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Abstract

Cilia are dynamic subcellular systems, with core structural and functional components operating
in a highly coordinated manner. Since many environmental stimuli sensed by cilia are circadian in
nature, it is reasonable to speculate that genes encoding cilia structural and functional components
follow rhythmic circadian patterns of expression. Using computational methods and the largest
spatiotemporal gene expression atlas of primates, we identified and analyzed the circadian
rhythmic expression of cilia genes across 22 primate brain areas. We found that around 73% of
cilia transcripts exhibited circadian rhythmicity across at least one of 22 brain regions. In 12 brain
regions, cilia transcriptomes were significantly enriched with circadian oscillating transcripts, as
compared to the rest of the transcriptome. The phase of the cilia circadian transcripts deviated
from the phase of the majority of the background circadian transcripts, and transcripts coding for
cilia basal body components accounted for the majority of cilia circadian transcripts. In addition,
adjacent or functionally connected brain nuclei had large overlapping complements of circadian
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cilia genes. Most remarkably, cilia circadian transcripts shared across the basal ganglia nuclei
and the prefrontal cortex peaked in these structures in sequential fashion that is similar to the
sequential order of activation of the basal ganglia-cortical circuitry in connection with movement
coordination, albeit on completely different timescales. These findings support a role for the
circadian spatiotemporal orchestration of cilia gene expression in the normal physiology of the
basal ganglia-cortical circuit and motor control. Studying orchestrated cilia rhythmicity in the
basal ganglia-cortical circuits and other brain circuits may help develop better functional models,
and shed light on the causal effects cilia functions have on these circuits and on the regulation of
movement and other behaviors.
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brain; cilia; circadian; rhythm; transcriptome

1]

INTRODUCTION

Cilia are evolutionarily conserved organelles that protrude from the membranes of almost all
cell types. The distinct designs of cilia, which served swimming through fluids in ancient
unicellular organisms, were repurposed by evolution to drive a wide range of completely
different functions from their original ones. These functions range from guiding a worm to
explore its environment to regulating complex cognitive functions in primates. With recent
discoveries highlighting the importance of primary cilia in brain function (Breunig et al.,
2008; Guo et al., 2017; Han et al., 2008; Liu et al., 2019; Nechipurenko et al., 2013;

Oishi et al., 2006), cilia have emerged as an essential component of sensory perception and
transduction signaling pathways and a crucial center for non-synaptic neuronal signaling
(Nachury & Mick, 2019). Cilia, however, have preserved two features throughout their

long evolutionary history and across all cell types—highly dynamic physical structures
(length and assembly/disassembly) and the capability of sensing and transducing a variety
of environmental stimuli. In this context, cilia act as cell “antennas” to sense environmental
signals and transduce them into biochemical responses that regulate a wide range of cellular
activities (see Berbari et al., 2009; Wheatley, 2008 for reviews).

Numerous extracellular and environmental stimuli can be detected and transduced by

cilia, including light (Insinna & Besharse, 2008) odorant (Kang et al., 2010), mechanical
stimuli and fluid flow (Nauli et al., 2013; Nonaka et al., 1998; Yoshiba et al., 2012), pH
(Atkinson et al., 2019; Bargmann, 2006), osmolarity (Choi et al., 2019; Christensen et al.,
2005), temperature (Clary-Meinesz et al., 1992; Humphries, 2013; Kuhara et al., 2008;
O’Callaghan et al., 1995), gravity (Moorman & Shorr, 2008; Shi et al., 2017), and chemical
signals (signaling molecules, neurotransmitter, hormones, growth factors) (Bargmann,
2006). Besides performing these highly specialized sensory and transducing functions, cilia
also act as signaling centers that mediate cell-to-cell communication through extracellular
vesicles (O’Hagan et al., 2017; Wang et al., 2015). The signal transduction properties of cilia
are mediated by specific molecular receptors associated with cilia membranes, including ion
channels, receptor tyrosine kinases, and G protein—coupled receptors (GPCRs) (Berbari et
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al., 2008; Brailov et al., 2000; Domire et al., 2011; Handel et al., 1999; Omori et al., 2015;
Varela & Horvath, 2018).

Cilia are highly dynamic systems in terms of length, ultrastructural morphology,
subcompartments, and protein composition and trafficking, with the core structural and
functional components of cilia functioning in a highly coordinated manner (Domire et al.,
2011; Orbach & Howard, 2019; Phua et al., 2017; Silverman & Leroux, 2009). Many
environmental stimuli that are sensed by cilia are oscillatory in nature and follow rhythmic
temporal patterns of stimulation such as light—dark cycles (Dewan et al., 2011; Wright et
al., 2013), temperature (Buhr et al., 2010), nutrient availability (Damiola et al., 2000), and
gravity (Casey et al., 2015; Fuller, 1994; Robinson & Fuller, 2000). The rhythmic nature of
external signals sensed by cilia alongside their highly dynamic nature lead us to speculate
that genes encoding cilia substructural and functional components are expressed in rhythmic
patterns.

