ym in the NAs
to 6.3 ymin the TU (Fig 2A and S2 Data). Additionally, a frequency distribution analysis showed that approximately 40%
of cilia across all examined regions had lengths within the 4.8—-5.4 um range (Fig 2B and 2C). However, the frequency
distribution analysis revealed a varied distribution of cilia lengths across the 22 brain regions. Some regions, like the ARC,
MPO, SCN, and NAs have most cilia lengths concentrated around a narrow range, whereas other regions, like the CS and
RS, exhibit a broader distribution, with cilia lengths spread across a wider range (panel b of Fig E in S1 Text).

Our analysis of individual cilia angles of over 10 million cilia showed a distinct pattern across all regions (Fig 3 and Fig
F in S1 Text). Notably, the highest distribution of cilia orientation across the entire brain was toward 180° and 270°, indicat-
ing a primary medial and/or ventral orientation of cilia (Fig 3 and Fig F in S1 Text). However, cilia orientation did not exhibit
uniform patterns across different brain regions (Fig 3). The RS, CS, MA, and CA3 showed a predominant cilia orientation
toward 180°, and a secondary preference for 270°, whereas the NAc, TU, MPO, SCN, DG, and CA1 exhibited a primary
orientation toward 270°, followed closely by 180° (Fig 3). A more scattered distribution of cilia orientation was observed in
the hypothalamic nuclei, various cortices, and the NAs.

When using the section-based averaging, where the circular mean of all cilia angles within each section was first
determined and treated as a single value, cilia angle means and distributions revealed distinct patterns. Cilia angles

PLOS Biology | https://doi.org/10.137 1/journal.pbio.3003197  July 11, 2025 9/23



https://doi.org/10.5281/zenodo.15151271

C Major Brain ~ Sub-region Sub-region Full Name

Region Abbreviation
Hypothalamus AHC Anterior hypothalamic area
ARC Arcuate nucleus
DMH Dorsomedial hypothalamus
LH Lateral hypothalamus
MPO Median preoptic area
PVN Hypothalamic paraventricular nucleus
SCN Suprachiasmatic nucleus
SON Supraoptic nucleus
s ! U aman B s VMH Ventromedial hypothalamus
Y g L ¢ .
’ = L D: Dorsal Striatum cs Caudal striatum
Lo T 183 M ﬁo : ’ V: Ventral NAc Nucleus accumbens core
4 28 L: Lateral NAs Nucleus accumbens shell
315° &’ 225% 225 ' 315 N
270 270 M: Medial RS Rostral striatum
\Y \% TU Olfactory tubercle
Hippocampus CA1 Cornu Ammonis 1
CA3 Cornu Ammonis 3
DG Dentate Gyrus
Cortex and MC Motor cortex
CmEEEE) PFC Prefrontal cortex
Pir Piriform cortex
SSC Somatosensory cortex
D E MA Medial amygdala
1 5x106 Total number of cilia measured: 10,115,724
: 100
) L L
o S g g . 804 P : T
() ~ b 2 >
5 1x106 S o 8 3 2
2 2 2 8 o § 3 60-
E K s8g 8
S X ©
g 5_] § § 3 § ) - - 8 = g }13_3 404
0 5x10 = - NELEEE g, &
< bl = —
* =l 38& g8p &2 O 20
0|||||||||||||||||||||| (e T T T | — T
O ND $ O, O ol N o0 (GRS} D
N R X R N N A L A T @ TR PG SR

Fig 1. Experimental design and data analysis. (A) Schematic Representation: (Top Left) Mice were perfused and harvested at two-hour intervals over
a 24-h period. The harvested mice were then sectioned coronally. (Bottom Left) Coronal brain sections at different brain levels. (Top Middle) The ciliary
base was defined as the origin of the coordinate system, and the tip of the cilia was labeled. Cilia length was measured from the base to the tips, and
the circular angle was determined. (Bottom Middle) The brain section of the mice was divided into left and right hemispheres. For cilia found in the right
hemisphere, a counter-clockwise coordinate system was used to determine the circular angle (Right). For cilia found in the left hemisphere, a clockwise
coordinate system was used (Left). (Top Right) An example of the angle measurement from cilia found in the right hemisphere. (B) Representative
images of immunofluorescence staining showing cilia labeled with the ADCY3 antibody (red) and the basal body (cilia base) labeled with the centrin

1 antibody (green). (C) Brain Regions analyzed for cilia length and angle. (D) The number of cilia analyzed in 22 different brain regions of the mice;
underlying data are available on the Zenodo database (https://doi.org/10.5281/zenodo.15151271). (E) Cilia density in 22 brain regions, expressed as the
percentage of ciliated cells relative to the total number of cells in each region, underlying data are available in S1 Data. Parts of Fig 1A are created with
BioRender.com.

https://doi.org/10.1371/journal.pbio.3003197.9001

predominantly favored the third quadrant (180°—270°), particularly around 250°, when measured relative to the horizontal
line in coronal sections (Fig 4A, 4B and panel a of Fig G in S1 Text). The Pir exhibited the highest circular mean cilia angle
(267°), whereas the MC displayed the lowest (219°) (Fig 4B and panel b of Fig G in S1 Text).
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Fig 2. Cilia length analysis in different brain regions. (A) Histogram showing the meanszSE of cilia length in the 22 brain regions based on the
average length measured in each brain section. The x-axis represents cilia length in micrometers and the y-axis represents the percentage frequency of
occurrence. (B and C) Histograms showing the frequency distribution of cilia length in (B) the entire brain and (C) the 22 individual brain regions, using
the section-based average method. For each brain section, the lengths of all cilia were averaged to obtain a single value, which was then used to calcu-
late the overall mean cilia length for each region. The mean cilia length was derived from the average lengths of both left and right hemisphere sections
(3—4 sections per region). The x-axis represents cilia length in micrometers, and the y-axis shows the percentage frequency of occurrence; underlying
data for Fig 2 are available in S2 Data.

https://doi.org/10.1371/journal.pbio.3003197.9002

We found no significant correlation between cilia density and cilia length (Pearson’s coefficient, r=-0.08, P=0.718),
whereas there was a trend toward a positive correlation between cilia density and orientation (r=0.38, P=0.084).

Temporal fluctuations and rhythmicity in cilia length and orientation across brain regions

We next analyzed cilia lengths and orientations at 2-h intervals over a 24-h period (S2 Data), and found complex, time-
dependent fluctuations in both cilia length and orientation across various brain regions (Fig 5A and 5B). Notably, all
regions except the AHC and CS exhibited significant variations in cilia length, with distinct fluctuation patterns observed
during the light and dark phases (Fig 5A-5C).

Notably, the MA, LH, RS, CS, TU, AHC, CA3, and NAc reached their maximum cilia lengths at specific zeitgeber times
(ZTs) during the light phase, whereas the ARC, DG, NAs, and PFC showed peak lengths at different ZTs during the dark
phase (Fig 5A and 5C). Interestingly, both the DMH and VMH exhibited a bimodal pattern, with cilia length peaks occurring
at ZT 6 and ZT 18 during the light and dark phases, respectively (Fig 5A and 5C).

We observed significant time-dependent fluctuations in cilia angles within seven brain regions: DMH, PVN, RS, MC,
PFC, SSC, and TU (Fig 5B and 5C). Notably, the DMH and PVN, two hypothalamic nuclei, displayed contrasting cilia
angle patterns. The DMH reached its highest cilia angle between ZT 1620, while the PVN showed its lowest angle during
this same period. Conversely, at ZT 6, the DMH exhibited its lowest angle, and the PVN reached its highest (Fig 5B and
5C). The PFC’s cilia angle changes were opposite to those in the SSC, with the PFC peaking at ZT 22, while the SSC
reached its lowest angle at that time. The MC showed the most extensive range of cilia angle shifts, varying from 174° at
ZT 20°-245° at ZT 16 (Fig 5B and 5C).