More precisely many functions, in which ciliary signaling is implicated, oscillate in
circadian fashion, such as sleep-wake, feeding (Gu et al., 2004; Nagata et al., 2013; Omori
et al., 2015), energy homeostasis (Hughes et al., 2020), metabolism (Lee et al., 2015),

body temperature (Berbari et al., 2013), sexual/reproductive behaviors (Diniz et al., 2020;
Koemeter-Cox et al., 2014), and even higher brain functions related to memory, and mood
and social behavior (Bae & Barr, 2008; Benton et al., 2007; Wang et al., 2011). We speculate
that genes encoding cilia structural and functional components, responsible for driving cilia
oscillatory regulation of metabolic, physiological, and behavioral processes, follow rhythmic
circadian patterns of expression. To test this hypothesis, we acquired transcriptomic data
from the largest spatiotemporal gene expression atlas of primates to profile rhythmic brain
cilia transcriptome and to define the patterns of cilia gene expression in the brain (Mure et
al., 2018).

2| METHODS AND EXPERIMENTAL DESIGNS

2.1| Ciliagenes’ list
We used a list of 281 genes (Table S1) that were identified and verified to be cilia genes
expressed in the human brain using cilia databases (Arnaiz et al., 2009, 2014; van Dam et
al., 2013), as described in our recent report (Alhassen et al., 2021). Briefly, we used SysCilia
Gold Standard version 1 and CiliaCarta database to compile a list of gold standard cilia
genes as well as CilDB database to further confirm the cilia genes. We then screened the
genes to be sure that they were expressed in the brain using GTEX. It is important to note
that cilia gene databases are constantly being revised, and no list can truly be considered
“complete” because new cilia genes are discovered all the time. As a result, our list of cilia
genes is a working list that will be revised as needed.

2.2 | Cilia circadian genes data

We extracted the transcriptomic time series associated with the 281 cilia genes from the
full transcriptomic time series performed in 22 baboon brain regions tissue collection
was performed at the Institute of Primate Research (IPR, National Museums of Kenya,
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Nairobi; see the original study for full details on the protocols, ethics, sample collection,

and processing; Mure et al., 2018). Brain regions included the following: amygdala (AMY),
arcuate nucleus (ARC), cerebellum (CER), dorsomedial hypothalamus (DMH), habenula
(HAB), hippocampus (HIP), prefrontal cortex (PRC), putamen (PUT), lateral globus pallidus
(LGP), lateral hypothalamus (LH), mammillary body (MMB), medial globus pallidus
(MGP), olfactory bulb (OLB), paraventricular nucleus (PVN), preoptic area (PRA), pons
(PON), substantia nigra (SUN), suprachiasmatic nucleus (SCN), supraoptic nucleus (SON),
thalamus (THA), ventromedial hypothalamus (VMH), and visual cortex (VIC).

2.3| Circadian analysis

For the circadian analyses, the transcriptomic time series associated with the cilia genes was
analyzed through CircadiOmics (Ceglia et al., 2018; Patel et al., 2012), the largest repository
of circadian omic time series data sets. We then identified which transcripts were oscillating
in a circadian manner under control and experimental conditions. BIO_CYCLE (Agostinelli
etal., 2016a, 2016b), a deep learning-based model developed to analyze periodicity in
transcriptomic time series data, was used to identify statistically significant circadian
transcripts, as well as the amplitude and the phase of their oscillations. BIO_CYCLE is
trained on both synthetic and real-world biological time series data sets containing labels
for periodic and aperiodic signals. A classification deep neural network (DNN) is trained to
classify signals as periodic or not, and a regression DNN is trained to estimate the period,
phase, and amplitude of the signal. Whether a gene is oscillating or not is determined by

the pvalue (cutoff at 0.05) provided by BIO_CYCLE. BIO_CYCLE calculates a p value as
follows: N aperiodic signals are first generated from the synthetic time series data sets, and
the Noutput values /) (7=1, ..., N) of the classification DNN on these aperiodic signals
are calculated. These values are used to establish the distribution for the null hypothesis.
Then, the output value Vof the new signal s is compared to /) (7=1, ..., N), producing the
estimate for the probability of obtaining an output of size Vor greater (p value), assuming
that the signal s comes from the null distribution (the distribution of aperiodic signals).
Therefore, the smaller the p value, the more likely that sis periodic. The corresponding
g-values are obtained through the Benjamini and Hochberg procedure. BIO_CYCLE is
publicly available from the CircadiOmics web portal at: http://circadiomics.igb.uci.edu.