Our analysis revealed significant periodic fluctuations in cilia length within five specific regions: ARC, DMH, VMH,
NAc, and SSC, with peak times varying among them: ARC at ZT 15, DMH at ZT 3.8, VMH at ZT 3.4, NAc at ZT 11, and
SSC at ZT 12.16 (Fig 6). However, we found no evidence of rhythmic patterns in cilia angles in any of the regions stud-
ied (S3 Data).

Correlation of cilia length and circular angle among various brain regions

We next assessed whether fluctuations in cilia length and angle over the 24-h period correlated across different brain
regions. Our analysis revealed significant correlations in cilia length changes, with the DMH and VMH showing a
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Fig 3. Cilia circular angle analysis, based on individual cilia measurements. Rose plot displaying the frequency distribution of cilia circular angles
in individual brain regions from all individual measured cilia at 30° bins, Underlying data are available on the Zenodo database (https://doi.org/10.5281/

zenodo.15151271).
https://doi.org/10.1371/journal.pbio.3003197.9003
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Fig 4. Cilia circular angle analysis based on section-averaged circular means. (A) Radial plot showing the frequency distribution of cilia circular
angles across the entire brain and individual brain regions. The analysis is based on section-averaged circular means, where the circular mean of all
cilia angles within each section was first calculated and treated as a single value. Underlying data are available in S2 Data. (B) Radial plots displaying
the mean cilia circular angles for the 22 brain regions, grouped into major categories: hypothalamus, hippocampus, cortices, and striatum. The average
angle for each region was determined by calculating the circular angle means for each brain section. Underlying data are available in S2 Data.

https://doi.org/10.1371/journal.pbio.3003197.9004
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Fig 5. Fluctuation of cilia length and cilia circular angle across 24-hours’ time. (A and B) Diurnal fluctuations of cilia length (A) and angle (B): The
plots show the means * SE of cilia length and angle over the course of 24-h day in different brain regions. The brain regions are grouped into major cat-
egories including, the Hypothalamus, Hippocampus, Cortices, and Striatum. The average length and angle are determined based on the measurements’
means in each brain section; Zeitgeber time (ZT). One-way ANOVA test was used to compare the means of lengths and angles at different time points.
P values were calculated using the False Discovery Rate (FDR) correction, employing the Two-stage linear step-up procedure of Benjamini, Krieger, and
Yekutieli for multiple comparisons. (C) P values of one-way ANOVA test, used to assess the variability in cilia length and angle at different time points (in
a,b), P<0.05: significant changes across the different time points over 24-h period. Underlying data for Fig 5 are available in S2 Data.

https://doi.org/10.1371/journal.pbio.3003197.g005

particularly strong correlation (r=9.3). Positive correlations were also observed between the PFC and several regions,
including the DMH, VMH, LH, AHC, and MC, while CA1 cilia lengths negatively correlated with the DMH and VMH but
positively with the RS, NAc, and DG (Fig 7A). Similarly, cilia angle fluctuations exhibited substantial correlations across
various brain regions. The strongest correlation was observed between the DMH and VMH (r=0.79), with other nota-

ble correlations in hypothalamic regions such as AHC-LH, ARC-PVN, and PVN-SCN. Negative correlations were found
between the PVN and VMH, and between cilia angles in the CA1 and TU regions (Fig 7B). We next tested the hypothesis
that more highly correlated brain regions, either in cilia length or angle, may be preferentially interconnected. Using the
Louvain community detection algorithm on a network representation of the anatomical connections among these regions,
we found three primary communities. The first and smallest community (“red”) contained the three hippocampal regions
DG, CA1, and CA3. The second community (“green”) contained cortical regions, the striatum, and somewhat surpris-
ingly, the SCN. The third community (“purple”) contained all of the other regions, which overall had less strongly defined
interconnectivity relationships (Fig 7D). Based on these data, we then asked if regions that had strong length correla-
tions (p<0.05) were more likely to have stronger interconnectivity than regions with weak length correlations (p>0.05).
We found no significant difference in normalized projection strength between pairs of regions correlated with cilia length
versus those not correlated (Fig 7E), indicating that projection strength between regions does not influence cilia length.
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Fig 6. Circadian rhythms of cilia length. BioCycle analysis was used to examine the presence of rhythmic fluctuations in cilia length and revealed
significant circadian patterns of cilia length variations across a 24-h period in five brain regions tested: ARC, DMH, VMH, NAc, and SSC, with P<0.05.
Underlying data are available in S3 Data.

https://doi.org/10.1371/journal.pbio.3003197.9006

We next examined all pairs of regions within and across different clusters and identified a bias toward regions having
correlated cilia lengths if they were present within particular communities; this relationship was most prominent between
regions in the red and green communities (Fig 7F). The fraction of correlated pairs between red-green communities
(0.111) was in the 9.1st percentile relative to the random distribution, indicating that cilia lengths were more likely than by
chance to be correlated between pairs located in red and green communities (Fig 7F).

We next tested for the same relationship between cilia angle and connectivity. As with cilia length, we did not identify a
significant difference in projection strength between pairs of regions correlated with cilia angle versus those not correlated
(Fig 7G). We then assessed the relationship between community identity and cilia angle correlation and found that the
fraction of correlated pairs within the purple community (0.107) was 7.4th percentile relative to the random distribution
(Fig 7H). These data together indicate that while the connectivity strength between directly connected pairs did not appear
to relate to cilia length or angle, the presence within particular communities did appear to relate to both cilia length and
angle, indicating that the network architecture of the brain exhibits some relationship with cilia length and angle correla-
tions across regions.

Given the lack of clear relationship between direct anatomical connectivity and cilia length or angle correlations, we
next applied the network approach on the cilia length and angle correlation data directly. In order to do this, we built
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Fig 7. Correlation of cilia length and circular angle among various brain regions and relationship between cilia length/angle and network con-
nectivity. (A) Heatmap showing the correlation of cilia length (based on the mean of the section means) among different brain regions. The correlation
coefficient ranges from 1 (indicating the most positive correlation, red) to -1 (indicating the most negative correlation, blue). Positive correlation implies
that the cilia lengths in the two regions are on the longer and shorter side simultaneously. Negative correlation indicates that the two regions have oppo-
site cilia length sizes; underlying data are available in S2 Data. (B) Heatmap displaying the correlation of cilia angle (based on the mean of the section
circular means) among different brain regions. The correlation coefficient ranges from 1 (indicating the most positive correlation, purple) to —1 (indicating
the most negative correlation, green); underlying data are available in S2 Data. (C) Anatomical network of the brain regions in our study. The network is
embedded in 2D space using a spring embedding, in which highly connected nodes are pulled together as by a spring. Node size represents between-
ness, a measurement of centrality based on the number of shortest paths between nodes that a particular node shows up on. Nodes are colored
according to their community assignment, as determined by the Leiden algorithm. (D) Correlogram indicating the strength of input-output connections
between all pairs of regions in the dataset. The color bar indicates the log-normalized projection density between any two regions. Regions are grouped
according to their community membership. (E) Bar graph comparing projection strength between regions significantly correlated with cilia length vs.
those not correlated. Projection strength equals the log normalization of normalized (by injection volume) projection density. (F) Fraction of region pairs
significantly correlated by cilia length among all regions pairs between two communities. For example, a fraction of 0.111 means that 11.1% of all region
pairs between the red and green communities are correlated by cilia length. (G) Bar graph comparing projection strength between regions significantly
correlated with cilia angle versus those not correlated. (H) Fraction of region pairs significantly correlated by cilia angle among all regions pairs between
two communities. (I) Cilia length correlation network. The spring embedding puts regions more highly correlated closer together. Betweenness and com-
munity membership are shown as node size and color, respectively. (J) Cilia length correlogram shows the groupings of different regions by community,
as well as their correlation patterns. (K) Cilia angle correlation network. Betweenness and community membership are shown as node size and color,
respectively. (L) Cilia angle correlogram shows the groupings of different regions by community, as well as their correlation patterns. Underlying data of
Fig 7C-L are available in S2 Data, and from the publicly available Allen Mouse Brain Connectivity Atlas Data.