Cilia circadian transcripts were grouped within four time phases of 6-hr intervals (quarter-
phases), associated with their peak in gene expression: first quarter-phase (ZT0-ZT5),
second quarter-phase (ZT6-ZT11), third quarter-phase (ZT12-ZT17), and fourth quarter-
phase (ZT18-ZT23). A Fisher’s exact test was then used to compare the proportions of
circadian cilia genes in the 22 brain regions with the brain area background circadian
transcriptome. The overlap of cilia rhythmic genes across regions was determined as gene-
view and region-view intersections. The distribution of cilia circadian genes across main
structural and functional components of the cilia was examined. Thus, cilia genes were
grouped based on their localization to the cilium, including basal body, axoneme, kinesin,
dynein, IFT-A, IFT-B, transition zone, BBsome, Golgi, nucleus, cytosol, and the ciliary
membrane. When localization is unknown, the genes were placed in a group labeled as
“other.” The percentages of substructural cilia transcripts that exhibited circadian rhythm
were calculated.
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RESULTS

Circadian oscillation of cilia transcriptome in the brain is region specific

All 22 brain regions reported in the primate diurnal transcriptome atlas (Mure et al., 2018)
had circadian cilia transcripts (Figure 1a,b, Table S2) (www.brainmaps.org) (Mikula et al.,
2007), and 206 cilia genes (72.8% of all cilia genes) were determined to have circadian
oscillations in at least one brain region. Prefrontal cortex (PRC) exhibited the highest
number of cilia circadian cycling genes (66 cilia cycling genes), followed by PUT, LGP and
MMB (58 cilia cycling genes in each), and MGP (56 cilia cycling genes), accounting for
23%, 21%, 21%, and 21% of the cilia genes in PRC, PUT, LGP, and MGP, respectively.
Amygdala and lateral hypothalamus exhibited the lowest number of cilia circadian genes
(four cilia cycling genes in each). The overwhelming majority (greater than 99%) of the
cilia rhythmic transcripts oscillate with the period of 22-24 hr (Figure 1c). The rhythmic
expression was region specific and, in general, the number of cilia circadian genes in a given
brain region was correlated with the number of background circadian genes in the same
region (Pearson’s correlation coefficient was high, 2 = 0.966, p < 0.0001, Figure 1d). We
computed the enrichment of circadian oscillating genes in these 22 brain regions, and found
that cilia circadian rhythmicity was overrepresented in 12 brain regions (Fisher’s exact test,
p < 0.05). Brain regions, in which cilia transcripts exhibited higher rhythmicity than the
non-cilia transcripts, included the PRC (Odds ratio (OR) = 1.8), PUT (OR = 1.6), LGP (OR
=1.67), MMB (OR = 1.64), MGP (OR = 1.5), DMH (OR = 2.3), PVN (OR = 2.2), VIC
(OR =1.74), SCN (OR = 1.71), ARC (OR = 2.38), PON (OR = 1.49), and PRA (OR = 1.85)
(Figure 1e).

We grouped the circadian ciliary genes into four 6-hr phases (quarter-phases) (Figure 2a).
Across all cilia circadian genes and the 22 brain regions, the combination of peak phases

of expression revealed three main peaks, early afternoon (44 and 83 cilia genes peaked

at ZT6 and ZT7, respectively), midnight (41 genes peaked at ZT14), and late night (39
genes peaked at ZT20) (Figure 2a,b). With a few exceptions, the peak phases in each brain
region were mostly bundled in one or two narrow (<6 hr) temporal intervals (Figure 2c,d).
In regions such as ARC, DMH, LGP, MGP, PRC, PUT, PVN, VIC, SCN, and PRA, the
majority of circadian genes peaked within a narrow window, whereas some regions such as
PON, MMB, and SCN had transcripts that peaked within two distinct time windows (Figure
2d). However, in anatomically and functionally connected regions, these phase clusters were
temporally close. For example, in the basal ganglia, the main phase cluster was at ZT4 for
the PUT, and in the LGP and MGP, it appeared at ZT6 and ZT7, respectively. Similarly,
except for the PRA, the phase clusters of the hypothalamic nuclei (ARC, DMH, SCN, and
PVN) were similar (Figure 2c,d).

Overlap of expression of cilia circadian genes across brain regions

3.2.1| Gene view overlap—Confined expression overlap of cilia circadian genes
between brain regions was observed, with no cycling genes being shared across all brain
regions (Figure 3a). The maximal number of regions that shared one circadian gene was 14
regions, whereas 54 cilia genes exhibited circadian oscillation only in a single brain region
(Figure 3a). We surveyed genes that were detected as being circadian in multiple brain
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regions. The gene shared in the largest number of brain regions was FOPNL (14 regions),
followed by RILPL1, which was circadian in 12 brain regions, and TUBGCP2, TUBGCPS,
and RABB8A, which were circadian in nine regions (Figure 3b). Out of these five genes, only
FOPNL did peak within a distinct narrow interval (ZT17-ZT22) in all the 14 shared brain
regions (Figure 3b).