https://doi.org/10.1371/journal.pbio.3003197.9007
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correlation networks using a log-scaled R value that yielded a nicer distribution for edge weights, and again used the
Louvain community detection algorithm to assign communities (Fig 71-7L). These results yielded four communities that
did not distinctly track by anatomical connectivity, as evidenced by a different regional distribution across communities.
Interestingly, we observed a number of regions that cluster together in both cilia length and angle correlation networks.
Notably, NAc, CA1, CA3, TU cluster together for both, as do AHC, PFC, MC, and SSC (Fig 7I-7L). The NAc and TU are
both striatal regions while CA1 and CA3 are both hippocampal, and PFC, MC, and SSC are all cortical regions. However,
the exact relationship between these sets of regions that co-cluster is not immediately apparent, again suggesting that
factors other than direct connectivity likely influence the non-random correlations in cilia length and angle across regions.

Discussion

In our study, we examined the spatiotemporal patterns of cilia length and orientation across 22 mouse brain regions.
Our findings revealed substantial variation in cilia length across these regions, and distinct temporal oscillation in certain
regions. We also observed non-random distribution patterns in cilia orientation across the brain, suggesting a structured
spatial organization.

To investigate spatiotemporal variability in primary cilia dynamics across mouse brain regions, we developed auto-
mated image analysis algorithms for high-throughput analysis of cilia length and orientation. These algorithms enabled the
examination of over 10 million individual cilia, creating the largest spatial and temporal atlas of cilia metrics. Automated
measurements were validated through manual measurements of cilia length and angles in each of the 22 brain regions
examined.

Our study uncovered marked variations in cilia length among different brain regions, with the NAs exhibiting the short-
est average cilia length and the TU the longest. Our cilia length findings are in agreement with those reported by Sipos
and colleagues across most of the examined regions, though discrepancies were observed within the hypothalamus.
Notably, our measurements were based on hundreds of thousands of cilia per region, compared to a maximum of 200
cilia analyzed in the earlier study [57]. Further, while Sipos and colleagues’s study captured a static snapshot at a single
time point, our analysis dynamically tracked cilia length variations every 2h over a 24-h period [57]. The discrepancy in
cilia length within the hypothalamus between the two studies is especially interesting given the profound variability we
observed in these regions over the course of the day. This highlights the importance of specifying the timing of the day
when reporting cilia-related metrics.

The variations in cilia length across brain regions raise questions about their potential role in functional specialization
tailored to the needs of each brain structure, including whether longer cilia might provide a larger surface area for receptor
expression, thereby enhancing cellular sensitivity to extracellular signaling molecules. This prompts further investigation
of whether the presence of the longest cilia in the TU reflects the critical role of cilia in olfaction [58—61]. Interestingly, the
NAc displayed cilia lengths similar to those in the adjacent RS and CS, while the NAs had the shortest cilia lengths among
all examined brain regions. This is noteworthy given the anatomical proximity of the TU, RS, CS, and NAc, which form
one anatomical cluster, whereas the NAs is classified in a different anatomical cluster [62—65]. Further supporting this
anatomical-functional relationship is the strong correlation observed in cilia length across the hypothalamic regions partic-
ularly the DMH and VMH, regions known to share several anatomical and functional characteristics.

We observed notable variations in cilia angles, with the MC having the smallest average angle and the Pir the largest.
The finding that cilia display distinct orientation patterns across various brain regions presents a novel discovery. The dis-
tribution of cilia angles and the dominant orientation toward the medial-ventral quadrants across most regions indicate that
cilia orientation in the brain follows specific patterns rather than being random. Notably, there is a remarkable consistency
in cilia orientation among anatomically or functionally linked structures. For example, cilia in striatal regions (RS, CS, NAc)
and hippocampal areas (CA1, CA3, DG) predominantly exhibit orientations toward 180° and/or 270°. Interestingly, the TU,
which is classified as a striatal structure, and the MA, known for its substantial neural connections with the striatum, both
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exhibit a cilia orientation pattern similar to that of the striatum. Conversely, hypothalamic nuclei, cortical regions, and NAs
exhibit wider cilia orientation patterns, yet the majority tend toward the medial-ventral quadrant or align with the axis from
45° to 225°. Our results align with previous findings showing CA1 cilia orient along the apical-basal axis, while cortical cilia
orient toward the pial surface [66,67].

Our findings suggest that shared connectivity, reflecting common functional or anatomical characteristics, may shape
the pattern of cilia orientation. This supports the idea that cilia orientation distribution across the brain is not random and
is associated with the unique functional or anatomical features of interconnected regions. The distinctive cilia orientation
patterns across various brain regions may also relate to their specific locations or proximities to the associated ventricles.
For example, cilia in the striatum, TU, and hippocampus primarily orient toward the lateral ventricles, whereas those in the
hypothalamic nuclei appear to align more with the third ventricle, and in the cortices, cilia orient toward both the ventricles
and the subarachnoid space.

Our analysis demonstrated that cilia length and angle fluctuate throughout the day across brain regions. Except for
the CS and AHC (P=0.05), all tested regions exhibited time-dependent variations in cilia length, with seven also showing
fluctutations in orientation. Although changes in cilia length of 1-2 um may seem modest, they can result in functional
alterations of 10—20% [68—70]. These fluctuations across light and dark phases may reflect varying sensory or signaling
needs during these periods. The finding that cilia angles also follow time-dependent fluctuations in certain brain regions
is especially interesting, as it suggests that, beyond length adjustments, the direction of signal sensing or transmission by
cilia may also shift throughout the day.

Our Bio-Cycle analysis identified significant rhythmicity in cilia length in five brain regions (NAc, ARC, DMH, VMH,
and SSC), with no circadian patterns detected in cilia angle. While the reason for this region-specific rhythmicity
remains unclear, it is noteworthy that all five regions are closely associated with rhythmic physiological processes. The
NAc is vital hub for motivation and reward-seeking behavior, which notably peak during the active phase (dark) and
diminish during the inactive phase (light) in nocturnal mice. Notably, GPCRs located on cilia in the NAc are involved in
regulating these behaviors, raising the question of whether oscillations in cilia length contribute or respond to the tem-
poral modulation of reward-related processes, especially that cilia are known to play distinct roles in both the acute and
long-term responses to reward-inducing drugs [71]. Our recent study demonstrated that many cilia-related transcripts
exhibit circadian rhythmicity in the mouse nucleus accumbens and hypothalamus, with notable overrepresentation
in the nucleus accumbens compared to the background transcripts. We also found that the rhythmic patterns of cilia
transcripts are shifted under conditions of dopamine system modulation, including D2 receptor deletion and cocaine
administration [72].

The hypothalamic structures ARC, DMH, and VMH, which exhibit rhythmic oscillations in cilia length, are well known
for regulating physiological functions that follow circadian rhythms, including sleep—wake cycles, feeding behavior, energy
balance, body temperature regulation, hormone secretion, and stress responses [34—-42,73-77].

Cilia in these regions have been implicated in the regulation of rhythmic physiological processes. For example, cilia in
the VMH play a crucial role in maintaining energy balance and skeletal homeostasis [78], with their length dynamically
responding to metabolic conditions [79]. Notably, shorter cilia are more prevalent under metabolically unfavorable condi-
tions, such as obesity and leptin resistance [79,80]. Evidence suggests that primary cilia on ARC neurons play a crucial
role in regulating energy homeostasis by mediating GPCR signaling in response to peripheral hormonal stimuli, ultimately
influencing food intake and metabolic balance [81].