3.2.2| Region view overlap—Region pairwise intersection analysis revealed 184 (out
of 231 possible) non-empty intersections. The size of these intersections ranged from one
gene for 37 intersections to 31 genes which occurred in two intersections (Figure 3c,d).
PUT exhibited an overlap of its cilia circadian transcriptome with all other brain regions
(21 regions), and PON, PRC, and SCN exhibited overlaps with 20 brain regions. As per

the number of shared circadian genes, MGP exhibited the highest overlap in the transcripts
shared (31 genes with LGP and MMB), followed by PRC which overlapped with MMB (29
genes), and with MGP and LGP (28 genes each). In turn, PUT overlapped with MMB (25
shared genes), MGP (24 genes), and LGP (23 genes) (Figure 3d).

Structural and functional organization of cilia circadian genes

We then examined the distribution of cilia circadian genes’ expressions across main
structural and functional components of the cilia (Figure 4a). We found that genes encoding
the components of the basal body exhibited the highest number (61) of circadian genes
(78% of total basal body genes) (Figure 4a). Interestingly, 100% of genes encoding the
components of the Golgi were circadian, whereas 87%, 87.5%, 67%, 79%, 62%, and 47.6%
of IFT-B, Kkinesin, transition zone, GPCRs, axoneme, and dynein, respectively, exhibited
circadian rhythms in at least one brain region (Figure 4a,b). This strongly suggests that the
regulation of cilia assembly and functions have a strong circadian component.

We further analyzed the phase distributions of the genes encoding most cilia structural and
functional components in the entire brain. We found that most genes were clustered in one
or two narrow windows (Figure 4b—n), whereas some components were widely distributed
within 14-18 hr, such as the genes of the basal body and transition zone. Notably, the
circadian transcripts associated with the axoneme, which gives rise to the cilia cytoskeletal
structure, peaked within wide intervals. Apparently, the majority of cilia circadian transcripts
that peaked at ZT7, as noted above, encode components of the basal body, transition zone,
kinesin, cilia membrane, and Golgi apparatus. Of particular interest are the temporal patterns
of the transport machinery genes (kinesin, dynein, BBsomes, and IFT-A and IFT-B). The
circadian genes associated with kinesin motors, which are primarily involved in anterograde
trafficking, peaked during the 12-hr light phase, whereas the circadian genes associated

with dynein motors, which are responsible for the retrograde transport, peaked during the
12-hr dark phase. The circadian transcripts of BBsomes and IFT-B particles peaked in the
same phase as dynein in the dark phase (ZT13-ZT22). Most interestingly, most circadian
genes encoding cilia GPCRs, which are transported through cilia by the kinesin-dependent
trafficking machinery, peaked in a way similar to kinesin, during the light phase.

Although the abundance of rhythmic gene expression of cilia substructures components
varied across brain regions, the peak phases of expression of the cilia substructural
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components were mostly consistent with their rhythmic patterns in the whole brain (Figures
4b-n and Sla-l). Circadian transcripts encoding specific cilia substructures, however,
exhibited dispersed temporal phases in different brain regions. Unlike their multiphasic
oscillating patterns in the whole brain, genes of the basal body and the transition zone
tended to peak in one or two phases in different brain regions. These results support the
idea that specific cilia genes oscillate in circadian manner distinctively across brain regions
(Figure 4b—n and Sla-l).

Rhythmicity of brain circuits’ functions

Given the high level of circadian rhythmicity and confinement of shared oscillatory patterns
in multiple brain nuclei, we speculated that cilia components display orchestrated oscillatory
patterns in anatomically and functionally defined brain circuits. We focused on a brain
circuit involved in movement control because its nuclei and structures, PUT, SUN, MGP,
LGP, and PFC, share the highest number of circadian cilia transcripts. Notably, PUT, LGP,
MGP, and SUN shared 10 cilia circadian genes (Figures 3d and 5a). These four nuclei
collectively form the basal ganglia, a set of subcortical nuclei that are mainly responsible for
motor control and motor learning, in addition to other functions such as executive functions
and emotions. Circadian genes in the PUT, the input region of the basal ganglia, peaked
mostly at two sharp phases: ZT4 (first half of the morning) and ZT17 (around midnight),
whereas LGP and MGP genes peaked within 1-2 hr of PUT cilia genes peaking (ZT6-ZT7
and ZT17-ZT20). Interestingly, nine out of the 10 shared circadian transcripts among the
basal ganglia structures (B9D1, C210RF2, CCDC28B, FUZ, PARD6A, PKD1, RILPL1,
TUBGCP2, and TUBGCP®6) peaked at ZT4 in the PUT and ZT6-ZT8 in the other regions.
All these nine genes were also rhythmic in the PRC and peaked there at ZT9-ZT10. The
tenth common gene (PCML) in the basal ganglia nuclei peaked at ZT17 in the PUT and at
ZT18-ZT20 in the three other nuclei, maintaining a 12-hr phase shift with respect to the
other nine genes in the four basal ganglia structures.

DISCUSSION

This study presents a systematic evaluation of rhythmicity and spatiotemporal expression
patterns of cilia genes in 22 baboon brain regions. To examine whether cilia-associated
genes oscillate in a circadian manner in various brain areas, we acquired publicly available
transcriptomic data from the largest spatiotemporal gene expression atlas of a primate (Mure
etal., 2018).

Around 73% of cilia transcripts exhibited circadian rhythmicity across at least one of the
22 brain regions reported in the primate diurnal transcriptome atlas (Mure et al., 2018); and
in 12 brain regions, cilia circadian transcripts were statistically overrepresented compared
to the brain circadian background transcriptome, supporting the notion that cilia are highly
dynamic systems.

Cilia circadian genes follow distinct rhythmic patterns

To our surprise, cilia circadian transcripts did not strictly follow the rhythmic fashion
of the majority of the background circadian transcriptomes. For example, in contrast to

J Neurosci Res. Author manuscript; available in PMC 2024 September 12.
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many circadian transcripts which tend to peak in the early morning (Mure et al., 2018),
cilia rhythmic transcripts tend to peak during the early afternoon at ZT7 (83 transcripts).
Furthermore, there were a few major differences in the rhythmic patterns between cilia
genes and the background of all circadian transcripts in specific brain regions (Mure et
al., 2018). For example, contrary to the expression patterns of the majority of background
circadian genes in the PVN, which peaked in the early morning (first quarter-phase), cilia
circadian genes peaked at ZT14-ZT15 (third quarter-phase) in this region. In addition,
unlike the majority of ARC background rhythmic transcriptomes, which peaked within
three phases (first, third, and fourth quarter-phases), cilia rhythmic genes in this region
peaked only within a 4-hr interval (ZT14-18) (Mure et al., 2018). On the other hand,

cilia circadian transcripts in the SCN (master clock) had peaks distributed across three
phases (the first, third, and fourth quarter-phases), compared to the majority of background
circadian transcripts, which peaked mainly in the first quarter-phase (Mure et al., 2018).
These discrepancies raise the question of whether the gene expression of cilia circadian
components is regulated in a specific way that is different from the background oscillating
transcriptomes.

Rhythmicity of cilia structural and functional components

The primary core structure of the cilia comprises 9+0 axoneme that consists of doublet
microtubules nucleating and extending from the basal body through the ciliary transition
zone (Christensen et al., 2007; Satir & Christensen, 2007). The basal body is a centriolar
structure composed of a radial array of nine triplet microtubules and comprised of a mother
and daughter centrioles (Garcia & Reiter, 2016; Thomas et al., 2010). Genes coding for the
basal body components produced the largest fraction of circadian transcripts in each of the
22 brain regions. The peak phases of circadian genes encoding components of axoneme,
basal body, and transition zones were dispersed, with the majority of genes peaking at ZT4,
ZT7,ZT14, and ZT16-ZT18. This strongly suggests that cilia assembly/disassembly and
length, which are governed by axoneme and basal body components, might also oscillate
following similar rhythmic patterns to that of axoneme, basal body components.

Ciliogenesis, elongation, and maintenance are contingent on the proper function of the
intraflagellar transport (IFT) machinery (Pedersen & Rosenbaum, 2008). IFT is associated
with a bidirectional transport process that relies on kinesin and dynein molecular motors,
IFT particle subcomplexes (A and B), and IFT-associated proteins (e.g., Bardet-Biedl
syndrome (BBS) proteins) (Mourao et al., 2016; Taschner & Lorentzen, 2016). Kinesin-
dependent motors, associated with IFT-B particles, traffic cargo (e.g., axonemal components
and receptors) toward the tip of the cilia. In contrast, dynein-mediated retrograde motor,
associated with IF-A particles, recycles components back to the base (Mourao et al.,

2016; Nakayama & Katoh, 2018; Taschner & Lorentzen, 2016). Circadian genes encoding
components of kinesin peaked in the light phase (ZT0-ZT11), whereas those encoding
dynein components peaked in the dark phase (ZT12-ZT23). Unexpectedly, genes encoding
IFT-B particles peaked, unlike Kinesin, in the dark phase, along with other components

of the IFT system (BBsomes). Although the number of rhythmic genes encoding IFT-B
particles seem to be higher than that of IFT-A, rhythmic IFT-A genes accounted for 100%
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of the entire brain IFT-A genes, whereas rhythmic IFT-B genes accounted for 82% of brain
IFT-B genes.