It is noteworthy that CSF composition and flow dynamics exhibit time-of-day-dependent variations, which are regulated
in part by the beating of motile cilia [82], with highest flow during the night, when animal activity is at its peak [83]. This
raises the possibility that primary cilia dynamics may similarly contribute to the regulation of physiological processes with
circadian-like patterns. Our findings that cilia length fluctuates in a rhythmic manner within these regions warrant fur-
ther studies to determine whether these changes are directly driven by circadian mechanisms or are secondary to other
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rhythmic physiological processes. The SSC is the only cortical structure that showed rhythmic fluctuations in cilia length.
This is interesting in light of previous studies showing rhythmic synaptic changes in the SSC [84—87]. While the exact role
of these oscillations remains unclear, emerging evidence suggests that primary cilia may play a direct role in circadian
regulation. A recent study demonstrated that cilia in a subset SCN neurons, specifically neuromedin S—producing neurons,
exhibit rhythmicity in abundance and length, and that genetic ablation of ciliogenesis in these neurons disrupts intercellular
coupling, leading to a loss of circadian coherence and an increased susceptibility to external perturbations [88]. Given that
we observed rhythmic cilia length fluctuations in multiple hypothalamic regions, it is possible that cilia in other brain areas
also play a role in modulating circadian-regulated functions. However, further research is needed to determine whether
these oscillations are directly involved in molecular clock mechanisms or reflect secondary effects of circadian-driven
processes.

Cilia host numerous receptors like GPCRs and ion channels, crucial for detecting extracellular signals and initiating
intracellular responses. Receptors like MC4R, MCHR1, NPY2R, NPY5R, SSTR3, 5HT6, and DRD1 play key roles in
rhythmic functions such as sleep-wake cycles and feeding behavior [37,43—47]. The observed fluctuations in cilia length
and orientation raise the question of whether these structural changes could influence receptor availability or sensitivity to
ligands, thereby modulating signal transduction and time-dependent physiological processes.

One limitation of our study is its exclusive focus on ADCY 3-positive cilia, which may overlook the diversity of cilia
across brain structures and the full length of cilia. However, ADCY3 is a primary marker for cilia in the mature adult brain,
especially in neurons, and cilia labeled with the ADCY3 antibody are often longer than those stained with other markers,
such as ARL13 and Sstr3, in many brain regions [57,89], suggesting that our measurements of cilia length likely captured
the majority of neuronal cilia and accurately represented their total length. Another limitation of our study is that our study
did not identify the specific cell types associated with cilia of various lengths and angles. This work primarily aimed to
map the spatiotemporal dynamics of cilia across brain regions, with a focus on changes in ciliary length and orientation
throughout the circadian cycle; future research should prioritize examining ADCY 3-negative cilia and identifying cell types
with cilia that exhibit fluctuations in length and angle. Lastly, when interpreting cilia length and orientation data, it is import-
ant to consider potential errors from 2D imaging of 3D structures, as detailed in the supplementary material. However,
since these errors are consistent across brain regions due to uniform tissue thickness, they likely do not affect compara-
tive analyses, and thus do not compromise the reliability of the relative measurements.

In conclusion, we presented the largest spatiotemporal atlas of cilia to date, revealing complex regional differences and
time-dependent fluctuations in cilia dynamics across the mouse brain. Our findings highlight time-dependent variations
in cilia length and orientation, with rhythmic patterns observed in specific brain regions. While the functional implications
of these dynamic properties remain to be fully understood, the observed patterns suggest that cilia may contribute to the
temporal regulation of physiological processes in a region-specific manner. Future research is needed to elucidate the
mechanistic links between cilia dynamics, receptor signaling, and brain function over the light-dark cycle.
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