Ciliary GPCRs play essential roles in the signal transduction mediated by neuronal

cilia. Interestingly, cilia rhythmic GPCRs included receptors that bind to known
neurotransmitters/ neuropeptides (DRD2, KISSR1, SMO, MCHR1, SSTR3, GALRS,
GALR2, DRD5, and HTR®6) as well as orphan receptors (GPR88, GPR161, and GPR83)
(Green et al., 2012; Hirano et al., 2017; Mykytyn & Askwith, 2017; Omori et al., 2015;
Schou et al., 2015). Signaling through these cilia GPCRs has been implicated in numerous
physiological functions such as movement control, feeding behavior, cognitive processes,
wake/sleep, and reproduction (Berbari et al., 2008, 2014; Engle et al., 2020; Mykytyn

& Askwith, 2017; Omori et al., 2015). Cilia receptors recruit kinesin/IFT-B transport
machinery for their trafficking to the cilia membrane (Kobayashi et al., 2020; MclIntyre
et al., 2016). Therefore, peaking of the brain cilia primarily in the light phase (ZT2-ZT3,
ZT7,and ZT8-ZT9) and the similar rhythmic patterns of GPCRs and IFT-B particles are,
thus, not surprising.

Cilia circadian transcripts exhibit higher overlap in adjacent and functionally

connected nuclei

4.4 |

Despite the limited overlap of cilia circadian genes between regions, nuclei with anatomical
and/or functional connectivity exhibited higher overlap than non-connected regions. For
example, cilia rhythmic genes in the hypothalamic nuclei including SCN, PVN, ARC, and
DMH shared peaking in the third quarter-phase (early evening (ZT14-ZT16)). On the other
hand, cilia cycling genes in the anatomically and/or functionally connected nuclei of basal
ganglia (PUT, LGP, MGP, and SUN) and the PFC peaked in the light phase when the animal
is awake. Interestingly, the amygdala, which is involved in emotional behaviors and fear
response, and the cerebellum showed the lowest overlap of cilia rhythmic genes with any
other brain regions.

The fact that physiological functions that are regulated by cilia follow circadian patterns
raises the questions of whether the circadian rhythm of cilia gene expressions regulates
circadian rhythmicity of these functions or that cilia gene expressions follow the
physiological needs associated with the different brain regions. For example, the expression
levels of specific cilia genes such as MC4R, MCHR1, and ADCY 3 directly alter feeding
behavior (Kobayashi et al., 2021; Siljee et al., 2018). On the other hand, cilia length is
controlled by the feeding status (they are shorter in fasted mice than fed mice) (Hamamoto
et al., 2016; Kobayashi et al., 2021). Given that feeding behavior is regulated by a number
of hypothalamic orexigenic and anorexic neuropeptides, the circadian rhythm of cilia gene
expressions in different brain regions may simply follow the circadian expressions of these
hypothalamic neuropeptides.

Basal ganglia as a model of brain rhythmic functional circuit

The dynamic organization and spatiotemporal coordination of activities within and across
different parts of the basal ganglia-cortex loop are at the basis of motor initiation,
coordination, and learning (Graybiel et al., 1994). Remarkably, the nine shared cilia
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rhythmic genes in the basal ganglia nuclei and the PRC peaked in these structures in a
sequential fashion, as in a wave: PUT (ZT4) — SUN (ZT6) — LGP/MGP (ZT7) —
PRC (ZT9). This order is interesting, as it is the same order of activation, albeit on

a completely different timescale, of the basal ganglia-cortical circuitry connected with
movement coordination.

The PUT, with caudate (CA), is the main input to the basal ganglia, whereas the MGP

and pars reticulata of the SUN (SUNTr) represent the output stations of the basal ganglia.
Interestingly, the PUT was the only nucleus that shared rhythmic cilia genes with all the
other brain regions, whereas MGP shared the highest number of cilia rhythmic genes with
other brain regions (31 genes with each of LGP and MMB, 28 with PRC, 27 with PUT, 21
with SUN, and 20 with VIC).

The basal ganglia control the movement by regulating motor planning, sequencing, feedback
processing and learning; and by acting as a coincidence detector of cortical and thalamic
input (Bednark et al., 2015; Jin et al., 2009; Li et al., 2011; Talakoub et al., 2016). According
to the functional circuit model of the basal ganglia, information about movement is collected
from the cortex, processed in the PUT/CA, and then transmitted to the output structures of
the basal ganglia (SUNr/MGP), through two pathways, the direct and indirect pathways (for
review (Foley & Riederer, 2000; Ikemoto et al., 2015; Kreitzer & Malenka, 2008; Morita

& Hikida, 2015)). The direct pathway projects monosynaptically to the output nuclei of the
basal ganglia, whereas the indirect pathway projects to the output regions, bisynaptically
(via LGP) and trisynaptically (via LGP and the subthalamic nucleus (STN)). When the
animal is not moving, PUT/CA neurons are mute, while neurons in the output regions of

the basal ganglia are tonically active. The firings of the SUNr/MGP drive an inhibitory
(GABAergic) tone on the ventral thalamic nucleus, which in turn project back to the cortex.
Apparently, the spatiotemporal expressions of circadian cilia genes in the basal ganglia
neurons follow the sequential order of this circuitry while controlling movement, though on
different timescales. The highly coordinated rhythmicity of cilia genes in the basal ganglia
and the peaking of these genes during the light phase suggest an essential role for cilia genes
in the control of motor sequencing and activity. In support of this notion, many GPCRs

in the basal ganglia that are involved in motor control (including D2 and D1 dopamine
receptors) are localized on the cilia membrane (Avasthi et al., 2012; Domire et al., 2011;
Omori et al., 2015). The pars compacta of the SUN (SUNCc) sends dopaminergic projections
to the PUT/CA, which stimulates the direct pathway via D1 receptors and inhibits the
indirect pathway via D2 receptors. Interestingly, D2 but not D1 receptors displayed circadian
rhythms in the PUT, suggesting a key role for cilia rhythmicity in the function of the indirect
pathway of the basal ganglia (for review, see Foley and Riederer (2000); Haber (2014)).

The basal ganglia circuit is believed to perform central clock functions in the brain (Macar
et al., 2006; Wiener et al., 2010), and its role in timing is thought to result from the
dopaminergic projection from the SUNc to the PUT/CA. SUNc and PUT/CA are the two
basal ganglia regions that are necessary for interval timing (Matell & Meck, 2004). It is
accepted now that the pacemaker pulses are action potentials of dopaminergic neurons, and
that dopamine controls the clock speed (Bussi et al., 2014; Jones et al., 2008; Yang et al.,
2004). Thus, the increases in synaptic dopamine in the PUT/CA result in a faster internal
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clock process, whereas the decreases in PUT/CA synaptic dopamine slow down the clock
speed (Bussi et al., 2014; Jones et al., 2008; Yang et al., 2004).

The dysfunctions of the basal ganglia underlie a spectrum of movement disorders including
Parkinson’s disease, which results from the degeneration of dopaminergic neurons in the
SUNCc, and Huntington’s disease, which results from the degeneration of projection neurons
in the PUT/CA. Of great interest, patients in both disorders exhibit profound difficulty

in performing rhythmic movements and show decreased ability to calculate the timing of
the initiation and termination of voluntary actions, especially for sequential movements
(Avanzino et al., 2016; Boyd et al., 2009; Nagasaki et al., 1978). The rhythmicity of

cilia genes encoding therapeutic targets (Dopamine receptors) for Parkinson’s disease and
Huntington’s disease suggests that the therapeutic efficacies might be influenced by the
time-of-day of administration of the corresponding drugs.

We speculate that spatiotemporal orchestration of cilia gene expression in the basal

ganglia, particularly in the SUN, PUT, LGP, and MGP, is essential to maintain normal
physiology of the basal ganglia-cortical circuit and proper motor control, and that abnormal
orchestration of cilia genes might contribute to the pathophysiology of several neurological
and psychiatric disorders. These speculations are supported by our recent study, which
provided evidence for the association between cilia gene expressions and psychiatric
disorders such as schizophrenia, autism, bipolar and major depressive disorders (Alhassen et
al., 2021).

Further mechanistic studies are warranted to better characterize and understand cilia
rhythmicity in the basal ganglia-cortical circuits and other brain circuits, which in turn may
help develop better functional models, and shed light on the causal effects cilia functions
have on these circuits and on the regulation of movement and other behaviors.
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Refer to Web version on PubMed Central for supplementary material.
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Significance

Understanding orchestrated cilia rhythmicity in brain neurocircuits will help develop
better functional models, and shed light on the causal effects cilia functions have on the
regulation of oscillatory metabolic, physiological, and behavioral processes.
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FIGURE 1.
Twenty-four-hour circadian rhythms of cilia genes abundance in the brain of primates.

(a) Representative brain sections from Macaca mulatta brains (Brain maps, Primates:
www.brainmaps.org (Mikula et al., 2007)), showing the regions and nuclei from which
tissues were collected (Mure et al., 2018). AMY, Amygdala; ARC, arcuate nucleus; CER,
cerebellum; DMH, dorsomedial hypothalamus; HAB, habenula; HIP, hippocampus; LGP,
lateral globus pallidus; LH, lateral hypothalamus; MGP, medial globus pallidus; MMB,
mammillary body; OLB, olfactory bulb; PRA, preoptic area; PRC, prefrontal cortex;
PON, pons; PUT, putamen; PVN, paraventricular nucleus; SCN, suprachiasmatic nucleus;
SON, supraoptic nucleus; SUN, substantia nigra; THA, thalamus; VIC, visual cortex;
VMH, ventromedial hypothalamus. (b) Heatmap representation of 24-hr oscillation of 206
circadian cilia genes in primate brain, with mean expressions ordered by phase (o < 0.05).
Gene expressions are normalized between 0 and 1, yellow (1) indicates a peak of expression
and blue (0) indicates a trough of expression. (c) Linear correlation between number of
cilia circadian genes in a given brain region and the number of general circadian genes
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in the same region (Pearson’s 7, /2 = 0.966, p < 0.0001). (d) Histogram showing the
enrichment analysis (Fisher’s exact test) of cilia genes that are circadian in the 22 brain
regions; 12 regions exhibited significant enrichment (i.e., with overrepresented circadian
cilia transcripts including: ARC, arcuate nucleus; DMH, dorsomedial hypothalamus; LGP,
lateral globus pallidus; LH, lateral hypothalamus; MGP, medial globus pallidus; MMB,
mammillary body; PON, pons; PRA, preoptic area; PRC, prefrontal cortex; PUT, putamen;
PVN, paraventricular nucleus; SCN, suprachiasmatic nucleus; VIC, visual cortex)
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Cilia circadian gene display region-specific expression. (a) Rose diagram showing the
percentage of cilia circadian genes in each of the four time phases. (b) Radial diagram

of the distribution of the peak phase of expression of the circadian cilia genes in the whole
brain. The radial plot displays phases (hr) on the circumference and the number of gene
peaks of expression on the radius (red). (c) Heatmap representation of 24-hr oscillation of
circadian cilia genes in the 12 brain regions that exhibited overrepresented circadian cilia
genes in primate brain (o < 0.05), with mean expressions ordered by phase (p < 0.05). Gene
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expressions are normalized between 0 and 1, yellow (1) indicates a peak of expression and
blue (0) indicates a trough of expression. (d) Radial plot of the distribution of the peak
phase of expression of the cilia circadian genes in each of the 12 brain regions that exhibited
overrepresentation (in Figure 1d). Phases (hours) are displayed on the circumference and the
numbers of gene peaks of expression are displayed on the radius (red)
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FIGURE 3.
Overlap of cilia circadian transcriptome in brain nuclei/regions. (2) Number of cilia

circadian transcripts () axis), whose expressions exhibit overlap in corresponding number
of brain regions’ intersections (xaxis). (b) Peak expression phase of top overlapping cilia
circadian genes (genes showing highest overlap among brain regions). (c) Stacked area plot
showing the cumulative distribution of the overlapped genes in different brain regions. (d)
Heatmap of nucleus-by-nucleus intersections of the cilia circadian genes. The size of the
intersections ranged from one gene (blue) to 31 transcripts (red), which occurred in two
intersections
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FIGURE 4.
Substructural organization of cilia circadian genes. (a) Number of circadian and non-

circadian genes in each of cilia substructural compartments. (b) Schematic of cilia structure
and radial diagrams of the distribution of the peak phase of expression of the cilia
substructural components’ transcripts in the whole brain. The radial plot displays phases
(hours) on the circumference and the number of gene peaks of expression on the radius

(in red). (c-n) Radial diagram of the distribution of the peak phase of expression of

the circadian cilia genes in the 12 brain regions that showed significant enrichment. The
radial plot displays phases (hours) on the circumference and the number of gene peaks of
expression on the radius
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FIGURE 5.
Rhythmicity of the nuclei/regions of the basal ganglia-cortex circuit. (a) Venn diagram

showing the overlap between the cilia circadian genes identified in the motor control circuit
(nuclei of the basal ganglia and PRC). The overlapping transcripts are shown in boxes. (b)
Twenty-four-hour oscillating cilia genes in the basal ganglia nuclei, displayed as normalized
expression levels. (c) Radial plot of the distribution of the peak phase of expression of the
cilia circadian genes in each of the five brain regions of the motor control circuit. Phases
(hours) are displayed on the circumference and the numbers of gene peaks of expression are
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displayed on the radius. (d) Schematic diagram illustrating the arrangement of information
flow through the cortical-basal ganglia-cortical circuit in primate brain (left), and the peak
phase of the nine overlapping genes in the nuclei/regions of the circuit (right), with their
localized expression in the cilia substructures (middle)
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